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STUDY OF MOLDBOARD AND CHISEL PLOW ACTION
ON THE PROPERTIES OF COMPACTED SOIL
CROP GROWTH AND PLANT YIELD

Experinments to study the behaviour of the soil and response
of a Buckwheat crop due to compaction and subsequent tillage were
conducted on Bearbrook clay soil in 1978 and 1979.

The results indicated an increase in soil density, penetrometer
and vane shear resistance, and decrease in air-filled porosity, unsaturated
hydraulic conductivity and avaﬂabﬁity of water, as the compact}on level
increased. This resulted in a reduction of dry matter and graﬁ yield
of 72-85 and 27 percent,srespectively.

The moldboard and chisel plows were effective in decreasing
soi1l dens{ity and the penetrometer resistance in the 0 - 0,15 and 0 - 0,25m
soil layers, respectively. This resulted in an increase 1n air-filled
pores and water conduction properties, thus augmenting plant growth. “The
mpldboard plow treatment proved to be superior to the chisel plow treatment
in producing higher yields.

Optimum yield was associated with a narrow range of average
$s011 density in.the dry season and higher range in the wet season, indicating

that the environment had a greater\)effect on plant growth than did the

soil density.



RESUME
M. Sc. . NISAR A. MEMON Génie Rural
ETUDE DES EFFETS D'UNE C}fARRUE A LABOUR

ET D'UN "CHISEL" SUR LES PROPRIETES
D'UN SOL COMPACTE

Des expériences pour é&tudier le comportgment du sol dl au
tassement et au labourage ont &té& conduites sur un sol argileux Bearbrook
en 1978 et 1979.

Les résultats ont indigués une augmentation de la densité du
sol, résistance du pénétrometre et de 1'aube de cisaillement; et une
diminution en air dans les pores du sol, conducti\{ité hydraulique non
saturé et“de la disponibilité de 1'eau, d&s que le niveau de t"&mpaction
augmentait, une ré&duction des matidres sdches et de Ta production de
grain de 72-85 et 27‘ pourcent, respectivement, flrent observées.

La charrue 3 Tabour et la charrue chisel étaient efficace
pour diminuer 1a densité du sol et la résistance du pénétrom&tre dans
les couches du so! 30 - 0,15 et 0 - 0,25m respectivement. Ceci
résulte en une augmentation d'air dans les pores du sol, améliore les
propriétés de conduction et L;mvoque une augmentation de croissance chez
1a plante. JLa charrue & labour fOt prouvée supérieur & la charrue a
chisel en démontrant un rendement de production supérieur 3 cette
dernidre.

La production optimum a 8té associ1é avec un écart Etroit de
densité du sol durant la saison s2che et un &cart plus grand durant la
saison pluvieuse. Ceci indiqua que 1'environnement eu un plus grand effet

sur la croissance des plantes que la densité du sol.



CHAPTER

I1.

ITI.
Iv.

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . ..

LIST OF FIGURES

LIST OF PLATES .....

LIST OF TABLES

F I

NOMENCLATURE

INTRODUCTION o e i it e

LITERATURE REVIEW

2-1 General .....
Definition....

History ......

-

NN
{
(S QN = FS N

Compaction ..

s e s e

................................

.................................

.................................

.................................

---------------------------------

Traffic Effects ... i e e e eens

(a) SOTT DensSity tviie e ieie it i e
(b) Soil Aeration ............c.... e

(¢) Soil Water
(1) wate
(ii) Avai

(F11) TREOTY ot it e e i e eean

~ O

Soil Strength

N~
[}

Compaction ...

...............................

r Movement ........... . ..
lability of Water ...............

................................

Plant Performance Related to Soil

.................................

(a) Soil Density Effects ........

(b) Soil Water

EFFRCLS ovvvnnnsninins oo

(1) Uptake of Water .....................
(i1) Water Availability ............o.....
(c) Soil Aeration Effects .......ccvvivnnnnnnn.

(d) Mechanical
2-8 Tillage ......
2-9 Summary ......

0BJECTIVES AND SCOPE
MATERIALS AND METHODS

Impedance ......................

---------------------------------

---------------------------------
.................................

D L I R R R I I I Y

4-1 Experiment 1978 ..... e e et e

(a) Soil Water

Measurements ...................

(b) Plant Measurements ........................

(c) Dry Weight

Root Measurement ...............

4-2 Experiment 1979 ... ... .. i

s <3

b




.............

-------------

..............

.............

.............

-------------

.............

.............

-------------

-------------

.............

-------------

.............

.............

.............

.............

...........

N
Cont'd.
./
i 4-3 Laboratory Measurements .............
(a) Grain Size Analysis .............
(b) Compaction Test ............. ...
(c) Liquid Limit and Plastic Limit ..
4-4 Rainfall and Water Table Measurements
V. RESULTS ittt e i s e iie e
5-1 General .. ...ttt e,
5-2 Laboratory Tests .......... e
(a) Grain Size Analysis ............
(b) Plastic Limit and Liquid Limit
(c) Compaction Test ................
5-3 Dry Bulk Density ............cccv..-
5-4 Penetrometer Resistance ............
5-5 Vane Shear Resistance ..............
5-6 Air-Filled Porosity ................
5-7 Soil Water .
5-8 Plant Performance ........c.cvvvvevnn
(a) Plant Emergence .............. ,
(b) Plant Height ... ................
(c) Yield ..o i e
VI. DISCUSSION it i e e i e reenen s
6-1 Traffic and Physical Properties ....
6-2 Tillage and Physical Properties ....
6-3 Physical Properties and Crop Response
4
VII. SUMMARY AND CONCLUSIONS ...................
SUGGESTIONS AND RECOMMENDAT IONS
FOR FURTHER RESEARCH .................. e e e
BIBLIOGRAPHY ... i it e e
APPENDICES ..ttt e e

Appendix A
Appendix B
Appendix C ... ... i i e, e
. Appendix D

Statistical Analyses and Regression Models
Appendix E

..............................

.............

Density-moisture Meter and Method of Calculations

..............................

.............

Relationships of Various Parameters Studied

Tabulated Data from the Field Experiment

..............................

..............................

............

Programme for Cubic Spline Smoothing Technique

131
137
137
141
146
155
159
162

173
174

178
180
206
228



ACKNOWLEDGEMENTS

The author wishes to express his profound gratitude to
Dr. E. McKyes, chairman of the Agricultural Engineering Department for
his valuable discussion énd able guidance throughout this study, and
for his constructive criticism in preparation of this manuscript.

Enthusiastic thanks are due to Dr. G.S.V. Raghavan, Assistant
Professor of the Agricultural Engineering Department, who provided all”
the facilities including graphs from his work and valuable informations
regarding the field work and data processing.

The author 1s also thankful to Dr. R.S. Broughton, Professor
of the Agricu1~tura1 Engineering Department, who offered a great help at
every step during the study programme and showed keen 1interest for the
compTetion of this manuscript.

Special thanks are due to E. Perraton, a fellow oraduate; who
shared the fié]d work with a great deal of patience and provided
valuable suggestiopﬂi throughout the study.

The staff 'an‘d graduate students o'f the Agricultural Engineering
Department deserve the deepest appreciation, who offered their help
and valuable advice during the course of study.

The aythor also wishes to express his appreciation to
Miss Diane Levesque, Mustafa Soomro, S. Sethar, Chacha Haji- Khan,

K.C. Khatri, S. Gameda, M. Ilyas, A.M. Kazi, M. Awan, J. Payen and
P. Richard, who provided great help during the field work.
Sincere thanks are acknowledged to Marc de Bellefeville, who

has helped in drawing graphs and showed graphic techniques.



B

-ii-

The author also owes a great deal of gratitude to Mrs. Alison

Morin, who has taken great care in ty;ﬁing this manuscy;'ipt.

Nisar A. Memon



P

Sifi-

LIST OF FIGURES |
t . ,

Distributioﬁ of traffic and crop bands for variety

of cropping systems ...... .. it

Contours of dry density due to increase in
compaction paths by a tractor with tire size

0f 42,9 x 70,1 CM ittt e e e

Increase, of dry density due to different tire
sizes and number of passes ................

Influence of soil bulk density on moisture content
of three types of soils at a soil suction of 30,6cm

ReTationships between pore volume and water content
at different potentials for various compaction
levels ...

Effect of mechanical impedance, aeration and
moisture stress on pea seedling root elongation

at different sUCLiONS ... .ottt it e

Change of bulk density due to different tillage

treatments ... i i s e et e et

Layout of field experiment in 1978 ... ..............

The path followed by a tractor for compactmg X
the soil uniformily .................. -

Layout of field experiment in 1979 . .. ..............

Grain size distribution of experimental soil ........

Observed critical moistures for liquid Timit

=3 v

Observed compidction curves of the clay soil by
the standard Proctor test ....

Changes in dry density profiles due to compaction .

Changes in dry density profi‘es due to compaction )
and tillage treatments ............ic..iiiiiil,

/
Initial soil moisture status of the soil

Changes in dry density profiles due to various

1i17lage treatments ... . i e e e,

R RS

16

17

25

26

49
60

63
71
79

81

82
83

84
89

90



Cont'd.

Figures

5.8

5.9

Page

N ] .

Changes in penetrometer resistance profiles

due to various compaction treatments ............. 92
Changes in penetrometer resistance profiles
due to various compaction and tillage

treatments ............. : 95
Chénges in penetrometer resistance profiles

due to different tillage treatments .............. 96
Changes in vane shear resistance profiles

due to various compaction treatments ............. 101
Changes in vane shear resistance profiles

due to compaction and t71lage treatments ......... 102
Changes in vane shear resistance profiles

due to various tillage treatments ................ 103
Effect of various compaction and tillage

treatments on air-filled porosity at

different depths ...iiviiiiii it 109
ffect of various compaction and tiHa&je

treatments on air-filled porosity at different

depths during crop stand .......iiii i enn, 110
Changes in air-filled porosity profiles due

to compaction and tillage treatments ............. 11
Volumetric moisture content versus time

at 0,15m depth ... ot it e e e 114
Volumetric moisture content versus time

at 0,25m depth . ovvrrtie it i e B 115
Soil water flux leaving 0,25m profile ............ ‘116
Soil moisture retention characteristics at

a 0,25m depth . oeni e e et e 118
Effect of compaction and tillage treatments on

unsaturated hydraulic conductivity of the

soil at 0,25mdepth ... .. i i . 19
Relationship between availability of water

and dry matter yield for compaction and

tillage treatments ...........cvvrrrienenennennnn. 121

Effect of various compaction and tillage
treatments on buckwheat seedling emergence ....... 123



Cont'd.
Figures e Page

5.24 Comparison of days to emerge between two

growing seasons due to the effect of

compaction and tillage treatments ............... 124
5.25 Effect of various compaction treatments

on rate of plant growth ........ ... .. .ciiiirucn.. 126
5.26 Effect of various compaction and tillage

treatments on rate of plant growth .............. 127
5.27 Effect of compaction and ti1lage treatments

on rdate of plant growth ............. ... ... ... 128
5.28 Effect of compaction and ti1lage treatments

on rate of plant growth ... . ... ... ... ... ... .... 130
5.29 Effect of various compaction and tillage

treatments on dry plant yield ....... ... .. ... ... 132
5.30 Effect of various compaction and ti1lage

treatments on dry weight of the root mass ....... 134
5.31 Effect of compaction and tillage treatments

on grain yield of buckwheat crop ................ 135
6.1 Water table fluctuations and rainfall

during the growing season of 1978 ............... 148
6.2 Water table fluctuations and rainfall

during the growing season of 1979 ............... 149

w2



Plates
4.%a

4.1b

4.2a

E-N
~d

-V~
LIST OF PLATES

~ The moldboard plow used for tillage
treatments . ... i it e c e

The condition of plot after plowing
with moldboard plow ... ... e i

The chisel plow used for tillage
treatments ... i e i et

The condition of plot after chiselling ........

International 510-semi-mounted grain dril
used for seeding .......... .. ..

Troxler 3401 gamma ray density meter ..........

Standard penetrometer used for
measuring penetrometer resistance .............

Soil test vane shear used for
measuring vane shear resistance ...............
r

Water tab1§7ﬁ0n1t0r1ng tube ...

Page



-v11-

LIST OF TABLES

Rate of flow of water in compacted so1l ........ 28

Optimum density for maximum yield
of different crops ....... ... 36

Schedule of field operations in 1978
and 1979 growing SeasonsS .. .. . ceiiiiiae.a.- 58

The distribution of treatments for the
Tayout 1n 1978 and 1979 due to
collaboration ... .. ... .. i . 59

Depths at which so1l measurements were made .... 62

Average dry density values for various
compaction and tillage treatments at
different depths 1n 1978 ... . ... .. ... 86

Average dry density values for compaction
and tillage treatments at different
depths 1n 1979 . i e 87

Average penetrometer resistance values for
various compaction and tillage treatments
at different depths 1n 1978 ... .. .. ... 93

Average penetrometer resistance values for
compaction treatments at different
depths 1n 1979 ... ... e e 99

Average vane shear resistance values for
various compaction and ti1lage treatments
at different depths in 1978 ............... I 104

Average vane shear resistance values for
compaction and tillage treatments at
different depths 1n 1979 .. .. ... . .. 106

Average dry density, penetrometer and vane

shear resistance of 0 - 0,20m so11 layer

for various compaction and tillage treatments

and crop response 1n 1978 .. ... ... ... 151

Average dry density, penetrometer resistance

and vane shear resistance for various

compaction and tillage treatments and their

influence on crop growth 1n 1979 .. ............. 152



A', A*

C.I
fm, Cn
Cp
Cs

-viii-

NOMENCLATURE

Slope of the curve
Harvested area, m2

Intercept
Constants

Slope

Density counts ?k

Sensitivity constant

Cone index, kPa

Constants

Porosity obtained by unit pressure, %
Standard density counts

Depth, cm

Distance away from the wheel centre line, cm
Diffusion coefficients

Soil water diffusivity

Hydraulic gradient

Suction gradient

So11 water flux

So*? moisture gradient

Rate of change of matric suction with respect to
moisture content

Field capacity

Hydraulic head, m



Cont'd,

PEN
Pr

PW

%

i x-

Suction head, m

Hydraulic conductivity as a function of moisture content,
m/sec.

Hydraulic conductivity, m/sec.

Depth, m

Natural logarithm

Average morsture content of the plants (weight basis), %
Moisture content, %

Porosity, *

Precompacted porosity, °

Yontact pressure, kPa

Virgin porosity, %

Pressure, kPa

Penetrometer resistance, MPa
Residual pressure, kPa

Permanent wi1lting point

Coefficient of correlation

Sink term or extraction term, m/sec.
Flux 1n the plant root, m/sec.

S611 moisture flux, m/sec.
Transpiration rate, m/sec.b

Time, sec

Total volume, m3

So1l water flux, m/sec.

Volume of voids, m3



Cont'd.

Wc

Wdc

Wwp

Ymr

!
Weight of the moisture (dry weight basis), g
Weight of the empty container, g
we1ghf of the dry sample + container, g
Weight of the wet sample + container, g
Average weight of the wet plants, g
Plant yield, kg/ha
Maximum relative y1eld
Gravitational head, m
Depth, m
Ory bulk density, g/cm3
Actual average dry bulk density,lg/cm3
Optimum dry bulk density, g/cm3

Particle density, g/cm3
. &

Average dry bulk density from the surface, g/cm3

Dry bulk density of the layers, g/cm3

Total bulk density, g/cm3

Volumetric moisture content m3/m3

Volumetric moisture content at air entry value, m3/m3
Soil suction, cm of HZO

So11 Suction at the air entry value, cm of H,C

Distance from root axis, cm



-1-

CHAPTER 1

INTRODUCT ION £

Compaction is defined as the process of changing volume of soil
under a certain load applied intentionally or un-intentionally. In other
words 1t 1s a change in bulk density, void ratio, or porosity. Soil, being
a h1gh}y complex substance, is most variable 1n character. The variability
1n;1udes the physical, chemical and biological properties of soils as well as
environmental factors such as climate, weather, ti11lage and agronomic
treatments, and crop use. Thus the proper understanding of the soil compaction
process, and design and selection of tillage equipment, challenges the farmers
and scientists for optimum crop production.

It 1s generally believed that excessive soil compaction can have
adverse effects on soil as a medium for plant growth. These effects are
(1) increasing the mechanical impedance to the growth of roots and (2) altering
the extent and configuration of the pore spaces. The consequences of these
changes may be complex.

Studies of Raghavan et al., (1978b, c, d, e, 1979), McKyes et al., (1977),
Chassé et al., (1975) and Soane (1970, 1975) have shown detrimental effects of
compaction on crop production. So11 structural damage caused by machwpery
traffic depends on soil type, soil moisture, contact pressure (Amir et al., 1976)
and the number of passes of the wheel (Raghavan et al., 1977b).

Recent times have seen rapid changes to larger tractors and heavier
implements, and an increase 1n the si1ze of hauling units which transport most
of agriculture and animal produce on the farm. Heavy tractors or the hauling
units need wheels with greater inflation pressure in grder to support maximum

weights, A1l the necessary operations carried out on the farm, from



preparation of land to harvesting, may create excessive compaction of the soil
by expelling the air, water and nutrients which result in (1) moisture stress
in the plants, and (2) not epough pore spa;e for plant growth. Trouse and
Humbert (1961) have compared‘the yields of a hand cut field with those of

a heavy machinery trafficked field in Hawaii. Heavy machinery showed a
detrimental effect on sugar cane production. This effect is even worse if
the soil 1is lacking organic matter.

Indiscriminate and excessive traffic on the farm results not only
in undesirable compaction, damages to the surface topography and mechanical
shattering of the soil structure, but each injudicious trip puts an extra
burden on energy demands in terms of fuel wastage and manpower resources, and
diminishes yield returns. Traffic on moist s01l especially reduces its
permeability very effectively (Gi11,1959).

The type of tillage also might logically affect soil physical
conditions, such as granular structure, soil porosity, bulk density, soil
strength, soil mixing and surface condition. These 1n turn can affect the
spi] air, water infiltration, moisture retention, temperature and compaction
characteristics.

Any or all of the above factor§ may then affect the chemical and
biological activ‘ity in the soil, including root and plant growth.

Thys study examined the effect of vehicle traffic and tillage of
compacted soil caused by the moldboard and chisel‘p1ows on physical properties
of a clay so1l and plant performance in the field,. The tests comprised
field and laboratory studies of the compaction state and the effects of
different passes of traffic on water movement, soil strength and plant growth.
Ty11lage was applied to the compacted field plots, wi*h different passes of a

vehicle, to study effectiveness in improving the structure with respect to
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water movement, soil strength and plant growth. This study was continued
for two seasons in which buckwheat was grown. Information regarding

rainfall and water table was taken as well, and a statistical analysis
was performed to observe the significant effects.

In the end,}his studylmay result in a better understanding of the
design and selection /of machines and new field management practices which

could be more efficient, economical and agriculturally sound.



CHAPTER 1I

REVIEW OF LITERATURE

2-1 General
The basic requirements for plant growth are that the soil must be
aerated, the seed bed must be loose enough for the seedling to grow up and
the pore space around the seed must be wide enough to allow young rootlets
to grow but packed enough to promote germination. The soil must be
permeable to allow enough water to infiltrate and reduce runoff, as well as
to promote a favourable temperature. Besides these basic requirements, the
other necessary conditions include chemical and biological activities.
However, soil compaction reduces the aeration of the so11, so the
physiological needs of plants in terms of an adequate oxygen supply can be
hampered. Compaction also reduces the permeability to water, which increases
’the runoff and decreases the recharge of ground water, and ultimately results
1n stress to the survival of the plant. Compaction alters thermal relations
as well, and increases the mechanical strength of the soil to provide
resistance to the proliferation of plant roots. Compaction may also affect
the chemical and biological activity of the so1l. A1l these effects may
reduce the quality and quantity of crop produced.

-
The review of 1iterature which covers most of the studies on com-

paction and tillage and their effects on agricultural soils is presented here,

2-2 Definition
Gi11 (1961) defined so11 compaction as "the pressing of soil together
to make it more dense". This definition 15 mostly mechanical and does not

involve all aspects of soils 1n aq?icu1ture. Raney and Edminster (1961)
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defined soil compaction as the "act of moving particles closer together by
external forces". Further, they specified thaf external forces may be
tfg]ling rain, implement traffic, heavy overburden, or an excessive wet
layer of surface soil. Compaction is widely used in civil engineering in
order to get more compacted soils in dams, roads and around culverts. In
agricultural soils, however, the interest is to reduce soil compaction 1n
order to provide a healthy environment for roots to grow and use soi1l water

efficiently.

2-3 History

From the Egyptian civilization to now, good tilth 1s recognized
as an improvement of land for agricultural purposes. T11lage is provided
to reduce the bulk density, 1ncrease porosity, increase the intake of water
into the s0il and ensure good environmental conditions for plant growth.
The scientists in early times recognized that hard pans resulted 1n so1ls
from artificial or natural forces. These pans might be inherently present
or result from improper management practices. These hard pans are sometimes
detrimental to plant root growth and water infiltration. ‘

Studies of compaction started in the 1920's, e.g., Eden and Maskel]
(1928), who noticed a greater retention of moisture 1n hard or artificially
compacted soil, which resulted in eradicated plants.

Baver (1938) compacted a Cecil clay soil and measured the percolation
and pore space of compacted soil, The ppercolation rates 1n loose soil and

“compacted so11 were found to be 127 and 5,8 cubic centimeters per ten minutes,

respectively. The pore space of compacted soil was decreased from 61,8 percent
to 56,8 percent. Bertramson and Rhoades (1938) showed that an 1ncrease in bulk -

density and decrease in porosity resulted from extended perinds of cultivation.



Mckibben (1971) reported about 0,8 mi1lion ha. have already been
compacted 1n the Unitequtates, and 0,8 to 1,2 million ha. ére approaching to
the same conditions in Ca]ifornia alone.

Despite the 1oosening effects due to freezing and thawing in the
winter, persistent excess compaction over the years may be due to increases 1in
tractor weights. Mckibben (1971) reported that the average weight of tractor

had 1ncreased from about 2700 to 4500 kg during the period of 1948 to 1968.

In the 1950's, this topic was popular and most of the research
reported 1n the literature was conducted. A number of bibliographies and
literature reviews are available on the subject (ASAE-SSAE, 1958:; Gill, 1959;
Raney and Edminster, 1961). In the 1960's, reviews by G111 {1961); Vomoc1]
and Flocker (1961) and Rosenberg (1964) were'published. The most recent
comprehensive review on compaction 15 now available 1n an ASAE-Mcnograph (1971).

f

2-4 Traffic Effects

-

There are two kinds of forces by which compaction occurs, viz. external

and 1internal forces. External forces from vehicle and ti11lage tools are called
mechanical forces (Cohron 1971). Mechanical forces have visible sources and
are easy to measure. Here the forces produced by vehicle traffic and the

resultant change in compaction level on aQr1cu1tura1 so11s will be assessed.
Under modern standards of preduction efficiency, agricultural soil
1s worked by large machinery, using b1g plows or harrows, three or four row
cultivating and harvesting equipment such as combines or cotton pickers, big
hauling equipment for transportation loaded with many tons and with tires
inflated at pressures of 250 to 400 kPa. Depending -on specific management

practices, the usual operations of machinery carried out cn average farms are ,(///,/



as follows:
1) Seed bed preparation
2) Planting and fertilizer applications
3) Herbicides or cJ]tfvation applications
4) Insecticide app]icaéion if necessary

5) Harvesting and fall plowing

6) Transportation of farm produce

Voorhees (1977) pointed out that 100 percent of the surface soi)
may be compacted by wheel traffic under normal farming operations. Soane
(1975) illustrated an example of the total area covered by traditional practice.
Fertilizer distribution, harrowing twice, sowing and rolling gave about 91
percent coverage over an area 9m by 9m when a medium sized tractor was used.
The study of Voorhees et al., (1978), on structural change due to a 5 year
period of traffic of normal row cropping in Minnesota on silty clay Toam soil,
showed that the wheel traffic could compact the soil to a 45cm depth.
Gi11 (1959) indicated some danger of soil compaction by traffic under various
conditions affecting physical properties of soil. He further noticed that the
design of plows could destroy the structure by requiring wheels to operate in
the bottom of the furrow, which is the zone where the soil is not loosened by the
plow.

Arndt and Rose (1966) illustrated the cultural operation effects on
so0il properties. In a draught animal system, the units of soil compaction
are randoﬁ]y distributed; small discs of more than 15cm diameter, produce
small hydrologically closed depressionss In mechanized systems, the compaction
is a wide band spaced at regular intervals. In a row cropping mechanical

cultivation system, traffic bands are formed following the use of a variety



of row cropping systems (Fig. 2.1). Arndt and Rose (1966) also. bnted

a theory by considering the changes in the overall relative magnitude of

soil properties due to the changes in the degree of compaction due to traffic.
This theory can also be used in designing tillage systems, where the effect
of soil compaction 15 severe because of soil factors. It becomes necessary
to reduce traffic by designing the best possible tillage system.

Chesness et al., (1972) indicated the effects of traffic 1n a peach
orchard scil on soil strength. The soil between trees was treated with
herbicides and disk tillage. More strength was found in trafficked plots,
which could hamper tree root development.

Swanson and Jacobson {1956) showed four compaction Zones in a
cultivated' area, These zones are divided into two main zones. namely
horizontal zones and vertical zones. The horizontal zones comprise (1) soil
surface crust, (ii) Toosened seed bed due to cultivation up to 7,62 to 10cm
depth, (iii) plow layer compacted below the depth of the plow sole.  The
vertical zones consist of (1v) the area compacted due to wheel traffic between

rows. There are two other horizontal compaction zones, (v) in the plow sole

area and (vi) in the area immediately below the plow sole (Swanson 1954).

2-5 Compaction

The state of compaction changes as the volume of soil changes
(Harris, 1971) and this change is attributed to the action of forces. Gi1]
and Vandenberg (1967) defined these forces as mechanical (machines and animals)
and natural (drying and genetic processes). They further defined the
compaction behavicur equations; for example, as the stress increases the
volume decreases, or as the stress decreases the volume increases. These

J}nﬁﬁt\ird output variqp}es are uniquely related only for certa’n circumstances.
e
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Lambe (1951) described this behaviour by compacting soils 1n cylinders
under certain applied loads (input variable) and observing respective
changes in volume and bulk density (output varriable). This compaction
behaviour depends on the moisture condition of the soil.

Harris (1971) has discussed the process of compaction involving
forces, and relating the forces to describe the behaviour of soil by soil
physical properties. He concluded that the behaviour of the sgi1l due to
applied loads 15 dependent on the static state and materi1al properties of
the so11.

Cohvon (1971) discussed the external forces applied by vehicular
traffic, animals and rainfall, and their effects on agricultural so1{sq The
pressure distrTbutions by tractor tires on different types of <oils Qére also
discussed, quantifying the state of compaction. Finally he indicated that

more work 1s needed to derive a satisfactory theory relating compaction of so11

to vehicles and implements. ,
.

Soil is a three dimensional medium in the natural state and forces
are not applied over an infinite area, according to G111 and Vandenberg (1967).
The question they asked was whether the force in a confined area could be
related to the compaction behaviour in an unconfined soil state.

Harris (1971) described the concept of stress i1n three dimensional
infinitesimal area, considering the cubical element of the s0il where nine
quantities of three stress vectors are the components of the stress tensor.
From equ111b;1um conditions, the shear stresses Txy = Tyz, Txz = Tzx and
Tyz = Tzy. Therefore, out of nine variables ;1x can be described to know
the stresses at a point.

Soehne (1958), using a piston to compress the ipi1 1n a cylinder,

related compression behaviour as a function of major principal compressive
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stress:

n = -Aln P + Cp
or N = -A*log P+ Cp TTTTTTTTTTTC (2.1)
where n = porosity
P = applied pressure
Cp = porosity which was obtained by compacting
loose so01l at a unit pressure
A* B A* - slope of the respective plotted curves
However, two errors are associated with the above as-umptions Frictional

characteristics *n the cylinder described nor-uniferm stress distributions
and the 1rregqular changes over the entire sample (Harvas, 1%71), fhancel ior
et al., 71962) <nowed trat the major principe’ stre<s does rat uniguely cause
compactron, There 15 always volumetr t¢ and <hear afformat-on due to the
applied load (Mckyes et al., 1975).  This 1r=icates that the normal and
shearing stress cause compaction. Vandenber 5 (1966 used a triaxial test
and related compaction empirically as a funct on ot mean normal stress and
maximum natural shearing strain.

Kumar and Weber (1974) 11lustrated the compaction of unsaturated

clay so11 by applying hydrostatic pressure and different stress paths in a

specially built triaxial cell. They assumed that the intermediate and minor
principal stresses were equal to the confining pressure appiied. The
results gave equations defining compaction beraviour They also examined the

effects of different unidirectional stress paths during deviator c stress
application, unloading-reloadirg, rotation of the principal stress axes and
changes 1n the velative value of the intermed-~ate principal stress

Coleman and Perumpral (1974} 11lustrated the compaction behaviour
cf sand by numer ical methods. They applied the finite element method, wh-zh

assumes that the elements are connected toget*ex at a finite number of poirts,
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They developed the equation fitting the experi~ental 4ata to 1 faftr arder

poiynomidan . The v concluded that this method -an be iced witn calikration
by triaxral tests It acpears “rom force compactior relatic-ships, accurat=
beraviour 1s stil  to be descrited “he afore-ard ctadtres f21led £ formu: *te

accurate compacti- v behaviour eauations because stress volume relats ns are
no* linear, and a-solute magnit. e of *the state of compactior s not detfinec
Many <t d1es have beer _ondu~ted on - -mpaction by vehicles (i1~

’

ar- Vanderberg (1 -67) examined =he effert of t-ves and tracke on compaction

Tires canced more -ompac* on due to sl -opage tr=n traree kreel 5T poon
the s01] depends . oon tore s1ze. tire wnape, t- e flex BTty anfla+ion
pre-sure. wheel T~ ad, sc -7 type and varving dew-ee of moisture contert

(Raghavar et al . 978a Furtrer trerr stys. on ¢ av 5017 ~hower that

the compsction wa  increaced moct between [0 a- - 50 pevoent © ip, ar 4 othe

mi=imum was at 92 Lercert S1ip. On sa~dy and - andy fcam sor o, the maximuw
compaction was ob* ained tetween '5 and 5 percest siip Further 51 ppage
recaced (ompactior (Raghavan et al , 147 7a), - chols  1957) reportes that

German farmers are reluctant to use traltors for sprira cultrvation because **e
so.7s at that time are me-st, and sliprage may - adly seal off subsor™ by
smearing action or moist s0il.  McKyes et al., (197% discucsed the effect

of <1ippage and ro” ling resistance 1n rumid sor ™ s of eastern Zanada and sugaested

some precaustions They -“ndicated that moist s-11 15 ooorer =n strerath, the
tire will <ink anc shear mcre to reach *he maxi™am sor” strersth, THs
produces higher s p and “ncreased roll-ng resictance These condrtrons maw

rec sce power effic ency, "ncrease tire wear anc -ause mere daraade tc the sor’
str.cture Fina: y they suggez*ed largger tire< . whic~ reduce <ontazt
pressure thereby r=duycinz wheel s71p arz damgge to so- ' structyre.

The soi” <ondit-on after compaction cedends ~r a numt~ar of vartables
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ircluding the character stics of load applied, =01l type, compactnecs status
at the trme of lcading ard moisture condition ~f the <o1l Meredith and
Patrick 17961) examined the state of compactior of three different <oi1ls
wrth different opt mum moisture contents. The maxtmum compaction varied

o

fur all trree sovis.  Camison et al . (1950) working with Cecil Clay.
showed the effect of 10 passes of an Olive standard 77 tractor with 28 -
9t hem tires (11-3% 1n » inflated to 23 kPa pres sure The maximum « ompact an
occurred 'noa zore which had 2% nercert morsture content ~aghavar et al |
(577b) ntserved *re affect on  ampact ion of vekicle type, trre s176, tire
cerfrgurstaon ard Toad, with 1, "0 10 3nd 15 pac.es tr 3 (lay noil The
hy Jher compaction wis fo.nd i tre cane of laruer contact LY e qyr e, /U perrent
cfomaxamum o compact con WAt Attaiee { with the firct five pascer and the rate of
compactior decrear ed for Further ncreases of asses The ~rtate ot ompact on
varied wrth moisture cor2itions ot the Lo1l.

Flocker =t al , (1958 7ndicated that -0ils. even when sut jected tn
a sr'ven compactive load. show considerable inherent d:ffereprec 1n the state
of _ompaction due to varsations 1r distribution of particle 57ze and shape. and
differences 1n orgznic matter cortent Compaction test data from 5 mont-
mor-1lonitic clay s911s were compared to those from 5 kaolinitic clay so1ls
These comparisons falled *o indicate that the montmor™ fjonttsc clay 592115 were
mcre susceptible to compaction from mechanical forces than were the kaolinitir
cl3ys.  Montmoril™aonitic clays  did, however, Pave s> jnificantly nigher liqutd
Tim~ts ang plastic “ndices.

Compactinr does not only damaze the sc~1 structure. but 1r{reases
03t and energy expendit.ures, lany field trips cause compaction, but also
incredse the consgmption =f fuel and werking houvs 1n the fie'A Compaction

moreases the clodaness, thereby increasing the -ost - tperation esceclaily



when a fine seed bed 15 required for seeded crops (Flocker et al | 1958) .
Bateman et al., (1965) reported that soi1ls require Qreater energy to '
pulverize when they have been compacted aboge 1,2 grams per cubic centimeter

bulk density.
al Sor1 Density
The state of compaction 1s mostly descrited 1n terms of smailer
volume or higher bulk density Increases 1n bulk density may 1rcrease the
strength of a so1l, decrease larger pores 1nto smal’er pores and decrease the
vold ratio. Extreme . ompac*tion may result in ruts with (ow permesbility and
proviae chanpels far water runoft t be stored 1n iow lyiryg areas for longer
GJerince of time, thu. <reat:n3 flooding contition fur plant growth
The density to wh.~h a given so! (an be -ompacted varies with the
water content, mnitia’ dens %ty and the force of comiaction Fielda tests
made Ly .S Army of Fngineers, Corps of Engineers, Turbul and Foster,
and the Road Research taboratory of England refervres by Earl {1965), have
shown that the density of so311 compacted ir the field depends not only on the
water content and nature of the sg11 materwal, but also on the type of
compaction equipment, the pressure per unit area, the alr pressure In tires
and other factors. Vomaci™ et al , (1958) measured a bulk density of
1,50 grams per cubic centime%er in Yolo lToam soil after ore pass of a Ford
740 tractor. The mo-sture content was at field capacity The tractor
had 27,5-40cm (11-16 n,) tires with 1nflation pressure of 83 kPa Flocker
et al , (1958) compacted a so1l by using a Jeep of 308 kg mass followed by a
Ford 740 tractor having 182 kg of water 1n each rear tire This was foilowed
by twg trips with a cultipacker pulied by the same *tracter, and again
trafficked by Jeep Toaded with 363 kg of sand. Th-s f1eld ther rag an applied

press.re of 207 kPa, and was a Yolo loam scil with moisture content 19,6 percent



and f1eld capacity 17,9 percent The resulting buik dens ty was 1,56 grams

per cubic centimeter 1n the top 20cm. Weaver and Jamison (1951, compacted a

Davidson Toam sotl with an Oliver standard ~0 tractor having 27,5 - 95 ¢m

(11-38 1n.) tires inflated to 83 kPa with a draft of 5,227 Ne&tons per wheel,

to a density of 1,8 grams per cubic centimeter by tour pasces The motsture

content was 11.4 percent  McKyes et al , 71975) have shown in Fig 2.7 the

contours of dry density under the passage of a 42,3 « 71,1em(16,3 x 28 1n ) tire
Ragravan et 3l., (1%76a) compared the dry densit:es caused by a Ford

5000 tractor of mass 4n70 kg equipped with Tugged t-ves 46,7 x 7F .un having

'nflat-on precwure of ¢9 kPa, towing a loaded sprayer of mess 34739 by with

Jiyh o BELOom tires 1 flated t 130 kFa Tne trao tor and c praver were passed

aver tre grougnd 1, 5, Oand Tf time. on a ¢ oandy [nam Tre maxmum butk

density o achieved an both the  ases wac appre ximate (o 1,65 Sram per cubi

centimeter, same as weth the Froctor test Many ertorts were ma-te to o Lermipe

the effect of ditferert contaut pre<cures with comb-nation ot loaz at different

times, :Raghavan et al | 1977b), vehicle size and tire comfigurat-on or dry

density The above a-—thors found that the maximur dry dersity was obtained
when the molsture content was at the optinum Contaurs nf dry density with
s1ngle and mui*tiple passes 1n their study 15 shown n Fig 2.3,

A max mum dersity at optimum moisture content car be skown by the
“roctor test {Lambe, 1351). This laboratory test <an characterize so1]
types with different textures as to maximum density at dif€ervent cotimum
moi1sture contents Cre car use th's molsture Index to mare a de-1sion tefore
joing or the f-eld witm machinery Mereditr and Fatrick 19611 obtaired
different maxirum dry -ulk dersities and opt-mum mosture Zontents for trree
so1ls they useq There was very 137t+tle 1ncrease 1~ dry bo "k ders~ty beyond

the compactive effort <F 1,3 k-a. Flocker et a7 , (1952 showed that
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variations exist 1n dry bulk density of so1ls subjected to a compactive
load. These variations are due to the differences of particle size
distribution, size, shape and organic matter content. Elder (1958) defined
structura’ and bulk density indices in his study, the structural 1ndex
being defined as the drops of 1iquid absorbed by a sample 1n one minute.
Many efforts have been made to predict dry density from contact
pressure, porosity and moisture content. Amir et al , (1976&) used
experimertal and published data and worked out follow'ng equations for loose
virgin soti to calculate virgin porosity 'Nv' and for pre-compacted snil to

calculate pre-compacted porosity 'Na!

w for eq "Z2.2 or 2.3) = (0.4-0 9) of =aturat-an

Pr = residual pressure which 1s 0

Re
[[]

applied pressure
A = volumétric meisture content at saturation

An, Brn and C(rn & Constants

The authovrs cla-med that these equations can a) precict the amount
of so1l compactior, (b) evaluate the dravnaée coefficient necessary o~ the
number of f1eld work days permissible from the compaction view point. (c) make
decrsions *n application cf machinery pressure, and time for orceratiors.

Raghavar et al.. (1976t} estab’ished a mathematical relaticrship to
predict dry densaty ‘yb' from cortact pressure, ‘np' (kPa) and moisture

content, mc (%),
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An Bn . Cn

+

5 ° Am Bm In (np) Cm 1n(me)emmmnaee- (2.4)
They showed how to use experiments and laboratory data to estimate constants
An, Am, Bn, Bm; Cn, Cm from a multiple regression stepwise procedure.
Later on Raghavan and McKyes (1978) extended equation (2.4), considering
more variables such as depth 'd', distance 'Da' away from the wheel centre

Tine and ship 's'. The mode! was developed for clay soil as follows with a

statistical "R' value of 0,75.

vpom 1,31 % 0,0075 (d) -« 0.00005 ' Dal+ 0,0009 (5
= 0,039 “n(npr’ - 0,328 (Inimc)) -v--eeean 7.5)
Furthermore, *they developed models *or sardy loam and Toamy sand Finally

they concludes that the dry -density increa<ed with increazes 1n rontact
pressure and moisture contert as weil as ~i1p less than 37 percent The
higher denstty was found under the zentre of the tire Lry den<ity away
from the tire decreased linearily up to 40cm from the centre of tre tire path.
(b) So11 Aeration

So11 aeration is cne of the important so1l phystcal properties which
has been given considerable recongnition in so1l compaction studies.  When so1l
15 compacted, a reduction 0f pore volume 15 exhibted. In other words,
“non capillary porosity", wrhich 15 respons-ble in conducting gases, 15 veduced
to smaller paves, which may reduce aeraticn cons derably Reduced aeration
may cadse the accumulation <f toxic substances, thus affecting voot growth.

There are two principles of gasecus flow 1n the so1ls widely used
for studying aerat-on, (1) the pri~rciple of mass flow, arnd (2) t-e principle
of diffusive flow.

Mass flow 1s defired as the movement of air through s031 by processes

such as expa~sion and conce~tratior of gases as @ result of charges n
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temperature or barometric pressure, and air removal from rainfall or
1rrigation (Robinson, 1964).

Diffusion is the main mechanism by which molecules of gas are
exchanged between soil and atmosphere. This movement takes place 1n
response to concentration gradients. In diffusion, the flow path is not
linear, but 1s made tortuous by the shape of voids and the way in which voids
are connected. Marshall (1959) introduced the equation (2.6) to predict
the ratie of diffusion 1n so1l 'D' to diffusion 1n air 'Dg’ from air-filled

porosity 'N' as follows.

Grable (1966) gave an extensive review of soil aeration studies.
Vomocs1 and Flocker (1961) 1ndicated that in the 1deal root bed, when the
5011 +s draired after 1rrigation or rainfall to reach 1ty field capacity,
the soil at that point mus{ contain 50 percent solids, 25 percent water
and 2% percent air. Different sovls behave differently an re]gtion to
soil-water properties. Fine textured so1l has a high bubbling p\:essure
property, and therefore, there 1s low air and water permeability (Grable,
1966 ) Coarser textured so1ls have 50 percent porosity and mere than one
half of the total porosity will drain free of water before drainage ceases
(Vomoc1 and Flocker, 1961).

With respect to the effect of compaction on soil aeration, Phillips
and kirkham '1962) found that the air permeability decreased as the level
of compactior 1ncreased. Rosenberg and Willits (1962) showed a decrease
1 nor capillary pores at 0-6C mbar suction as a result of compaction on three

types of so11 studied. Raghavan et al., (1378c) examined the effect of contact

pressuve on air porosity. Air porosity decreased as the vehicle contact pressure
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increased. There was a very small difference of 10 percent air-filled
porosity at corresponding depths when two years of studies were compared.

Different levels of density represent differences 1n air space
percentage at virtual completion of drainage following irrigation or
rainfall. Weaver and Jamson (1951) calculated air spaces of about 12
percent at a density of 1,8 grams per cubic centimeter 1n Davidson loam soil.
Flocker et al.. (1958) found a 14 percent air filled porosity at a bulk
density of 1,56 grams per cubic centimeter 1n Yolo loam soil,

Grable and Siemer {1968) studied the different combination of
aggregate sizes, bulk densities and 5011 suction to see the effects on
air porosity, diffusivity, oxygen concentration and redox potential. They
found the air porosity decreased with severe density. A <oil with a bulk
density of 1,23 grams per cubic¢ centimeter had a very low air porosity,
even at high suction values. It was even less 1f the aagregate size
was less than O,5mm. Bulk density and aggregate sizes had very Tittle
influence on the diffusion of oxygen and oxygen concentrations at shallow
depths, while they had greater effects at greater depths. Boone'g}ih.
(1978) determined that aeration was slightly affected ‘by compaction. In
severe compaction, the oxygen concertration was found to be about 15 percent
at 5 cm below the depth of deeper roots.

Swanson and Jacobson (195€ ' pointed out that the extent of soil
crusts increased with a higher 1intensity of rain, and that may prevent ary,
from entering into the soil. It appears trat decreased scil aeration
by different actions may create an undesirable soil environment for plant
growth and crop yields. The effect of soil aeration on plant growth and

yield will be reviewed under tne heading "Scil aeration effects”.
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{c) Soil Water
Another obviously important physical property of soil is the degree
of wetness, or water rete{:ion characteristics . Associated with these
properties are the processes of water movement, infiltration and availability
of water.
\ S011 is a reservoir that holds water for 1iving organisms. The amount
of water a soil can holc is determined by 1ts physical properties. It may
be available in Timited amount< to plarts, or 't may be present in excess,
pboth situations <an occur for the same so0i1l ir different seasons.
Water moves ir response to a soll-water potential gradient from tre
so1l voids to the plant roots and thrcugh the plant to evaporate fram the
1eaf surface into the atmosphere. Th:s whole systen of water movement 1s
known as the Soil-plant atmosphere con®inuum ZPA).
i) Water movement
Water movement occurs in sot” in response to a difference in water
content, temperature etc. One of the mechanzsms that governs the movement
of water n the soil is unsaturated fiow. As the meisture content of so1l
decreases from the maximum value at 100 percert saturation of the pore space,
the air phase 1nvades the larger pores. Most of the water movemér+® 1n top so1l
cccurs when both water and air are present in the pores. In ‘this orocess the
hydraulic conductivity "K' 1s not constant, but decreases as the water content
decreases because the larger pores are emptiecd first. Poiseuillés equation
shows that the volume flow rate varies direct™y as the fourth power of the pore
radius. Therefore, halving the pore size decreases the volume of “low by a
factor of 16,

i

Compaction may alter the pores. Forosity 'n' 1s defined as the ratio

of volume of vo1ds or pore space 'V ' . to the total wolume *Vt'.

v
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The bulk density 'yy,' 1s related to the f0110w1n§¥equation.

4

- (1-n) v, e 1‘-——-(2.8)

%

b

where 'yp' is the particle density. The change 1n density will be accompanied
by the change qf porosity and thus water transporting properties. /h;F?entin
(1971) discussed the effect of compaction on water transmissibility by altering
the void size distribution of soils. He discussed the forces of water
retention and change in bulk density in relation to so1l-suction, temperature
and solute gradient in homogeneous as well as layered so1ls. He concluded
that compaction may increase or decrease the amount of water retained at
higher suction levels. Slaytor and Taylor (1960) have defined so1] water
suction to be the affinity of the so11 matrix for water. It 1s therefore
the soil-water and geometry of the soil, which contribute to soil
suction.

Soil geometry is related to pore size distribution (Box and Taylor,
]962). Taylor and Box (1961) showed that there is a change of suction qye to
compaction when the moisture content is held constant. They proposed that
bulk density should be used in place of the geometry factor, because a
geometry factor neglects surface and ionic influences, whereas bulk density
is very easy té obtain. When the bulk density increased from 1,1 to 1,5 grams
per cubic centimeter, the suction decreased, but it increased as the bulk
density reached 1,6 grams per cubic centimeter.

Soil type also has a great influence on water retention

. characteristics at different bulk densities. Hill and Sumner (1967) 1nvestigated
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the moisture contents of different soils in the range of total available
moisture. In sandy scils, the moisture retention increased as the bulk density
increased, but the magnitude of this became smaller as the suction increased.
In clay and clay loam spils, moisture retention increased as the bulk density
increased, but the magnitude became)wigher as the suction increased. In sandy
Toam and sandy clay loam, the moisture retention decreased as the hulk '
density 1ncreased at low suction, whereas retention increased at high suction. \
This influence of grain sitze distribution on moisture content at 30,6cm of
HZO suction’ is shown 1n Fig, 2.4.

Fagleman and Jamison (1962} examined the effect of texture on water
transmissibility 1n laboratory Pxper1menti, They prepared difterent
combinations of soils varying in particle size distribution with and without
compaction. They indicated that the water movement from larger pores to smaller
pores 15 unrestricted at the contact 1f the volume of both is about the same, wh1;e
the water movement becomes slower from the smaller pores to the larger pores in
the unsaturated‘state because the larger poreg emptied soon. The remaining water
in the small pores of sand is discontinuous in nature at the contact with a larger
number of smaller pores in silt. The water cannot move from smaller pores to the
larger pores until same suction is attained. As the suction increases, the water
film around the solid particles becomes thin and decreases rapidly.

Boone et al., (1978) have shown that compaction produced finer
pores at a certain volume, and moisture contenf increased at every suction
up to saturation. Further compaction decreased the moisture content by l0ss
of water. Fig. 2.5 shows the optimum curve of the phenomenon. Raghavan

et al.,(1978c) obtained higher moisture contents retained by three clay soils

at different Tocations with the application of higher compaction efforts.
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SHORTLANDS CLAY

AVOCA SAND
LOAM

CLANSTHAL SAND

1 1 1 1 1

Figure 2.4

4 1,6 ,8 2,0 2,2

3
SOIL BULK DENSITY (g/cm)

Influence of soil bulk density on water content
of three Natal soils at a matric suction of 0,3
bar or 30,6 c¢m of suction (redrawn from H111 and
Sumner, 1967).
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50 . PIET
L LOOSE SOIL
CM MEDIUM COMPACTED SOIL
CS SEVERELY COMPACTED
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Figure 2.5 Relationships between pore volume and water content at
different potentials (h) for various treatments
{(redrawn from Boone et al., 1978}.
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11} Avairlability of water

Compaction has a marked effect on avatlability of water The amewnt
of availahle water 1% tha€2h81d hetween the f1eld capac ty and the permanent
wilt1ng point (usually defined a< 15 bars or 153m of HBC suction) Freld
capac 1ty 15 defined as the amount of water remasning 1n-a well drained <01l

wher the velocity nf downward flow 1n unsaturated so1l has become small

(Warkentin, 1970) Water avarlahility o mea< ured by water retention
tharacterictics of the sorl The water holdir j capacity may Le increasesd
depending upor the level cf compact:on However , 11 dres not recessarily fo1low

that this water wr1] be readily availahle for 7 ant growth, tor water avarlas ity
doec, rat depend directly on the permeability vf the savl (Jamic n, 1456 when
the <211 19 compacted, the permeabl11ty'uf the .51l derease, and water will ne
jost by evaporaticn or ruroff Thio condition may not allow ernugh water to
mtiitrate into the sotl Gupta (1933) measured the amount of water passir;
through so1l samples compressed at bulk densitv of 1,37 and 1,77 grams per ¢ .ubic
centimeter with varying pore spaces at a given time. The results are showr n
Table 2.1 The results clearly show the resistance to flow due U@gompact10ﬂ of
the so1l. The effect will be more significant 1f the losses duello transpivation,
evapaoration and runoff are considered. This si*tuation may create a great danger
of reaching the permanent wilting point 1n the soil.

Flocker et al., {1958) showed that the total amount of water which passed
into a non compacted so1l plot ir 3 hrs was 27,%7cm, while 1n a severely compacted
plot 1t was 0,27cm for Yolo fine sandy loam. Smith et al., (1955) found an
increase in available water 1n loose so1l but, a decrease 1n strongly compacted
subsc1l and topsorl. Whereas Raghavan et al., (1978¢c) showed more available water
in compacted clay so1l than in non compacted c*ay so1l at higher suctions.

There was more water available 1n the middle range of dry density than 1n higher
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TABLE 2.1 - Rate of flow of water in 30 minutes

COMPRESSED INTERMEDIATE LO0SE

Height Amount of Heignt Amount of Hetaht Amount of

_om owater inemd em water an M cm o water in_em’
6B 15,54 7,4 44,91 #, 3 192,72
6,5 13,67 7,4 40,97 ® 3 187,17
6,8 11,14 7.4 36,76 8,3 184,0?
t,6 11,09 7,2 35,09 2.} 180,62
6,8 10,67 7,3 34,80 8,3 168,12
6,8 10 ,5¢ 7,4 32,03 &,3 160,18
6,7 10,53 7,4 32,01 8,3 157,00
6,7 8,97 7,4 31,37 8,2 154 62
6,8 8,95 7,0 25,61 8,2 152,17
6,8 7,59 7.4 24,67 8,7 150,14
6,6 7,10 7,4 24,00 8,3 145,57
6,7 6,76 7,1 23,93 g,1 128,42
6,8 6,19 7,2 23,30 8,¢ 118,59
&,7 5,72 7,4 22,30 8,2 109,65
6,7 4 .94 7,4 21,05 8,¢ 102,47
6,6 4,20 7,0 20,25 8,3 100,37
6,5 4.15 7,4 20,07 8,2 98,18
6,4 3,25 7,2 16,09 8.2 91,67

Mean
6.7 8,38 7.3 28,26 8,25 143,47

Range

6.4-6,8 3,25-15,54 7,0-7,4 16,09-44,31  8,1-8,3 91.67-192,72

Height of icm
of vol. 11,34cm?
1.25 3,87 17,3
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or lower densities,

Water can te avatlable also from a water table by capillary rise
Boone et al., (i978) observed the decrease 1n potertial fer capillary rise
in topso1l by severe compaction, but moderate compaction 1ncreased the
potent - al

Many <tudies on seil compaction have incicated the interrelationship

of porcoity, pore size distribution and rate of water infiitration, hydraulic

“'QZBndurt‘v1ty ara water retention characteristics « Tohmdt 1967, Louglas ar

McKyes, 1978, Flocker et al , 1953 Vomoct1l et atl | 10L& They all used
these p3rametere as *re indi-atours of compaction. Most of the <tudies on
s01] water movement vequire *ne know'edge of nydraulic preperties of spal oan
order t: understand trne so1l <tructyre Me asurement of <011 water and matric
suctior provide the relation-hips between <01l water content and ~uction and
hydrautl-c condu<tivity.

111) Theory

Mostlv water movement 15 described using Darcy's equation This

equatior can be written for flow 1n one direction n unsaturated so11 as follows

v o= K (e} ~%g ------------- (2.9}
where v = so1l water flux
K(s) = hydraulic conductivity
H =  hydraulic head

and 7 = deptr
Combinirg equation (£ 9) with the equation of cont nuity, which states that
the flow of water 1nt3 or out of a un1t of so1l eguals the rate of change =n

water content,

3 3v .
B¥= 2 (2.10:
3t 3z
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the flow equation will result as follows

26 - } (K iﬁ) T TR ]])

3t 3z

In order to obtain the hydraulic ronductivity k' at a depth 'L', rntegrate

equation (2.11) with respect to depth, z = o (the <011 surface) te 7 « -L

-1

1A JH 1 H -y
f%ﬂm{jt 7 =z K T? K S ,(? i )
o Zw -1 Z = 0

In i~f1ltrat on tests, the =il surface - covered with 3 plastic
cover ard there 1< no flow arrrss the curface, the second term or the right
hand side of equation ‘2 12) s zero (Ntelsen et al , 1573)

Hydraulic¢ head H for downward flow 17 always the sum of =action

§ i

head ‘b and gravitational head 'z

Hosnez om0

Therefore equation (2 12) can be written as

Assuming that the suction 1s a function of water content orly and there 15 no

hysteresss effect, then equatron (2 147 can be written as follows-

L -
1 _3_{3 fal - ;jb, .a..?. + 1
5t 42 = K {aa © 3 ‘J ceeea=(2 18]

Z = -0

c
Measuring the volumetric moisture content at different depths as
a function of time and matric suction variation with time can yleld the

calculation of hydraulic conductivity values as a function of so1l moisture
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content

There are many experimental mcthods which have been developed to
evaluate hydraul ¢ conductivity "K(m)'. These methoss 1nvolve pore geometry
systems (Marshall, 1958, Millington and Ouirk, 1959, Green and Corey, 1977,
Schmidt, 1963), steady state columns (Kiute, 1965} an? field studies
(Richards et al , 19%b;, Nielsen et al , 1961, Fose et al , 1565, LaRue

et al , 1944 and Davidser et al , 1969)

very Tittle 1< known about preticting the hydraulic propertyes of

se1ls Cohmidt {1963) measures the hy“raulic conduc *vity as an indisator
nf compacted s011 hy ys < the Marshall methed He . repared  ompacted
samples of Yolo «lay loa~ and Greenfrel” sandy faoam The hydraulic con-

4

duztivities obtatned agreed wel! with - atculated nvdr aultc corductivities
Douglas and Mokyes (1978) fourd an equatior to pred:ct uncaturated .

hytraulic condu-tivity as a function of <ompaction ot 5t Rosalie clay soid

The values of porositiez were obtained from !abora{ory compacted so1t samples

and the values of hydra.iic conductivity were corrected due to changes 1n

effective porosity under increasing pressure gradients They obtained linear

relationships between porosity and the 7oqar1{hm of Pydraulic conductivity at

the 95 percent confidenze level

2-6 S011 Strengtn

So1l1 strength 1s defined as "the abilvty or capacity of a particular
so1l 1n a particular cerdition to resist or endure a~ applied force" {Brewer,
1964), Sa1l compaction involves the volumetric as well as the linear deformation
of the so'1.  The strength of soil is a measure of resistance to both
volumetric¢c and Tinear deformations of so1l structure Sovl fabric is also

responsible for changirg the soil strength., Besides this, the other factors
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which atfect the soil strength are discussed bv Taylor (1971). The factors
that mfluence so1l strength are water content, sarl b.lk density, charges
1n type and amount of saturation, cations, the number -f particle-to-particle
contacts and the amount and type of organic material, The re-ults of
Chesness et al , (1972) showed an 1ncrease 1n 501l strength as the s1it and
clay content of a soil 1rrreased, <ol meisture decreased, depth and bulk
dens1ty 1noreased

During the past few years mo<t workers have 'nvestigated the
effects of high strength “n1l lavers an the rooting ha~ ~ts and yreld of rrope
Most ~tudie< have employed a penetrometer to (Faracter “ze the ~trenqth of
c011 material The penetrometer 15 uoeful for cohest.e sotlc because  the
mode of farlure o defined (Soane, 1975} It 1s not an useful! for suils
which show an appreciable anqlg Gf trictron, ~ince the penetrometer 1nvojves a
complex function of the properties Yet, 1t provides an empirical 1ndication
of 5011 strength which can be useful and informative

Many relationships have been ectablished between penetrometer
resistance and dry bulk density (Taylor and Bruce, 19€ 2. Camp and Lund, 1968,
Taylor et al., 1966, Mazurak and Pohlman, 1968). A1 authors showed
relationships between peretrometer resistance and bullk density at a given snil
water content or suction For example at a given so~ 7 suction (1/3 bar or
340,23c¢cm H20 suction) and bulk density (1,5 or 1,6 g/cmB) penetrometer
resistance varied for different soils. This could be due to the variation
1 distribution of particle size and shape which on compaction behave differently
(Soane, 1975).  Chancel’or (1971) discussed the relationship of penetrometer
resistance with density. He potnted out that the peretrometer resistance
declines very steadrly as the moisture content increases, whereas compacted

density i1ncreases to a peak then decreases as the morsture content increases.
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Lyles and Woodruff (1963) determined a Tine3sr relationship between
penetrometer density and core sample density (A penetrometer force of

2,23 «x 107 kN was assoctated with a dry bulk density o+ 1,35 q/cm3 at 6,5
percent moisture) Further, they observed that the peretrometer meauured
dens1ty wa . very sensitive to moisture content Goodernam and® Fisher (1975)
predicted penetrometer re< stance 'FEN' from bulk density ‘yb‘and percentage
of so1l muisture 'mc’ with an 'R value of 0,944, 1n s1't loam <l

I

PEN = 3 dee (v + 62,600 ) - 1245 (mc) 1Yy + 1T.588 {mc)©

Chesness et a1 , (1977 tr ed a non.linear exporent13] squation ta predict

v,

cone 1ndex 'CI' an the laroratory. correlating fepth 'd L bulk ~enoity "'y
and motsture content ‘mc’ They of tained *the followine empivical equation

with an 'R' value 0,98

0‘79(1 cmeeeeee (217)

Cr = 1,305 (d)

The equation was used on field data but the field so1l d1d not exhibit the
same strength as laboratory samples.

Terry and Wilson (1953) have shown that about 20 percent moisture
content 15 suitable for accurate measurement of <011 bulk density with a so1)
penetrometer Pha1111ps and Kirkham (1962) obtained a }inear relatronship
between the needle penetrometer reading and bulk dens ty at 100cm so11 suction
in Colo clay so1l. Favis (1972) and Rosenberg and Wi™ Tits (1962) showed that
the penetrometer resistance increased as the bulk density and suction 1ncreased.

Soil strength 15 expected to increase as porosity decreases at
constant moisture content.  Adams et al., (1960) have shown that the perne-

trometer resistance increased as the bulk density ipcreased and porosity
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decreased at 6C0cm suction 1n a two year experiment on a silty clay loam.

Taylor and Burnett :1964) determined the soil strength with a
penetrometer and vane shear cevice. The vane shear strength was calculated
with the assumptions that (1) %h@ 5011 sheared along the surface of a cylinder
which had the same d1ameter and height as that of the vane (2) the distribution
of shear stress was uniform across the bottom of the cylinder, They found a
Tinear relationship between the vane shear strength and penetrometer strength
with an "R" value of 0,97. Payne and Fountaine (19%2) demonstrated several
advantages of the direct measurement of shear strength in the field. For

example, the vame shear strength test is suitable at different depths and it

gives satisfactrory results 1n purely cohesive soils

2-7 Plant Performance Relate~ to So11 Compaction

Soil compaction 1n excess 1s believed to cause damage to soil
structure and crop production. Crop growth 1s affected by increased
mechan1cal 1mpedance, redgced aeration, altered moisture availability and
s0i1 temperature which follow from increased density and reduced pore space.
Any of the factors or combinations of all of them affect plant growth,
depending upon the so1l type, the cfimatic conditions, the plant species and
the stage of development of the plant.

Raghavan et al., (1978d) presented the data on varying levels of
tire contact pressure and traffic intensity and their effect on yields of
s1lage corn on clay sorl. The range of contact pressure varied from 31,4,
41,2 and 61,8 kPa with 1, 5, 10 and 15 passes of wheel. The operations for‘
compaction were done before and after seeding. The results indicated a
potential 50 percent reduction in yield of corn with severe contact pressures,

The effect of compaction was more before seeding than after seeding.

¥
Ju—

o
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a) Soil Density Effects

Soil density affects the plant yield asthas been related by many
workers (e.g. Raghavan et al., 1978b; Trouse and Humbert , 1961) The
maximum and minimum yields in 1977 were 12,5 Mg/ha and 9,7 Mg/ha, and in
1976 they were 16,0 Mg/ha and 2,8 Ma/ha respectively, (Raghavan et al.,
1978¢c). Minimum and maximum vields 1n 1977 and 1976 were obtained at
density 1,27 q/cmg, 1,11 o/cm3 and 1,79 q/cm3 and 0,90 g/cm3 respectively.
The difference i1n yield obtained 1n both years shows that there are other
factors operating beside so11 density. Therefore, 1t can be said that
soi1l density 15 not the only tactor that affects plant yield, but moisture
stress or soil aeration could be the Timiting factor. However, the year
1977 was drier than the year 1276 (Raghavan et al., 1978c).

Yet, s011 density 1s a useful parameter which 1s known to alter
other physical properties of soi1l and can be used in relation to plant yield.
Trouse and Humbert (1961) reported the reduction of sugarcane yleld 1n
Hawall in soils with 1ncreasing density. Potato yi1eld decreased about
50 percent on severe compaction of topsoill compared to 1oo§e soil (loamy
sand) at first harvest (vanLoon and Bouma ,6 1978) Adams et al., (1360)

showed the reduction of potato yield was 54 percent, sugar beets 30 percent,

wheat 13 percent and corn 7,5 percent by surface packing of soil.  The
surface so011 density rose from 1,07 g/cm3 to 1,19 g/cm3, Both surface and
subsurface compaction reduced corn yield by 14,5 percent, More details

regarding yield reduction of major crops like corn, tomatoes, potatoes, sugar
beets and cotton 1S given in the review done by Rosenberg, (1964).
Rosenberg (1964) discussed the Vomocil equation which expressed

the parabolic relationship:
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' — 2
Ymr - Y = C (Ybo— Yp)©  mmmemmme-- (2.18)
where Y = Plant yield _
Ymr = Maximum relative yield of a given crop from a
given soil under given weather conditions
(including irrigation) '
\\\\\w// Yy = Optimal 4-16 inch (10-40cm) average profile
0 bulk density
c' = Sensitivity constant
ﬁg = Actual average density

Amir and Broughton (1975) calculated y1eld reductions and values of "C" from

the literature. Table 2.2 shows optimum dry density for different crop yield.

Rosenberg and Willits (1962) réported increased yteld of barley by 50 percent

with the 1ncrease in bulk density from 1,3 to 1,6 g/cm3 on Glastown sand. A

37 percent barley yield decreased with increased bulk density from 1,3 to 1,65

g/cm3 on Freehold Toamy soil. Raghavan et al., (1978) related dry bulk

density 'vyp' with plant yield 'Y’

Y o= -216 270 + 438,8(Yp) - 0,2107 (¥.)?  —eeeemeee (2.19)
TABLE 2.2 - Showing the optimum density for maximum yield.
SOURCE SOIL DENSITY DEPTH CROP YIELD
q/cm3 kg/ha.
Raghavan et al., clay 1,03 5-20cm - Corn 12219,000
(1978c¢) 1,1 20 cm
Flocker et al., Yolo fine 1,39 0-3cm Weeds 2370,304
(1958) sandy loam 1,42 3-6cm Austrian Peas 1060,642
Bariey 4749,830
Rye 5865,810
Bromgrass 2868,344
1,58 0-3cm Horse Beans 1392,669
1,54 3-6cm
1,22 0-3cm Volunteer Weeds 2370,304
1,29 3-6cm Rye Grass 3504,729
Purple Vetch 1577,128
Vetch & Barley 4842 060
Mililotus
Indica 1457,230
fats 5386,215
Wittsel and Grearylike 1,2 2.5-10cm  Sorghum 6048,425
Hobbs (1965) silt loam 1,3 17 .5-25cm Tomato 1,418 kg/plant
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b) Soil Water Effects

Soil is a storage place for plant nutrients, a habitat for bacteria,
an anchorage for plants and a reservoir that holds the water needed for plant
growth. The mechanism by which the water moves to the plants in the SPA
System will be given a brief review to allow ah understanding of the soil-water-
plant interactions.
i) Uptake of water

Generally, two processes are involved to regulate the water uptake in
SPA System ramely (1) passive water movement (2) active water movement . In
passive water movement, water moves in rewponse to a potential gradient, i.e.,
from higher to lower potential energy, as it moves through the soil into the
plant root, and through the plants to the Teaves. The potential energy con-
tinuoulsy decreases until the water reaches the point 1n the leaves at which
evaporalion is occurring, At this point an amount of energy must be supplied
equal to the heat of vaporization, the necessary energy being supplied through
solar radiation, convection and conduction of heat through the atmosphere and
the plant.

In active water uptake the plant uses metabolic energy to absorb
water from the soil. The water potential must be lower 1n the plant than
in the soil, and Tower in the ;tmosphere than in the plant for w;ter to move
in this path. When the potential of the water in the soil decreases to the
lowest value of potential which the plant can maintain, water ceases to move
to the plant. The plant then wilts if water movement continues from the
leaf into the atmosphere. é

Those studies in which only the root system is considered havj

shown that increased water suction is accompanied by reduced rate of g@pwth.

AN
The growth 1s related to both soil, water stress and water content.
)
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Wadleigh (1946) assumed that the plant root system would remove water from
the soil in such a way as to maintain the total so1l moisture stress constant
throughout the root zone,

The difference in water potential between plant root and soil and
the hydraulic conductivity in the soil determine the rate at which water moves
to the root. Phitip (1957) and Gardner (7960) assumed a cylindrical ront at
a fixed location and applied the following equation in cylindrical coordinates.
It was also assumed that the water content was spatially dependent only on the

radial coordinate and the effect of gravity was negligibie.

3 1 =& an

% T T T (r Uu.> (1) E I A (2.20)
where 9 = water content

T = distance from root axis

t = Lime

Dw = 5011 water diffusivity

Motz and Remson {1970) developed a mathematical model for moisture

removal of the plant and induced moisture movement from the soil.

a6 d 36 ak
e 5‘5(0 57) 57 R (2.21)

Where z 15 vertical coordinate positive downward,D 15 the diffusivity, equal

to K %%» and S is negative source term or extraction term and is related by

the following equation. Under steady state conditions, the following

relation betweeft sa11 moisture flux "Sf (Z¥", flux in the plant root "S{Z)"

and transpiration rate "T" exists:
S¢ () +J/F S(z2) dz
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Richards{1928) defined water availability as foTlows: "availability
A B
involves both the ability of the plant to absorb water with which it is in

contact, and the readiness with which water moves in to replace that used by
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the plant."” The soi1 water available to the plant 1n sufficient quantity
depends upon the so11 suction and hydraulic conductivity These quant ties
are altered by so1l compaction. Compaction produces small voids which can
retain water at high suction (Warkentin,[1971), but the plant growth will not
necessarily 1ncrease due to the other factors such as impedance to root arowth,
Tow aeration, poor structure and so on (Eav:s, 1972).

Relative distribution of roots with depth and the water retair " ng
properties of so0il determine the main features of the water uptake pattern,

The more dense the root system, the greater the water uptake (Gardner 19£0).
Compaction, which 1rcreases the strength of so1l, 1mpedes root development
resuiting 1n less extraction from greater depths. Consequently ., the growth
reductiqﬂ\iigsed by compaction is more likely to occur in drier soil

conditions where the total moisture absorbed by the plant 1s not sufficient

to meet the physiological requirement of the plant. Compacted so1l usually
has slower.water movement and more of the(:a1n water is lost by surface runoff.
Consequently, the plant will not receive the required amount of water 1t needs,
and will ultimately die or suffer poor growth due to water stress,

Trouse (1971) indicated that the plant can obtain adequate moisture
from the drier soil 1f there are enough roots functioning in a Targe enocugh
volume of so1l. Following his study he reported that the moisture aspects of
compacted soils will have an indirect effect on plant development. The
following situations 1n a compacted soil can affect the root absorption:

1) STow permeability of the compacted soil reduces infiltratior

1f the soil is zloped.

2) Ponding in basin areas restricts aeration and may injure the

root, resulting in reduction of root activity.



Besides so0il compaction there are otrer factors whrch affect the
availability of water to the plants. In general, these factors are divided
into three broad classes, (1) soil factors, (2 plant factors and (3) climatc
factors.  These factors are discussed by Richards and Wadledgh (1952), Kelley
(1954), Hagan (1962), Jamison (195), Slatyer (1960), Kramer (1969), John
and Neil (1976) and Boyer and Pherson (1975). The reviews of the authors
indicated that 1t fis very difficult to say that one or the cther factor is
responsible for the availability of water to tre plant. This depends upon
sail type, climatc conditions and plant species,

Some plants can withstand drought ccrnditions for Tonger times.
kKelley et al., (73245) have shown that guayule w111 withstand a long period
of drought and rerew growth.  Likewise, sorghum can be subJected to considerable
meisture stress and will subsequently renew growth. On the other hand, cetery,
potatoes and lettuce are very sensitive to drought. Yield of wheat 15 very
sensitive to lack of available water in its final growth stages, but much less
in its early growth (Warkentin ,1970).

The decrease of soil moisture is a function of evapotranspiration
and percolation, As the water content decreases, the moisture availability
to the plant decteases, thus affecting the growth of the plant. The results
of Richards and Wadleigh (1952) on the rate of stem elongation of sunflowers
as a function of water content showed that the growth rate decreased as the
water content decreased from field capacity tc the permanent wilting percentage.
From these results, they suggested that all the water between the upper and
Tower limits is not equally available to plants. Some results on this concept
are summarized by Kelley (1954).
¢} Soil Aeration Effects

Plant roots and living organism: in soil take up oxygen and respire
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mainly carbon dioxde, The growth of plants w11l be restricted 1f the
concentration of carbon dioxide 1s too high or oxygen concentration too low.
Therefore, 1t 15 very 1mportant that there should be a sufficient amount of
aeration present 1n the root zone of the soi1l; not ornly that, but there
must be rapid exchange of gases

It has Tong been believed that improved so1! structure promotes
plant growth through better so1l aeration. Russel (1349) expressed hi1s
opinion in these words. "The most promising approach to the evaluation
of 5011 structure, particularly as this affects plant growth, 1ies pot 1n
the elaboration of the physical architecture of the s311 but 1n the des-
cription of the arr, water, temperature and compactior condwtwong that
greatly influence root activity and plant growth I¥ such measurements
are to be significant, much additional quantitative information 15 needed
on the relation of these factors to plant growth'.

[t was observed through experiments that soi1l aeration depends upon
the type of so1l and kind of crop grown. Kopecky, quoted by Grable (1966),
proposed optimum porosities for certain crops. Optimum air porosity for
Sudan grass Yanges from 6-10 percent, 10-15 percent for wheat and oats and
15-20 percent for barley and sugar beets.

Compaction affects the air porosity and 1s reviewed 1n the
compaction section. Trouse and Humbert (1961) showed a decrease of air
porosity to less than 10 percent when the density reached the critical level
for sugarcane roots. The critical air poérosity for plant growth 1s usually
considered to be 10 percent (Vomocil and Flocker, 1967). Gill and Miller
(1956) found the growth of corn seedlings to be decreased under high impedance
when the oxygen content was below 10 percent. Meredith and Patrick {(1961)

&wesented the relationship between air porosity and rcot penetration for three
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A

so1ls . Root penetration stopped when air porosity decreased to ¢ percent.
Eavis and Payne (1968) found restrictions to root elongation
occurred at 30 percent gas space and below 1n loose so1l (1,] g/cm3), beTow
22 percent in a medium compacted so1l (1,4 g/cm3) and below 10 percent in a
highly compacted so11 (1,6 g/cmB), The dry weight of the roots decreased with
the decrease 1n oxygen concentration.
d) Mechanical Impedance
It has been observed that the sotls with high strength could hardly
allow the root to penetrate because of insufficient force to overcome such
reststance (Taylor and Gardner 1963 and Phniltips arnd Kirknham,1967) Me-hanical
mmpedance 15 the resistance ot so1? encountered by a root trying to penetrate,
The force exerted by the ronot must be larger tc push the <soi1l particles
as1de to form an opening for root elongation and thicken'rg Root pro-
T1feration depends on the bulk density of individual so11 units, pore size,
water content and so11 type.
Pfeffer studied the root growth pressure by use of a smal] pene-
trometer (Gi11 and Bolt,[1955). He found éhe pressure exerted by §odts 18
coarse so0il was less than the pressure measured by the peretrometer, whereas
in a fine grained homogeneous medium, the relationship between penetrometer
and root pressure appeared to be gquite good. He considered that in nature
a plant would deviate from its path i1n coarse-qrained sos.s to go around
solid resistance; thus the pressure exerted by root would be less than
pressures measured with a penetrometer.
Favis and Payne (1968) indicated that the several levels of stress
were four to eight times smaller than equivalent stresses on the penetrometer
probe using a plaster of paris medium, It appears that the forces exerted by

the root are smaller znap those encountered by a probe similar to the root shape.
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Greacen et al , (1968} considered a model of the spherica’ expansion of a
cav1§y at the point of the probe. They assumed twc main Zones where the
compression of so01l ocrcurs, pamely, the zone of plastic fa*lure compression
surrounding the probe, and elastic compression ocuts*de this zone They
1ndicated that the roots penetrate the so1l by cy!grdrica? compression to
avold soll-ronot friction, Further , they found tha* the maximum pressure
which the root can exert 15 arproximately 700 kPa Barley et a1 , (1965)
determined the maximur available pressuyre which the root can exert 1S
approx1mately #00 kPa

When the sos1 15 subjected to a 1aad whicr tendc to change 1t5
total volume, this 1r turn decreasec the proportior 5f large pore spaces 1In
the adlacent <ol wiersum (1957 indicated that mechantical resistance
to roct penetration ¢ governed by the rigtdity of pore structure It
means that the plant roots grown into a rigid system are anly able to
penetrate a pore whicrh has a diameter exceeding that of the rpot-tip, while
Henry and Mckibben (1967) showed that 1t 1s not necessary to have
sufficient pore sizes for roots to penetrate since roots can easily penetrate
if the s0i1 1s plastic or morst. On the other hara, Taylor and Gardner (1960)
conducted an experimert using wax substrates. They -owes that roots have
easily grown into and through 2 or 3cm of wax substrate. Taylcr and
Burnett (1964) reported that so11 compaction reduces cotton root penetration
by 1ncreasing the strength of the soil in which pores are located, rather than
by reducing the size cf the pores below some critical diameter, However, the
ability of plant root penetration depends ubon the wax rigidity, the type of
plant and the density of the soil above rigidity. Henry and Mckibben (1967)

showed that soil productivit. decreases as the soil strength increases,
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Taylor and Burnett (1364) presented the data of a cne year experiment on
f1ive sandy loam soils The results indicated that the 1int yield of
cottor was reduced te less than half when the so1l was at field capacity
molsture conternt with a bulk -ensity of 1,R grams per cubic centimeter, air
porostty 15 percent and a strength less than 800 kra at field capacity
Taylor et al . (1964) have examined the effect of so1l strength on cotton
and scvghum y1elds 1n sandy loam sot] The yrelds were reduced by half as
the sn1 ! strength increased to 2500 kPa

Many worker< (Trouse and Humbert 3961 and Veihmeyer and Hendr:ckson
1946, 1448) reported that one critical bulv onsity exists for the so1l at
which =r root penetration occurs. Taylcr and Gardrer (1962) reje-ted this
concept by showing the evidence that the re<istance af Amart1lo fine saniy
toam depends upon the soil moisture content. They ndicated the effects
of so11 suction on bulk density and root penetratior Oniy 80 percent of
roots penetrated at 2cm of HZO suction with 1,65 grams per cubic centimeters
bulk density, and there was 20 percent of the root penetration at 6,8cm of
HZO suction with bulk density of 1,65 grams per cubic centimeter. The
difference was 60 percent when the moisture content by weight was 2,5 percent
with the same bulk density at 2 to 6,8cm of H20 suction., At the same
moisture content by weight, a bulk density of 1,75 grams per cubic centimeter
caused a change in root penetration from 60 to 0 percent, Root penetration
was lower 1n high soil suction at a given bulk density thar 1n a lower so1]
suction. Barley et al., (1965), showed the effects of bulk density and suction
on pea emergence. Al71 pea seedlings emerged after 3 days from a core with
a bulk density of 1,5 to 1,6 grams per cubic centimeter ét 3,1cm of HZO suction,
and 60 percent emerged from the confined 1,7 grams per cubic céntimeter cores.

At 1,7 grams per cubic centimeter and 7,lcm of HZO suction, 30 percent still
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had not emerged even at £ days For wheat, aonly 80 percent emergez from
the strongest core. The data 'ndicated that the root reduction was due to
arr increase of so1l strergth at higher suction and buik density, Taylor
and Ratliff (19€9) used *1gher suction values than thcse used by the above
workers, They concluded that s011 suction between 1,7 and 71,4 cm of H?O
suction for peanuts did rot affect the relation between root elongation rate
and penetrometer resistarce. Taylor and Bruce (1968 measured the root
elongation rate of pregerminated cotton seed on loamy sand soil. The root
elongatiorn rates for the penetrometer resistance 250, 500 and 750 kPa were 51,
14 and 5 percent, respectively of that n leose soil Gooderham and Fisher
{13975) determined that tre rate of seedling voot elorgation was negatively
ccrrelated with penetrometer resistance considered over a range of bulk
densities and so1l moisture contents.

Mechanical impedance, aeration and moisture stress on pea seedlings
1n sandy loam soil is well summarized by Eavis (1972) The Fig, 2.6 shows that
at low suction and low bulk density the rpot elongation was affected by only
aeration, while at medium suction and high pu]k density, root elongation wds
affected by aeration and mechanical impedance At medium suction there was
only mechanical impedance in all levels of bulk density, but at high suction
and low bulk density the root elongation was affected by moisture stress.

For medium density, moisture stress and mechanical impedance affected root
elongation but at high bulk density level there was only mechanical
impedance. Fiskell et al., (1968) exam1ﬁed the effect of plow pans in a
coarse textured soil. Under droughty conditions, soil strength increased
with the increase of moisture tension. The plow pan then acted as an

. effective barrier to the supply of subsaoil moisture and nutrients for crop

utilization.
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in a sandy loam held at different matric potentials and
bulk densities (redrawn from Eavis, 1972).
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2-8 Tillage

The use of tillage tools on agricultural soils is extremely
important when one finds a compacted layer or zone 1n the sor1.  This
compacted zone must be loosened in order to provide a healthy environment for
roots to grow. Taylor and Burnett (1964) reported that if the compaction of
soil is not loosened by subsequent tillage, then a reduction of root weight
occurs.,

The development of tillage tools has made possible the selection
of which one can change the soil conditions as desired. The necessary
operations on the field can be minimized if the proper selection of tillage
tool is made, and this w11l aid in evaluation cost and benefits of changing
the soil conditions.

The objectives of tillage are to increase the supply of air, water,
nitrogen and minerals to plants, as well as weed control (Cooper, 1971). This
will then influence water intake and storage and the extraction of water from
the soil by the plant root in addition to microbial activity. In other words,

tillage changes soil physical properties in such a way tihat optimum conditions

for plant growth can be obtained. The effect of soil physical properties on
&
ptant growth has*ﬁT?eady been discussed in previous sections. Here the

performance of two tillage implements such as the moldboard and chisel plows
will be assessed from the viewpoint of previous studies.

Chiselling is usually done to break through and shatter compact sgil.
Papendick and Miller (1977) demonstrated the benefits of chisel plowing.
Chisel plowing is done where soil is commonly frozen. It is not used on
s011s when dry because the weak aggregates flow back into the chisel track.
Chiselling produces 1a;ge stable clods in medium to fine-textured soils which

facilitate water intake through fractures and the chise! channels. It also
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reduces runoff under wet and frozen conditions several centimeters deep.
Chiselling is normally done to a depth of 20 - 30cm with narrow shanks
spaced 30 or 60 cm apart. Chiselling greater than 30 centimeters depth
becomes a subsoiler operation.

A moldboard plow is particularly power demanding (Soane and Pidgeon
1975). The draft of a chisel plow is about half that of the moldboard plow
per 20cm of width of soil tilth at comparable depths as observed by Soane
and Pidgeon (1975). Therefore, chiselling is faster and more economical
than the moldboard, and it takes less skill. A chisel plow operates at
the same depth or slightly more than moldboard (Amemiya 1977).

A chisel plow does not invert the soil as the moldboard does, but
it results in a density intermediate between that of the moldboard and zero
plowing in the top 18cm (Soane and Pidgeon 1975). Mannering et al., (1975)
showed that chiselling gave a slightly lower density than moldboard plowing
and no-till on Pewano silty clay loam. They compared several plows as
shown in Fig. 2.7. McKyes et al., (1979) showed that the chisel plow reduced
dry density and produced finer peds not greater than 6 or 8cm and retained
more water than other types of tillage operations. Negi et al., (1979)
compared several plows on compacted soil. Chisel and moldboard plows reduced
the density of compacted soil up to a 15cm depth. They obtained highest
corn yields with a chisel plow on sandy loam soil, while the moldboard and
chisel plow produced highest yields in clay soil compared to the compacted and
no-till treatments.  Patterson et al., (1980) found chisel plow more
versatile than a moldboard in their six years of study at two locations in
England,

It is obvious that dense or compacted soil tends to restrict root

growth and water movement. Grissom et al., (1955), observed that the scil .



(8/cm3d)

BULK DENSITY

1.5
‘BULK DENSITY 0-20cm 3WKS AFTER PLANT

b
L)
3

]

-t
(2
L1

-67-

CHISEL WH TRK CONV __ TILL _ DISK _ROTARY COULTER

Figure 2.7 Change of bulk density due to different tillage treatments (}edrawn from
Mannering et al., 1975).
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strength was the only factEr which most commonly Timited the root growth of
cotton. Sinceé one reason for plowing soil 7s to 1mprove porosity, after
deep plowing or chisel11ng cotton yield increased. Cassel et al.., (1978)
measured the soil penetration resistance at seven positions, spaced
15cm apart on a transect normal to the third vrow of soybeans 1n each plot
four\times 1n a season. Chisel plowing reduced the cone Tndex more than
did n%rmal tillage at all seven positions Doty et _al., (1975) examined the
rootiné depth, oxygen levels and water availability follow ng tillaje
opera’FmHS. A11 the above properties mcreased'in chiselted plote during the
wet season. During the dry season, roots proliferated to a greate - depth
and extracted sufficient water Chiselled rlots permitted greater water
infiltration and allowed upward water movemert. (r3selling alsg ¢ rnduced
significantly more dry matter and larger croy yilelds

Hobbs et al., (1961) reported that the chisel plow reduced the
density and increased the permeability of the soil and thi- s1tuat:on lasted
for 18 months. Papendick and Miller (1977) showed the effect of chiselling
on silt clay Toam so1l after a wheat harvest Chiselling increased 1internal
water transmission from 4 to 15 times compared with no-tillage. The results
of Mannering et al., (1975) showed arn increase of 1nfiltration and reduced
runoff by chisel plowing. The c_mse‘ﬁ plow affectea both the soil water
desorption curve and hydraulic conductiwt‘y”‘m the upper 3Ccm dept~ {Allmaras
et al., 1977).

) The soil can be made productive 1f the desired porosity could be
obtained at the shallow water depth. Water can thus be extracted Cy the .:ﬂant‘
ro'cl;ts with the movement of water from the capillary fringe, Reiccsky et al.,
(1976) found that a chisel plow treatment improved corn roots in a Varina sandy
soil, and enabled the utilization of water from the capillary fringe above the

water table.
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The corn ear yield increased as a .result of this action.

A moldboard plow on uncoﬁgacted soil produces unfractured clods
which may persist. The surface produced is generally rough and free of
plant material. Thergfore, it is important to break down the furrow slice,
otherwise there will be a rapid loss of moisture (Johnson and Taylor, 1960)
due to increased surface area exposedsto the atmosphere {Hakimi and Kachru,
1976). Hakimi and Kachru (1976) compared the moldboard plow w1th’;?her plows.
They found a field cultivator followed by disking resulted in the best yields
over other tillage treatments in their study. They further suggested that

the moldboard plow can be replaced by other types of tillage tools for satis-

factory seed bed preparation. Voorhees et al., (1978) showed that the mold- j"’,

board plow was more effective in reducing the soi1l bulk density and penetromet;;

r'esistance.,’lW Disking and chiselling gave about 5 and 40 percent higher values,

respectively, compared to the moldboard plow. Hanna and Mésry (1962) studied

a moldboard plow with respect to other plows. The results showed no significant

difference in yield, but there was an increase of compaction in the subsoil ﬁ%ﬁ

1aygr, ranging fr&m 15-20cm depth. The moldboard plow-action at 25cm depth

showed a remarkable decrease of compaction from 15-20cm depth, go a layer

below 30cm depth, thus creating a favourable environment for ;pot growth, -
Laws (1953) reported that the yield of crops such as cotton, corn

and oats Q;s reduced by 40 to 50 %ércent during 50 o 60 yearg of cropping.

The factor which most affected the reduction of yield was compaction, which

was probably created by the cropping system if the climate was not materially

changed ;n the area. ) This zope of compaction was formed due to mechanical

equipment during tillage operations by repeated trips along the bottom of the

furrow. The study was carried out to find a mechanical method of prevemting

“the formation of a compacted soil layer. The results indicated that the

o
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moldboard plow produced higher yields because it produced a granular and
mellow structure at 20cm depth on Houston black clay soils, whereas chisel-
type tillage cracked down structure by the stress of the chisel plow. Finally
he concluded that the chisel plow proved 1neffective on Houston black c¢lay
soils composed of montmorillonite clays
cropped with oats, beans and corn, Brookston loam cropped with beets, oats
beans and carn, fox sandy loam cropped with oats and corn, and Brookston clay
loam g@ppped with beets, ocats, beans and corn, The results indicatea that
the moldboard 61ow gave s1gnificantly greater yields jhan other types of plows.

Crop responses to tillage systems vary with time, location and weed
control. in a three year expewﬁagnt, Botton and Aylesworth (1959) Bbserved
that a moldboard plow produced greater yields 1n two out of three years
compared to other types of tillage on Brookston clay so11. The study of Cook
and Perkert (1950) presented data of a three year experiment on Brookston clay
loam, Brookston loam and Hilldale sandy loam soi?l using different types of
tillage equipmentf The results 1ndicated an increase 1n yields of beets, oats,
beans and corn in moldboard plow treatments. The increase was due to fewer
weeds in moldboard plots than other methods.

The 1nteraction of soil, crop and climatic conditions make 1t complex

to attempt to predict the desirable type of tillage with respect to crop

/
response. Precise recommendations for tillage have not been available. slch
as have fertilizer recommendations. However, Soane and Pidgeon (1975)
generalized the need for tillage for different crops and soils. For cerdal

-

crops on well drained soils, ti11$ge can be reduced if other me&;ures of weed ~
control are adopted. Poorly drained or compacted soils need cultivation to

f a4
improve soil conditions. Vegetable crops or large rooted crops require a

/‘\

-\
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large number of pores and therefora ti1llage is necessary Potato crops
redu1re high porosity, therefore, one or two cultivations give highést
yields (Blake and Aldrich,1955). On the other hand, excessive cultivation
can result 1n lower air Space and aggregation and higher bulk density.
Therefore, any cultivation on the fie1d,shou]d be justified by the initial
so1l condition and the crop to be grown.
2-9 Summary

The Titerature reported demonstrates that there can be a considerable
effect of compaction and loosening on most of the so1l physical properties and
on plant performance. There exist discrepancies among the reported results
1 the ¢ritical density and so1l strength related to optimum root growth and
plant yields. [t 15 established that both 5611 suction and bulk density
affect root growth, depending upon the so1l texture and plant species. There
1s considerable variation in. the response of different plants to so1l aeration
at various levels of bulk dénslﬁy and so1l suction.

Availability of water for plant growth depends upon the so1l type.
The coarse—grained/so11 held most of the available water at low suction Tevels,
Lut 1n f1ne-gra1ﬁ§% soil it is present dver the whole range up to the
permanent w1lting point. Availability of soil water in a clay so1l is higher

probably due to high moisture contents at higher suction levels compared with

coarse-grained soil. Hydraulic conductivity 1s a function of soil suction,
or moisture content. Increasing soil suction decreases hydraulic conductivity
and also results in decrease in moisture content of the soil. Amount of soil

water decreases appreciably if the transpirational demand of the plant is high,
which 1n turn increases soil suction and decreases the hydraulic conductivity.

Many of the studies have tested the effects of tillage practices on

yields over a wide range of soil texture. The principal physical significance
’ >
&

-
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of tillage is the change in soil properties, which should be used as the
criteria in defining tillage-plant interactions. The study of the soil-air-
water-plant system in compacted and subsequent tilled soils has started only
recently, and there is still much to learn. Therefore, it is necessary to
consider the gubject in its broadest terms to study as many individual
properties as possible if a full understanding of the soil responses *to the
use of machinery is to be gained. [t/ was therefore decided to study the
change of soil properties, mainly, soil density, soil strength, air-filled
porosity and hydrology of the soil, due to compaction and subsequent tillage
by two specific tools. This change in soil properties could then be related

to plant performance for a selected crop grown on the experimental plots.
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CHAPTER 111
OBJECTIVES AND SCOPE

The specific objectives of this study were as follows:

To design a field experiment to have three field traffic

treatments (5, 10 and 15 passes of a tractor), one control (no
traffic) treatment and two tillage treatments in four replicates.

The tillage treatments will bé&performed on plots already compacted
by 5 and 15 passes of a tractor exerting a ground contact pressure

of 41 kPa.

To determine the initial status of the soil with reference to physical
properties in each plot.

T9 conduct laboratory tests to establish the soil texture, compaction
and mechanical properties of the soil.

To measure the soil density, penetrometer and vane resistance in

all plots after compaction and tillage treatments, and to determine
statistically any difference due to changes in soil physical properties
resulting from compaction and tillage treatments.

To grow a buckwheat crop on the plots.

To monitor rainfall and water table depth throughout ;he growing season.
To observe the time required for the buckwheat seedlings to emerge.
To determine the plant heights up to the maturation of the crop.

To determine the weight of root mass, dry matter and grain yields

on harvesting of the crop.

To describe the influence of soil physical properties on plant
performaqagges a result of compaction and tillage treatments.

To compare the results of 1978 and 1979 and to determine the

influence of environmental variations.

%
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12. To investigate the effects of the variation of soil density, penetrometer

and vane resistance on aeration, water retention characteristics,

unsaturated hydraulic conductivity and availability of water and

relate these properties to crop growth.
13. To present the suggestions and recommendations for further research
in the 1ight of th{s study.

The study would be conducted on one soil type, a Bearbrook clay 1n
two growing seasons of 1978 and 1979. The plots already compacted by
a MF-165D tractor in 5 and 15 passes would be subjected to moldboard and
chisel plow treatments. Three sets of soil density, penetrometer
resistance, vane shear resistance and soil moisture profiles would be
taken, one before compaction or tillage treatments, one after the
completion of treatments and one during the period of growth.

Soil suction and gravimetric moisture content, along with bulk
density measurements, would serve to calculate hydraulic retention
properties of the soil for one'irrigation cycle during the growing
season.

The resulting soil conditions due to the various treatments would be
related to plant growth in order to quantify the effects and to justify

machinery management decisions.
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CHAPTER [V

MATERIALS AND METHODS

With these objectives in mind, the experiment was conducted on
Bearbrook clay so11 at the Macdonald College Research Station, St. Anne
de Bellevue for two consecuttive summers, 1978 and 1979, by growing a
buckwheat crop.

4-1 Experiment 1972

The test site was uncultivated for the last three years and many
wéeds were standinc in the field. %he problem of weeds was more severe
dur1nq/the growing period 1n 1978, even though the field was sprayed with

$Roundup herbicide at the rate of %,6 ¢ per hectare in 350 ¢ of water.  The
f1eld schedule 1s shown 1n Table 4 1. A
The expertment was layed out in collaboration with £. Perraton, a
fellow graduate student studying different field treatments, The 1dea for
a combined experiment was to keep the common treatments together in one
statistical design for obtaining more statistical information about the 3(
treatment effects. Table 4.2 shows the distribution of treatments for the
years 1978 and 1979, | |
After applying the herbicide at the recommended réte, the field was w”
left for 15 days to recover fully from toxic eff~-ts. Then 1t was disked,
followed by a rotary tiller in order to get a more uniform profile up to
0,20m depth.
The layout for this experjment consisted of 48, 10 x 2m plots staked
out to give required treatments as shown in Fig. 4.1. The completely

randomized block design with 12 treatments, replicated 4 times each were used
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TABLE 4.1 - Schedule of field operations for the years 1978 and 1979.

4
”

YEAR 1979

S0i1 measurement

Soil density

Penetrometer resistance
. .

Vane shear resistance

Moisture content

Soil water measurement

Soil suction and vol.
moisture content

Water table

Plant measurement

Plant germination

Plant height
Harvesting
Root digging

July 4,5,6,7,8,14
Aug. 15, 16

July 4,5,6,7,8,14
July 4,5,6,7,8,14

July 4,5,6,7,8,14
Aug. 15,16

Aug. 11,13,16,22
& Sept. 6

July 12,15,20,24,25
26,28,21

Aug. 2,3,5,6,9,17,
18,20,21,22,25,29

Sept.1,7,1#,23,30

July 21,24,25,28,31
Aug. 1,2,3

Aug. 4,10,14,1
Sept. 23
Sept. 31

&

FIELD OPERATIONS YEAR 1978

Herbicide application June 15
Disc harrowing June 30 June 16
Rotary tilling June 30 June 20 N
Plot layout July 1 June 20
Compaction treatments July 4, 5, 6 June 21, 22
Tillage treatments July 7, 8 July 25
Seeding and fertilizer

incrnrporation gu1y 11 June 27
Insecticide spraying ﬁug. 2

June 21,22,23,25

June 21,22,23,25
June 21,22,23,25
June 21,22,23,25

July 1,5,6,10,14,18"
23,28,3]

Aug. 9,14,17,21,25

Sept. 1,5,10,15,20,
25

July 5,6,10,14
18,23,28,31

Aug. 9,15,21,28
Sept. 22
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TABLE 4.2 - Showing the distribution of treatments for layout in
the years 1978 and 1979.

CONTACT N4§£ NO. TREATMENTS
YEAR | PASSES [REPLICATE | PRESSURE | OF OF | TILLAGE PERFORMED BELONGS TO
Y, kPa | TREATJ PLOTS
— MENT
\ T
1978 | & !
s 4 | a1,0 |svor | 4 ; )
10 g 41,0  110YO 4 - ) Common
15 4 41,0 f15Y0 4 ] )
0 4 - 000 4 No tillage Common
5 4 41,0 5YM 4 Moldboard X disking | This study
5 4 41,0 | 5YC 4 | Chisel plow "
15 4 41,0 [15YM** 4 Moldboard & disking "
15 4 41,0 [15YC 4 | Chisel plow "
5 4 41,0 | 5YS 4 | Sub soiler )
5 4 41,0 5YR 4 Rotovator gE.Perraton
15 4 41,0 [15YS 4 | Sub soiler | )
15 4 41,0 f15YR | 4 |Rotovator S
h Total plots - 48
1979
15 3 41,0 {15Y0 3 - | gCommon
0 3 - 000 3 No tillage
4,15 o3 41,0 [15YM 3 | Moldboard & disking | This study
15 3 41,0 [15YS 3 | Subsoiler ’ E. Perraton
Total plots - 12

T

* 5Y) = 5 stands for passes of tractor; Y = ground contact‘pressure
and 0 stands for no tillage. ‘

**15YM = 15 passes; Y = contact pressure(41,0 kPa); M
C

J

= Moldboard plow and
for chisel plow
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in this experiment (this study consisted of only 8 treatments, see Table 4.2).
Right after staking, initial soil conditions were recorded by measuring soil
dry density, penetrometer resistance, vane shear resistance and moiSture content
at various depths. The depths of each soil parameter measurement throughout
the growing season are shown in Table 4.3.

Compaction treatments were carried out with a MF 165D tractér,
having an average rear tire cqgfact pressure of 41 kPa, assigned with 1e%ter
"Y', run on the plot to give 5, 10 and 15 passes. The required amount of
passes was given in such a way that wheel traffic should be distributed
equally throughout the plot. The path followed by the tractor was con-
sidered by its wheel width and tire size, which helped in calculating the
dimensibn of the plot and alley to have had equally distributed paths of
wheel over the entire plot (Fig. 4.2). The control plot "000" was used
for cemparison without any traffic on it. 'In fact this plot was rototilled
during the initial preparations of the field.

After having been compacted with the required number of passes, the
change of soil condition due to compaction was observed by measuring soil
dry density, penetrometer resistance and moisture content at various depths.

Following the compaction, specific tillage treatments were carried
out on the compacted plots with 5 and 15 passés of the tractor, by a moldboard
and cHisel'plow. The moldboard piow "M" and chisel plow "C" were used to till
the specific compacted plots. A moldboard plow with two bottoms was used
in this study. This plow consisted of two single shares spaced 40cm apart
with a plain roiling coulter mounted directly above the share point used to
cut the furrow slice. Three passes of the implement were used to cover the
entire area of each plot, operating at 20cm depth, followed by one pass of

disking, Plates 4.1a and b are photographs of the moldboard plow used, and
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TABLE 4.3 - Depths at which soil measurements were made.

¢

SOIL MEASUREMENTS

YEAR 1978

YEAR 1979

Depth (m)

Depth (m)

Soil density

Penetrometer
resistance

Vane shear
resistance

Moisture content

Soil suction

Volumetric
moisture content

0,056 0,10 0,15 0,20 0,25

0,05 0,10 0,15 0,20 0,25

Surface 0,10 0,20

Surface 0,125, 0,25

0,25

0-0,15and 0 - 0,25 .

0,05 0,10 0,15 0,20
0,25 0,30

0,05 0,15 0,30

Surface 0,15 0,30

Surface 0,15 0,30

¥
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the soil condition ther plowing.

The tillage implement used for this studjfconsisted of a 5-shank
chisel plow with ﬁarrow spear-pointed shovels spaced 30cm apart, operating
at 15 to 25¢cm é:;ths (Plates 4.2a and b). Following the tillage g,
treatment, the change of soil conditions due to tillage was recorded by
measuring soil dry density, penetrometer resistance, vane shear resistance »
and moisture content at various depths.

Buckwheat (variety Tokyo, yhich is commercially available in the
area) was seeded at 5cm depth with an International 510 semi-mounted grain
drill at the rate of 56 kg/ha.” The see& drill had 13 rows, 17,7cm apart
and a fertilizer hopper attached adjacent to the seed hopper. During seeding,

two seed openings were closed to give 11 rows approximately equal to the 3ize of

theﬁp]ot. Fertilizer with formula 3-4-12 (N-P-K) was 1ncorporated)at the rate

of 120 kg/ha during the seeding operation with the same dril]q(Plate 4.3).

The instruments used for the soil measuremen%s,'such ay soil density,
i

penetrometer resistance, vane shear resistance anq moisture content (gravimetric)
were a Troxier gamma-ray density meter, soil test vane shear, standard
penetrometer and T-sampler, The Troxler model 3401 density meter (Plate 4.4)

was used to measure dry density up to 0,30m depth in the soil from the base of
> rd

the machine. The procedure and working formula is given in Appendix A.
@

The pénetrometer used is shown in Plate 4.5, It is a hand operated
measuring device éonsisting of a proving ring, dial guage and 30° circu?ar‘
cone with base diameter of 9,4mm and 17,4mm height. The instrument was
calibrated against the different forces applied on the proving ring and the

acorresponding change in Qia1 guage reading was recorded. The applied force
divided by the area of the cone base gave the penetration resistance, expressedf

Ll

in MPa.
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Plate 4.5 - Standard Penetrometer used for measuring
penetrometer resistance
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The vane shear model PILCON DR 673 used is shown in Plate 4.6
with two different sizes of vanes. The device simply consists of four
blades set at right angles on one end of the shaft and the mechanism on
the other end by which the torque required to rotate the vane blades in the
soil cén be measured, Soane (1975) indicated thaé the vane shear is
satisfactory in purely cohesive soils at different depths.

The soil samples for the standard gravimetric moisture content
were collected from the field at various depths (Table 4.3) using a T-sampler
(Oakfield Apparatus Company, Wisconsin), stored in cans and brought into the
laboratory. These samples were weighed and dried at 105°¢C in an oven for 24
hours and reweighed, The loss in moisture due to drying divided by the weight
of the dry soil equals the moisture content on dry basis.

a) Soil Water Measurements -

To determine the retention characteristiscs—ef the soil, so1l
water movement and soil water availability, tensiometers were installed in
the specific 3 treatments, each replicated 3 times at 25cm depth, and are
shown in the layout of Fig. 4.1.£&

The tensiometers used in the experiment were "jet-fill" tensiometers,
with a body made of clear acrylic plastic, a replaceable screw-on one bar
porous ceramic tip and a vacuum gauge with a Scm dial gauge, graduated from
0-100 centibars. Before installation in the field, the tensiometers were
calibrated in centimeters of water with a vacuum pump and a mercury manometer
in the laboratory.

The soil around each installed tensiometer was covered with a black
po1yéthy1ene sheet, which covered one by one meter of area after heavy rainfall,
The bTack polyethylene sheet was used to prevent vegetation growth and

%
evaporation (Hillel et al., 1972). Some soil was placed on top of the black
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Plate 4.6 - Soil test vane shear used for measuring
vane shear resistance
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polyethylene sheet in order to a;/oid high temperatures from sun rays.

The soil suction measurements were done for one infiltration cycle
between one and twenty-six days after recession of surface water.

Soil water content on a volume basis was calculated by standard
gravimetric moisture content (dry'basis) at 0,05m, 0,15m and 0,25m depth and
the corresponding dry density measurement was calrm'ed out by using the
Troxler model 3401 density meter,

b) Plant Measurements

Plant growth measurements were recorded at regular intervals

-throughout the growing season in the 5 rows in the centre out of the 11 rows.

Si)} rews, three on each side,were eliminated in order to avoid houndary effects.

To begin with, the number of days required for plant emergence was
recorded for each plot when 80 percent of the plants in the plot had emerged.
These observations were taken by two persons separate?y in order to have an
exact value.

Plant height was measured throughout the growing season. Five
plants from each row were randomly selected for the measurement of plant
height. The measurement of plant height was considered from the ground to
the top of the plant‘. ,

During the growing season, the crop was attacked by aphids.
Therefore, the insecticide, melathine, at the rate of 2,8 ¢ per hectare per

oy
35 Titres of water, was applied with a sprayer, .

When the crop was just at its maturing stage, the frost star;:ed
and killed the premature seeds. The reason for Xkﬂled seeds at the immature
stage may be due to a delayed emergence attributed to the lack ofk
moisture in contact with the seed in the top 5c¢m of surface soil during t°he

emergence period. Therefore, the dry matter yield was the only substitute
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to consider for comparing the treatment effects. At maturity, the five | {
middle rows, leaving the one meter on both sides due to border effects,
.
were harvegted by hand. After all the plots were harvested, samples of

500 grams were dried for 3 days at J,QOC in a forced air dryer and the dry

weights of the samples were known on a hectare basis for each treatment.

. The working formula is given in Appendix B.

[}

c) Dry Weight Root Measurement °
Root growth is usually an indicator of compaction, therefore, dry
weights of the roots also were recorded. The technique used to obtain roots

.‘é »
fromithe sail was to dig out a one meter\diameter monolith about 0,6m in Tendth

in each plot of only one block with a shc)ze]. This monolith was then broken in
such @ way that the plant roots would not receive any injury. These roots with
soil Jumps were then brought into the laboratory and six root samples from each

plot were washed carefully, dried at 75°C and weighed.

4-2 Experiment 1979

In the summer of 1979 the study was conducted on the same so0il and the
same crop. The design considered for the layout was the same ds that in 1978,
Four treatments with three replications each were used in the layout (Fig. 4.3)
(this study consisted of only 3 treatments, see Table 4.2). The reason for 4
treatments with 3 replications was 6ue to the small space provided this__ year;

part of field was being engaged with other experiments as shown in Fig. 4. 3.

Tﬁe' field operations were carried out according to the schedule

shown in Table 4.1,

1
The compaction treatments were carried out with a MF 165D tractor,

¥
having a contact pressure of 41 kPa. The tractor was run over the plot 15

times on each tra~k over the entire plot. This way all the 12 plots were
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compacted.

Plots under tillage treatments were plowed with specific implements,
following compaction. Three passes of the moldboard plow (M) at 20cm depth
were followed by & disk.

Soil measurements conducted in 1979 were extended to 0,30m depth in
order to observe the effects of treat;nents at greater depths (Table 4.3).

Plant growth measurements consisted of plant emergence, plant height
and yield. Plant heights were recorded during the entire growing season as in
1978.

At maturation, the five middle rows of each plot were harvested in
the same way as in 1978. The harvested plants were put in bags and labeled
with the particular plot number. These bags yere then kept in the air dryer
for one week to get ready for the threshing machine. The grains obtained
were weighed and thus the yield in grain acquired on a hectare basis for each
treatment was obtained.

\

4-3 Laboratory Measurements

Laboratory measurements were done on the soil samples brought from
the field to conduct the following tests.

a) Grain size analysis

b) Compaction test

c) Liquid 1imit and plastic limit tests
a) Grain Size Analysis

Soil samples werz collected randomiy from the entire exber%menta!
field to conduct the experiment by the hydrometer method for classifying the

type of soil, following the method of Lambe (1951). The method employs the

’ 1]
calculations of the "effective diameter"” and "percentage finer™ by the

]
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equations derived from Stoke's equation for the velocity of freely falling
spheres in water. \
b) Compaction Test

This test is also known as the standard Proctor compaction test and
is discussed by Lambe (1951). The purpose of a compaction test is to determine
the degree of denseness at various moisture contents after a‘fixed amount of
compactive energy has been applied. To accomplish this purpose, one would
determine the optimum moisture content at which high density occurs in the
field. ’
c) Liquid Limit and Plastic Limit

These tests are also called Atterberg limit tests and are described
by Lambe (1951). The liquid limit test is defined as "the water content at
which the soil has such a small shear strength that it flows to close a groove
of standard width when jarred in a specific manner". The plastic limit is
the "water content at which the soil begins to crumble when rolled into threads
of specified size". The field soil samples were used to determine the moisture

content at which the soil behaved in a manner as described in the definitions

of 1iquid 1imit and plastic limit.

4-4 Rainfall and Water Table Measurements

Perforated élastic tubes surrounded by a filter envelope were
installed 1,8m deep into the soil, leaving 0,2m as an a1ipwance above the
surface of the ground, in order to avoid trash or other foreign material, over
the entire field (Figs. 4.1 and 4.3).

Water table measurements were recorded periodically to observe the
fluctuations of the water table-throughout the growing seasons of 1978 and 1979.

L

A graduated hollow aluminium pipe about 3m long, having one end attached to a
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rubber hose was used to monitor the water table. The technique consisted of
lowering the aluminium pipe into the perforated plastic tube very slowly
whilst continuously blowing through thé rubber hose until a bubbling sound was
hard (Plate 4.7). This process was repeated three Fimes in order to obtain
the exact height of the water table. A correction was made to account for
the height of the perforated pipe above the ground surface. In addition,
rainfall data was also obtained for the 1978 and 1979 seasons from the

Macdonald College weather station, located near the experimental field. .
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Water table monitoring tube
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CHAPTER V

RESULTS

5-1 General

Soil compaction affects the soil profile which can be hazardous for
plant growth as it is observed from the review of literature. To provide
a hea]tr‘ly environ;nent for plant growth, the only way is to ti11l the
soil with an appropriate tool in order to improve the seed bed for proper
development of the plant roots in the soil profile. The decision of
impTlement selection requires the knowledge of soil physical properties
ahd geometry of the tool. The complexity of this problem is large and
has yet to be solved rationally.

However, to begin to achieve this goal, the study was conducted to
observe the effects of two tillage tools on compacted soil.  The soil
profile up to 0,30m was considered with reference to the soil physical
properties of dry bulk density, penetrometer resistance, vane shear
resistance, air-filled porosity and soil water movement.

The measurements of the above properties along with crop growth
were recorded in the field throughout the growing seasons of '1978 and 1979.
The data thus collected were analysed and the results obtained are
presented as follows )

5-2 Laboratory Tests

Several tests were conducted on scil sampies taken from the field and

* the results obtained are as follows:’

a) Grain Size Analysis
The results of grain size analysis in Fig. 5.1 show that clay size

(particles comprise from 42 to 67% of the soil by weight, and the soil
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is uniformily classified as clay.
b) Plastic Limit and Liquid Limit ‘
. The Tliquid 1imit test results are shown in Fig. 5.2. It is seen
for this clay soil that the 1iguid 1imit ranged from 55 to 60%, while
the plastic limit was in the range of i to 42%. The average moisture
percentages for the plastic 1imit and liquid limit were 42,1 and 57,6
respectively.
c) Compaction Test
The results of Proctor compaction test on field samples (Fig. 5.3)
show the optimum moisture content is around 27%. The calculated 80%

1
saturation curve indicates that the soil can be compacted to an air voids content

-
of 10% or less when the moisture content is greater than 35%.

5-3 Ory Bulk Density

To observe the effects of various compaction and tillage treatments
on the properties of the s0il 'profﬂe, the dry bulk density was used as
one of the soil physical properties. In order to determine the compaction
effect, it is necessary to observe the initial condition cf the soil profile,
so that the change in state of compaction could be detected throughout the
soil profile due to induced artificial treatments.

Initial dry bulk densities at various depths were observed in the
field for all treatments after uniform rototilling, but prior to any passage
of wheel or subsequent tillage tool. These initial conditions of the soil
are presented in Fig. 5.4 and Fig. 8.5 as the 000 density curves following
initial rototilling. The results of 1978 (Fig. 5.4) and 1979 (Fig. 5.5) show
the final dry bulk density after compaction (5, 10 and 15Y0) and the increase

in dry bulk density for these compacted no-tillage treatments. The increase
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treatment. (See Appendix C).
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in dry bulk density values were calculated from the initial state of
corresponding treatments before compaction (Appendix C, Table C.6 - C.7).

It can be seen in Fig. 5.4 that the dry bulk density increased throughout

the 'soil profile for compacted-no tillage treatments, as compared to

the no compaction treatment (000). ~ The maximum increase in dry bulk density
was found at 0,10m depth. As the depth increased, the compaction had less
effect. The figure also illustrates that the l1ightly compacted (5Y0) curve
shows higher dry buik‘density tﬁan the moderately or heavily compacted curves
(10 a'nd 15Y0). It 1is not kng&jn why 5 passes caused %re compaction than‘10 and
15 passes, otherwise trend of increase in dry bulk density was found as ’/che
number of passes of the tractor increased. These resu1§s are in agreement with
Raghavan et al., (1977b), who observed that repeated passes of the tractor
increased the dry bulk density of clay soil. The results of an analysis of
variance (Table D.1, Appendix D) sHow that the treatments are significantly
different up to 0,15m depth. When mean density values of all compacted treatments
were compared with the means of no-tillage treatment, it was found that the
severely and moderatély compacted-no tillage treatments (10 and 15Y0) had
significantly higher values of dry bulk density up to 0,10m depth. Duncan's
new multiple range test was performed at the 10 percent probability level

(Table 5.1).

In 1979, Fig. 5.5 shows the increase 1n dry bulk density for only the
severely compacted-no tillage treatment (15Y0). In this year a maximum increase
in dry bulk density of 0,32 g/cm3 was found at 0,10m depth. The results of
Duncan's new multiple range test at the 10 percent probability level show that
all medn values of the severely compacted-no tillage treatment (15Y0) were
significantly higher compared to g‘he no-tillage treatment up to 0,20m depth

(Table 5.2). The results of analysis of variance are shown in Table D.2,
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TABLE 5.1 - Average values for dry density in different depth ranges for the
various tillage and traffic treatments.

YEAR 1978
&
MEAN VALUES FOR DRY DENSITY (g/cm3)
TREATMENT

0,05 (m) - 0,10 (m) 0,15 (m)
000 1,018 cd | 0,966 ¢ | 0,96 b
5Y0 1,100  abe 1,260 a 1,176 a -
5YM 1,022 bed 1,134 abc 1,050 ab:
5YC 0,990 d 1,012 cd 1,083 ab.
10Y0 P ab 1,134 abc 1,111 ab
15Y0 1,143 a 1,185 ab ’ 1,138 ab
15YM 1,069  abcd 0,994 cd '1,042 ab
15YC 1,039 bed 1,155  abc 1,112 ab

J

0,20 (m) | 0,25 (m)
000 1,185 bc 1,105 a
5Y0 1,344 ab 1,185 a
5YM 1,2,3 abc » 1,097 a
5YC 1,229  abc 1,166 a
10Y0 1,216 abc 1,212 a
15Y0 1,26 abc 1,285 a
15YM f 1,080 c | 1,173 a
15YC 1,249 abe 1,312 a

a-d Letters denote significance at 10 percent level using

Duncan's new mnultiple range test. Means with the same
letter are notisignificantly different.
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TABLE 5.2 - Average values for dry density in different depth ranges for
the various tillage and traffic treatments.

YEAR 1979

MEAN VALUES FOR DRY DENSITY (g/em3)
TREATMENT
0,05 (m) 0,10 (m) 0,15 (m)
000 1,074 a 1,053 a 0,946 a
15Y0 1,292 b 1,367 b 1,276 b
15YM 1,001 a I,QSG \ a 1,174 b -
TREATMENT MEAN VALUES FOR DRY DENSITY (g/cm3)
0,20 (m) 0,25 (m) 0,30 (m)
000 1,082 a 1,192 a (?, - 1,328 a
15Y0 1,427 b 1,371 1,398 a
15YM 1,260 ‘ab 1,214 a 1,548 b
a-b, Letters denote significance at 10 percent level wusing

Duncan's new multiple range test. Means with the same
letter are not significantly different.
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Appendix D.

The comparison of dry‘bulk density values between 1975 and 1979 for
the severely compacted-no tillage treatment (15Y0) needs further discussion,
The increase in dry bulk density for the severely compacted-no tillage treatment
(15Y0) 1n 1979 was more throughout the soil profile than that in 1978. This
could probably be attributed to a difference in soil moisture content at the
time of compaction treatments. The average soil moisture content in 1979 was‘ZO%
below the optimum range most favourable for compaction, whereas in 1978, the soil
moisture content was 31% above the optimum range a? the time of compaction treat-
ments (Fjgbs.qp. The optimum moisture content for maximum dry bulk densjty was .
found by the Proctor test to be 27% (Fig. 5.2).

The bffect ofttillage method on ameliorating soil compaction can be seen
in Fig. 5.7 and Fig. 5.5. The results of 1978 are presented in Fig.5.7, which
shows that the moldboard and chisel p1ow§ have markedly decreased dry bulk density
from the compacted state (Appendix C, Table C.7 - C.8)-by up to 0,18 g/cm3 to a
0,25m depth. The analysis of variance for dry bulk density due to tillage
treatment is shown in Table D.3, Appendix D. Duncan's new multiple range test
is shown in Table 5.1 and represents the mean values of each treatment. The mold-
board plow (15YM) has significantly lowered dfy bulk density values at 0,10m
depth, whereas with the chisel plow, soil density (15YC) wés significantly
different at 0,05m depth when compared with the compacted-no tillage treatment
(15Y0). When bofh chisel and moldboard plows density results were compared, no
significant difference was found for subsoil layers at the 10% probability level.

Fig. 5.5 illustrates the results of 1979, The moldboard plow produced
a lTowering of dry bulk density values from the compacted state (Appendix C,

Table C.11) up to 0,25m depth, while at a 0,30m depth it created higher dry bulk
density values. This is an indication of the formation of a plow pan at;the

lower depth. The plow pan formed by the moldboard plow below the operating
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dgpth has been reported, for example by Taylor et al., (1978), in clay soils.
The statistical analysis is given in Table D. 4, Appendix D, which shows
significant differences in dry bulk density values at 0,05, 0,10 and 0,30m depths.
Duncan's new multiple range te§t for these results is given in Table 5.2. When
mean dry density values of the moldboard treatment (15YM) were compared with those
of the compacted-ng tillage treatment (15Y0), it was found that the 15YM treat-
ment had a significantly lower dry bulk density up to a 0,10m depth, and
significantly higher va]ges at a 0,30m depth. These Sesults are in agreement
with those 6f Hanna and Masry (1978), who also found a significant increase in
compaction under the plow sole when compared with no-tillage plots.

5-4 Penetrometer Resistance

The penetrometer resistance profiles for different compaction treatments
in 1978 have been averaged and the results are sﬁown in Fig. 5.8a and b (average
of 12 observations). The Fig. 5.8a shows the final penetrometer resistance for
all compacted-no tillage treatments (5, 10 and 15Y0), whereas Fig. 5.8b
demonstrates the increase in penetrqmeter resistance from initial ;tatus of soil
(Appendix C, Table C.15 - C.16). A1l compacted-no tillage treatments had
dramatically increased penetrometer resistance.
The most increase was found at a 0,05m depth. The maximum increase
in penetrdmeter resistance of 4,60 MPa was found in severely compacted-no ﬂ’yrﬂl
tillage plots (15Y0). This increase w;s more pronounced with the repeated

passes of the tractor. The other depths were found variable. This could

be associated with moisture content affecting the penetrometer readings.
Results of an analysis of variance (Table D.5, Appendix D) show that the

treatments are highly significant at 0,05, 0,10 and 0,20m depths.

Duncan's new multiple range test done on the data (Table 5.3) shows that the
severely compacted-no tillage treatment (15Y0) had higher penetrometer

resistance values at all depths compared to the no-tillage or no compaction

°
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TABLE 5.3 - Average values for penetrgmeter resistance in different
depth ranges for the various tillage and traffic treatments.

YEAR 19/8

Y

MEAN VALUES FOR PENETROMETER RESISTANCE (MPa)
TREATMENT
0,05 (m) 0,10 (m) 0,15 (m)
000 1,070 e 2,323 ¢ 2,626 e
5Y0 4,095 abc 4,033 ab 4,025 abe
5YM 2,613 cde 3,220 bc 3,848 abcd
5YC 2,615  cde 2,628 ¢ 2,770 de
10Y0 4,478 ab 4,801 a 4,278  ab
15Y0 5,360 a 4,678 a 4,641 a
15YM 2,075 de 3,073 ¢ 3,791  abcd
15YC 2,681 cde 2,855 ¢ 3,730  abcde
TREATMENT 0,20 (m) 0,25 (m)
000 3,278 ¢ 4,048  de
5Y0 4,403  abc 4,531  cde
5YM 4,975 . ab 4,975 bed
5YC 4,145  bc 5,553 abc
10Y0 4,045  be 5,180  bc
15Y0 5,638 a 6,400 a
15YM 4,992  ab 5,490 abc
15YC 3,893 be 5,408 abc

a-e Letters denote significance at 1 percent level using Duncan's

new multiple range test.

significantly different.

Means with the same letter are not
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treatment (000) at a ) percent probability level.

The moderately compacted-no tillage (10Y0) and 1ightly compacted
(5Y0) results were not significantly different at 0,20m and 0,25m depths. When
all compacted-no ti11lage treatments (5, 10 and 15Y0) were compared with each
other at various depths, no significant difference was found at any depth except
that the severely compacted-no tillage treatment (15Y0) plots had significantly
higher values than Tightly compacted-no tillage plots (5Y0) at a 0,25m depth.

’ The results of penetrometer resistance for compacted-no tillage
treatments 1in 1979 are plotted 1n Fig. 5.9a and b. It can be seen that the most
increase 1n penetrometer resistance from initial status of the so1]l (Appendix C.
Table C.18) was found at lower depths. This i1ncrease was more erratic at greater
depths. The maximum penetrometer resistance of 5,40 MPa was found at 0,30m depth.
This 1ncrease was probably due to pushing of the probe continuously from 0,15m
depth to a 0,30m depth which raised the readings by continuous friction of the
soil particles.

The statistical analysis in Table D.6, Appendix D shows that the treat-
ments are significantly different at all depths except at a 0,15m depth. The
mean values of penetrometer resistance 1n severely compacted-no tillage treatment
(15Y0) were significantly higher at 0,05 and 0,30m depths compared to the no-
tillage treatment (000) at a 1 percent probability level.

In the 1978 summer, the increase in penetrometer resistance at a
0,05m depth was 150 percent more than 1n 1979. This could be possibly due
to the reorientation of soil particles which might have been changed due to
cultivation 1n the 1978 summer, or the different degrees of compaction because
of soil moisture content inequalities between years.

The effect of tillage on penetrometer resistance is demonstrated in

F1g. 5.10a and b for the 1978 summer. The Fig. 5.10a presents the final
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Figure 5.9 Observed changes in penetrometer resistance profiles

due to traffic and tillage treatments.

Note: The compacted penetrometer resistance of the 15YM treat-
ment prior to plowing was not exactly the same as that

in the 15Y0 treatment. (See Appendix C).
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as that in the 15Y0 and 5Y0 treatments. (See Appendix C).
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values of penetrometer resistance upon the compaction and subsequently tilled
throughout the soil profile. The Fig. 5.10b illustrates the effectiveness of

tillage tools in decreasing the penetrometer resistance from compacted state

(Appendix C, Table C.16 - C.17) at each depth. In severely compacted tillage
1

“plots (15YM and 15¥C), the moldboard plow had effectively decreased the pene-

trometer resistance up to 0,15m depth and the chisel plow decreased it up to

a 0,25m depth. Below 0,15m depth the plowed plot increased in penetrometer

e
resistance. This #ncrease was more pronounced at a 0,20m depth rather than

at a 0,25m depth. If dry bulk density (Fig. 5.7) and penetrometer
resisténce (Fig. 5.10) are compared at the depth below 0,15m, 1t 1s clear
that the penetrometer showed a more prominent difference in the soil profile.
It appears that the penetrometer is more sensitive in showing the structural
consistency of the 5011 profile effectively. Voorhees et al., (1978)

stated a similar conclusion, which showed that the penetrometer resistance
increased 400% more than‘the dry bulk density, and therefore. the penetro-
meter was a more sensitive indicator of soil compaction than was dry

bulk density. In lightly compacted tillage treatments (5YM, 5YC), the
moldboard plow has decreased penetrometer resistance up toJE 0,25m depth,
whereas the chisel plow decreased it up to a 0,20m depth. There was

a slight increase of resistance at a 0,25m depth in chiselled plots. It
can also be noted that, when chiselling was done on lightly compacted plots
(5YC), it reduced the penetrometer resistance up to a 0,15m depth more than
did the moldboard plow (5YM). This could probably be due to the fact that >
the chisel plow on a 1ightly compacted plot shatters the soil, which produces \\\
small aggregate sizes with low strength, whereas the moldboard plow produces !
Targer lumps of soil agg}egate with high strength. These aggregates in

moldboard plowed plots, when exposed to the atmosphere, dried very quickly
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and presented high strength at the top of the soil profile.
The results of an analysis of variance Table D.7, Appendix D,'
show the significant differences in treatments at 0,05, 0,10 and 0,20m

depths (at varighs significance levels). When mean values of penetrometer

" resistance of the plots subjected to tillage treatments (15YM, 15YC) were

compared with the severely compacted-no tillage treatment (15Y0), these
were found significantly different up to a 0,10m depth (Table 5.3). The
moldboard plow {5YM) resistance was not significantly different for all
depths, whereas the chisel plow (5YC) result was significantly different
at 0,10 and 0,15m depths when compared with 1ightly compacted plots (5Y0).
When the results of all tillage treatments (15YM, 15YC, 5YM and 5YC) were
compared with each other, no significant difference was found throughout the
soil profile by the use of Duncan's new mu]tip]g range test.

The Figs. 5.9a and b present the results of the 1979 summer for
the severely compacted tillage treatment (15YM). Fig. 5.9a shows the
penetrometer resistance after the tillage operation and Fig. 5.9b illustrates
the decrease in penetrometer resistance from compacted state (Appendix C,
Table C.18) due to the moldboard plow action throughout the soil profile. The
Duncan's new multiple range test (Table 5.4) shows that the moldboard p]o@whas
significantly decreased the penetrometer resistance at 0,05 and 0,30m depths,
compared to that in the severely compacted-no tillage plot {15Y0). It is
interesting to note that the penetrometer could not show the increase in
resistance below the operating depth of the plow. It is possible that the
soil at that depth could be soft due to moisture and would not have offered

a h1gh resistance because of low strength.
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2

TABLE 5.4 - Average values for penetrometer resistance in different depth
ranges for the various tillage and traffic treatments

P

YEAR 1979

TREATMENT MEAN VALUES FOR PENETROMETER RESISTANCE (MPa)
0,05 (m) 0,15 (m) 0,30 (m)
000 ) 0,444 a 1,875 a 1,033 a
p 15Y0 3,254 b 4,797 a 6,777 b
15YM 2,452 b . 2,227 a 3,770 a
a-»>b Letters denote significance at 1 percent Tevel using Duncan's

new multiple range test. Means with the same letter are not
significantly different.

‘1‘
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5-5 Vane Shear Resistance

The vane shear resistances of the soil in each compaction and tillage
treatment'at each depth were averaged and are plotted in Figs. 5.1%a and b,
5.12a and b and 5.13a and b. Fig. 5.11a demonstrates‘the results of vane shear
resistance in 1978 for compacted-no tillage treatments (5, 10 and 15Y0). The
vane shear resistance showed the same trend as the penetrometer resistance. The
vane shear resistance increased as the number of passes increased. Fig. 5.11b
shows the increase in vane shear resistance from initial status of the soil due
to compaction (Appendix C, Table C.19 - C.20). The maximum increase was found
at 0,10m depth in the severely compacted plots (15Y0), considerably more than in
moderately and lightly compacted-no tillage plots (10Y0 and 5Y0). As the
depth increased below 0,10m, the increase in shear resistance was almost
constant. The results of an analysis of variance in Table D. 9, Appendix D,

'show the significant differences in treatments up to 0,10m depth. Duncan's
new multiple range test was also performed to compare the mean values of'vane
shear resistance of compacted-no tillage treatments with the no-tillage
treatment (000) and the results are shown in Table 5.5. It candyg seen that
the severely compacted-no tillage plots (15Y0) had higher values up to 0,10m
depth than the no-tillage plots (000). When compacted-no tillage treatments
(5, 10 Lnd 15Y0) were compared with each other, the severely compacted-
no tillage treatment (15Y0) had significantly higher values of vane shear
resistance than that of the 1ightly compacted-no tillage (5Y0) treatment
in the top 0,025m. There was no significant difference between severely
and moderately compacted plots at anmy depth,vijhis test was performed at
1 percent probability level. :

Fig. 5.12a ahd b show the results of the 1979 summer. Fig. 5.13a
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due to traffic and tillage treatments.

The compacted vane shear resistance of 15YM treatment
prior to plowing was not exactly the same as that in
the 15Y0 treatment. <{See Appendix C).
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The compacted vane shear resistance of the 15YM, 15YC,
5YM and 5YC treatments prior to plowing was not

exactly the same as that in the 15Y0 and 5Y0 treatments.
(See Appendix C). ’ ~
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TABLE 5.5 - Average values for vane shear resistance in di’fferent depth
ranges for various tillage and traffic treatments.

YEAR 1978

TREATPENT MEAN VALUES FOR VANE SHEAR RESISTANCE (kPa)
0,025 (m) 0,10 (m) 0,30 (m)
000 2,452 c 18,194 b 59,613 a
5Y0 5,747  bc 31,31 ab 62,243 a
5YM 15,921  abc 55,046 a ‘| ' 73,136 a
5YC 12,448  abe 53,867 a , 62,83 a
10Y0 18,075 ab - 52,548 ab | * J0,623 a
15Y0 24,778 a 58,059 a 75,411 a
15YM 15,921  abic 47,994 &b 67,391 a
15YC 16,639  abc 55,733  a 71,103 a .
a-c¢ Letters denote significance at 1 percent level using Duncan's

new multiple range test. Means with the same letter are not
significantly different.



}nd b show the results of the 1978 summer. Fig. 5.12a gives the overall

mean values of vane shear resistance in the severely compacted-no tillage

" treatment (15Y0). The increase in vane shear resistancg,eaTEa?;¥gguirom

e
initial status of the soil of particular tr ment/lﬂﬁbEndix C, Table C.22)
y

s shown in Fig. 5.12b. The maximum incr ase/p( vane shear resistance

was found at a 0,15m depth. = The increas%/af/the surface and below 0,15m
was approximately the same. It appears hat‘the maximum shear strength
occurred in the range of 0,10 to ¢,15m deﬂth:

The results of a statistical analysis are given in Table D.10,
Appendix D, which sQows that treatments are significantly different at
all depths. Table 5.6 presents Duncan's new multiple range test at a
0,0]’probability level used for comparing the mean values of vane shear
resistance of all treatments at each depth. The severely compacted pjots
(15Y0) had significantly higher resistances at all depths when compared
with no tif?}ge plots (000).

Fig. 5.%3a demonstrates the vane shear resistance due to tillage
action in the compacted plots (5 - 15 passes). The values were higher for
all tillage plots (15YM, 15YC, 5YM and 5YC) as compared to the no-tillage or
compaction plots (000). Tillage treatments were found effective in decreasing
vane shear resistance fromlcompacted state (Appendix C, Table C.20 - C.21)
throughout the soil profile as is shown in Fig. 5.13b. The maximum decrease
was found to be more in the chiselled plots (15YC) than in the moldboard plowed
plots (15YM) at a 0,10m depth. . From the surface to a 0,025m depth, the
chisel plow did not decrease the vane shear resistance as much as in moldboard
plowed plots. At a 0,20m depth, only the moldboard plow (15YM) decreased the
vanenshear.resistagze appreciably, compared to the other tillage treatments

(15YC, 5YM and 5YC). 4
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TABLE 5.6 - Average values for vane shear resistance in different
— depth ranges for the various traffic and tillage treatments.
YEAR 1979
MEAN VALUES FOR VANE SHEAR RESISTANCE (kPa)
TREATMENT
0,025 (m) 0,15(m) 0,30 (m)
000 3,697 a 34,952 a 80,599 a
15Y0 41761 b . 82,725 b 115,710 b
15YM 9,255 a 50,805 a 97,355 ab
a-»>b Letters denote significance at 1 percent level using Duncan's

new multiple range test. Means with the same letter are not
significantly different.
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N The results of‘an analysis of variance, Table D.11, Appendix D,

show significant differences 1n treatments up to a 0,10m depth. Further
investigation to identify treatment differences was based on Duncan's new
multiple range test and is shown in Table 5.5. The test did not show any
significant differences at a 1 percent probability level. when mean resistance
values of each tillage treatment were compared with each other.

The results of decrease in vane shear resistance from compacted
state (Appendix C, Table C.22) for the 1979 summer are presented in Fig. 5.12b.
It can be seen that the severely compacted-tillage treatment (15YM) markedly
decreased shear resistance at the surface by about 55 kPa. The decrease was
less as the depth increased. At a 0,30m depth, shear resistance increased
in ﬁ]owed plots (15YM).

A statistical analysis of the vane shear resistance results is
shown in Table D.12, Appendix D. The results indicate that there was a
significant difference in treatments at 0,025 and 0,15m depths, but not at ,

a 0,30m depth. In addition, Duncan's new multiple range test was used to
compare each treatment in order to provide evidence of possible differences.
This test is shown in Table 5.6, which shows that the 15YM treatment

decreased vane shear resistance at 0,025 and 0,15m depths significantly, but
there was no significant difference at a 0,30m depth when compared with
severely zompacted-no tillage plots (15Y0). This test was performed at
1 percent probability level. .

5-6 Air-filled Porosity

Air-filled porosity is influenced by changes in both dry bulk
density and moisture content. The values of air-filled porosity were

calculated from the relationship given in Appendix B, The values thus
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obtained for all the compacted and tilled plots at various depths
are plotted in Figs. 5.14a and b, 5.15a and b and 5.16 from the measurements

taken within a few days after the treatments were completed.

The resdlits of air-filled porosity in 1978 are reported in Figs.
5.14a and b, and 5.15a and b. Fig. 5.14a presents the results for compacted
tr‘egtments (510 and 15Y0), which show very high values in the top 0,05m
depth from th$ surface, and low values below 0,15m depth compared t<'3 no-tillage
plots (000). If the optimum value of 10 percent air-filled porosity is taken
as a criterign for this condition (Vomicil and Flocker, 1961), then the air-
filled porogity values obtained for all compacted plots were found to be below
at 0,20m - 0,25m depths.

Tillage has considerably increased the air-filled porosity up

to 0,15m depth from the surface but the effect was less as the depth increased
(Fig. 5.14b). Below 0,20m depth the values of air-filled porosity were

Tess than 10 percent in severely compacted-tilled plots (15YC, 15YM), and
lightly compacted-tilled plots (5YC) as compared to the no-tillage or
compaction plots (000). This is consistent with the development of a plowpan
in these treatments. [t is also interesting to note that either 1lightly
compacted or subsequently tilled plots (5Y0, 5YM, 5YC) has lower air-filled
orosity values than heavily compacted or subsequently tilled plots (15Y0, 15YM,
WeYC). It is probably due to higher moisture contents observed in these
reatments than those of other treatments.

The air-filled porosity in the soil varies continuously with
time and soil depth. One month after seeding, dry bulk density and

soil moisture content values were obtained again from the field and
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values of air-filled porosity were calculated and are reported in
Fig. 5.15a and b. 1t appears from Fig. 5.15a that the air-filled
porosity during this time decreased by more than 5% at each depth for
all compacted treatments. fnverse]y, the values of air-filled
porosity were increased appreciably beyond the critical value of 10%
at a 0,20m depth for the tillage treatments 15YC, 5YC and 15YM,
except 5YM (Fig. 5.15b). The values for the tillage treatment (5YM)
decreased appreciably below 10 percent. This is attributable to the
increase in dry bulk density values found in this treatment at the same
depth.

The results of the 1979 summer are given in Fig. 5.16, It
can be seen that 15 passes of the tractor have lowered the values of
air-filled porosity when compared with the no-tillage or compaction
treatment throughout the profile. When these compacted plots were
tilled with the moldboard plow, the increase in air-filled porosity
was found up to a 0,25m depth. Below this depth the values of air-
fi]féd porosity decreased appreciably beyond fﬁe 10% critical value. This is
attributable to the higher dry bulk density values obtained at this
depth due to the formation of a compacted pan.
5-7 Soil Water

To calculate the unsaturated hydraulic conductivity of a clay soil
at a 0,25m depth, equation (2.15) was used. This equation requires a
knowledge of soil water flux, the change of soil suction with respect to
soil moisture content and soil moisture content with respect to depth. To
obtain soil water flux values, the variation of soil water as a function of
time was assumed by an equation given by Ogata and Richards (1957),

8 = atb ................. (5.1)
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Where 8 is the volumetric moisturé content, t is the time and b is a
constant exponent. The experimental data on voluﬁetric moisture
contents at 0,15 and 0,25m depths during one 26-day infiltration cycle
were used to perform statistical analyses on the computer. A max imum R
improvement method of stepwise regression was used to search for the best
model producing the highest R2 coefficient of corre]atiop‘(Barr et al., 1980).

This statistical analysis relating to the model is shown in
Table D.13, Appendix D. The variation of the volumetric moisture content
with time was calculated from the model for each depth and Figs. 5.17 and
5.18 were then plotted for each treatment. Fig. 5.17 demonstrates the
moisture content variation with time. After 20 days, all the treatments
showed nearly constant values except for the no-ti1lage plot (000). In
Fig. 5.18, the no-tillage treatment at a depth of (0,25m had still not
attained as steady a value as the other treatments, It can also be seen
that for this treatment, the profile is draining faster than for the other
treatments. This seems to be due to the open structure provided by a
rotary tiller which enhances rapid infiltration and a larger volumetric
moisture content at the beginning of the observation.

To obtain soil water flux, the slope (g%) was measured from
Figs. 5.17 and 5.18 at particular points in time by integrating the
moisture-time curve with respect to depth. The results of soil water
flux measurements leaving the 0,25m depth are plotted 1n Fig. 5.19.
Higher values for the 26-day infiltration cycle were obtained in the
severely compacted-tillage treatment (15YC), followed by the no-tillage
(000) and the severely compacted-no tillage treatment (15Y0).

Water retention characteristics of the clay soil for the 0,25m

depth were obtained from field measurements of soil suction and volumetric



VOLUMETRIC SOIL WATER CONTENT (%)

60

3

£
(@

o
o

-114-

o) 1D 20 30

DRAINAGE PERIOD (DAYS)

Figure 5.17 Volumetric moisture content versus drainage period
at 0,15m depth.
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moisture content within tensiometer range. The values above this range
were obtained from the relationship given by Campbell (1974),

& = dg (8/a)7P1 mmeeeee (5.2)
where ¢o is the soil suction at the air entry value, o5 is the saturated
water content and by 1s the slope. The regression analysis relating to
this model is given in Table D.14, Appendix D. The experimental values of
volumetric moisture content corresponding to the soil suction in the
tensiometer range at a 0,25m depth were smoothed by means of a cubic
spline technique (Appendix E). The values obtained wer:e then averaged
for the three replicates of tillage and compaction treatments, and the
curves are plotted in Fig. 5.20. It can be seen that._at Tower suction
levels, the difference in volumetric moisture content is hardly noticeable
but as the suction increased, obvious differences appeared in water
retention for each treatment. At higher soil suction levels, the severely
compacted-no tillage treatment (15Y0) retained the most water, followed
by no-tillage and then severely compacted tillage (15YC) treatments.

The only unknown for calculating hydraulic conductivity from
equation (2.15) was calculated from the water retention characteristics
curve as described by Nielsen et al., (1964).  The hydraulic conductivity
as a function of volumetric moisture content for each tillage and compacted
treatment is plotted on a semilog graph. The straight lines shown in
Fig. 5.21 for.all treatments, were fitted to the data by regression analyses.

L ]
‘The coefficients of correlation 'RZ' for the severely compacted-no tillage
(15Y0), the severely compacted tillage (15YC) and no-tillage (000) treatments
were 0,89, 0,80 and 0,98, respectively, The Student's v't' test was also

performed and showed an 80 percent confidence belt where this correlation
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exists for severely compacted-no tillage and severely compacted-tillage
treatments. The no-tillage treatment (000) had a 95% confidence interval.

It was found that the severely compacted-no tillage treatment
(15Y0) had the lowest values of hydraulic conductivity for all values of
volumetric moisture content. The highest values of hydra&]ic conductivity
were found in no-tillage treatment, followed by the severely compacted-
tillage treatment.

Availability of soil water is defined as the amount of water
held from field capacity to the permanent wilting point. Field capacity
(FC) for clay soil is assumed to be at 344cm of Hy0 suction (Ahuja, 1973),
and permanent wilting point (PWP) is generally taken as 150m of Hp0 suction.

The following relation holds for calculating availability of soil water,
AW = (FC - PWP) 7 —ccmmmmemmmmeeeeo (5.3)

where AW is the available water and Z is the depth range of interest.

The values thus calculated are plotted against dry plant yield for each
tillage and compaction treatment. The straight line shown in Fig. 5.22
for all treatments was fitted to the data-by a regression analysis.

It can be seen that severely compacted-no tillage plots had low dry

plant yields due to a smaller amount of water being available to the
plants. As the availability of water increased, the dry plant yie]d’
also increased. There was more soil water available in no-tillage (000}

p]ot; followed by severely compacted-tillage (15YC) and then severely

" compacted-no tillage (15Y0) plots.
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Figure 5.22 Relationship between availability of water and
dry matter yield of compaction and tillage treatments.
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5-8 Plant Perfo ce

The effects soil compaction and tillage treatments on
emergence of seeds, pland heights and yields of dry plant matter, grain
and dry root mass were obséyved throughout the growing seasons of 1978
and 1879 and the results are\reported as follows:
a) Plant Emergence
The emergence of thelbuckwheat crop was observed for various
compacted and tillage treatmerdts in 1978 and 1979, as previously described,

and the results are presented|in Figs. 5.23 and 5.24. Fig. 5.23 shows the

results of 1978, which indicatle that the treatments had a definite effect
on seed emergence. The numbel of days required to emerge 80% of each
plant population was very much affected in compacted-no t{11age treatments
(5, 10 and 15Y0). As a result,\ the emergence in these treatments took a
longer time than with other treatments. It can be seen that the chiselled
plots (5 and 15YC) were not as effective in altering seedling emergence time
as the moldboard (5 and 15YM) and no-tillage (000Q) plots, and comparatively
took more time for plant emergence than the latter. The delayed emergence in
compacted plots seems to be related to the mechanical impedance of the soil
which resulted in the seedling emerging from a compacted layer. Stout et al.,
(1961) reported similar results for a corn crop; also Talha et al., (1978) had
the same conclusion for wheat and cotton crops.

The results of the 1979 experiment are given in Fig. 5.24, whi%h
indicates a similar trend, except that the emergence of seedlings was ‘
twice as early as that of 1978. This large difference may be attributed

to the deficiency of water content during the seedling emergence in 1978,
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b) Plant Height
/ Plant height was measured routinely with a view to 1denti?y1ng
// differences in treatment at ﬁarious times during the seasons of
1978 and 1979. Plant height was adversely affected as observed in
/ fhe compacted plots. The effect was more severe in the severely
/ compacted-no tillage treatment (15Y0) than in any other treatment,
; Figs. 5.25(1978) and 5.26(1979). The maximum heights of the plants
E in 1978 at 24 days after seeding were 5, 6, 7 and 17 cm for the
\ 15Y0, 10Y0, 5Y0 and 000 treatments, respectively, and 22 and 27cm in
R 1979 for the 15Y0 and 000 treatments, respectively. The higher
\ p]aﬁy heights in 1979 at 24 days after seeding were due to earlier
\ emergence than in 1978, A difference was found at 45 days after
\ seeding in 1978, when the 10Y0 treatment plants surpassed those
;‘ on the 5Y0 treatment at about Zcm high, but this difference was
" gradually decreased by a slowing down of the growth rate in the
5Y0 treatment when the next observation was taken 5 days later.
The last observation was taken at 60 days after seeding, and
the maximum plant heights were 48, 52, 55 and 87 cm for the 15Y0,
10Y0, 5Y0 and 000 treatments, respectively. The maximum plant
hei;hts in 1979 at 63 days after seeding were 92 and 99 cm for
the 15Y0 and 000 treatments, respectively.
When moderate]y;CQmpacted plots (5 passes) were subsequently
T —tiHed by moldboard and chi;;7“575W‘in the 1978 summer, a definite
differencé\was found in improving the soil environment for better
growth of E\ants (Fig. 5.27). During early growth periods, the

\
moldboard plow treatment did not show as good a performance as the
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chisel plow treatment when compared to the 5Y0 (moderately
compacted-no tillage) treatment. However, 42 days after seeding,
plants in the moldboard plots showed rapid rates of growth,
passing the 5Y0 treatment. The most interesting point to note
is that this rate of growth in the plowed treatment also surpassed
‘the 5YC treatment when observed at 45, 49 and 52 days after
seeding, but slowed down when observed on the last observation, i.e.
60 days after seeding, representing the maximum plant height of
68cm. The maximum plant height of 70 cm was found in the 5YC
treatment, and the lowest plant height of 55cm was found in the
5Y0 'treatment.

The effect of molidboard and chisel plow action on severely
compacted plots (15 passes) is shown in Figs. 5.28 (1978) and
5.26 (1979). It can be seen that the tillage, has remarkably
improvedisoil conditions which provide a healthy environment for
plant growth. In the early stages of growth for the summer of
1978, the difference between chisel (15YC) and severely compacted
plots (15Y0) was hardly noticeable but moldboard plots showed the
greatest height at the beginning of the observations and at
34 d;ys after seeding, as compared to severely compacted-no tillage
(15Y0) and severely compacted tillage (15YC) plots. Thereafter,
this disparity gradually decreased and was finally reversed, so that
at méturation (60 days after seediﬁb) chisel plots (15YC) attained
the greatest plant heights, followed by the moldboard (15YM) plots,
when compared with the severely compacted-no tillage plots (15Y0).

In the 1979 summer (Fig. 5.26), the growth pattern was
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similar for tillage piots compared with severely compacted—n&
tillage plots (15Y0), but the only difference was the greater
height at the time of maturation observed in 1979. This difference
was about 38% and 92% for moldboard (15YM) and severely compacted
(15Y0) plots, respectively, as compared to the 1978 growing season.
This could have been due to the relatively droughty conditions
during the growth period of 1978.

Overall plant heights observed in 1978 and 1979 for ;ach
compacted and tillage treatment at the time of harvest can be
arranged in descending order as follows: 87, 70, 68, 6],759, 55,
52 and 48 cm for 000, 5YC, 5YM, 15YC, 15YM, 5Y0, 10Y0 and 15Y0,
treatments respectively in 1978, whereas in 1979 the plant heights
were 99, 95 and 92 cm for the 000, 15YM and 15Y0 treatments,
respectively.

c) Yield

fn order to quantify the effects of compactién and tillage
treatments, the dry weight of the plant (kg/ha) and average dry
mass of the roots (mg) were used as the basis for assessing the
treatment differences over the course of whole season of 1978.

Fig. 5.29 demonstrates the dry weight of the plant response to
various treatments. The dry plant yield under compacted treatments
(5, 10 and 15Y0) was found to be very low as compared to that of the
no tillage treatment (000). This difference was about 85% in

both 10 and 15Y0 and 72% in 5Y0 treatments. Although the
moldboard and chisel plows on compacted plots had lower yields

than that of the no tillage treatment (000), they certainly increased

the yield in comparison with respective compaction plots. When
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dry plant yield of buckwheat.
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severely (15 passes) and lightly (5 passes) compacted plots were tilled
with the moldboard plow, the dry plant yield was increased by about
5 and 2 times respectively. - The chisel plow also had the same
effect in increasing the yield by 110% in 15YC and 61% 1n 5SYC,

when compared to severely compacted-no tillage (15Y0) and 1ightly
compactedsno tillage (5Y0) treatméﬁ‘gg,respective]y.“ The order of
~treatments in terms of yield performance can be given as follows:-
000, 15YM, 5YC, 15YC, 5Y0, 10Y0 and 15Y0.

In the same year the average dry mass of the root/plant was
" also observed and is presented in‘Fig. 5.30. It seems that the
compacted plots restricted the root development, which consequently
tesulted in less average dry mass. \ Lightly compacted plots
(5 passes) subsequently tilled with a moldboard plow gave the
~highest average dry mass of the root/plant of any treatment.

No tillage (000) was the second highest in this case, and the
severely compacted-no tillage treatment (15Y0) had the least
average dry mass of the root/plant. Comparing the performance
of moldboard and chisel plows on both compaction levels (5 and 15
passes), it was found that the mo‘]‘dtward plow treatment had
approximately 98% and 27% higher yields than chisel plow treatments
in the case of lightly compacted‘(S passes) and severely compacted
(15 passes) treatments. ’

In the 1979 summer, grain yield (kg/ha) was used in order to ,
provide evidence of possible differences in treatments. The /;
results are shown in Fig. 5.31. It can be seen that the severely
compacted-no tillage treatment (15Y0) produced 27% less yield than “

thatq of the no-tillage treatment (000). It can also be noted that\B
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the plowed plots (15YM) gave about the same yield as the no tillage

treatment; but increased by about 36% as compared with severely

~
compacted-no tillage treatment (15Y0).
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CHAPTER VI . i
DISCUSSION .. - ——

The: basic objective of this study was to find the effects
of compaction, and the effectiveness of the tillage tools on compacted
soils, with respect to soil physical properties and the response of
crop production.

Compaction, which can occur during standard crop growing
practices, when maéhines drivé ;gvera] times over the field, can
deteriorate soil structure, depending on many variables which include
the characteristics of the load applied, the number of passes and the
condition of soil at that time. As a simple case 5, 10 and 15 passes
of a tractor (MF-165D) with a contact pressure of 41 kPa were done
on a clay soil and their damage te soil physical properties was
examined. These plots were then subsequentiy tilled by a moldboard
and chisel plow to see the effectiveness of these plows in minimizing
the damage of the soil caused by\compaction.

Experiments were conducted at the Macdonald College seed farm
to measure certain physical properties of the soil in relation to
induced artificial treatments throughout the growing seasons of 1978
and 1979, The results obtained from the field are discussed below.

6-1 Traffic and Physical Properties

It is concluded from the study that the deterio}ation of soil
lTooseness under the effect of compaction was very distinct.
Determinations of soil density suggest that this deterioration occurred
throughout the 5011\5ref11e, especially when the traffic'over the
same path increased in intensity. The dénsity pattern due to

compaction, as influenced by soil moisture content and varying
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number of passes, will be considered first. In 1978}xthe soil
moisture content in the top 0,05 and 0,10m was in the ;ange of

10 to 18 percent and 23 to 29 percent, respectively. If\is

obvious that at 0,10m depth, one can expect a higher resultant

soil density due to an "optimum"” level of moisture content for

maximum compaction. It should be remembered that "optimum"

moisture content for maximum soil density of this clay soil was

found to be 27 percent by weight by the standard Proctor test.

Below the depth of 0,10m, there was 1ittle or no effec@ of compaction,
which could be due to moisture content ranging from 30 to 48

percent by weight, above the "gptimum" range for maximum compaction.
In 1979, the average moisture content was found to be 15 and 24
percent for 0 - 0,15 and 0,15 - 0,30m depths, respectively. Upon
driving the tractor once, greater compaction occurred %t lower

depths due to moisture content most favourable for maxibum compaction
found at these depths, the effect was additive to t&e upper
layers as the passes of the tractor increased. The sighificantly
higher values of soil density compared to the no-cbmpaétﬂonitre;tmentA/
(000) up to a 0,20m depth were noteworthy. { Atso, soil dénsity

values obtained by 15 passes of the tractor ih~ 79 were gfeater

than in 1978. It appears that the soil, during the initiaf measure-

ments, was considerably looser, and its moisture content was at

its "optimum" level for maximum compaction; these conditions

" are extremely favourable for a decrease in volume of soil, even:

with lighter loads. )

Along with the bulk density iritrease is an increase in_the meth-

. anical strenqgth of the soil mass. Reg??tance of soil to penetrometer
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and vane shear proved this situation.

Field results indicated that the penetrometer resistance was
more sensitive to moisture content variations than was the change
in density. For example, on one occasion, the density values in
the moderately compacted treatment were not significantly different
from those in the no compaction treatment, even at a 10 percent
probability level in the top 0,05m of soil. On the other hand,
there was a significant difference at the 1 percent probability
level for penetrometer resistance values. This 1is because of
the low moisture content in the top 0,05m, which increased the resis-
tance of the soil to the penetrometer. [t can also be noted thdt
the soil density in the top 0,05m was less than at the 0,10m depth,
whereas, the resistance of the soil to the penetrometer was more.

This was due to a higher moisture suction at the 0,05m depth than

‘@t the 0,10m depth. Although the penetrometer was influenced by

ﬁbisture content, it clearly defined the so1l profile with respect
to compaction levels. It is concluded that the resistance of soil
to a penetrometer increased with the increase of compaction effort.

In interpretiqg the vane shear resistance results, it appears
that the shear strength of the soil increased as the bulk density
increased. At lower depths, vane shear resistance did not show
any significant differences between treatments, S@cause at the
higher moisture contents the vane shear resistance is about the same
(Freitag, 1971). The moisture contents observed at lower depths
in both years were higher than those in the surface layers.

Upon compaction, the pore geometry of a soil is altered in

such a way that changes in the magnitude of aeration and moisture
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holding capacity result. The aeration status of a soil is represented

in terms of air-filled porosity. The calculated results of
air-filled porosity in both years suggest that the i1ncrease in
density and moisture content 1n compacted plots decreased the
aeration status of the soil appreciably, especially at lower depthrs.
These low values were noticed in the 0,20 - 0,25m depth range in
1978, below the critical value of 10%, These conditions at lower
depths may provide anaerobic conditions for plant growth and hamper
root elongation into sub-layers. If the soil contains iror and
manganese, the reduction of oxygen will frequently result in a toxic
formation which can affect root growth and complicate the direct
effect.

Thé reduction of volume due to compaction caused a decrease in
size of individual pores of the soil media which affected the
capacity of soil appreciably 1n terms of water retention and
transmission characteristics., The low moisture content in severely
compacted plots at the beginning of the observation, suggests that
the rate of infiltration was very slow and required more time than
that of other treatments. The longer time required for the
advancement of water into the soil increased the evaporation losses
from the soil surface during the infiltration period, ultimately
decreasing the moisture intake into the soil profile. The effect
of compaction may be explained in terms of void geometry. Upon
compaction the larger voids are decreased and produce more smaller
voids which retain water at higher suction levels. In other words,
the magnitude of moisture content becomes greater as the suction

increases, In clay soils, increasing the bulk density increases
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the capacity of the soil to retain water (Hill and Sumer, 1976).

The results of severely compacted (15 passes) treatments substantiated
these findings. Water transport in the soil is very sensitive to
soil compaction because the infiltration characteristics are
affected. The unsaturated hydraulic conductivity rate is closely
related to bulk density and water content. As the bulk density
increases, there is a rapid decline in hydraulic conductivity as
observed by Koshi and Fryrear (1973) and Negi et al., (1977).

This is because the increase 1in bulk density decreases the effective
size of voids, resulting in lower hydraulic conductivity. Similar
results were obtained in severely compacted (15 passes) soil which
produced high soil bulk density by reducing the voids, and decreased
hydraulic conductivity by 25 times at 38% volumetric moisture content

when compared to the no-compaction (000) soil.

6-2 Tillage and Physical Properties

The basic purpose of tillage is to provide a good seed bed
for the development of root and shoot growth. Spoor (1975), cited
by Soane and Pidgeon (1975), suggests that the tillage effect should
be defined by the resulting soil condition, not by the implement used.
Tillage of compacted soils prov%des a complexity of soil property
alterations. For example, the moldboard plowing of compacted soil
does not achieve a high degree of loosening, but some unfractured
clods persist (Soane and Pidgeon, 1975), whereas chisel plowing
results in less inversion and more shattering of compacted soil (Cooper,
1971). The effect of both plows in altering the soil properties
indicated a considerable difference on different compaction levels.
However, the changes in physical properties measured in the field

reveal that the tillage has markedly lowered dry bulk density,
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resistance of soil to a penetrometer and vane shear, and has
increased air-filled porosity, availability of water and hydraulic
conductivity. The moldboard and chisel plows had significantly
lowered dry bulk density values in the top (;,wm and 0,05m depths
as compared to the severely compacted plots. There were no
significant differences in bulk density values in the moldboard
and chisel plow plots, but their magnitude and consistency warrant
some discussion.

The results of this study suggest that the chise;] plow was more
effective in decreasing dry bulk density at the surface than at
lower depths, whereas the moldboard had the opposite effect. The
effect of the moldboard plow was more in reducing dry bulk density
by up to 0,18 9/cm3 compared to compacted-no-tilled soil.

Higher dry bulk density profiles were observed in chisel plots than
in moldboard plots. These results are in agreement with those of
Soane and Pidgeon (1975). The results are more interesting when
density profiles of plowed plots of both years are compared. When
severely compacted soil (15 passes) was subsequently tilled by the
moldboard plow in 1979, the average dry bulk density of the 0 - 0,25m
soil Tayer was lowered more than twice as much as in 1978. Thi#

is because the moisture content in 1979 was more suitable for
tillage operations. The average moisture content of the 0 - 0,25m
depth was about 20 percent and, from the 0,25- 0,30m depth, was 24%.
The suitable moisture for plowing shown by Davies et al., (1972) is
2 percent lower than the "optimum" moisture <content on the Proctor

compaction curve. The values of moisture content for the 0 - 0,25m
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soil layer were 4 - 5 percent below the "optimum" moisture
content. The plow was operated below its normal depth and has
created a plow sole which has increased the dry bulk density of the
0,25 - 0,30m soil layer from the original soil by about 0,15 g/cm3.

It was expected that lowering the dry bulk density would
reduce the soil strength. It appears from the results that the
penetrometer resistance did not depend so much on bulk density but
rather on the traffic and tillage effect (Negi et al.,1979). The
resU]t; of penetrometer resistance were affected by different
tillage treatments at various compaction levels, and variation of
moisture content. Nevertheless, tillage has reduced the resistance
of soil to the penetrometer effectively up to a 0,20m depth, and
values have nearly approached those of the no tilled (000) soil.
The most decrease was found in the top 0,10m. A comparison of
the results of both years indicate that the soil penetrometer
resistance in severely compacted plots, subsequently tillied by the
moldboard plow, was higher in the top 0,15m in 1979 than in 1978.
As the depth increased, the decreasejxn resistance was more pronounced.
This is because the average gravimetric.moisture content of the
0 - 0,15m soil layer in 1979 was 9% less than that in 1978.
Voorhees'QE_El., (1978) also showed that high penetrometer resistances
were associated with a 4% decrease in gravimetric moisture content
on silty clay loam soil.
" The vane shear resistance in 1979 was cénsiderably decreased in
severe]x compacted soil subsequently tilled by the motdboard plow in

the top 0 - 0,15m, but increased at a 0,30m depth by up to 10 kPa
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These Aisults are consistent with the low -and high bulk density

values gbtained at the top 0 - 0,15m and at 0,30m depths,

|

respectsMe1y, in the-same treatment, In fact the results were
|

signific%nt up to a 0,15m depth. The results of vane shear
resistanér profiles of both plowed and chiselled plots in 1978
showed nojsignificant difference when compared to each other.
However, gach plow had some effect at different compaction levels.
Severely éompacted plots (15 passes), when subjected to chisel

and mo1dbobrd treatments, showed some differences in vane shear
resistance with soil erths. The chisel plow had decreased the
vane shear resistance at a 0,10m depth appreciably more than at

( 0,025 and 0,20m depths, whereas the moldboard had decreased the
values throughout the profile, especially at a 0,10m depth. In the
case of 1ightly compacted plots (5 passes) the chisel and moldboard
plow treatments had considerably decreased vane sﬂear resistances at
a 0,20m depth, and the'magnitude of resistance was the same in both treat-
ments. The effect of the mo]dboérd plow in decreasing soil strength was
more in the top 0,10m depth than in the case of the chisel plow.
These results suggest that the chisel-type tillage implement can
effectively shatter the soil structure, depending on the degree of
compaction. It was seen during tillage operations in the field
that the chisel plow was not able to break the large masses of

5011 into small aggregates on severely compacted soil, and it

forhed cracks into which surface soil was falling. The higher

vane shear resistance in the top 0,025m was likely to be the

reconsplidation of surface soil, whereas the moldboard plow provided
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a granular structure due to shearing and inversion action,
resulting in lower vane shear resistancé values for the whole
profile. |

The aeration status and hydrology of thg soil are influenced
by the pore geometry, and this is altered by tillage operations.
Decreasing the soil density increasep the porosity at a constant
moisture content, resulting in an increase of air-filled pores.
In the field an increase in air—ﬁ']]ed/ porosity can be achieved by
decreasing soil density with the help of tillage tools.
Larson (1964),5ave an example showing how ti]]a%e affects the air-
filled porosity and storage of wate? at the normal plow depth of
18cm at field capacity, which he termed as "plow layer storage".
When an 18cm thick layer initially having 8,4cm of water at a
bulk density of 1,4 g/cm3 is loosened by plowing to a bulk
density of 1,0 g/cm3,the total porosity is increased from 47 to
62% and the thickness of the layer increased from 18cm to 25cm.
As a result, the amount of water increased by up to 15,5cm.  Suppose
the field capacity is 25% by weight, and the p]ow,hyer storage
is 2,3cm initially, then the subsequent plowed soil will have about
9,4cm of storage. It is therefore expected that the tillage,
which has decreased the bulk density, would have naturally inc‘reased

the air-filled porosity and thus moisture storage. The results
of the field experiments suggest thét the moldboarid and chisel

plows have effectively increased the air-filled porosity up to a
0,15m depth, and, in some instances, rendered the soil equivalent

to the no-till plots. At deeper depths the moldboard plow has
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. decreased air-filled porosity values in both years, which is

simply due to the higher bulk density and moisture content observed
in these treatments. [t was expected, during the growth period of
1978, that the soil-plant root system and time may change the
air-filled porosity values, but only a 5% increase in air-filled
porosity was found one month after seeding. Hence, in 1979, no
observation of porosity was repeated during the growth period. !
The above results obtained are consistent with the bulk density and
moisture content variations described previously in each treatment.
< The theoretical treatment of water movement predicts that the
physical properties of a soil affect the rates at which water moves
in response to suction gradients. The reduced rates of movement
through a porous body are due to the cross-sectional area of
individual pores, which are the main contributors to the passage of
water, and it is also due to increased path lengths imposed by / .
the geometrical arrangement of pores. Therefore, a decrease in
density due to tillage affected the geometry of the soil, and/
resulted in higher downward movement (Fig. 5.18) @nd higher ;},
\hydraulic conductivity values observed in the chisel plots. ¢
The lower volumetric moisture content values in chisel plots at
the beginning of the obse;-vaﬁon were due to the fact that the plants
have covered the area where the tensiometers were installed and
most of the rain was intercepted by the plants, resulting in less

water received around the tensiometer gauge area.

6-3 Ph_y§1‘ca1 Properties and Crop Response

It is seen, from the physical properties of soil, that

compaction has increased the dry bulk density, penetrometer

[
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resistance and vane shear resistance values significé&t]y up to
0,15, 0,25 and 0,10m depths.  Whereas the moldboard p]éw was
more efficient than the chisel plow, and -lowered the values
significantly up to 0,15m depth. HowevefF, both conditions in
the field could result in decreased or increased plant growth.

A consideration of the emergence of seedlings sugaests
that a delayed emergence in 1978 was not only due to the compaction
Tevels, but also to the moisture stress at the beginnigg of
the 1978 growing season. “The rainfall data in Figs. 6.1 and 6.2
shows that there v;as no rainfall for about one week after $Seeding in
1978, but in 1979’there was rainfall immediately after seeding.
Therefore, it is evident that less moisture contact during
emergence  in lé78 caused a d¥layed emergence of seedlings. . The
promisi;lg ;ffect of tillage on emergence is clear from the results
of the 1979 experiment. Emergence was delayed,on an average, by
4 days in comga;cted soil compared to the moldboard tilled soil.
The moldboard seemed to be more effective in disrupting the
compaction layers and resulted in earlier emergence and the same
grain yield as that' of no compaction plots. ® This yield, when
compared to average yields of Canad# and thé provinc[e} of Quebec*
averaged 25 and 8 percent more, respectively (Fia. 5.31).

i

*Bulletin trimestriel de la statistique agricole. Ministére de

7 1'Industrie et du Commerce, Bureau des Statistiques. S.A. 24'1-
J:51.  Janvier-Mars, #969, 1975; Province de Ousbec. -

™
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\
In using the plant emergence as an indicator of crop yield,

one might gain a false impréssion,even if the time allowed for
maturation was equal 1in both years, The difference in plant

heights at a given day after seeding can be attributed to plant
emergence, but the development of the plant system is dependent

on environmental conditions of the subsoil as well as climate.

However, in 1978, the buckwheat was grown late in June, which was about
one month later than that of 1979, and late sowing could have affected
plant growth. The results of both years suggest that the poor
environmental conditions provided by compactioh have resulted in smaller

plant heights, whereas subsequent tillage improved soil conditions and

allowed greater plant heights. The climatic factors, such as

temperatureiandfrginfall variatioh, play an important role in plant

o

-4;/ érowth. Th5gggst important factor observed during the growing season
of 1978 was a less than average rainfall, which provided dry conditions
for the needs of rapidly transpiring plants. The average rainfall
from July to September was 55 and 116mm for 1978 and 1979 growing
seasoné, repsectively. Evidently the water tabT; in 1978 was
lower than that found in 1979 (Figs. 6.1 and 6.2).

Compaction decreased the air-filled po;osity, only at lower
depths in severely compacted and plowed plots, and could not have .
affected the growth of roots because only few roots‘might have
penetrated to this dept#. Actually, the root length of buckwheat
was observed to be approximately 0,20m. Therefore, éhe average
bulk density and penetrgmeter resistance of the 0 - 0,20m soi1‘
layer were calculated for various compaction and tillage treatments

and related to plant parameters, as summarized in Tables 6.1 and 6.2.
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TABLE 6.1 - Average dry bulk density, penetrometer resistance and vane shear resistance of
g - 0,202F221%»k€§er for various treayments and” their effect on plant growth,
for the S ifhg season of 1978, 1
DRY BULK PENETRO- VANE SHEAR DRY ROQT PLANT DAYS TO
TREATMENTS DENSITY METER RESISTANCE |[: PLANT YIELD MASS HE IGHT EMERGE
3 RESISTANCE
(g/cm™) | (MPa) (kPa) (kg/ha) (mg) (cm) (days)
5Y0 1,220 4,05 33,12 1163,7 735 55 24
10Y0 1,143 4,40 47,08 610,7 350 52 24
15Y0 1,182 5,08 52,75 612,3 200 48 =7 25
15YC 1,139 3,29 47,83 11287,7 650 61 23
15YM 1,046 3,48 43,77 .2970,5 823 59 22
5YC 1,069 3,04 43,05 11876,5 793 70 23
5YM 1,112 3,66 48,03 2228,7 1543 68 22
000 1,026 3,32 26,75 4211,5 1248 87 22

-L6t-
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TABLE 6.2 - Average dry bulk density, penetrometer resistance and vane shear resistance for
various treatments and their effect on plant growth for the growing season of 1979.

1

!

I

DRY BULK PENETROMETER * | VANE SHEAR * | DAYS TO | PLANT
TREATMENTS | pENSITY ** | RESISTANCE RESISTANCE | EMERGE | HelGHT | GRAIN YIELD
(g/cm3) (MPa) (kPa) - (days) (cm) - (kg/ha)
000 1,039 1,16 19,32 9 99 1254,6
15Y0 1,341 4,03 62,24 17 92 916,7
s T
15YM 1,123 2,34 30,03 13 95 L 1247,

* 0 - 0,15m soil layer
** 0 - 0,20m soil layer
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It is most probable that the growth of roots might have been
affected by the mechanical impedance. The penetrometer does not
measure exactly the forces encountered by the growing roots, but
provides only an index of soil resistance,. Roots penetrate into
the soil more easily than the penetrometer probe by following

paths offering less than average resistance (Camp and Lund, 1968).
Nevertheless, the dry weight of the root indicates that the vertical
proliferation of the root system was impeded as the penetrometer
resistance increased and . .thus resulted in less dry plant weight.

Roots are the main source supplying water and nutrients from

“the spoitl-to thewéﬁtireggrowiqg plan}s. Therefore, it is necessary
for the roots to exploit large volumes o% 55}1 fB;‘Eésy access to - -
supply. If the supply is scarce, the growth will be retarded or
poor growth results. The factors which affect the plant growth,
also affect the availability of soil water to a greater or lesser
extent. For example, the increase in soil density decreases the
permeabi1ity of the soil and therefore the recharge of the soil could
be greatly affected and result in less availability of water to the
plant. The effect will be greater in a dry year than in a wet year.
Availability of soil water, as observed in the 1978 growing season,
was closely correlatéd with the dry plant yield. Compaction
decreased the availability of soil water and decreased the dry matter
yield by about 85%, while subsequent tilling with a chisel plow
increased the availability of water and increased the dry plant yield
by about 110%. The results suggest that, besides mechanical
impedance, the availability of water was also affected by soil

compaction due to lower transmission through the compacted layers, and
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/4

influenced the plant growth. The lower hydraulic conductivity

(the rate at which water is supplied to the plants) with Tower

dry mass of the root (may be shallower or less root density) in
compacted soil may have been the limiting factors for the supply
and uptake of the required amount of water to the transpiring plants.

~

4

o
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) CHAPTER VII

SUMMARY AND CONCLUSIONS gﬂ

Field studies to determine the effects of compaction (5, 10

and 15 passes) and tillage with-goldboard and chisel-type implements
on soils with two compaction levells (5 and 15 passes) were set up

5 &
1n the Macdonald College seed farm for the two Seasons of 1978 and 1979.

The grain size analysis classified fhe ;oi1 in the tests as
clay. The compaction tests indicatedlthe optimum moisture content
for maximum density after a fixed amount of loading. Plastic and
1iguid 1imit tests showed the critical moisture Heve1s at which soil
tends to crumble and shear,

Tillage and compaction effects were measured in terms of soil
bulk density, penetrometer resistance, vane shear resistance, unsaturated

hydraulic conductivity, and crop response. A buckwheat variety served

as the test crop. L

A

The soil density, vane and penetrometer resistance profiles
for various compaction levels were compared with no compaction soil
plots. A compacted soil subsequently tilled by moldboard and chisel
plows was compared with respectivevcompactea soils.

Upon compaction, the maximum increase in density, vane shear
and penetrometer resistance occurred from 0,10 to 0,15m depths,
depending on compaction levels. Subsequently tilled soils indicated
lower values up to a 0,25m depth. Below this depth the moldboard
p{ow produced a plow‘pan. Otherwise there was no significant
difference between moldboard and chisel plow plots.

Air-filled porosity values, which were calculated from the

measurements of dry bulk density and moisture content at each soil
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depth, indicated lower values in compacted soils and higher ™ues
under tifzed soil conditions. Moldboard and chisel plow plots
tended to lower air-filled porosity values below the plowing depth.
Water retention characteristic curves fo; vanjous compaction
and tillage treatments at O,ZSW depth were obtained from the
smoothed values of moisture contents against the field values of
soil suction in the range of the tensiometers. The values above
this range were obtained from the relationship of Campbell (1974), in order
to calculate the availability of water. The'conSBQUences of
compaction and tillage effects on water retention characteristics and
availability of soil water determinations are illustrated. Soil
bulk density changes due to compaction and tillage have been shown to
have ‘a marked effect on water retention characteristics of the soil and
moisture availability.
The unsaturated hydraulic conductivity of the soil under
different compaction and tillage treatments was calculated as a

function of moisture content [K(9)] . Calculated unsaturated hydraulic

conductivity showed a strong relation to soil compaction and moisture
content.

Soil compaction showed a definite effect on plant growth
characteristics. The time for seedling emergence increased,’while
growth rate, dry weight of the root mass, dry weight of the plant
and gréin yield were decreased as the compaction level increased.
When the compaction was alleviated by ti]laée, all growth parameters
were increased; the moldboard plok was especially effective in

loosening the soil, resulting in better plant performance.
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In separating the effects of soil physical properties, air-
filled porositx cou]d not have been the limiting factor affecting

plant growth because the measurements of roots indicated a root length

less than 0,20m. Mechanical impedance and moisture availability

are probably the important factors responsible for the reduced plant

growth.

The conclusions of this study can be statpd as follows:

(1) The repeated passes of the tractor caused increases in soil density.
The maximum soil density was found 0,10m below the surface of the
soil in both years. A comparison of both years showed that soil
dry density is strongly dependent oq moisture content and initial
status of the soil. - '

(2) Penetrometer resistanc;.was more sensitive than soil dry
density measureménts in showing the structural consistency of the
soil profile effectively as a result of the increase of compaction
efforts.

(3) Vane shear resistance, unlike the penetrometer, did not show a
definite difference among treatments at lower depths, but was
dependent on the dry bulk density of the soil.

(4) Unsaturated hydraulic conductivity and air-filled porosity
showed a strong dependence on the dry bulk density and moisture
content of the soil. Increasing densities reduced the void sizes ,
and decreased the unsaturated hydraulic conductivity by about
twenty-five fold at a constant volumetric moisture content.

(5) Plowing was more effective than chiselling in decreasing soil dry
bulk density and vane shear resistance frém 0 - 0,15m depths, but

penetrometer resistance showed a decrease up to 0,25m depth in

soils subjected to plowing and chiselling,

+
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(6) The results of’1979 suggested that the tillage would be more
effecti;e in providing appropriate soil structure for plant
growth if the soil, at that time, is under suitable conditions
for tillage operations. ’

(7) Tillage of compacted soil by a chisel plow improved the physical
condition of compacted layers and increased the conduction properties
of soil, accompanied by increased rates of water entry or a
larger volume of water available for plants. While compactedl
soil had retained more. water at higher suctions due to smaller
voids, this water was not rgadi]y available for plants due to
higher suction levels.

(8) Compaction produced a Tower hydraulic conductivity and the
soil could not subp]y water according to the transpiratioﬁa1
demand of the plants. Ho@ever, the compacted soils subjected
to chisel plow action had increased hydraulic conductivities which
aubmented plant growth and increased yields,

(9) Despite the compaétion and tillagé effect, the dry and wet
seasons also had a\great influence on plant growth, The 1978
season was relatively drier than.the 1979 season and pfant
growth was correspondingly less.

(10) Compaction has resulted in‘poor emergence together with lower
plant heights, dry root mass and dry matter yields. The magnitude
of reduct%on was greater from 1ight to severe compaction.

(11) Severe and moderate compaction of soils have reduced dry
matter yield by about 85 %, whereas 1ightly compacted soil has
reduced it by about 72 percent. Plowing by moldboard and chisel
tools of compacted soils has increased dry matter yield by about

385 and 110 percent, respectively.
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(12) Compacted soils, subsequently tilled by a moldboard plow,
produced the highest dry root mass.

(13) In the 1979 growing season, the grain yield of buckwheat was
reduced by 27% in severely compacted soil. When this soil was
tilled by a moldboard plow, the yield was increased by }bout 36%.
The superiority of the moldboard plow caﬂ‘g; demonstrated by
the fact that grain yields of 25 and 7 percent more than the
averagé yields of Canada and Quebec province, respectively, were
measured.

(14) The rate of emergence, Pplant height, dry weight of root mass,
dry matter yield and grain yield were markedly higher in no
compaction or tilled soil than in other treatments for both years.

(15) A very n;;row dry bulk density range of 1,026 to 1,046 g/cm3
produced the highest yields in 1978, whereas a highe‘ dry bulk
density range of 1,039 to 1,123 g/cm3 was the best for yields in 1979.

Suggestions and Recommendations for Further Research

An investigation of soil physical property changes due to
compaction and subsequent tillage indicates that the compaction by tractor

traffic has adversely affected the soil properties and reduced the plant

growth. On the other hand, a compacted soil subjected to tillage has

markedly improved the physical constraints of the soil and increased the
crop yield. A narrow range of soil density in a dry season and higher
range in a wet season indicate that the seasonal variations have a

great influence on machinery management effects. In a wet season, even
soil with high density did give better results in plant performance,
because of the adequate moisture supply to the rapidly growing plants.

It is therefore advisable to avoid as much traffic as possible in the
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dry season. If the traffié is reduced then there might be no need
for tillage.

The moldboard plow proved to.be better for this crop in the
particular climatic conditions, but it may diminish the yields for
other crops. The development of a plow pan under the normal depth
of plow could restrict the growth of longer roots due to impedance
and Tow root aeration. The plow pan does not seem to be formed by
the plow, but by the tractor tire riding in the furrow bottom. The
out-of-furrow plow could be utilized and compaction can be minimized
by reducing the amount of field traffic.

This study gives some knowledge of soil physical properties
altered by compaction and subsequent tillage, but still more compre-
hensive knowledge could be gained by studying a dynamic system, the
so-called "SPA" (soil-plant-atmoshpere). Field experiments on
compaction and machinery use could well be conducted with the additional
measurements of the interaction of soil physical conditions with
climatic factors. For example, the hydrology 6? the soiﬂ'depends
on the atmospheric conditions as well as on induced changes by compatction
and loosening of the soil, which may be of greater importande to the
growing plants, than the changes in bulk density or strength. However,
uptake of water by plant roots should be considered in studying the
water status in the soil. The absorption of water by plant roots
depends. on the plant properties (e.g. rooting density, depth and rate
of exfension). soil properties (e.g. stroage, conductivity, suction

inter-relations) and micrometeorological conditions (evaporation).

’Thése properties should be studied to consider the subject in its

broadest terms if the full understanding of the soil in relation to
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% {
r;taghinery management ‘15 to be gained. Tge study should be conducted
!ﬁ’
with different soils and crops under various climatic conditions, which
may help in developing a mathematical model. Once the model is

developed, it will be easier to make the recommendations for efficient

machinery management on a variety of soils, crops and climate. )
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APPENDIX A
Density-Moisture Meter
A g;;na ray probe, Troxler Modél 3401 surface moisture-density
- gauge was used; to determine soil densities in Ehe field tests. This

- %
instrument has a 0,30m probe with a cesium 137/ americium 241/ beryllium

radioactive source and a geiger counter resting on the surface tp measure

average bulk density from the tip of the probe to the sﬁrfaée of the
soil. Since the machine was not able to measure moisture content

profiles with depth, the samples wereltaken for gravimetric moisture

content determinations at various depths as described in Chqﬁéer IvV. %

The prOceduré of measurements consisted of taking the first

‘ standard density counts, (s, at the start of the day {n order to give
a11owancé for tFmperature, humidity and decay of the source. Secondly,
the density counts, C, were taken to a depth of 0,30m at 0,05m interval.
The average total bulk density (yT) values at each depth wére calculated

by the following formulas:

At 0,05m depth \ : 4
' L 8,2608 x Cs
Ypo = 62,38 (t—mm'x—m) mo=me--m- (A1)
At 0,10m depth
_ 11,2025 x Cs
Ypo® 54,14 ( 70,0503 x Cs)) """"" (R.2)
At 0,15m depth
- % = 47,55 x1n (%ﬁ) ----- -e- (A.3)
At 0,20m depth
. 13,733x €y Y
Yp = 38,87 (E—‘IU‘DUUQLF CS)) (A.4)
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2 At 0,25m depth ' ’
e - ' 12,9216 x Cs
\ vp = 3,58« 1"(c >0, 0T x Cs)) """ == (A.5)

’ 13,4438 x (s )
YT = 28,42 x ]n(mms) -------- (A.G)

Average dry bulk density was calculated using the appropriate

At 0,30m depth

gravimetric mofsture_ content by the foHovn;)ng relation:

YT ’ .
‘Yb bd W -------------- - - - - --————— (A.7)
, .
where Yy = average dry bulk density, g/cm3

YT F average total bulk density, g/cm3

weight of the moisture/dry weight of the
soil sample.

k3
1]

In order to observe a change in dry bulk density of each soil

O

) layer of 0,05m, the average dry bulk density values were converted into

- more localized density values by the following formula:

_ r LI (A.8)
, ) 22 - Z.'
where 7] = average dry bulk den\sity of the layer 1
£ th dry bulk density of the layer between Z,

and Zz - »
'72 = dry bulk density measurement at Zz, which
is the average over Z, and equals to

b Z] + Yz (zz - Z]) _________________ e (A.9)
Z

2
Fig. A-1 shows the schematic diagram of the surface moisture-

density gauge and summarizes th'esg relationships.
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SOURCE

AVERAGE DENSITY OF LAYER TO Z,+
DENSITY OF LAYER BETWEEN 2} AND Z2= %
'DENSITY MEASUREMENT AT Zps AVERAGE OVER Z2* %3

FusRize-2)
72 ‘

ﬁTﬁus
X2~ Ny -
R-2 o

-~

.
»

}igure A-1 Methods of calculating dry bulk density at
each dgpth .
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APPENDIX B
Re1a§jonsh1ps
- L Gravimepric moisture content, %
Mc, ¥ = (Neight of water/Weight of dry soi1)xlOQ
2. Volumetric moisture content
8 = (Dry density X Gravimetric moisture content).}100
3. Air-filled porosity
AFP = (Porosity - Volumetric maisture content) X 100
4. Porosity -t
Por = 1 - Dry density / Specific gravity of soil*

*2,7 for the soil under study
5. Plant yield, kg/ha.

Y = -1999--&9-_- /
(Mcp + 100) A
Rp =(Wwe_z_Wde)__ x 100
Wdc - Wc ,
)
. )

gF L ey

.‘.
T,




APPENDIX C .
TABULATED DATA FROM THE FIELD EXPERIMENT

Table C.1 - C.24 Tabulated fi‘eld data of avera‘ge gravimetric moisture '
content. % (Table €.l - C.5), local dry density,
l g/"cm (Table C.6 - C.11), average dry density, g/cm
- (Table €.12 - C.14),penetrometer resistance, MPa
(Table C.15 - C.18), vane shear resfistance, kPa
(Table C.19 - C,22), average plant heights, cm ‘
(Table C.23 - C.24). for different compaction and
tillage treatments. *

o~
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TABLE C,1 - Average gravimetric moisture content (X) for various compaction and tillage treatments at each depth.

YEAR 1878

Before Compaction and Tillage Treatments

v

.

BLocks | DEPTH TREATMENTS .
- 15YN 15¢YC 15Y0 10Y0 5YC 5YM 5¥0 000
0,05 13,13 8,39 12,87 12,76 11,64 10,35 14,65 12,17
0,10 | 28,17 13,42 . 29,26 29,60 21,61 23,80 32,66 28,00
! 0,15 | 33,69 19,24 37,62 3763 35,34 .25 43,55 36.04
) 0.20 | 29,92 24,87 37,87 36,85 34,83 32,68 a7,34 .29
0,25 | 26,15 32,49 8,1 36,07 .33 LN 5183 36,55
0,05 | 14,45 7,91 11,92 10,09 11,68 11,49 10,88 10,11
0,10 | 31,9 16,74 27,95 23,22 25,95 27,9 24,21 23,48
2 0,15 | 40,3 23,70 35,66 30,63 3,07 36,58 31,86 31,00
020 | 39,49 28,8 35,08 32,04 36,02 37,35 33,64 32,67
0,25 | 38,67 33,92 34,43 33,45 37,98 38,13 35,42 34,35
0,05 | 14,9 14,69 16,28 12,51 12,02 14,57 18,72 12,80
0,10 | 27,56 28,23 37,54 2, 28,21 32,04 M7 28,21
3 05 | 33,24 3,82 6,27 | 3,59 36,52 40,10 41,9 ' 35.82
9,20 3,93 34,47 39,46 34,86 37,07 38,73 40,3 35,63
0,25 20,63 un 33,66 35,14 37,61 31,37 38,79 35,44
0,05 12,44 12,16 13,52 10,85 12,86 12,25 13,727 10,83
0,10 | 26,37 27,13 29,18 23,12 29,47 27,14 28 48 22,41
. 095 | 33,25 35,85 3,55 2,18 37,58 3,89 3%,16 28,68
0,20 | 33,08 36,22 35,92 29,03 37,19 35,50 35,66 29,64
0,25 | 32,0 36,59 35,19 28,89 36,81 . 36,11 35,16 30,60

-19L-
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" TABLE C.2 - Average gravimetric moisture content (%) for various compaction and tillage treatments at each depth.

YEAR 1978 , Y
. __After Compaction Treatments
BLOCKS | DEPTH TREATMENTS
m 15YM 15YC 15Y0 10Y0 5YC SYM 5Y0
0,05 14,05 12,92 13.96 12,90 1,22 10,24 17,94
0,10 | 27.49 28,57 28,89 29,49 26,05 23,33 35,19
1 0,15 | 33.5 35,84 36,15 38,08 3,76 30,44 42,25
0,20 | 32.51 34,71 35,74 38,65 28,35 31,57 39,10
0,25 | 30.59 33,59 35,32 39,22 24,95 | 32,67 35,95
0,06 | 14.77 1,78 13,64 16,48 16,07 1,97 13,92
0,10 | 34,99 26,33 27.12 36,03 37,18 217,46 27,93
2 0,15 | 43,66 33,50 34,76 43,42 47,94 34,63 35,17
0,20 41,00 33,29 36,55 38,67 " 48,37 33,46 35,63
0,25 38,37 33,08 38,35 33,91 48,97 32,30 36,09
b,05 | 11,54 11,75 14,47 12,09 13,93 15,35 13,82
0,10 | 26.11 28,07 32,26 26,22 27,17 31,85 32,04
3 0,15 | 33,9 36,61 40,26 33,75 35,73 39,56 a1;50
0,20 | 34,93 37.37 38,47 34,68 37,80 38,47 42,19
0,25 | 35.95 38,13 36,68 35,62 39,87 37,39 42,89
0,05 | 10,8 1,24 12,14 13,59 13,33 12,64 12,00
0,10 | 24,17 25,63 25,62 29,58 30,06 28,91 26,34
4 0,15 | 33,62 34,01 32,98 37,33 37,13 34,99 33,44
0,20 | 34,19 36,41 34,21 .36,84 34,56 30,90 33,29
0,25 | 35,17 38,80 . 35,44 36,35 31,98 26,80 33,14

hs ]

A1
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. TABLE C.3 - Average gravimetric moisture content (%) for various

. r '

)(* tillage treatments at .each depth.
YEAR 1978 .

. BLOCKS | DEPTH | TREATMENTS

‘ " 15YM 15YC 5YC 5YM
f 0,05 13,21, 14,03 | 14,47 | 18,21

‘ 0,10 24,42 26,89 .| 32,04 27,61
1 0,15 | 29,89 - 33,19 40,86 . 34,91
- | 0,20 28,74 , | 32,92 -| 40,93 - 35,94
0,25 27,88 32,65 | 41,00 36,96
0,05 | 1507 | 15.86 14,34 17,29
0,10 27,65 32,57 29,09 31,82
2 0,15 34,03 41,30 # 36,44 39,18
0,20 34,22 42,07 36,38 39,37
. , 0,25 34,40 42 .84 36,32 39.55
¢ 0,05 | / 8,89 11,84 13,22 14.12
0,10 17,66 26,13 31,05 31,09
3 0,15 23,14 34,5 | 40,02 39,59
) 0,20 25,31 | 36,13 40,31 39.64
0,25 27,48 38,91 40,54 39.69
0,05 12047 8,82 15,72 13,49
0,10 26,04 - 27,09 34,10 29,84
of’< , 4 0,15 32,84 35,19 42,49 37,17
= _ 0,20 | 32,88 32,16 40,90 35,46
0,25 2,92 | 3332 | 39,3 33,76
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3 VABLE (.4 - Average gravimetric moisture content (%) f

or various compaction and tillage treatments at each depth.

YEAR 1978 .
One Month After Seeding
BLOCKS | DEPTH TREATMENTS
4§ " 15YM 15Y¢C 15Y0 10Y0 5YC 5YM sY0 000

0,05 12,83 16,66 1,24 15,18 16,17 12,51 14,77 15,67

0,0 | 21,7 26,01 26,61 29,65 32,34 27,94 26,12 29,29

S 0,15 26,63 30,52 13,27 37,67 40,4 36,47 32,74 36,59
0,20 26,18 30,19 34,23 39,24’ 40,58 8,0 34,65 37,57

. 0,25 27,72 29,87 35,19 40,82 40,76 39,75 36,55 38,55

B 0,05 12.76 1,79 16,84 12,12 4 1,79 11,99 12,08 12,29
0,10 25,34 5,60 ‘ 25,76 23,64 30,58 19,88 21,69 23.41%

2 0,15 33,15 ,94 31,61 30,62 37,89 24,79 26,04 29,09
0,20 3,18 36,81 34,40 33,07 35,70 2,73 25,15 39,32

0,25 39,21 39,69 37,18 35,51 13,51 28,67 24,25 29.56

0,05 14,82 25,46 13,93 14,64 14,53 15,45 14,37 13,81

0,10 26,45 34,94 26,39 25,25 24,83 30,55 26,01 25,48

3 0,15 32,62 37,23 29,42 32,47 31,76 38,06 32,83 13,46

) 0,20 33,33 32,33 23,03 36,30 35,33 37,97 34,82 37,713
0,25 34,04 27,43 16,64 40,14 38,89 37,89 36,82 42,01

0,05 1,49 14,74 15,10 13,08 u,n 12,24 12,20 1,50

0,10 17,95 25,81 . 25,43 23,25 29,32 21,89 22,47 20,89

L] 0,15 24,96 33,36 31,67 30,24 37,63 26,48 29,70 26,3
0,20 32,51 37,4 33,80 34,03 39,63 26,01 33,89 28,03

0,25 40,05 41,35 35,94 37,83 41,63 25,53 38,09 29,69
- -

Py
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TABLE C.5 - Average gravimetric moisture content (%) for various compaction and tillage treatments- .

at each depth, YEAR 1979
- B.C.T. A.C. A.T.
BLOCKS | DEPTH TREATMENTS TREATMENTS
" 15Y0 15YM 000 15Y0 15YM 15YM
. 0,05 7,63 8,98 15,68 9,91 12,15 10,70
0,10 13,12 12,44 17,40* 14,77 15,48 14,11
1° | 0,15~ 18,61 15,89 19,12 19,62 19,81 17,51
0,20~ | 21,54 18,63 20,69 21,97 22,68 19,53
0,25 21,9T\\\ 20,65 2211 24,82 23,09 21,08
0,30 22,8214 22,67 23,53 23,67 23,59 22,33
0,05 9,85 8,91 9,63 10,20 14,50 14,47
0,10 14,76 14,03 15,15 15,38 | - 16,25 16,71
2 15 19,66 19,15 20,67 20,56 20,00 18,95
20 21175 22,16 | 23.46 22183 22,55 20,63
0,25 21,04 23,07 23,52 25,20 22,92 21,74
0,30 20,33 23,92 23,58 23,57 23,29 22,86
0,05 9,41 1,68 .| 7,69 9,77 12,70 15,43
0,10 13.96 16,75 1,93 1458 15,81 19.58
3 0,15 18,51 21,82 16,17 19,39 23,92 23,73
0,20 21,85 24.35 19,70 21,75 26,56 25.84
0,25 223,98 24,36 22,51 24,65 25,73 25,91
0,30 26,10 24,37 25,33 23,57 24,90 25,97
NOTE: B.C.T. - Before Compaction and Tillage Treatments-

]
A.C. / - Rfter Compaction Treatments

A.T. - After Tillage Treatments

e

1
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TABLE C.6 - Local dry bulk density (g/cua) for various compaction and ti1lage treatments (average of 3 sgiples) at each depth.

YEAR 1978
Before Compaction and Tillage Treatment
BLOCKS DEPTH TREATMENTS
L]
15¥N 15YC 15Y0 10Y0 5YC 5YM 5Y0 000

0,05 1,033 1,150 1,017 0,980 0,980 »1,000 0,957 0,980

0,10 1,167 1,197 1,013 0,887 0,850 0,927 0,953 0,860

B 8,15 1,17 1,037 1,003 1,000 0,827 0,807 0,797 0,807
0,20 1,280 1,160 1,310 1,180 1,330 1,050 1,037 1,030

0,25 1,217 1,230 1,233 1.020 1,730 1,140 1,170 1,093

0,05 0,940 1,063 _ 1,057 1,057 1,000 1,047 1,007 1,097

0,10 0,903 0,987 - 0,963 1,120 1,073 0,983 0,947 1,137

2 0,15 0,867 0,967 1,007 1,253 0,997 1,063 0,847 1,170
0,20 1,867 1,303 1,120 1,220 1,227 1,237 - 1,097 1,227

0,25 0,963 0,980 1,223 1,240 11 1,200 1,097 1,213

6,05 0,923 0,970 1,017 1,143 1,013 0,943 0,933 0,997

0,10 0,860 0,897 1,157 0,790 0,963 0,977 0,897 .0,500

3 0,15 0,813 0,883 0,997 0,800 0,943 0,993 0,940 0,950
0,20 0,973 1,120 1,207 1,000 1,210 1,143 1,173 1,037

0,25 0,930 1,097 1,180 1,300 1,177 1,150 1,027 1,060

0,05 1,003 },000 1,027 1,037 0,983 0,973 0,943 0,997

0,10 0,940 0,910° 0,833 0,980 0,877 1.023 0,933 0,967

-4 0,15 b,897 0,917 0,753 0,913 0,.790 0,933 0,873 0,937
0,20 1,110 1,160 0,953 1,090 0.833 1,217 1,013 1,327

0,25 0,963 1,267 1,050 0,833 0,953 1,137 1,073 1,053

' .
*
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TABLE C.7 - Local dry density (g/c-3) for vartous compaction and tillage treatments (average of 3 samples) at each depth.

. ) YEAR 1978
) Kfter Compaction
BLOCKS DEPTH TREATMENTS
- 15YM 15YC 15Y0 10Y0 5YC 5YM 5Y0

0,05 1,223 1,150 1,027 1,19 1,210 1,180 1,187
0,10 1,487 1,277 1,253 1,187 1,320 1,227 1,163
1 0,15 1,077 1,157 1,033 1,090 1,167 1,277 1,093~
0,20 0,980 1,380 1,290 1,266 1,330 1,420 1,263
0,25 1,283 1,442 1,143 1,230 1,217 1,260 1,270
0,05 1,103 1,260 ,n? 0,993 1,060 1,187 1,037
0,10 1,027 1,407 1,103 0,870 1,040 1,263 1,307
2 0,15 1,067 1,067 1,057 0,880 1,217 1,153 1,207
0,20 1,240 1,290 1,210 1,140 0,892 1,217 1,457
40,25 1,243 1,210 1,213 1,100 0,877 1,330 1,210
. 1 0,08 1,147 1,340 1,170 1,193 ° 1,203 1,087 1,123
0,10 «1,110 1,267 ¥,200 1,340 1,223 1,247 1,267
3 .15 0,973 1,133 1,207 },210 1,143 4133 1,200
0,20 1,307 1,250 1,217 1,260 1,230 1,263 1,443
0,25 1,373 1,287 1,443 1,293 1,350 1,340 1,047
0,05 1,140 1,240 1,157 1,067 1,073 1,073 1,053
0,10 1,137 1,240 1,183 1,140 1,237 1,303 1,303
4 0,15 1,123 1,217 1,253 1,263 1,230 ¥.223 1,203
‘ 0,20 1,327. 1 1,300 1,273 1,200 1,343 1,567 1,213
0,25 1,353 1,297 1,340 1,223 1,313 1,147 1,213

=181~
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TABLE C.8,- Local dry density (9/cm3) for various tillage treatments

.188-

(average of 3 samples) at each depth.

YEAR 1978

After Tillage

v

#

LN

’

BLOCKS DEPTH TREATME NTS

" 15YM.- 15v¢ 5YC 5YM

0,05 1,107 1,037 0,997 0,937

0,10 1,000 ~ 1,027 1,053 0,943

1. 0,15 1,210 1,100 1,710 0,753
"+ 0,20 0,593* . 1,243 1,177 1,120
0,25 1,077 1,243 1,223 1,200

0,05 1,013 0,880 0,977 1,003

0,10 0,930 1,170 0,967 1,327

2 0,15 0,947 1,033 0,933 1,100
* 0,20 1,327 1,193 1,293 1,290
0,25 1,283 1,403 1,123 0,593

0,05 1,073 1,197 0,960 1,047

’ 10,10 0,993 1,353 1,080 1,253
3 0,15 0,927 1,207 1,213 1,113
"1 0,20 1,103 1,353 1,267 “1,170
0,25 1,110 1,327 1,167 1,313

0,05 1,083 %043 1,027 1,100

0,10 1,053 1,070 0,947 1,013

4 |,0,15 1,083 1,107 ™ 0,917 1,233
10,20 1,297 1,207 1,180 1393
0,25 1,223 1,273 1,150 1,280

-

*Possible existance of a cavity after p16w1ng.




TABLE C.9 - Local dry density (g/m3) for various compaction and tillage treatments (average 3 samples) at each depth.

/

YEAR 1978
" BLOCKS DEPTH | . TREATMENTS

» 15YM 157C 15Y0 1dvo 5YC 5YM 5Y0 000

0,05 1,057 1,057 1,333 1,143 1,007 1,067 1,057 1,173

J 0,10 1,000 1,067 1,353 1,087 1,033 1,173 1,07 1,170

1 0,15 1,370 0,970 1,183 1,120 1,120 1,113 1,140 1,107

0,20 1,503 1,173 1,020 1,157 1,387 1,310 1,143 1,230

0,25 1,307 1,313 1,620 1,427 1,193 1,220 1,063 1,253

, 0,05 1,127 1,;3 1,303 1,380 1,107 1,043 1,227 1,163
0,10 1,180 1, 1,253 1,387 1,027 1,147 0,980 1,127,

2 0,15 1,040 0,993 1,123 1,267 0,793 1,150 1,067 1,110

0,20 1,107 1,363 1,243 1,343 1,013 1,400 1,400 1,243

0,25 1,183 1,317 1,273 1,350 1,383 1,393 1,433 1,176

0,05 1,213 0,987 1,080 1,167 1,07 1,093 1,130 1,037

0,10 1,183 | 1,103 1,2v7 1,317 1,173 1,223 1,333 1,070

3 0,15 1,127 1,050 1,180 1,287 1,223 1,213 1,163 1,040

0,20 1,253 1330 | 1,450 1,353 1,247 1,413 1,367 1,37

0,25 0,930 1,117 1,477 1,050 1,077 0,623 1,323 1,240

0,05 1,083 1,030 ,N3 1,273 1,037 1,100 1,130 1,057

8,10 1,093 0,992 1,173 0,920 0,907 1,023 1,157 1,890

4 0,15 1,053 0,973 1,480 0,973 0,857 1,113 1,157 0,980

0,20 1,147 1,157 0,950 1,513 1,080 1,533 1,357 1,107

0,25 1,223 0,953 1,057 0,633 0,940 1,400 1,293 1,123

“68L-
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TABLE C.10 - Average dry bulk density (9/cu3) for various compaction and tillage treatwents (average of 3 samples) at each depth.

YEAR 1978
, Before Compaction and Tillage Treatments
BLOCKS DEPTH TREATMENTS
m [ 1SV T5VC T5Y0 1070 5YC 5YN BYG 600
0,06 | 1,03 1,150 1,017 0,974 0,980 1,000 0,957 0,980
0,10 1,033 1,173 1,017 0,933 0,913 0,963 0,943 0,923
1 0.15 1,067 iar 1,010 0,953 0,887 0,910 0,893 0,880
0,20 1,153 1,137 1,087 1,013 0,997 0,947 0,927 0,923
0,25 1,163 1,153 1LN? 1,010 1,023 0,983 0,977 K] .
0,05 0,940 1,063 1,00 1,057 1,010 1,047 1,007 1,107
0,10 0,923 1,027 1,043 1,087 1,043 1,017 0,977 1,120
2 0,15 0,907 1,003 1,057 1,140 1,027 1,030 0,930 1,137
0,20 0,947 1,080 1,077 1,163 1,077 1,083 0,973 1,160 b
0,25 0,947 21,057 1,127 1,177 1,097 1,107 1,000 1,170 3
0,08 0,923 0,970 1,017 1,143 1,013 0,943 0,933 0,997 '
0,10 0,893 0,937 1,087 0,967 0,990 0,960 0,920 0,950
3 0,15 0,863 0,917 1,053 0,910 0,973 0,973 0,927 0,950
0,20 0,900 0,967 | 1,093 0,937 1,033 1,017 0,987 0,970
0,25 0,907 0,993 1,110 1,010 1,140 1,040 0,993 0,990
. 0,05 1,003 1,000 1,027 1,037 0,983 0,973 0,943 0,997
0,10 0,970 0,957 0,930 1,010 0,933 1,000 0,940 0,980
4 0,15 0,947 0,943 0,873 0,973 0,833 0,977 0.917 9,963
0,20 0,987 0,497 0,893 1,007 0,833 1,037 0,943 1,057
0,25 0,983 1,050 0,927 0,970 0,897 1,060 0,97 1,057
®
R “
- «

-

P
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TABLE C.11 - Local dry density (g/Cm3) for various compaction and tillage treatments
(average of 3 samples) at each depth.

-6t~

YEAR 1979
v B.C.T. _ A.C. A.T,
aLocks | pEPTH TREATMENTS TREATMENTS
- ( : m
j ) 15Y0 15YM 000 15Y0 15YM 15YM
0,05 1,153 1,083 0,993 1,383 1,417 1,007
0,10 1,127 1,147 1,037 1,380 1,490 1,127
. 1 0,15 0,997 0,997 0,953 - 1,303 1,480 1,383
, 0,20 1,13 1,137 1,050 1,497 1,353 1,473
0,25 1,073 1,140 1,153 1,430 1,283 1,170
0,30 . | 1.113 1,237 1,260 1,243 1,483 1,643
’ 0,05 1,077 1,063 1,103 . 1,177 1,213 1,090
0,10 1.083 1,050 1,100 1,323 1,450 1,100
2 0,15 0,853 1,043 0,940 1,210 1,177 1,073
0,20 1,143 1,160 1,047 1,400 1,303 1,247
0,25 1,217 1,050 0,970 |l 1,257 1,300 1,237
. 0,30 1,050 1,217 1,350 1,510 1,340 1,540
0,05 1,047 0,963 1,127 1,317 1,403 0,907
0,10 1,013 1,010 1,023 1,397 1,293 1,090
3 0,15 1,007 0,937 0,943 1,313 1,280 1,067
0,20 1,173 1,137 | 1,150 1,383 1,430 1,060
0,25 1,037 1,107 1,453 1,427 1,427 - 1,237
0,30 1,140 1,203 1,373 1,440 1,423 1,460

NOTE: B.C.T. - Before Compaction and Tillage Treatments
A.C. - After Compaction Treatments
AT, - After Tillage Treatments




TABLE €.12 - Average dry bulk density (qlc-3) for varig\ancmctim and tillage treatménts (average of 3 samples) at each depth

" -

) y Afterﬁ(:o-pacnon Treatments
pLocks | peEPTM - TREATMENTS .
. 15YM 15YC ) 1sv0 1070 5YC SYM 5Y0
0,05 1,223 1,150 1,127 1,190 1,210 1,180 1,187 \
) 0.10 1,357 1,213 1,193 1,190 1,263 1,207 1,180
1 0,15 1.263 |, 1,19 1,140 1,157 1,233 1,230 1,47
o2 | 1,093 |1 3,23 1,173 T 1,183 1,257 1,217 1,180
0,25 1,207 1,27 1,17 1,190 1,250 1,273 1,193
0,05 1,103 1,260 1,117 0,977 1,060 1,187 1,037
0,10 1,100 1,333 1,113 0,923 1,053 - 1,227 1,173 -
2 0,15 1,087 1,27 1,093 0,907 1,107 1,203 1,180
0,20 1,130 1,257 1,123 0,970 1,023 1,207 1,253
0,25 1,150 - 1,257 1,143 0,993 0,993 1,233 1,243
0,05 1,147 1,240 1,170 1,193 1,203 1,087 1,123
0,10 1,13 1,307 1,187 1,267 1,213 1,170 1,197
Ef 0,15 1,080 1,247 1,190 1,250 1,190 1,157 1,197
0,20 1,120 1,250 1,213 1,250 1,200 1,183 - 1,260
0,25 1,267 1,257 1,257 1,260 1,227 1,217 1,217
0,05 1,230 1,20 =| 1,157 1,062 1,073 1,073 1,083
0.10 1,267 1,243 1,170 1,107 1,157 1,187 1,180
[ 0,15 1,297 1,233 1,197 1,197 1,180 1,200 1,187
0,20 “1,303 1,250 1,220 1,167 1,220 1,290 1,197
0,25 1,283 1,260 1,240 1,180 1,240 1,260 1,192

e ?\’\,
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TABLE C.13 - Average dry bulk density (g/cm3) for various tillage

-193-

»

treatments (average of 3 samples)-at each depth.

YEAR

1978

After Tillage Treatments

TREATMENTS

BLOCKS | DEPTH _
m- 15YM 15YC 5YC 5YM

0,05 1,107 1,037 0,997 - 0,970

0,10 1,053 1,030 1,027 0,940

T 0,15 1,107 1,063 1,057 0,877
0,20 0,977 1,157 1,087 0,943

0,25 0,997 1,163 1,110 0,990

0,05 1,013 0,880 0,977 1,003

0,10 0,970 1,027 0,973 1,167

2 0,15 0,963 1,027 0,957 1,143
0,20 1,057 1,070 1,043 1,180

0,25 1,100 1,263 1,057 1,063

0,05 1,073 1,197 0,960 1,047

0,10 1,033 1,277 1,023 1,153

3 0,15. | 0,997 1,253 1,083 1,140
0,20 1,023 1,280 1,130 1,150

0,25 1,040 1,287 1,137 1,180

0,05 1,083, 1,043 1,027 1,100

0,10 1,070 1,057 0,990 1,060

4 0 1,073 1,073 0,963 - 1,117
0,20 1,130 1,107 1,020 1,183

0,25 1,147 1,140 ° 1,043 1,203
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TABLE C.14 - Average dry density (g/cm3) for various compactiob and tillage treatments
(average of 3 samples at each depth.

YEAR 1979 -
B.C.T. A.C. AT,
BL OCKS DEPTH TREATMENTS TREATMENTS

- m X - -

) 15Y0 15YM 000 15Y0 - 15YM 15YM

0,05 1,153 1,083 0,993 1,383 1,417 1,007

0,10 1,140 1,17 1,013 1,380 1,453 1,070

1 0,15 1,093 1,077 0,993 1,357 | 1,463 1,173
0,20 - |7 1,097 1,093 1,010 1,387 "1,430 1,250 *

0,25 1,093 1,100 1,037 1,400. 1,403 1,230

0,30 1,097 1,123 1,107 1,373 1,420 | 1,300

0,05 1,077 1,063 1,103 1,160 | i,213 t 1,09

0,10 1,080 1,060 1,100 1,243 1,333 1,097

2 0,15 1,003 L 1,053 1,047 1,233 1,283 1,090

0,20 1,037 1,080 1,050 1,273, 1,287 7,130

0,25 1,073 . 1,073 1,033 |} 1,287 1,287 .1 1,150

0,30 1,070 1,100 1,087 1,313 1,297 1,217

0,05 1,047 0,963 1,127 1,317 1,403 0,907

0,10 1,033 0,983 1,073 1,357 1,347 1,083
3 0,15 1,020 0,970 1,030 || 1,343 1,327 0,983 -

0,20 1,060 1,010 1,063 1,353 1,353 1,007

£ 0,25 1,053 1,033 1,140 1,367 1,363 1,050

-] 0,30 1,070 0,973 1,177 1,377 1,377 1,120

NOTE: B.C.T. - Before Compaction and Tillage Treatments
" A.C. - After Compaction Treatments
A.T. - After Tillage Treatments

e}
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TABLE C.15 - Penetrometer resistance (MPa) for various compaction and tillage treatments (average of 3 samples) at each depth,

YEAR 1978
Before Compaction and Tillage Treatments

- BLOCKS DEPTH TREATMENTS

» 15(M 15YC 15Y0 1070 5YC SYM 5Y0 000
0,05 1,060 0,410 0,680 0,210 0,290 0,260 0,180 /0,350
0,10 2,343 2,750 3,230 0,950 1,680 0,620 0,580 1,150

‘ 1 0.15 2,340 6,410 2,100 2,090 4,500 2,410 1,470 1,757
0,20 3,890 4,973 5,100 2,230 4,120 3,880 2,120 2,190
0,25 5,820 4,880 : 6,400 3,123 5,760 4,530 3,500 3,353
0,05 0,267 0,503 0,400 0,237 0,240 0,620 0,740 0,350
0,10 0,967 0,760 1,530 - 0,970 0,590 3,153 0,760 1,970
2 6,18 1,307 1,530 who 2,350 1,230 4,457 1,650 2,120
kL 0,20 2,837 2,587 3,850 3,000 2,090 4,470 3,090 4,850
0,25 5,427 3,221 3,693 3,940 2,350 4,830 3,29 3,320
0,06 0,463 1,150 1,730 1,680 1,100 0.660 1,320 1,180
u@ 0,10 1,280 1,543 3.9%0 2,013 2,470 2,610 1,880 1,810
‘ 0,15 1,810 2,400 3,390 2,690 3,060 3,400 3,150 2,040
0,20 3,250 3,70 4,190 1,923 4,070 3,820 3,730 3,350
0,25 2,540 3,673 5,210 5,400 4,320 4,720 3,920 3,780
0,05 0,740. 0,950 1,40 0,650 - 0,43 3,09 0,360 0,810
0,10 2,23 2,120 3,510 2,570 1,823 3,020 2,320 2.570
4 0,15 2,903 2,900 3,810 3.010 2,380 3,160 2,880 2.990
0,20 3,960 3,570 4,080 4,020 3,920 3,900 3,780 4,400

0,25 4,780 4,490 4,600 4,420 4,260 4,050 4,300 107

s
¥
}
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TABLE C.16 - Pepetrometer resistance (MPa) for various compaction and tﬂlm_;e treatments (average 3 samples) at each depth.

YEAR 1978
After Compaction
BLOCKS DEPTH - TREATNENTS :
= 15" 15¢¢C 15Y0 100 59¢ SYN 50 -
0,05 7.480 €.030 5,380 5,690 4,850 4,23 4,180
0,10 8,360 6,140 5,230 4,503 4,320 3.260 3503 - &
! 0,15 4,820 6,820 5,000 3,260 4,970 5,050 2,9% ’
0,20 | 6,670 7,503 6,850 3,650 4,220 4,290 34390
-1 0,28 7,700 5,790 7,280 4,300 6,700 4,800 3,750
0,05 6,350 7.820 6,240 3,320 5,850 6.760 5,650 B
0,%0 4,250 3,920 4,390 5,400 6,387 4,320 4,150
? 0,15 4,090 3,500 3,550 4,210 3,957 4,89% 4,250 .
0.20 4,970 5,470 5,700 3,200, 4,650 4,503 5,550 §
0,25 5,440 5,030 5,590 5,260 4,410 4,03 4,733 1 X
0,05 5,490 7060 | 5,300 5,520 4,210 3,710 3,920
0,10 6,810 5,460 4,780 5,010 3,780 3,880 4,020
3 0,15 4,253 4,460 4,883 . 4,740 4,300 4,060 4,310
0,20 5,353 4,860 5,020 4,700 4,400 4,010 4,090 . ’
0,25 6,09 6,020 6,170 L 5,120 5,340 5,280 4,710 ) -
0,05 5,740 6.060 4520 | 3,380 3,550 3,060 2,630 p
0,10 4,720 4,920 4,910 4,290 4,460 4,070 4,460
4 0,15 5,320 5,020 5,040 4,900 4,620 4,900 4,610
0,20 | 4,930 . 5,010 3910 4,620 4,320 4,410 4,580 i
0,25 - 5,800 6,100 6,200 5,440 5,610 5,390 4,9%0 ) ¢
. 4\‘\ o
. <1

a
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TABLE C.17 - Penetrometer resistance (MPa) for various tillage

: )

[ ‘treatments (average of 3 samples) at each depth.

3

YEAR 1978
After Tillage
BLOCKS | DEPTH TREATMENTS

m 15YM 15YC 5YC 5YM
0,05 1,850 3,410 2,060 2,030
0,10 3,290 3,590 2,160 2,620
1 0,15 3,560 4,620 2,750 4,070
0,20 6,260 4,700 5,190 6,190
0,25 5,320 5,350 6,303 '5,380
0,05 3,440 3,653 3,820 3,620
0,10 3,310 2,470 2,970 3,680
2 0,15 3,970 3,150 2,100 4,170
0,20 5,377 3,503 4,060 4,970
0,25 5,850 5,330 5,230 4,190
0,05 1,580 1,620 1,860 1,660
0,10 2,890 2,480 2,760 2,890
3 | 0,5 | 3,813 3,530 2,820 3,270
0,20 4,020 3,700 3,740 4,020

) 0,25 5,470 5,150 4,920 5,240 .
| 0,08 1,430 2,040 2,720 3,140

0,10 2,800 2,880 2,620 3,690
4 0,15 3,820 3,620 3,410 3,880
0,20 4,310 3,670 3,590 4,720
0,25 5,320 5,800 5,760 5,090

-

wast




TABLE C.18 - Penetrometer resistance (MPa)- for various compaction and tillage treatments

4 e A
‘

[ —

) : (average of 3 samples) at each depth.
- YEAR 1979 -
B.C.T. A.C. A.T.
BLOCKS DEPTH TREATMENTS TREATMENTS
- , m .
15Y0 15YM 000 15Y0 | 15YM 15YM -
0,025 0,957 0,650 0,880 4,030 3,020 2,577 °
1 0,15 2,350 1,790 2,037 4,583 2,900 1,950
0,30 2,410 1,567 1,227 7,100 8,377 2,430
0;025 0,253 0,210. 0,250 3,810 3,020 2,253
2 0,15 1,467 | 1,437 2,207 3,857 2,900 2,297 .
3 0,30 1,037 1,310 0,667 6,690 9,043 3,727
A
0,025 0,527 0,327 0,203 1,923 2,073 2,527
3 0,15 1,450 0,690 1,383 5,959 4,497 2,433
0,30 1,970 0,740 1,207 6,540 6,147 " 5,153
NOTE .T. - Before Compaction and Tillage Treatments

B.C
A.C. - After Compaction- Treatments
AT

- After Tillage Treatments
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- TABLE C.19 - Yane shear resistance (kPa) for varfous compaction and tillage treatments (average of 3 samples) at each depth.

Befare Compaction and Tillage Treatments

YEAR 1978

BLOCKS DEPTH TREATMENTS

"l s 15YC 15v0 10v0 sYC SYM sva 000

0,08 3,640 2,873 3,830 2,393 2,393 1,917 2,393 2,153

) 0,10 | 21,547 22,503 20,107 16,280 22,986 17,N7 15,800 18,193
0.25 | 43,09 40,700 83,790 57,460 76,610 83,790 74,213 59,850

0,05 3,353 z,870 3,830 3,353 2,873 5,270 2,870 2,393

2 0,10 | 14,33 11,970 13,407 } 17,200 16,757 15,320 14,363 13,407
a,25 54,583 28,730 66,030 51,710 55,060 93,3—67 39,260 56,500

0,05 1,917 1,440 3,80 2,870 2,873 5,270 1,917 2,390

3 0,10 | 15,800 14,840 28,130 22,023 24,420 21,2 503 23,460
0,25 | s0.273 47,880 67,030 47,880 79,000 sz.sZZT/‘ 43,09 59,850

0,05 2,633 2,870 2,150 2,633 2,393 2,393 2,393 ‘\7 2,870

’ 0.10 | 16,280 22,023 2,010 a7 19,150 22,563 17,240 7,77
0,25 | 52,667 55,063 47,880 67,033 64,640 69,427 43,09 68,910

=661~




TABLE C.20 - Vane shear resistance (kPa) for various compaction and tillage treatments (average

of 3 samples) at each depth,
3

= _YEAR 1978
After Compaction
BLOCKS DEPTH TREATMENTS
: " 15YM " 1sYC 15Y0 10Y0 5YC SYM 5Y0
0.0 | 21,55 16,760 1,970 22,983 " 10,533 15,320 13,260
| 0,15 | 90,970 93,367 97,000 55,063 45,487 57,457 60,427
0,25 98,153 83,790 90,970 57,030 62,240 79,000 72,243
0,05 |21,q0 20,5% 35,910 24,420 16,280 22,503 16,760
2 0,15 |} 59,850 88,580 76,610 55,063 57,457 74,213 64,503
. 0,25 | 79,000 93,367 83,790 74,213 74,213 90,970 88,577
0,05 13,407 22,020 30,643 26,313 11,970 24,900 21,547
3 0.15 |s5,060 69,427 83,790 74,213 62,240 69,427 71,820
0,25 | 59,850 74,213 64,637 .| 83,79 57,457 74,297 83,790 i
0,05 |16,200 10,533 28,730 19,153 15,800 |\ 22,503 21,547
. o oas {eome | w02 | sz 64,637 55,060 52,670 71,820
0,25 67,030 -45,487 59 427 ’ 66,030 39,000 m 67,030 83,790 R

{
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TABLE (.21 - Vane shear resistance (kPa) for various tillage treatments
(average of 3 samples) at each depth.

YEAR 1978
After Tillage
BLOCKS | DEPTH , TREATMENTS
m 1
15YM 15YC 5Y¢ 5YM
0,05 | 10,053 5,270 14,840 12,450 D
1 0,15 | 64,140 62,243 69,430 | 45,487
0,25 | 69,430 83,70 76,607 | 64,640 7
—
0,05 | 16,277 21,547 11,970 19,630
2 0,15 |.50,273 76,900 55,063 _ | 58,063
0,25 | 67,030 59,850 71,820 83,790
0,05 7,180 21,547 14,363 14,843
3 0,15 | 27,290 43,093 45,487 55,060 i
0,25 | 56,497 /93;950 47,880 57,933
0,05 | 10,530 18,193 8,617 16,760
4 0,15 | 50,273 | 40,697 45,487 64,573
0,25 | 76,610 71,820 55,063 86,180
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« TABLE C.22 - Vane shear resistance (kPa) for various compaction and tillage treatments
N\ T = (average of 3 samples) at each depth. * ’
<, YEAR 1979 -
E B.C.T A.C. A.T
BLQCKS DEPTH TREATMENTS TREATMENTS

\ " 15Y0 15YM 000 15Y0 15YM 000
0,025 3,430 2,393 | 5,030 47,080 70,200 11,970
1 0,15 58,253 26,333 25,857 | 87,780 76,607 66,233
0,30 85,387 79,800 78,203 122,093 77,407 78,203

, :
0,025 2,633 3,750 2,710 32,717 77,407 7,820
2 0,15 24,740~ 34,313 53,467 83,790 74,213 34,313
0,30 80,177 85,390 89,377 118,103 70,227 102,940
) 0,025 | 2,713 | 4,243 3,350 45,487 | 48,677 7,977
3 0,15 39,900 31,120 25,533 76,607 82,197 51,870
0,30 83,787 52,667 74,217 106,933 | 114,910 110,923
. NOTE: .T. - Before Coﬁpaction and Tillage Treatments

C
.C. - After Compaction Treatments
T. - After Tillage Treatments

-20é-
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TABLE €.23 - Average plant heights (cm) for various compaction and tillage treatments {average of 5 samples)

throughout the growing season of 1978

h D AT E S

TREAT- .
BLOCKS MENTS N AUGUST SEPTEMBER
4 9 14 18 22 25 29 1 6 9

15YM 8,20 ‘14,30 22,20 31,80 48,90 49 .50 ‘51 U0 51,10 52,20 53,20
15%¥C 5,10 1 10,20 18,92 28,49 28,40 4,00 42 .50 48,9 53,60 56,70
15Y0 4,70 7,40 12,34 21,70 27.90 33,90 28,90 42,20 42,30 47,40

1 10Y0 8,80 10,70 15,80 26,20 29,40 30,60 33,60 39,30 43,80 " 46,20
5Y¢ 7,00 13,20 20,00 25,20 32,00 | 42,04 52,00 59,80 61,20 67,50
5YM 10,10 11,70 21,10 28,50 40,10 41,50 42 .60 54,00 63,10 67,20
5Y0 10,70 15,70 22,50 29,2 36.40 45,30 45,50 48,10 56,50 56 ,80
000 16,50 23,90 41,50 54,10 58,80 65,60 73,60 77,10 84,30 87,40
15YN 14,50 24,60 40,50 51,80 59,50 65,20 66,40 66,40 67,00 68,00
15¥C 9,00 9,90 29,90 24,90 35,00 36,40 43,40 52,90 58,60 60,60
15Y0 4,70 7,60 - 18,60 24,50 25,50°| 32,80 33,90 35,90 40,00

2 10¥0 5,60 10,10 m,io 20,60 23,50 1,10 33,90 38,60 44 00 45,10
5YC 8,10 12,00 21,40 22,90 40,20 45,70 53,20 6,50 67,70 70,80
5YM 13,80 22,70 39,3 28,50 56,40 58,70 66,90 67,90 72,40 72,50
5Y0 8,10 13,30 19.8 26,40 31,30 33,10 35,80 43,40 48,50 49,60
000 21,30 31,60 53,5 59 40 72,50 75,90 80,90 86,00 86,70 86,90

+
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TABLE C€.2Z3 {Cont'd.)
TNEAT‘ pATES
BLOCKS |~ wepys AUGUST SEPTEMBER
4 9 14 18 22 25 29 + 1 6 9

15T 12,40 24,50 34,90 40,00 51,20 52,02 55,60 56,70 68,40 69,40
15YC 5,70 9,90 | 14,40 23,10 35,80 41,80 56,50 58,20 59,00 61,50
1570 4,80 8,00 | 13,30 16,00 | 2060 | 2980 | 33,20 | 40,20 | 42,30 46,20

3 10Yo 5,80 11,50 19,40 28,40 41,04 49,50 52,40 60,20 61,00 61,00

. sYC 7,10 9,70 19,10 27,00 39,20 46,80 62,10 68,00 71,50 72,70
5YM 6,40 8,20 14,40 20,10 32,80 33,50 46,60 - 49,70 61,30 64 .80
5Y0 8.10 12,50 28,60 29,70 43,10 46,20 50,60 §5,30 58,30 58,40
000 17,40 32,80 45,90 59,50 74,50 74,90 82,70 86,40 86,50 86,80
15YM 4,00 - - - 36,00 36,20 42,00 | 42,50 45,60 46,60
15YC 8,10 12,80 21,70 23,20 36,40 46,20 52,60 61,60- | 65,20 65,70
15Y0 7,80 10,50 20,60 24,20 33,60 44,90 51,20 57,20 57,% 59,20

4 10Y0 6,9 | 1,80 23,20 27,80 39,90 54,0 54,90 | 55,30 56,00 56,50
SYC 6,90 8,60 17,30 23,70 37,40 46,50 52,60 61,10 66,80 69,00
STM 9,70 12,60 21,30 27,50 42,20 43.40 4510 58,20 65,60 67,70
5Y0 4,70 9,70 15,00 18,40 30,50 32,50 39,50 47,20 54,30 55,50
000 13,20 20,00 n,20 43,30 60,80 62,00 66,60 70,44 85,70 87,00

; i .
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TABLE C.24 - Average plant heights (cm) for various compaction and tiilage treatments {average of 5 samples)
throughout the growing season of 1979,

-5

D ATE S
TREAT-
BLOCKS | yents JuLy . - AUGUST
14 18 23 28 3 9 15 21 28
15YM 8,54 18,20 | © 30,30 46,30 62,20 82,60 87,50 96,60 97,60
1 Y]SYO 8,20 16,10 26,00 40,30 49 .00 70,00 |* 72,00 88,20 88,60
000 8.70 21,00 36,50 54,60 65,00 87,70 94,00 95,20 | = 98,44
15YM 9,00 16,40 26,60 42,90 54,30 77,40 94,1 94,90 95,30
2 15Y0 8,80 16,20 ) 28,1 41,50 54,90 78,30 86,20 96,10 96,60
000 9,60 24,10 37,30 52,40 64,30 93,10 97,20 100,70 101,30
15YM 7,20 16,20 28,80 45,10 54,70 80,0 85,10 93,90 92,50
3 15Y0 8,70 16,50 29,80 45,00 58,50 80,80 82,50 90,70 90,80
000 7,70 19,50 | 34,40 56,10 62,30 88, 80 95,60 98,20 | 99,40

-50¢-
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REGRESSION MODELS N
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Analysis of variance for increase in dry density at different

TABLE D.1
depths. .
YEAR 1978
A. 0,05 (m) d ,
Sum of Mean | 2
Source DF sq. 5q. F ProF R C.v.
Model 14 0,20 0,014 2,79 0,0077 0,5418 46,98
Error 33 0,16 0,005 Std. Dev. 71 Mean’
Corr. Tot. 47 0,36 0,07 0,15
Source « DF Anova SS F Pr>F
Block 3 0,0132 0,87 0,4662
Treatment 1 0,1835 3,31 0,0038
ol .
B. 0,10 (m)
Sum of Mean 2
{ Source DF 5q. 5q. F ProF R C.V?
~ Model 14 0,50 0,036 2,92 0,0057 0,5531 43,51
Error 33 0,40 0,012 Std. Dev. 12 Mean
Corr. Tot. 47 0,90 0.1 0,25
Source DF Anova SS F Prp>F
. ' Block 3 _0,0726 1,99 0,1351
Treatment N 0,4251 3,17 0,0050
c. 0,15 (m)
Sum of Mean
Source DF 5q. sq. F Pr>F Ro C.v.
Model 14 0,43 0,030 3,52 0,0014 0,5991 48,24
Error 33 0,28 40,008 Std. Dev. 13 Mean
Corr. Tot. 47 0,71 0,09 0,19
Source OF Anova SS F Pr>F
{ Block 3 0,2168 8,33 0,0003
Treatment 1" 0,2106 2,21 0,0387
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TABLE D.1 (Cont'd)
D. 0,20 (m) N v -,

Sum of Mean i 2
Souyce DF 3q. 5q. F Pr>F R C.v.
Model 14 0,49 A0,035 2,07 0,0426 0,4676 119,17
Error 33 0,56 0,017 Std. Dev. 14 Mean
Corr, Tot. 47 1,05 0,13 0,11
Source DF Anova SS F Pr>F
Block 3 0,2373 4,66 0,0080
Treatment N 0,2552 1,37 0,2349

N\.M

E. 0,25 (m)
Source DF Sum of Mean 1Y s

5q. 5q. F Pr> F R C.v.
Model 14 0,38 0,027 2,31 0,0240 0,4948 105,57
Error 33 0,39 0,012 Std. Dev. Ig Mean
Corr. Tot. 47 0,77 o, 0,10
Source DF Aqova SS F Pr>F -
Block 3 0,1422 4,00 0,0156
Treatment 1 ' 0,2408 1,58 0,0853
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TABLE D.2 - Analysis of variance for jncrease in dry density at different

depths.
t;h YEAR 1979
\ »

A, 0,05 (m)

Sum of Mean 2
Source DF q. 5. F Pr>F R C.v.
Model 5 0,15 ' 0,031 ‘4,58 0,0455 0,7925 42,98
Error 6 0,04 0,007 Std. Dev. V] Mean
Corr. Tot. 11 0,19 0,08 ( 0,19
Source DF Anova SS ,TEF Pr>F
Block 2 0,0238 1,78 0,2476
Treatment 0,1299 6,46 0,0262
A. 0,10 (m)

Sum of Mean ?
Source DF 5q. 5q. F Pr> F R C.V.
Model 5 0,25 0,045 12,33 0,0041 0,9113 25,50
Error -6 0,02 0,004 Std. Dev. V2 Mean
Corr. Tot. 11 . 0,27 0,06 0,25
Source DF Angva 5SS F Pr>F
Block 2 0,0018 0,23 0,8026
Treatment 0,2462 20,4 0,0015
B. 0,15 (m) T
e Sum of Mean 2
Source DF 5. 5q. F Pr>F R c.v.
Mode1 -5 0,26 0,053 8,67 0,0102 0,8784 35,88
Error | ~ . 0,04 0,006 Std. Dev. V3 Mean
Corr. Tot. 1 0,30 0,08 0,22
Source DF Anova SS F Pr> F
8lock 2 0,0 0,9 0,451
Treatment 3 0,2528 13,84 0,0042
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0,0568

TABLE D.2 (Cont'd)
D. 0,20 (m)
Source DF Sgg\ of Mg:" F o Pr>F R2 C.v.
Mode1 5 0,22 0,045 17,20 0,007 -0,9348 29,04
Error - 0,02 0,003 Std. Dev. V4.Mean
Corr. Tot. N 0,24 0,05 6,18
Source DF Anova SS a F Pr>F
Block 2 0,0158 3,05 0,1221
Treatment 0,2070 26,63 0,0007
E. 0,25 {m) ~
Source DF Sg'c']‘."f 'gga“ F o Pr>F R2 C.v.
Model 5 0,10 0,019 1,77 0,2832 0,5958 69,47
Error 0,06 Q.,OH Std. Dev. Vg Mean
Corr. Tot. 11 0,16 0,10 0,15
: P

Source - DF Anova SS ¥ /r> F
Block 2 0,042 1,0~/ 0,2281
Treatment 3 0,0543 1,66 /o 0,2740
F. 0,30 (m)

Sum of Mean ? v -
Source DF 3q. 4q. F PrOF R ) E;V.
Model 5 0,07 0,013 1,12 0,4400 0,4823 ‘ 55,37
Error 6 .0,07 a,0m Std. Dev. Ve Mean
Corr. Tot. 11 0,14 0,1 0,20
Source DF Anova SS - F Pr>F
Block 2 0,0095 0,40 ' 0,6869
Treatment 1,60 0,2861

e
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TABLE D.3 - Analysis of variance for decrease in dry density at
different depths.

YEAR 1978
A. 0,05 (m) *
Sum of Mean 2
Source DF sq. 5q. F Pry F R C.v.
Model 14 0,32 0,023 3,06 00041 0,564 90,46
Error 33 0,24 0,007 Std. Dev. Z1 Mean
Corr. Tot. 47 0,56 0,09 0,10
Source DF Anova SS F Pr>»F
Block T 3 0,0217 0,98 0,4160
Treatment 11 0,2959 3,62 0,0020
B. 0,10 (m)
Sum of ‘ Mean 2
Source DF 5q. 5q. F Pr>F R c.v.
" Model 14 0,66 0,047 3,33 0,0022 0,5855 102,41
Error 33 0,46 0,014 Std. Dev. Z2 Mean
“Corr. Tot. 47 1,12 - 0,12 0,12
Source DF Anova $5 F Pr>F
Block 3 0,1516 3,60 0,0237
" Treatment 11 0,5036 3,26 0,0042
C. 0,15 (m)
Source DF Sum of Mean 2
5q. 5q. F Pr>F R C.V.
Made] 14 0,23 0,016 1,15 0,3548 0,3281 231,22
— Eprop .33 047 0014 . _ Std. Dev. Z3 Mean
Corr, Tot, 47 0,40 0,12 0,05
Source DF Anova SS F Pr>F
Block 3 0,0595 1,61 0,2048

Treatment 1 0,1617 1,02 0,4475 |




TABLE D.3 (Cont'd)
JABLE D.3

D. 0,20 (m)

3 J
Source OF 5;2-"’" ”gg’_‘ F Pr>F RZ C.V.
Model, 14 0,44 ',032 1,28 10,2700 0,3522 5021,05
Error © 33 0,8% 10,025 Std. Dev. Z4 Mean
Corr. Tot. 47 1,2 0,16 J 0,003
Source ) DF Apova ) : F. Pr>1F
Block 3 0,1220 1,65 0,1964
Treatment Rk 0,319 1,18 0,3375
E. 0,25 (m) T
Source DF Sum of Mean 2 i

5q. S, F Pr)>F R C.V.
Model 14 0,49 _ 0,035 0,82 0,6468 0,2573 257,60 ,
Error 33 1,42 0,043 Std. Dev. 15 Mean
Corr. Tot. 47 1,91 0,21 0,08
Source DF Anova SS F PrsF
Block 3 . 0,101 0,78 0,5122
Treatment 11 0,3912 0,83 0,6159

e
{
o
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TABLE 0.4 - Analysis of variance for decrease’ in dry density- at
different depths.
YEAR 1979
P
A. 0,05 (m) ‘
Sum of Mean o 2
Source DF 5q. 5q. Fo. Pr>¥F R c.v.
Mode1l 5 0,27 0,053 5,16 0,035(3 0,8114 75,72
Error ] 0,06 0,010 Std. Dev. V1 Mean
Corr. Tot. 11 0,33 0,10 0,13
Source DF Anova SS F Pr>F -
.Block 2 0,0160 0,78 0,5016
Treatment 3 0,2494 8,09 0,0157
B. 0,10 (m)
Source DF Sum of Mean 2
5. 5q. F Pr>F Re . CV
Model 5 0,21 0,043 14,17 10,0029 0,9219 42, N
Error 0,02 0,003 . Std. Dev. V2 Mean
Corr. Tot. N 0,23 , 0,05 0,13
Source DF - Anova S$ F Pr>F
Block 2 0,0012 0,20 0,8218
Treatment 3 0,2125 | 23,48 0,0010
C. 0,15 (m)
Sum of Mean
Source DF S g F o Pr>F RY C.v.
Mode1 5 0,07 0,013 6,00 0,0249 0,8334 70,23°
Error 6 0,01 0,002 Std. Dev. V3 Mean
" Corr. Tot.“ 11 0,08 . 0,05 0,07
Source .DF Anova SS F Pr>F
" Block 2 0,0123 K 0,1372
Treatment 3 0,053% 8,13 0,0155

"\'
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TABLE D.4 (Cont'd)
D. 0,20 (m)
Sum”of Mean g « 2
Source DF 5q. 5q. F Pr>F R C.V.
Model 5 0,13 0,026 1,54 0,3063 0,5613 183,63.
Error 6 0,10 0,017 Std{ Dev. Vq Mean -
Corr. Tot. 1 0,23 0,13 0,07
Source DF Anova SS F Pr>F
Block 2 0,0598 1,79 0,2449
Treatment 3 0,0681 1,36 0,3408
E. 0,25 (m)
Source DF Sum of Mean 2 ‘
5q. 5q. F Pr>F R C.v.
Model 5 0,08 0,015 2,02 0,2087 0,62N 133,89
Error b 0,04 0,007 Std. Dev. V5 Mean -
Corr. Tot. M1 0,12 0,08 0,06
Source OF Anova SS F Pr>F
Block 0,0254 1,68 0,2643
Treatment 0,0511 2,25 0,1833
F. 0,30 (m)
Sum -of Mean 2
Source DF Sq. Sq. F Pr>F R C.v.
Model 5 0,5’; 0,074 14,80 0,0025 0,9250 135,15
Error 6 0,03 0,005 Std. Dev. Vg Mean
Corr. Tot. n 0,40 0,07 0,05
Source DF Anova SS F Pr>F
Block' 2 0,0110 1,09 0,3947
" Treatment 3 03592 23,93 0,0010
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TABLE D.5 -~ Analysis.of variance for increase in peretrometer
resistance at different depths. )
YEAR 1978

A. 0,05 (m)
Source DF Sum of Mean 2 ‘

5q. Sq. F ProF R C.v.
Model 14 113,14 8,081 12,79 10,0001 0,8443 19,23
Error 33 20,86 0,632 Std. Dev. Z1 Mean
Corr. Tot. 47 134,00 0,79 -~ 4.13
Sdurce DF Anova SS F Pr>F
Block 3+ 23,3403 12,31 0,000
Treatment 11 89,8001 12,92 0,0001
B. 0,10 (m)

) £

Sum of Mean 2 .
Source DF Sq. Sq. . F Pr>F R c.v.
Mode 14 EZ,GS | 4,475 3,95 0,0006 O,626d 37,96
Error .33 37,43 1,134 Std. Dev. Z2 Mean
Corr. Tot. 47 ]O0,0E 1,06 2,81,
Source " DF " Anova SS v F Pr>F
Block 3 - ‘,1127 5,9 0,0024 -
Treatment 11 42,5399 3,4 © 0,0031 "
‘C. 0,20 ((]m) ’

Sum of Mean 2
Source K DF sq. sq. F Pr>F R c.V.
Model” 14 30,48 2,77 4,8 0,0001 0,6723 . 67,45
Error 33 14,86 0,450 Std. Dev. Z4 Mean
Corr. Tot. 47 45,34 0,67 0,99
Source DF Anova SS F Pr>F ‘
Block 3 5,9399 © 4,40 0,010 ‘
Treatment 11 - .&;4,5372 4,95 v 0,0002
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TABLE D.6 - 'Analysis of varfance for increase in penetrometer
" resistance-at different depths.

YEAR 1979

A. 0,05 (m) ,
: Sum of Mean e ' 2 :
Source ] DF 5q. Sq. . F Pr>F R c.v.
Model 5 15,22 3,043 9,57 10,0080 0,8886 31,46
Error 6 1,91 0,318 Std. Dev. V] Mean
Corr, Tot. 11 17,13 0,56 1,79
Source DF Anova SS F PrsF
Block 0,9304 1,46 0,3037
Treatment 14,2863 . 14,98 0,0034
B. 0915 (m) -

Sum of Mean 2
Source DF < sq. 5q. F Pr>F R C.v.

" Model 5 40,26 8,052 2,32 0,670 0,6594 81,1
Error 6 20,79 - 3,466 Std. Dev. V2 Mean
Corr. Tot., ]’1 61,05 1,86 2,30
Source DF Anova SS F Pr>F
Block 13,6082 1,96 0,2208
Treatment 26,6521 2,56 0,1506

3
C. 0,30 (m)

Sum of Mean. 2

Source “ DF Sq. 5q. F Pr>F R C.v.
Model 5 98,90 19,780 19,73 0,0012 0,9427 22,61
Error 6 6,02 1,003 Std. Dev. V3 Mean
Carr. Tot, 1 104,92 1,00 4,43
Squrce DF Anova SS F Pr>F
Black 2 6,7093 2,85 0,1351
Treatment 93,1927 30,98 0,0005

oo .

sadn

Gy e
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TABLE D,7 - Analysis of variance for decrease in penetrometer
’ resistance at different depths.
.YEAR 1978
+A. 0,05 (m)
Sum of Mean 2
Source DF sq.” 5q. F Pr>F R C.v.
Model 14 125,17 8,941 158,50 0,0001 0,8514 41,89
Error .33 21,85 0,662 Std. Dev. Zy Mean
Corr. Tot. 47 147,02 0,81 1,94
Source DF Anova SS © F Pr>F
Block’ 3 2,8715 1,45 0,2473
Treatment 1 122,2984 16,79 0,0001
B. 0,10 (m)
Sum of Mean F Pr>F R? C.V.
Source DF 5q. sq.
Mode1 14 59,00 4,214 3,87 0,0007 0,6218 78,04
Error 33 35,89 1,088 Std. Dey. Z7 Mean
. »
Corr. Tot. 47 94,89 1,04 1,34
Source DF Anova SS . F Pr>F
- Block 3 72,7095 0,83 0,4867
Treatment 1 56,2932 4,71 0,0003
(
€. 0,20 (m)
Sum of Mean 2
Source DF Sq. 5q. F Pr>F’ R C.V.
Model ' 14 30,24 2,160 8,32 0,0001 0,7791 161,84
Error 33 8,57 0,260 Std. Dev. Z4 Mean
Corr. Tot. 47 38,81 0,51 0,31
Source "~ DF i Anova SS F Pr>F
Block 3 0,3974 0,51 0,6782
Treatment ¢ 10,44 0,0001
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TABLE D.8 - Analysis of variance for decreasé in penetrometer
resistance at different depths,

YEAR 1979

A. 0,05, (m) .

Sum of Mean 2
Source DF 5q. Sq. F Pr>F R C.v.
Mode1 5 1,02 0,205 1,21 0,062 0,5015 172,72
Error 1,02 0,170 Std. Dev. V1 Mean
Corr. Tot., 11 2,04 0,41 10,24

| Source DF | Anova SS F Pr>F ’
Block 3 0,0384 0,11 0,8949
Treatment , 0,9870 1,94 0,2249
i

B. 0,15 (m)

Sum of Mean 2
S‘ourc,e DF 5q. sq. F Pr>F R , c.v.
Model 5 43,08 8,617 2,11 10,1945 0,6378 154,73
Error 24,46 4,077 Std. Dev. Vo Mean
Corr. Tot. 1 67,54 2,02 ' 1,30
Source DF Anova SS F Pr>>F
Block 2 10,8119 1,33 0,3335
Treatment 3 32,2711 2,64 0,1440
C. 0,30 (m)

Sum of Mean 2
Sour;ce DF Sq. 5q. F \ Pr>»F R C\.V.
Model 5 74,32 14,865 8,09 0,00121 0,8708 58,15
Error 6 11,02 1,837 Std. Dev. V3 Mean
Corr. Tot. 11 85,34 . 1,36 2,33
Source DF Anova SS F Pr>F
Block 7,119 1,96 0,222
Treatment - 67,2042 12,19

0,0058
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TABLE D.9 - Analysis of variance for decrease in vane shear resistance

at differgnt depths. - e
YEAR 1978
A. 0,025 (m)
Sum of Mean . 2
Source DF sq. sq. F Pr> F R C.v.
Mode1 14 1761,03 125,788 6,67 0,0001  0,7390 27,47
Error 33 621,98 18,848 Std. Dev. 71 Mean
Corr. Tot. 47 2383,01 4,34 15,80
Source DF Anova SS F Pr>»F
Block 3 118,3873 2,00 , 0,119
Treatment 11 , 1642,6403 7,92 0,0001
B. 0,10 (m) \
\ - -
Source DF Sum of  Mean ) 2 ‘
Sq. 5. F' Pr>F R ¢ C.V.
Mode! 14 12221,92 872,9¢ 6,50 10,0001 ' 0,7338 26,87
Error 33 4434,76 134,39 Std, Dev. Iy Mean
‘Corr. Tot. 47 16656,68 11,59 43,14
Source - DF ¥ Anova SS - F Pr>F
Block , 3 437,40 1,08 0,3690
Treatment _ 11 11784,52 7,97 0,0001
€. 0,20 (m)
Source DF Sum of Mean 2
. s, S0, F Pr>F R C.v.
Mode1 14 943,38 138,81 1,23 0,3019  0,3427 - 75,42
Error 33 . ‘
3727,58 - 112,96 . Std. Dev. Z3 Mean
Corr. Tot. 47" s670,06 10,63 | 14,10
" Source DF Anova F _ Pr>F
Block ' 3 207,0683 0,61 0,6126

Treatment 1 . 1736,3158 1,40 0,2202
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TABLE D.10 - Analysis of variance for increase in vane éhear resistance
at different depths.

YEAR 1979
A. 0,025 (m) -
Sum of Mean “ ‘
Source DF Sq. Sq. F Pr>F R? . C.v.
Model 5 6324,93 1264,986 ]2,35 0,0041 © 0,914 27,87
Error 6 614,44 102,407 Std.Dev. V1 Mean
Corr. Tot. 11  6939,37 10,12 - 36,31
Source DF Anoxa S$ F Pr’>F
Block 231,5986 1,13 0,3831
Treatment 3 6093,3331 19,83 0,0016
B. 0,15 (m)
4 Sum of Mean 2 )
Source. DF Sq.  Sq. F Pr>F R C.V.
Model 5 4217,40 843,481 10,43 0,0064 0,8968 28,83
«Error 6 + 485,46 80,842 Std. Dev. Y2 Mean
Corr. Tot. 11 4702,46 8,99 31,19 $
Source DF Anova‘ ) F Pr>F
Block ZU, 31,8937 0,20 0,8261
Treatment 3 4185,5094 17,26 0,0024
. k|
C. 0,30 (m)
Source DF  Sumof  Mean 2
C 5q. Sq. F Pr>F R . c.v.

Mode] 5 2646,82 529,364 2,16 10,1881 0,6427 79,40
_Error 6 1471,55 245,258 Std. Dev. V3 Mean
Corr. Tot. 11 4118,37 15,66 19,72
Source DF Anova 5§ F Pr>F.
Block 2 408,9513 0,83 0,4792
Treatment 3 2237,8695 3,04 0,143 .
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TABLE D.1} - Analysis of variance for increase in vane shear resistance
i

at different depths.

. YEAR 1978

A. 0,025 (m)

Sum of  Mean ?
Source DF 5q. 5q. F Pr>F R C.v.
Model . 14 1050,90 75,064 1,89 0,0651 0,4456 112,69
Error 33 1307,30 39,615 -~ - Std. Dev. Z1 Mean
Corr. Tot. 47 2358,20 6,29 5,59
Source DF Anova SS F Pr>F
Block 3 143,2093 1,21 0,3232
Treatment 11 907,6893 2,08 0,0511
B. 0,10 (m)

?

Sum of Mean F Pr>F R c.v.
Source DF sq. 5q.
Model 14 7810,85 557,918 1,87 0,0686 0,4428 124,47
Error 33 9828,29 297,827 Std. Dev. Iy Mean
Corr. Tot. 47 17639,14 17,26 13,87
Source DF Anova SS F Pr>F
Block 3 1834,1943 2,05 0,1255
Treatment 1 5976,6533 1,82 0,0896
C. 0,15 (m) \§

Sum of  Mean 2
Source DF 5q. sq. F Pr>F R C.v.
Model 14 3399,84 242,846 1,18 0,3319 0,3343 200,24
Error 33 6770,70 205,173 Std. Dev. I3 Mean
Corr. Tot. 47 10170,54 14,32 7,15
Source DF Anova SS F Pr>>F
Block 3 891,6232 1,85 0,264,
Treatment N 2508,2205 1,1 0,3835
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TABLE D.12 - Analysis of variance for decrease in vane shear resistance

at different depths.

YEAR 1979

A. 0,025 (m)

Sum of  Mean 2
Source DF 5q. Sq. F Pr> F R C.vV.
Model . 5 7247,41 1449,482 11,01 0,0055 0,9018 49,15
Error 6 789,60 131,560 Std. Dev. Vi Mean
Corr. Tot. 11 8037,01 11,47 23,34
Source DF Anova SS F Pr>F
Block 169,5442 0,64 0,5579
Treatment 7077 ,8655 17,93 0,0021
B. 0,15 (m)
Source OF Sgg‘ of “gg" F o Pr>F R2 C.V.
Model 5 3382,37 676,477 §,01 0,0124 0,8698 56,62
Error 6 506,50 84,416 Std. Dev. V2 Mean
Corr. Tot. 11  3888,87 9,19
Source o DF K Anova SS F Pr>F
Block mus 0,21 0,8150
Treatment 33466308 13,21 0,0047
C. 0,30 (m)

Sum of  Mean
Source DF “¢q. sq. F Pr>F R2 C.vV.
Model 5 3830,68 766,135 4,93 0,0388 0,8042 198,18
Error 6 932,51 155,418 Std. Dev. V3 Mean
Corr. Tot. 11 4763,19 12,47 6,29
Source DF Anova SS F Pr>F
Block ] 339,2884 1,09 0,3942
Treatment 3 3491,3894 7,49 0,0188




TABLE D.13 - Regression model of 1n8 = a + blnt for various
* compaction and tillage treatments at 0 - 0,15 and
0 - 0,30m depth.

A. 15YC

at 0 - 0,15m depth L

Source DF Sum of Sq: - Mean Sq. F Prob> F
Regression 1 0,53956 0,53956 29,76 0,0001
Error 13 0,23573 0,01813
Total 14 0,77528

B Value Std Error Type II SS F Prob>F R
Intercept -0,66876 )
Days -0,16741 0,03069 0,53956 29,76 0,0001 0,70
at.0 - 0,25m depth
Source DF Sum of Sq. Mean Sq. F Prob>F
Regression 1 0,10347 0,10347 5,30 0,0001
Error 13 0,02674 0,00206
Total 14 0,713021

B Value Std Error Type 11 SS F Prob> F R
/l 1
Intercept -0,93094
Days -0.07331 0,01034 0,10347 50,30 0,0001 0,79




TABLE D.13 (Cont'd.)

B. 15Y0
at 0 - 0,15m depthj

. Source DF Sum of Sq. Mean Sq. F Prob>F

Regression 1 0,14987 0,14987 19,17 Q,0008
Error 13 0,10192 0,00784 ’
Total 14 0,25179

B Value Std. Error Type 11 SS F Prob>F R
Intercept  -0,7378
Days -0,08823 0,02018 0,14987 19,11 0,0008 0,60
at 0 - 0,25m depth
Source OF Sum of Sq. Mean Sq. F Prob>F
Regression 1 0,39735 0.03975 30,10 0,000%
Error 13 0.01716 0,00132
Total 14 0,05689

&

B Value Std Error Type II SS F Prob>F R
Intercept -0,76741
Days . -0,04543 0,00828 0,03973 30,10 '0,0001 0,70

/ 1




TABLE D.13 (Cont'd.)

€. 000

i ——

at 0 - 0,15m depth

Source DF Sum of Sq. Mean Sq. F Prob>F
_Regression 1 0,06327 0,06327 3,43 0,0867
Error 13 0,23960 0,01843
Total 14 0,30286
B Value Std Error Type 11 SS F Prob>F R
Intercept  -0,99442
Days -0,05733 0,03094 0,06327 3,43 0,0867 0,21
at 0 - 0,25m depth
Source DF Sum of Sq. Mean Sq. F Prob>F
Regression 1 0,51184 0,51184 78,62 0,0001
Error 13 0,08463 0,00651
Total 14 0,59647
B Value "Std Error Type II SS F Prob>F R
Intercept -0,58691
Days . -0,'16306 0,01839 0,51184 . 78,62 0,0001 0,89

: . 1
fy & A v
} I B )R R



TABLE D.14 - Regression model of 1n@ = a+bln(%/s)
and tillage treatments at 0,25m depth

226~

¥

for various compaction

A, 15YC
Source DF Sum of Sq. Mean Sq. F Prob>F
Regression 1 4,49814 4,49814 65,48 0,0001
Error 13 0,89302 0,06869 \
Total 14 5,39116
B Value  Std Error - Type 11 SS F Prob>F R
Interceprt 2,35433 i
Theta -5,87760 0,72633 4,49814 .65,48 0,0001 0,83
B. 000
Source DF Sum of Sq’. ~ Mean §q. F. Prob>F
Regression 1 14,94562 14,94562 37,95 0,00017
Error 13 5,11904 0,39377
“Total 14 20,06466
B Value, Std Error Type II SS F Prob>F " R
Intercept 3,190713
Theta =5,00566 0,81251 14,94562 37,95 0|,r0O01 0,78 ‘

o, 3 ot s et T
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TABLE 0.14 (Cont'd.) .
C. 15Y0 )
Source DF Sum of Sq. Mean Sq. F Prob>F -
Regression 1 4,72228 4,72228 50,38  0,0001
Error 13 1,21852 0,0937
Total 14 5,94079

B Value Std Error  TYPEII SS F Prob>F R
Intercept 2,37593
Theta -9,11060  1,28356 4,72228 ~ 50,38 0,000 0,79
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APPENDIX E
PROGRAMME FOR CUBIC SPLINE SMOOTHING TECHNIQUE

Programme E.1 Cubic spline smoothing programme for smoothing

" field values of moisture content against the
sofl1 suction values.

PSS Fagpad




gty 4 e, ERIETRL PRI Y e s 3 - L - A = on g - Pl . a

Py <

—— e o — - - — e e e U B
F EEEERAEAEYNREXBRE AR E SRR SRR RN SRR MR R P ER TR DDA AR &
- . ? THALG SO TME SMONITHING TRCHN FBIRIF ENR SMIMITHING FIFLND NDATA OF
. }: HMISTIIRF CONTENT AGAINST THF SDH{L SHOCTION AT 0,25 M QFPTH
i ’
'(_: FERXKARSKEHAREDRERARRKEXREEKRENREPRR R RSP RE I F okl o dmyddy )
EMENS IO TIMF(A)
¥ INTEGER NX, ., FG.RET.SEVHAXJY N M NG L HDPT, IMAGEISIS L), ETTTILE(LS
{m.ﬂ:uuulm ALOCK(3) , TREAT(3)
. REFAL ¥8] u(hm.rv.n.n.rpl.ka UAVLCIS R WK (RA N DF(A),SHU, SV A)
REAL QANGF(4) JSMOF (A) JSHPF{A)
, NATA [CHARELI/IH A RANGE/D, AN, 0,7R.N 5.0/
- WS, 71 (ITITUFITY . F=1.144) \
lg 7 FUARMAT{ToAL1} \
‘ NY =
- s SFTIMAX=Q .
v R "SFI=l N
M%) 1.=5 (
s 9 NR=\ N
, m 12 RFADES,10) BLOCKINB) TREATINAYL TIMF(NB) (SMCE (NR ), SHPF(NR)
: 10 FIMMAT{TL.2X, A7 ,2X, §2.2X.F5,.2,2%X.FA.2)
-~ ‘!NRC=SUPF‘OR3 .
- TEENG PR N afo gt
- NR =M 4 )
[ Y ' GEY T A2 c
[~ 1t SN=H =
- SiM=0
- ‘_l:; MY 14 NA=]  NX
T FINA L =SMF{NR) 4
re SUM=SHIMEF { NR )
A 14 SH=SNeF{NR)S%D .
- SHISET)I= 1 (SO-NXRISHUM/NYX 1242 )/ (NX-1) ) *x0,5
g BN 13 k=1 ,NX
= 13 DELIF=SN{SFT)
2 SM=n .
. = fi&ll. ECSSOCU (X FLOF NX L SM Y, C L0 WK TFRY
v =
ey v SWPEL]) ’
i =
. = FA1.10=F(1)
f— FEt.2v=vily
] RINCR= ESHPF(NX)-SWPF(111769,0 Al
> ~ N 110 4=?2 .60
) H{JI=RINCReM{ J-11).
NDaufi J)I-SHPE(K) N :
; TF(W{J)-SHPF{K+111 107,106,105 . !
10%  WEII=SHPFE{K+L} .
10O KaKs}
AU 1 V=FIRY
. 1047 b=¥ (K}
[FIKLFNNYXY GIY Fio 1L .
GO
107 20,2120 (0 (K AV ReC {21 12D (R TIIRNIY KD
110 CIHNTIN
1 (M= . ,
Nf.j
L R
[119T=0 -
1¥=A) ¥
w1
. | .
Y -
EET R N N L T . :

- R . 4 |



e

.

[ 4 e
- o o it s gimat e B st A o CAENTES % e s ot o 4, TRt e o s e e —ry W
1 . s ~ e
n A ? !
B 3 % -
— -
N . )
. . V4
, b
- = A¥ . o o
4 i ’
* . HRIZFEALLLR
TS BimmAYjiny 'SFV' SO L LSUPF .7!““!.'5'“"“ 1olMX Y o INX, YSM'  5X, 'R0 N
UK AN, S TREAT A .
0N} 125 IR A
:‘Rl ﬁ!b. i SEUN{TRYI7(1R,X) X=) .2}, vnm.ﬁu.mnrum).mnrun
,
- 170 fmhnu RN 1P AR ER AP IR BBl IOKy FhaBs INK Fb. 14 AN, u.nx.n;
2% fnu TENUF
o {Ff u;m m gw,z, TYON ML INC, T T TLE JRANGE , ICHAR, 1N T, [MAGA , LER )
TE(SET, w?mnu N 1A an 3
Y 2" l:{ - i
0N 124 1= .2
126 J{i.L)= d, . \
7 A o Th 9
= AN ST ;
—— [ }) N
ER {vee 4 i -
P — o
* :
- L
"~ .
. = : A
ban'S
-~
8 | , » -
ER] - L -
- [’-;,- .
2
— F2
i 3
— 3 EAs
- - / ~
> ~
|
4 ,
} y T~ ‘
l s v o ~
H 1
b ) ..
:n — - B e i e TTEIOmSATAmII S T e s e =
1
W - n.-»a.i‘ 7 ’

-0€e-

A

-

G

[GENE I S



