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cabea-Telischi

The problem of tillage is one of the most basic of
agricultural problems. From the early days when a picce of
crooked wood was pulled in the ground to prepare seed beds,
until now, when big steel plows stir and turn the soil many
inches deep and wide, the question of "™how to till the soil
at the best and most economicel time" has existed.

Many sclentists and engineers have studied this problem
and have reached some very interesting conclusions; more
work needs to be done to be able to obtein adequate information
at least to answer some basic questions on this subject. The
problem of the force of soll resistance to the various imple-
ments of tillage and the fectors that affect this force of re-
sistance will be the phase of tillage discussed here,

The investigation in the field of tillage is being -done
mostly in two associated fields: soll science and agricul=-
tural engineering.

In soil science, soil physicists did basic work on
soll characteristics and their effect on tillage operation.
Agricultural engineers attempted to build different measuring
devices either for laboratory or field work to evaluste those
effects.

The work of the author consists mostly of the introduction
of new experimental and theorctical methocs to indicate the
relationship between different factors and the draft require-

ment of tillage tools.



A preliminary [i1eld test was rvn in three dificrent
kinds of soils with five different (illing methods. The
laboratory method consisted of ruuning different tects in
& soll box under controlled conditions. For the theoreticel
method, the theory of dimensional analysis was employed,

The fileld tests were concidered insufficient and inac-
curate to measure the dralft requirement of tillage tools.
The results obtained from the laboratory method, though
qualitative, were very useful and encouraged the continua-
tion of the investigation. The theoretical method was the
best way to obtain the basic relationships between the draft

requirement and the lactors thet affect the required draft.
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INTRODUSNLON
(jcncral

Tillage refers to all the mechanical operabions aad
practices on the top layer of soil which are necessary to
provide a favorable seed bed. In general, a good tillage
practice always improves the yield of the crop although
there are certain crop and soil conditions that cause the
tilling action to be somewhat unimportant,

Despite the improvement of the shape, material, and
the operation of tillage tools in recent years, the tillage
operation continues to consume a large percentage of farm
power. Statistles show (7l) that field operations constitute
about 48 percent of farm draft work, and that tillage work
makes up approximately 58 percent of field work (or 29 per-
cent of the total)., Over half of the power consumed in
tillage work is used in the basic operations of plowing
and disking (5). So, any improvement in the method of
tillage is a big contribution to the power requirement in

farming.
The Effects of Tillage

Tillage results in the change of structure by changing
the arrangement of secondary particles, conservation of

moisture, and control of weeds.



The main duty of tillage is the building of a structure
profile. J. A. Slypher (71) describes the specification of
this structure profile as model profile. A vertically gradu-
ated structure and consistency is needed, the lower zone to
consist of fine granules and the firmest degree of consistency.
In successively higher zones, granulation should coarsen while
the consistency loosens. The whole is to be topped-by dis-
tinctly coarse granules forming a loose layer immediately
above the seed level, Added organic matter to be intermixed
with the lower half to two-thirds of the plow layer.

"The o0ld order consisted of a thin veneering of dust
on the surface, produced by overworking and reducing to a
structureless condition. Beneath this and extending to the
subsoil, the mass remained crude and undisturbed. 4 dust
veneer is a barrier to ready intake of rainfall, an encourage-
ment to evaporation, and fatal to ultimate good tilth. The
new order would supplant dust with clods on the surface; and
within limits clods are useful. The size of surface clods
is necessarily subject to limitation, as 1t depends on the
kind of crops and soils."

Slypher then suggests that a standard should be estab-
lished by experiment and explains: "Since the object is to
fully structuralize the full plow layer, the design of tillage
tools should be changed to produce the above mentioned model
profile., The problem is not the deep or shallow tilling, it

is rather, the manner of manipulation. However, before the



design of tillage tools, the soll technologist must first
establish experimentally the standard profile. Equally
important is the necessity of a measuring-stick for
structure applicable to field use."

Slypher finally discusses the particular cases of plow
actions with different soil conditions as: "0ld plows were
compressing unduly the soil but gradually it is changing to
cutting and 1lifting action. Type of soil has effect on
that, Sandy soils should receive more compression and less
lirting, because they don't have good structure and should

be left in contact with subsoil."
The 0Objects of Tillage

Until rather recently all soil manipulations have been
performed without knowledge of the effect of these manipula-
tions upon soil physics and plants. On this basis the design
of implements were based entirely on the empirical results;
and practicel experience was the main source of knowledge to
the selection of tillage tools and the degree of tillage
practice.

In 1730 Jethro Tull, an English farmer explained that
the effect of tillage is only the breaking down of large soil
particles into the fine ones which increase the particle's
surface from which plant roots obtain their food. (LO).

Today there is a need for a more adequate concept, and

the concept of Tull is not satisfactory anymore.



The modern approach to the problem of soil tillage is
by two methods (74, 71). One involves an approach based
upon fundamental physical laws, while the second calls for
an analysis involving the application and measurement of
both physical and biological phenomena., It should be men-
tioned that the biological objective of the soil is different
for different crops. and each type of soil has a special mechan-
ism peculiar to itself.

Of these two approaches, the first one is probably the
more attractive to .engineers. It 1s simpler because it in-
volves less variables. The second method needs the coopera-

tion of physical and biological scilence.
Energy Analysis of Tillage

The approach of tillage problems through the physical
method must be based upon energy input in the field. The
operations should be evaluated primarily on that energy
basis and the results should be correlated with the yield of
crops. This involves three groups of variables, namely,

1) The energy input in the operation;

2) The character of the field operations including
types of equipment;

3) The economic relationship.

The efficient application of energy to any operation is
an engineering problem, and the amount of the applied energy

is directly related to the physical condition of the soil,



the kind and the condition of implement, and finally, the
management. In this research we are concerned with the

first two, especially the physical condition of the soil.
Some Physical Properties of Soil

There are many factors which couldé be mentioned in con-
nection with the physical properties of soil. Only those
propefties which are essential in the problem of tillage will
be discussed in this section. Those properties are: texture,

structure, and soil consistency.

Texture

Texture refers to the size of individual primary par-
ticles which constitute the soil mass. These particles have
been classified according to their sizes, The finest par-
ticles are called clay. The next larger are silt, then sand,
and the largest is gravel.

Any particle larger than 2 m. m. is called gravel. The
particles between 2 m. m. and .02 m. m. (according to Atter-
berg's classification) are sand, between ,02 and ,002 is
silt, and any particle smaller than .002 m. m. is clay.
Gravel, sand, and silt build the frame of soil body, and
clay and silt, especially clay, will act as binding materiels.
The large surface area per unit mass of clay is responsible
for its activity chemicelly and physically, Clay and organic

matter are the most active portions of the soil,



Structure

Bauer says (29) that the structure of a soil is the
arrangement of its particles., These particles can be pri-
mary particles like sand, silt, clay, or they can be aggre-
gates that have formed from groups of primary particlecs.

Thus there are primary and secondary particles and their
arrangements in the structurel make-up of the soil.

Mechanical manipulation changes the structural condition
of the surface layer of soil., Most of these manipulative
operations are designed to break up the large secondary
particles into smaller ones, and also rearrange the secondary
particles to & more porous mass which may settle or com~
pletely disintegrate on wetting, depending on the stability
of the secondary particles. The amount of manipulation
varies with the kind of soil, It is also possible to des-
trcy the original granulation of the soll by too much manipu-

lation.

Consistency

Soil consistency '1s a term used to designate the mani-
festations of the physicsl forces of cohesion and adhesion
acting within the soil at various molisture contents, These
manifestations include the behavior toward gravity, pressure,
thrust, pull and the tendency of the soil mass to adhere to
forelign bodies or substances and the sensstions which are evi-
denced by feel of the fingers of the pbserver. (71). Con-

sistency of soill varies with the texture, structure of the



soil and especially with the colloidal and moisture., The
clay might flow easily if enough moisture existed. By de-
creasing the moisture content it will become sticky, and as
water continues to evaporate it becomes more sticky and
tough. VWhen it becomes air dry, the clay will be harsh to
the touch, and finally, when it is oven-dried, it will reach
its maximum hardness,

Atterberg's Constants. Lower and upper plastic limits,

and plasticlity number are called the Atterberg's constants,

Upper plastic limit (or liquid limit) of & soil is that
moisture content, expressed as a percentage of the weight of
the oven-dried soil, at which the soil will just begin to
flow when lightly jarred ten times,

Lower plastic 1limit of & soil is the lowest moisture
content, expressed as a percentage of the weight of the oven-
dried soil, at which the soill can be rolled into threads
one-eighth inch in diameter without the threads breaking into
pieces.

Plasticity number is the difference between the above
moisture limits.

With some moisture less than plastic range, the soil is
soft and with very low moisture, soil is harsh. There 1is a
fourth form of consistency which might overlap the plastic
consistency. This is the sticky form. The four consistency

forms of soil are then: sticky, plastic, soft, and harsh.

The extent of each form of consistency in a soil depends on
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its kind. A loamy soil might have a very small plasticity
number. A clay soil, according to the kind end amount of
colloidal content, can have a large plasticity number

Cohesion. Cohesion in & moist soil is attributed in a
large degree to the surface tension, forces which arise from
the water films distributed through the soil mass.,

Adhesion, When the moisture content of soil exceeds
that for maximum cohesion, the adhesion of the soil to
foreign material will take place. At a high molsture per-
centage the water film is held less tightly by the particles,
and will be attracted to the surface of the foreign objects.
This film of water will connect the soil to the object.

Nichols has indicated the force of adhesion of colloidals
with different amounts (5l) of colloid content, and observed
that their relation is a linear function. He also found that
for any percent of cclloids in the soil the molisture percentage
needed for maximum adhesion is larger than the one for maximum
cohesion. The curves of both adhesion and cohesion with re-
spect to moisture percentage are S-shaped and the one for ad-
hesion is slightly higher than the one for cohesion,

Plasticity and its significance, Atterberg studied the

plasticity from the point of view of the moisture range and
for the first time suggested the use of upper and lower plas-
ticity limits and plasticity number, Apparently, he conducted
his original work with the hcpe of finding some physical cri-

terion for the classification of Swedish soil. Terzaghi (L)
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has also suggestcd that the nlasticity limits may serve as

an index for the physical classification of soils. Soil

with high upper plastic 1imit has either a high percent of
fine-grain iraction or 1s rich in plate-shape particles.

Soil having a high upper plastic limit and a low plasticity
number should be in a finely divided state. A high plasticity
number shows a sign of having a large quantity of scale-like
particles. Terzaghi (L) has related the lower plasticity
limit to the permeability of clays and the rate of evaporation
of water films from soils, He states that the coefficient of
permeabllity of a homogenous clay decreases rapidly with de-
creasing water content until, at lower plastic limit, it
becomes practically zero, regardless of the value of the plas-
tic limit. He also states that the rate at which water evap=-
orates from the surface of a clay sample is four percent greater
than the free water surface, provlded the molsture content 1is
higher than the lower plastic limit., Wehr (l) has reported
that cultivating a soil with a moisture content above the
lower plasticity number will cause puddling of the soil.

The small plasticity number indicates the ease of tilth
without puddling. If this number is large, a danger of pud-
dling exists when cultivated above the lower plasticity limit,
Although there exists some relationship between these con-
stants and the soil tilth, sufficient evidence does not exist

to draw & wore specific conclusion.



REVIEW OF LITERATURE

The study of draft requirement of tillage implements
and the factors that have an effect on the draft started
long ago. Although different investigators have worked on
this problem under different soil conditions, until rather
recently there was very little basic research done. Most
of the early investigators confined their studies to their
local soil conditions.

The study of force and energy measurement in tillage
can be divided into two sections: the work of agricultural
engineers, and the cooperative work of agricultural engineers

and soll physicists,
The Work of Agricultural Engineers

The work done by engineers consists of studies of the
forces exerted by different tillage tools, design and de-
velopment of instruments to measure these forces and the
energy required to operate those tools.

Davidson (18) is among this group, who built the
first integrating drawbar dynamometer with which he measured
the draft of a plow at Ames, Iowa. IHe also ran tests to de-
termine the effect of speed and other factors on the draft.
He reported that an increase of speed from 2 to L miles per

hour will increase the draft from 16 to 25 percent.



Collins (19) also ran tests at Iowa State College and
states that: 1) type of bottom does not materially in-
fluence the craft; 2) an increase in sneed will produce
about the same iancrease in draft with any type of bottom;
3) the increase in draft due to speed is confined to that
part of the total which is required for turning and pul-
verizing. This veries with speed from less than one-third
to about one-half the total draft of a'ﬁlow within a speed
range of two to four miles per hour; /) variation in depth
is probably the greatest source of error in plow tests of a
comparative nature; &5) under some conditlons of plowing, a
sharp cutting edge is of little importance; and 6) under
certain conditions high speeds may cause failure to scour.

I. F. Reed and John Vi. Randolph (61) have studied the
effect of speed on the drai{t and noted that for most cases
in higher speed, their relationship is & pearatola as

v = a f bx £ ox?
They also studied the effect of depth, width, and landside
on the draft of implements. Data showed the effect of the
depth changes with the kind of soil, and generally increasing
depth will increase the draft,

Keen and Haines (lj0) state that the relationship be-
tween draft and speed is a straight line. Tests by the
Bureau of Agricultural Engineering reported in part by
Ashley, Reed and Glaves show that the relation between draft

and speed of plowing may be expressed by the formula
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Yy = a /£ bx in which y is draft in pounds per square inch
of furrow-slice cross section, x is the speed in miles per
hour, and a and b are constants depending upon type and
condition of soil.

Keen (32, 38) states that change in the setting of
the plow or hitch have little effect on the draft, except
in so far as the depth of plowing is affected. He also found
that slope of the field affects the draft very little. Keen
and Haines (3L) were experimenting at Rothamsted experimental
station in England. They studied the resistance of the
soil in & comparatively uniform vlot. The result was that
there were large variations over short distances. They
represented the differences by means of 1sodyne contours,
drawn on a map. They repeated this experiment on the same
plot for several seasons carrying wheat, barley and oats,
respectively, and their conclusion was that the effect of
crop and fertilizer was much less than natural variations
in the soil, They also stated that there is close relation-
ship between clay content iﬁ the plot and the draft of the
plow,

The effects of crop cover, fertilizer, lime and manure
have been studied by the Ohio, Missouri, Rothamsted stations
and the Bureau of Agricultural Engineering. These studies
show little or no measurable effect due to ordinary appli-
cation of lime, fertilizer, or manure, but a marked effect

due to cover crop (62). D. B. Lucas (49), in New Jersey,
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used a hydraulic drawbar dynamometer, made in Cornell
University, to measure the efiect of the lime in the draft
of tillage tools. He used a plow as the tillage tool,

and found out that in limed plots draft decreases, but be-
cause of higher yield and good root development the result
might become opposite,

Some rather classical studies have been done in
analyzing the forces exerted on tillage implements, and
also in expressing the shape of »nlow mathematically on the
basis of the soil dynamic properties,

Theodore Brown (9) studied some fundamentals of plow
design, and found that the surface of the most successful
plow bottom has a hyperboloid equation like

2 2

E. G. McKibben (51) studied the dynamics of the disk
harrow by analyzing the different forces and moments existing
.in single and multiple gangs. Sjogren (70) studied the de-
velopment of the offset disk harrow. E. D, Gordon (31)
studied the reaction of soil on a disk in relation to dif-
ferent factors. His studies were with controlled soil con-
ditions. He found that draft will increase 67 percent in
a sandy loam soil with the increase of speed from 2.5 to 5
miles, a disk angle setting of L5° will cause the minimum
draft, and the upward thrust will increase with the increase
of disk angle. The increase of angle of penetration will

increase the upward thrust and cut down the depth. With the



inerease of concavity, the draft and the upwarc thrust ine-
creased. The larger disk would tend to penetrate better,
due to reduced upward thrust. In an inclined form from
vertical position, draft and penetration is in favor of
smaller disks.

Clyde has analyzed the forces ascting on tillage tools
and their effect in the amount of draft. He has presented
his work in several pepers, in one of which (13) he indi-
cated the importance of knowledge of the position, direction
and magnitude of the useful soil force on tillage tools under
conditions from easy to hard. He then expressed the useful-
ness of this knowledge as an aid to judgment in designing
for strength or applylng the pulling force to the best advan-
tage, and for selecting the best shape of tool for a certain
kind or degree of tillage.,

Clyde also explained the two methods, the pulling method
and the tillage meter method, of measuring the soil forces,
Finelly he discussed the results of his tests with different
implements. In his later work (1) he discussed the way of
finding the &seful force in a tillage tool, and mentioned
that this useful force in a plow and disk usually can be com=
bined into a resultant force and a couple.

Clyde found that a "speed type" plow bottom requires
less draft in higher speeds (2.5 to 4.5 m.p.h.) and covers
better. He gave examples of using soil force measurements

for computing the load on the bearings of a disk plow and



reported that wide spacing of the becrings reduces the
loads because of the overhanging nature of the forces.
Finally he stated that by knowing the soil forces one can
plan for a shop test in a menner similar to its field
loading. He has also studied plow tractor hitches and
analyzed the forces on mounted and separate plows, the
discusslion of which will not be taken up in this sectilon,
Finally, the work of the U.S.D.A. Bureau of Agricul-
tural Engineering Tillage Laboratory at Auburn, Alabama,
should be mentioned together with their complete tillage
laboratory and extensive experimental works (59). The
Auburn Laboratory has 11 soil plots, seven of them 20 x
250 feet while four are 20 x 125 feet. The depth of plots
is two feet. They are filled with different type soils with
a known mixture. They have tracks on the walls on each
side and a trolley csr can ride on these tracks the whole
length of the plot. The tools and testing equipment are
all on that car, and nothing can touch the soil except the
experimental tools. The tool carrier on the frame can
move cross-wise on the car. The equipment used for prepar-
ing the soil consists of a grader blade, subsoiling unit,
disk, subsurface packer, surface roller and a sprinkling
unit, all of which have been mounted on a car except the
sprinkler unit which mounts on the front of the car. A
cover cer is provided to place over the plow whenever neces-

sary. Testing equipment consists of two major units: the



power cer with special dynamometer and the plow test unit.
The power car unit furnishes the motive power and messures
and records the components of draft necessary to handle

the job. The plow test unit mesasures and records the forces
necessary to hold the rear of the plow in its working posi-
tion.

The three components of draft are recorded on the same
chart with distance and time, thus making it possible to
check the speed and draft at any time.

The plow bottom, in its working position, is held en-
tirely by hydraulic units. The plow beam is carried on the
front end by the dynamometer, and the rear end is mounted
on two hydraulic units. These three hydraulic units, with
the power car dynamometer, will enable one to mesgsure the re-
actions of plow bottom continuously.

J. W. Randolph and I. F. Reed have run different tests
in this laboratory and have obtained good results, They
used a 1l inch plow to indicate its reaction to different
factors. Then they tested several ll-inch plow bottoms
(63, 6l)) with different shapes and found that the shape of
the plow bottom affects draft markedly. They showed the
different effects of major shapes which cause the bottoms to
be classed into different types, and also the effects of

shape variations within a class,
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The Cooperatlve Work of Soil Physicists And

Agricultural Engineers

The work of agricultural engineers and soil physicists
covers the study of physical properties of soil and thei:
effect on the draft requirement of the tillage tools.

In the study of the dynamic properties of soil affecting
tillage, there has been a considerable amount of work done
in some foreign countries and here in the United States.

In the United States, McKibben (50) has made an outline
of the factors that enter into soill characteristics. After
giving the outline in eight sections, he names three major
problems in the soil dynamic situation.

1) The determination of the dynamic properties of soil,
thelr changes, and the standard methods of measuring them;

2) Determination of what should be done and when, to
get favorable results; and

3) Determination of best methods and implements to get
those results,

M. L. Nichols has made extensive research on the dy-
namic properties of soil, their effect on the design of til-
lage tools, and the force that is necessary to pull them
in the =o0il., His works have been published in six papers,
which will be reviewed here very briefly.

In his first paper (5l4) he introduces the classification
of variables that enter the design of implements and com=-

pletes his discussion in subsequent papers (54, 56). His



classification is:

1) Primery soil factors: particle size, colloidal
content, moisture percentage, state of compaction, organic
matter and chemical composition of colloicd,

2) Design veriables: kind of metsl, polish, bearing
area, curvature of surface applying lorce,

3) Dynamic properties of soil: shear value, friction,
‘tompression, cohesion, moment of inertia.

) Dynamic resultants: fragmentation, arch action,
compaction, shear,

The assumption was made that the structure of soil is
uniform and cementation is zero. Each soil hes a normal
structure which would afforc a basis for quantitative
studies of force reactions.

He expresscs that some of the soil properties are inter-
related and also all soil properties are related to the fac-
tors listed as "primary soil factors." Then, he discusses
the relation between the primary soil factors and dynamic
properties of soils. Colloid content and the percentage of
moisture content are two Important factors in the study of
soil conditions,

He also obtained a quantitative relationshin between
soil colloidal and physical properties of soil iIn non-plastic
soil (soil having less than 16 percent clay).

In his second paper (5lL) he discussed the work on

non-plastic and plastic soils: the soils for this experiment
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were mace syanthictically by mixlng clay with different
amounts of sand. In the study of non-plastic soils, he
discussed the moisture content of so0il for maximum reactions
and the relation of the force of reaction with the colloid
content.

Moisture content of soil for maximum reactions: as
the variations of the physical reaction of any soil are
due to the moisture films of the colloidal content, it
follows that the moisture percentage at which maximum re-
actions occur would be proportional to the colloidal con-
tent., This would hold only for soils having colloids of
the same chemical or absorptive activitye.

Nichols ran the tests and then indicated quantitatively
the relationship between M, the molsture percent content
at which maximum activity occurs, and C, the percent of

colloid content.

.293C ¥ 6.94
For ‘adhesion, M = ,183C # 10.10

For cohesion, M

For compression, M = ,395C # 2.1
For shear, M = .297C # L,35

also M = %%5 # b where M and C are as explained before,

b is the intercept of the equation, and D is a constant
film thickness,

Force of reaction and colloid content: coheslon and
adhesion, belng simple reactions which involve merely the

breaking of films, should vary directly as the number of
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colloidal films being broken. Compression and sheer, both
of which involve orientation of particles, should show &
definite relation to colloidal conlent, but the reactions
would not be expected to show a simple, straight line
relationship. .

Fa = ,00LL C # .hg, where Fa is the maximum force of
adhesion and C is the percentage of colloid,

Fe = .0L9 C2 /£, where F, 1s the force of cohesion
in grams per square inch.

The agreement of this formula (the square of clay
percentage) with the colloidal film hypothesis can be
noticed, To measure the force of cohesion, a given cross-
section of soil must be pulled apart. A pressure of more
than ten psil was necessary to apply to a soil sample to
get a constant number of films per unit cross-section earea.

With the synthetic soils the apparent specific gravity
did change with the square of the colloid as D = .0012 C2
# 5, where D is the gram Increase in density per cubic
inch with a given pressure regardless of molisture percentage. -
It will be seen therefore, that when the lorce formula is
corrected for the amount of colloid, the variation of the
force of cohesion is proportional to the amount of colloid
present.

F, = =.625C £ 12 The amount of F,, force of com-
pression, veries directly with the colloidal content up to

a point near where plasticity occurs; from thils point the
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amount of compression varies inversely as the colloidsl
content. F, = =.025 C # 12 where F_ is the resistance
force against compression and C is colloidal content.
Forces producing shear are not confined in their
action to 'a single plene. The interlocking of particles
and the cohesive action of moisture films cause the reac-
tion to spread throughout a considerable mass of soil on
each side of what 1s usually considered the shear plane,
Under these conditions it can be expected that shear is
the resultant of compression and cohesion. The maximum
shear value of non-plastic soil is S = ,013 C £ .5; with

the Increase of colloid beyond the plastic limit this

equation will not hold true,
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Figures 1 and 2 show the relation of cohesion and
compression with the colloidal content. Figure 3 shows
the relation of collold to maximum force of acdhesion. Ad-
hesion is measured by determining the increased friction due
to the "sticking" of a soil to a metal slider,

Nichol also has found an equation indicating the
amount of maximum velue of shear is a function of colloidal

percent and the pressure exerted on soil.



F o= 2CF 7P
where

Fps ® shear value in psi

C is the colloidal content (percent)

P is the pressure in psi
This equation is for a soil with large quantity of coarse
sand, but for those composed largely of fine sand or silts,
the indicated shear value is low,

Plastic soils: The classification of soil as plastic
and non-plastic is arbitrary. However, by increasing the
colloidal content of soil there will be a point where the
reaction to soil will change and evidence of plasticity
wlll appear. Atterberg's constants have close relations with
the properties of the plastic soil. It was found that within
the range of forces entering into the tillage operations
that

1) Maximum adhesion occurred at a moisture content
fairly close to the upper plastic limit;

2) The moisture range over which adhesion took place
and moisture content at which maximum adheslon occurred
were functions of the plasticity number;

3) The range of maximum compressiblility of a soil is
approximately the ssme as the vlasticity range on the
moisture scale;

i) The maximum compressibility of a soil is a loga-

rithmie function of the plasticity number;



5) The maximum resistance offered by a soil to the
passage of chisels is a logarithmic function of the
plasticity number; and

6) A double logarithmic relationship exists between
the plasticity number and that moisture content &t which
the resistance of a soil to a chisel or implement being
forced through it begins to increase rapidly.

The lower plastic limit is the place of maximum activ-
ity, or the percentage of water &t which actfvity occurs.
With different soils, the physical activity per-unit of
water will vary cepending upon the amount required to satis-
fy the surface demands of the individual colloidal particles
and the amount of colloid present. The physical ectivity
of water would be inversely proportional to surface demands
and directly to colloidal content. It is then expected that
the greater the activity of water the lower the lower pnlas-
ticity limit.

P = KC # b or from the Parker and Pate data (5l) the
gpproximate quantities for b and K were evaluated and

P, = ,361 - C where Py is the lower plasticity limit,
1 TOW

C the percent of colloidal eand M is percent of moisture,
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Plasticity number: At lower plasticity, colloidal
film action [irst became evident, and at the uvper olactic
limit the film expands so much that its activity is materi-
ally reduced. The plasticity number is an arithmetic dif-
ference of the percent moisture content at upper and lower
plastic 1limit. This number is a function of colloidal
content; an approximate equation is Pn = .00489 62‘67.
Since colloidal content 1s a mass and the film theory ex-
presses a surface relationshipn, the equation describes a

mass~surface relaetion which is exponential. The exponent

2.67 is close to e, 5
Q -
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In his third paper, Nichols discusses "Soil and Metal
Friction" (54). Tests were run with synthetic soils and
various known metals, The conclusions were drewn from
the average of the data obteined from the tests. According
to the structure and moisture of soil, and the pressure of
metal surface, the frictional resistance was divided into
four phezses:

Compression phase (A): when water does not adhere to
the metal, and when the bearing power of a soil is less
then the pressure per unit area. Factors affecting /W'
are: speed, pressure, smoothness of the surface of metal
and soil. To indicate these relationships mathematically,
Nichol ran tests with sand and chose a slider with the
weight Jjust enough to cause slight rolling of the surface
particles. He found out that ﬁ( = ,0108 ./ .33, where
is the coefficient of sliding friction and S 1s the
speed in feet per minute,

Friction phase (B): (B) phase occurs when the bearing
power of soil is more than the pressure per unit area, and
moisture does not adhere to metal, Factors affecting in
this phase are: total pressure between the two surfaces,
and the roughness of the surfaces; contact area and speed
have no effect. An approximate equation for this relationship
is /H' = .0076€# 28; where }( is the coefficient of friction
of chilled iron and C a colloid content. By introducing

the hardness of metal in this relationship it was found:
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M = .2L # .005 C -.0001H, where H is the hardness of
metal determined by the Brinell number, and C and,/f are
as explained before, It was found that 32 percent clay is
almost the llmit beyond which the friction will not change
appreclably.,

Adhesion phase (C): 1In (C) phase, there is enough
molisture present to cause the soil to adhere to metal, but
not enough to appear on the suriace of the metal, The af-
fecting factors in this phase are: speed, area of contact,
psi, ‘surface and kind of metal, surface tension (i.e. amount
of colloidal materiesl, weter percentage, temperature and
viscosity). An approximate formula for the moisture content
of maximum adhesion for a nickel slider on non-plastic soill,
is

M= .2c # 10
and moisture content at which first adhesion appears is
M = 13¢C #£ L.77

AA' in this case 1is;

M‘ (MAX.) = .coul € / .48 when C 1is the colloidal
content, and,,ﬁA' is the coefflcient of kinetic friction.
For plastic soil M= .7 PL, where M 1is the percentage
of moisture at which adhesion begins, and PL 1is the lower

)
plasticity 1limit. Also /~« = .06 P, # o2, where ,44' is
the maximum coefficient of sliding friction and Pn is the

plasticity number.



The effect of kind of metal on the coefficieat of fric-
tion Lss not tLeen determined very clearly; hardness and

polish have some elffect but the angle of wetnese is the

'
main lactor that chisnges the M

In the study of the friction between metal and soil
in general, the phenomenon of achesion should be investigated.
Adhesion is related to the wetting nower of the metal. A
conception that is generally accepted is that the wetting
power 1g a function not only of the surface tension of @
liquid, but also of the specific attraction operative be-
tween the solid and liquid.

Parker has developed a method to get soill solution,
F. A. Kummer and M. L. Nicholz (42) used soil solution in
indicating the adhesion between soil and metal. After
studylng the principles of adhesion, Kummer (L;3) tested
different plow shapes and materials on scouring in heavy
clays. He used four kinds of plows: 1) alloy-steel
moldboard covering; 2) endless belt tyne moldboards;

3) wooden rollers replacing solid moldboards; L) wooden
slats, impregnated with paraffin or linseed oil, replacing
steel slats. The plowing tests showed thet wood slat
bottoms produced consideraily better scouring than steel
slat bottoms, especially in the higher moisture reanges.

Lubtricaiion phase (D): when there 1s enough molsture
in the soil, it will give a lubrication effect. The effecting

fectors in the coefficient of sliding friction are: speed,
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psl, amount of molsture and the viscosity, neture of
metal anc the suriace. The exact relationship hias not
been found in this phesec because of puddling of soil,
but the clay percentsge is the main factor in this case.

In the fourth paper (}j1), Nichols did work on the
soll reactions in the specific case of moldboard plow.

As their work consists mostly with the soil properties
which 1s common in all others. A short discussion of
his work will be reported here,

M. L. Nichols and T. H. Kummer (41, 55) have expressed
the shape of the curvature of the moldboard plow mathe-
matically, and discussed the reletionship of these curvatures
to the dynamic properties of soil.

First they classified the functions of the plow into:
1) the breaking or cutting loose of the furrow slice;

2) the pulverizing of the furrow slice; 3) the inversion

of the furrow slice; and L) the covering of trash and
weeds. Eliminating such factors as landside pressure, wing,
point, and heelbearings, suction, and other features of sta-
bility and smooth running, this classification centers at-
tention on the moldboard, shin and shere action.

As the plow moves forward it compresses the soll for-
ward and upward. VWhen the shear resistance exceeds the
compression a block of soil i1s sheared off at an angle of
45° with the horizontal and slides up the shear plane as

a g0lid unit. The blocks A, B, C, also will form as shown



in the picture. With the ovement of the plow forward
the soil slips over iteelf on shear nlane "a"; to keep
the soll slipping over itself in pnlane "b" at the same

rete, the block B should travel at the same razte as A

plus an additional amount equal to the movement of A.

Fig. 7 REACTION OF 30IL A5 A PLOW ADVAN-
CES THROUGH |T

n.n

In the same way the plane "c" will move with the amount
equal to the movement of A. Also, in the same way the
plane "c" will move with the amount equal to the movement
of A and B plus the movement of A.

The curvature of a vertical differential section of a
moldboard which keeps the soil slipping on all shear planes
cimultaneously and uniformly must be constantly increasing
at a rate which is proportional to the distance traveled

up the curve., A mathematical expression [or the increase

rate in & direction to A direction is

dz bx
;—)—(—:O. E-G OR
bx

bz =a b & Ly

OR FINALLY 2=0a 2
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where Z and X are coordinates and a and b are constants.
The constant & indicates the location of the differential
section, and the constant b denotes the steepness of the
slope of the section. The upper nart of the moldboard in-
verts the soll and throws it into the preceeding furrow,
It is necessary that for uniform scouring the inversion
area also have a uniform pressure, A mathematical ex-
pression for the change of angle in this area have been
found to be ¢ = f’z’(t where ¢ and T are angle and
distance of travel, and () and K are constants governing
the rate of turning or throw of the plow., Also the paths
of soil particles were found to be sections of logarithmic
or equiangular spirals of the general formula
mw

R= O &
where R 1s the radius, w the angle through which the
radius has turned, and a and m constants.

Nichols and Doner (26), after finding the equation of
plow surface which indicates uniform pressures for pulver-
ization and inversion, discovered another force which they
ealled "buckling effect." Through mathematical studies of
forces acting along the path of travel of soil particles,
they showed that this effect at certain points increases
the forces normal to the moldboard, thus materially affecting
scouring. By developing a mathematical equation they found
the tangential force necessary to maintain motion in terms

of friction, length, curvature of the moldboard, and weight



of the soil at eny point along the path of travel. They
showed that high curveature in the path near the shesr re-
sults in increased tendency for the soil to stick to the
moldboards. II the curvature is shifted towards the wings
of the moldboard, this tendency is materislly reduced.

M. L. Nichols and I. I. keed in their rield study (58),
- discussed the physical reactions of soils to moldboard sur-
faces. They classified the soil according to their physical
conditions as: hard cemented soils, heavy sod, packed or
cemented surface, freshly plowed soil, push soils, and fi-
nally normal condition, The reaction of soil in good plowing
condition is described from fielc studies. They found that
the pulverization of the slice 1is produced by two sets of
shear planes. The primary planes were formed by the wedge
action of the point of the nlow and extended upward and for-
ward from the shin at an angle of L5 degrees to the direction
of travel, The secondary planes were formed at right angles
to the primary planes, and sheared the soil in two directions
which produced pulverization.

Nichols states that the so-called "tension" effect of
the plow is found to be due to variations in directional ac-

celeration.,



OBJECTIVLS

The objectives of this study were

1) To run some field tests for the indication of
the draft requirement of different tilling methods.

2) To run laboratory tests in a soil box to find
the relationship between the draft requirements of tilling
implements and the different efifective factors.

3) To introduce a theoretical method to check the
result of the laboratory work and to find & single equation
to show the relationship between the force of soil re-

sistance against the tillage tools, and the effective factors.



GRUNERAL IAVESTIGATIOW OF THI PLROBLLM
Factors That Affect The Draft

As has been mentioned previously, the problem of
tillagé is one of the oldest and most complicated ones
in the field of agriculture. Uifferent investisators
have tried to approach this problem from different points
of view, but because of the comnlexity of the nature of
the problem no definite solution has been found.
In the study of the draft requirement the first step
is to investigate the variables that enter into the problem;
then, find out which of those varisbles have any effect and
in the event they do have an effect, determine the relation-
ships between them.
The variables that exist in the tillage operation can
be divided into three sections:
Soil variables (primary soil factors)
1. Particle size and percent of colloidal
2. Chemical composition and the effect of organic
mat ter and fertilizer
3. Moisture percentagze
M. State of compaction or apparent specific density,
a means of indicating the structure
S. Effect of vegetation and crops residue

6. Effect of slope and non-uniformity of soil



Implement variables
l. Kind of implement
2. Kind of metal
3. Surface condition and the sharpness of the
implement
li. " Bearing area
5. Curvature and the shape of surface applying force
Factors outside of soil and implement
1. Speed
2. Width and depth of the furrow
Some of these factors cannot be evaluated at present
yand though their effects have been proved by several inves-
tigators, the determination of any mathematical relation-
ships have not yet been found, e. g. the effect of vegetation or
fertilizer. There are also some other factors affecting the draft
which have proved to be negligible, such as the slope of the field.
Therefore, in indicating any draft functions only the vari-
ables that have significant effect will enter into the dis-
cussion.
In the design of tillage tools, attempts have been made
to speclalize the implements to work in particular conditions.
This not only will improve the quality of tilth, but also
decrease the draft and eliminate some of the above-mentioned
design variables, for example, making cast iron plows for
sandy soil; or selection of the optimum curve of moldboard

plow for sod, sandy and clay soils.



Ma jor Factors Affecting the Draft

Nichols (55) in the study of plow shapes has analyzed
these functions as cutting loose and pulverizing the furrow
slice by the action of compression and shear; then inversion
and covering, by pushing up the soil over the moldboard
curve which inverts, and throws the soil into the furrow.

On the basis of this analysis the variasbles that affect the
draft are: resistance to compaction, shear friction, com-
pression and adhesion, and also speed which indicates the
rate of those actilons.

Nichols, in the study of dynamic properties of soil
which have been discussed previously, has indiceted that
the above mentioned properties are functions of the following
factors: composition and the percentage of colloidal con-
;ent, moisture percentage, apparent specific gravity, and
the speed of implement,

The indication of a single equation covering the effect
of all these variables experimentally is at present next to
impossible, though the relationship between the soll prop-
erties and the above mentioned factors has been indicated
experimentally.

Thus in the present experiments, only the following
factors have been considered for study:

1) the percent of clay;
2) the percent of moisture;
3) the apparent density; and

l}) the speed of implement,



In the laboratory experiments the other factors could be
controlled or kept constant. In the field test, attempt
was made to select plots with the apparent uaiform conci-
tions, though there were some differences which could

not be measured because of lack of meens and methods of
measurement,

The biggest problem in the ield test is the non-
uniformity of soil and the non-controllakility of the fac-
tors. The U.S.D.A. tillage laboratory at Auburn, Alabama
is able to run tests with controlled conditions. They have
obtained very useful data on draft under different conditions.

The Auburn type of experiment station, though very useiul,
has the following handicaps: 1) high initial investment
which makes it very difficult in other states to duplicate
the investigation; 2) only 11 kinds of soil which are comaon
in the south have been tested in the plots. To change the
soil of each bin to different types requires a tremendous
amount of labor and time. There are some other difficulties,
e.g. the need of a long time to obtain a uniform moisture,
controlling the bacteriologicel action, the accumulation of
salts in the plot soils by drying and wetting process when
the non-distilled water is used, etc.

To overcome the above-mentioned difficulties, the author
decided to investigate the possibility of finding & new and
better method of experimenting and also to find out the

relationship between the draft and the affecting lactors.



METHODS OF PROCLEDUREL

Three methods have been employed to complete the
investigation of the subject: field work, laboratory
work, and finally, mathematical =solution with the heln

of dimensional analysis.

Field Work

Field Tests

The field work consisted of indicating the draft
required to pull different implements in three plots of
soil. The types of so0il selected for the experiment were
clay, sand, and sandy loam., The clay soil was Conover
clay loam, without any crop and with very.little vegeta~-
tion. The Hillsdale sandy soil was covered with clover
and oats; the Hillsdale _uady loam was under sod for several
years, The experimental plots were located to the south
of the campus. Although attempts have been made to Iind a
comnaratively uniform soil, the transportation, weather,
and time were problems which prevented-the selection of
plots away from Lansing. For preliminary tests, the plots
were arranged in the form of a square with 3( sections.
The size of each section was 60 by 20 feet with a 15-foot
alley on each side to provide space to maneuver the tractor

end implement for return trip. Each of five methods of



tilling were practiced in six randomly selected sections.
Six of the sectlons were not used. The results of this test
were not satisfactory because of bthe short veriod between
start and stop, and the packing of the soil by tractor and
implement wheels caused by inadequate space for moving them
within sections. To eliminate these difficulties the second
time, long strips of 300 by 10 feet were selected and divided
in five sections of 60 by 10 feet, Each of these strips was
tilled In one run with a different implement and then the
average of the draft required'for each scction was computed
separately,
The metliode of tilling were

1) Conveational plowing (plowing, disking, harrowing)

2) Plow with plow packer

3) Plow with cultimulcher

L) TNT plew (sub-base plow)

5) Disk tiller

The selected implements were the ones that were vsed in

previous tillage experiments conducted jointly by the agri-
cultural engineering and soll sclence departments to deter-
mine the effect of tillage method in the yield of crops. The
implements consisted of :

plow: a two-bottom, ll-inch plow made by Intcrnational
Harvester, the trade name is "Little Genius No. 8";

disk harrow: John Deere tandem disk, seven feet wice;

harrow: spring tooth harrow;
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packer: a plow packer, made by International
Harvester with six wheels. The diameter of the wheels was
twenty inches;
cultimulcher: made by Dunham, It consisted of
two rows of notched disks at the ends and two rows of
spring tooth harrows in the middle. Its size was 3 by 6
feety
TNT plow: made by Oliver. Has two nine-inch plow
bottoms and two smaller bottoms connected to the same beams
with three inches more depth which gave a total of 2 by 1j
inch furrows;
disk tiller: & "256-A" John Deere tiller with five
disks and spacing of 10-2/3 inches between disks. The dia-
meter of the disks was 22 inches and concavity was two and
one-half inches. All the implements were the trailing type.
The draft was measured by a hydraulic dynamometer made by
Messrs. E. Fish and Garth Hall in the department of Agri-
cultural Engineering at Michigan State College. Some minor
changes were suggested by the author in order to improve
performance.
The following data were taken for each section of the
plots:
1) The draft requirement of different implements in
indicated sections;
2) The mechanical analysis of the soil (average of

three samples in each section); (7)



Fig. 8 . Dynamometer for field tests
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Field test with two-bottom,
plow.
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The Esterline-Angus Co., Inc., 101

A sample of dynamometer graph
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3) The moisture percentage of the soil immedistely
after tilling;

L) The spperent density of the soil before tilling
(three core samples from each section);

5) Depth of the furrow (depth readings were taken
every ten feet in the furrow);

¢) Indication of speed for each run.

The draft at each instent was recorded on the dynamometer
chart. By indicating the area of the draft curve with plani-
meter, and multiplying by the spring factor, then dividing
by the disteaince traveled, the average draf't requirement for
each run was calculated. The speed of the tractor was calcu-
lated by dividing the distance traveled by the time, This
distance and time was measured from the chart. Figure 10
shows a sample of the dynamometer chart. Each notch indi-
cates one second time and the length of notches is proportional
to the distance traveled by the implement (one inch on the

chart corresponds to twenty feet on the field).

Results and Conclusions

Data taken from the field tests were recorded and the
resulls can be seen in Tables 1 through L. In general, the
result of the field test was not accurate and satisfactory
though some general conclusions can be obtained. The conven-
tional plow method required more pulling force per inch of
furrow sectlon; the disk tiller has the least pulling force

in sandy soil; in sod, the draft requirement of the disk



tiller was the highest among all. The effect of the pull
of the packer o1 the draft of the plow was negligible;

the plow packer combination is the lowest energy consuming
method in all three kinds of solls.

As the soil factors in the field condition could not
be controlled, a more specific conclusion could not be
obtained. Although the soil in each plot appeared to be
uniform, the mechanical analysis in each section differed
from the others considerably. The moisture content also
varied in different sections of the plot. Speed varied
in some sections although an attempt was made to keep the
tractor speed constant. The effect of root, vegetation and
organic matter, especially in sod and sandy soll, were of
importance; but no satisfactory mcthod exists to evaluate
that factor. The indirect effect of organic matter will
appear in the moisture content, soil aggregate analysis, and
the apparent density of the soil.

In cenclusion one can say that the field test is good
only for an approximate indicatlion of the draft requirement
of different tillage methods uncer a normal tillage concdi=-
tion. For any specific results the laboratory and theoretical

methods should be employed.



Laboratory liethiod

The field tects not only do not give satisfactory re-
sults, they also require a special season of the year, with
good weather and workable soil condition. It is also time-
consuming, expensive and difficult., To overcome some of the
above mentioned difficulties, the author decided to work on
the possibllity of some laboratory tests.

In reviewing literature, the author noted an article (25)
by A. W. Clyde iIn which was suggested the possibility of using
a soil box and small tools to determine the effect of soil
factors in the draft requirement of tillage tools. Although
the article was published in 1939, the idea never materialized.

To continue the study of tillage »roblem the author de-
cided to design a soil box with reasonable dimensions, which
could be constructed in an agricultural engineering laboratory

and to run the tests.

Objective of the Experiment

The objective of the tests in the soil box was to deter-
mine the effect of any individusl factor in the draft reqguire-
ment by keeping the other factors constant ancd changing this
specific factor. Effects of speed, moisture, percent clay,
packing the soil, were investigated. In this test all other
factors, such as organic matter of the soil, cementation,

vegetation, etc., were eliminated or controlled with reasonable

accuracy.



Soll Box

The experimental soil box consisted of three sections:
the statlonery part that held the soil, the moving section
which carried tillage tools and a spring dynamometer to
measure the pulling force, and the power section which con-
sisted of a three-quarter horsepower electric motor and the
transmission.

Stationary section: This section consists of the body
of the box. The box was twenty feet long, threc feet wide,
and one foot deep. The whole box was made from a steel frame
with two removable end gates. The interior of the box was
covered with Z20-gauge sheet steel. The steel sheets were
attached to the steel frame with 2 few wire ties. Along the
upper edges of the box, two rows of door-hanger tracks were
bolted in each side to the main frame as is shown in Figures
;3 and I, Appendix. The box was thirty inches above the
ground, and was supported by an adequate number of cement
blocks. The entire frame was made with angle steel beams
and, because of ample supnort at the bottoms and because
of low-bending moments, the main beam of the lrame wes com-
paratively light. The detall of the design has been shown
in Figures L1, L2, 43, L5 and L6, Appendix. A check of
the strength was made wherever it wes felt necessary. The
removable end gates were to facilitate the loading and un-
loading of soil from the box. The box could be loaded by

a tractor with a hydraulic lifting bucket or simply by



throwing the soil in the box with shovel. The capacity

of' the box was almost fifty cubic feet. Becauce of the
comparatively low capacity of the box unloacding or loading
of soil did not take more than one and one-half to two
hours,

The moving section: The frame of the moving section was
made from two diagonal and two longitudinal 2 x 2 x 1/8 inch
angle steel beams, bolted together in a rectangular shepe.
This frame was attached rigidly to four trolley door hangers,
which rolled in the previously mentioned tracks. This pro-
vided a low friction motion of the frame along the length
of the box. A third diagonal 2 x 2 x 1/l inch angle steel
beam was bolted almost in the middle of the frame to hold
the tillage tools. A4 3/8 inch wide slot was cut along the
length of this beam to provide a location change of the
tool anywhere along the width of the box. To the same beam
was welded vertically another 2 x 2 x 1/8 inch beam to
carry the dynamometer. This dynamometér wes a spring scale
which was graduated to one-pound divisions. A one-inch inside
diameter and .5 inches long dashpot was made Lo dampen the
vibration of the spring. The dashpot was bolted to the ver-
tical beam underneath the scale. A one-half inch short
horizontal rod was fixed with two nuts to the weighing loop
hole at the lower section of the scale, and the force of
forward movement was transferred to the scale by this rod,

At each end of this rod there was one quarter-inch hole.



The necessary power to move this whole frame was sunnlied
by two one-eighth inch flexible aviation cables. A quarter-
ineh belt was brazed to the end of each cable, and the bolts
were held with two nuts in the quarter-inch holes of the
horizontal bar in the dynamometer scale. The cables were
directed to the drum at the power ead of the box with four
rollers which bent the cables in reasonable angles to make
them horizontal and parallel to each other.

The tools were attached to the frame by individual
beams made especially to {it thelir shape. Several holes
were drilled in the tool beams to obtain different furrow
depths. OSpecial arrsngements were made on the moving freme
to hitch the roller-packer behind, and to attach the scraper
to the front diagonal steel beams.

The power section: 4 three-quarter horsepower capacity
electric motor with 1750 r.p.m. furnished the required power.
A variable speed reducer with V-belt was available to the
r.p.m. of the motor from 1:2 to 1:5. Another set of pulleys
with the reduction ratio of 1:5 was used to transfer the
nower to the drum. The drum was made ol four-inch steel
tubing welded with two steel plates to a three-quarter inch
shaft in the center of the tube., Two sellf-aligning journal
bearings at both ends of the drum shaft provided a free ro-
tation of the drum. These bearings were located on two
pieces of 2 x 2 x 1/8 Inch angle steel beams which were

bolted to the end of the box. A loop was made at the end



of' each power cable, and two three-eishths inch bolts were
screwed through these loops in the drum to hold the end of
the cables tightly in place while tle drum wes turning.
Turning the drum caused the steel rope to wind around it,
and, in this way, to pull the moving section forward.
Speclal arrangements were made to get a uniform winding on
the drum to obtain an equal pulling effect in both cables,
The leagth of the cables could be adjusted by screwing or
unscrewing the 1/l inch bolts at the end of the cables. A
double-pole, double-throw switch was used to run the motor
forward and reverse directlions. This forward movement of
the tool cart was accomplished by the pvlling force of the
electric motor, but the reverse movement was by hand or by
gravity force of a hanging welght at the other end. A
second switch was installed at the opposite end to turn off
the motor line when the tool cart reached that end.

To indicate the friction produced by moving the tool
cart along the box with different speeds and loads, new
additions were designed and built: a plece of one-eighth
inch flexible avistion cable was connected to the rear end
of the tool cart, and after giving a 90 degree bent around
a six-inch pulley, it was drawn up 25 feet high, and after
being bent again 180 degrees, around a l2-inch pulley,
came down perpendicularly and connected to a weighing pan
(a long nail). Different weights were added on the pan and

the cart was pulled with different speeds. DLach time the



pulling force was reac on the dynsmometer ccale and recorded.
Table 32, Appendix, shows the above mentioncd data. In logolay

the tool cart, an attempt wse made to rcpeat the same condi-
tions that existed 1a actuel tillage tests. As the results
of the tests show, there were only two nounds friction with
any tcst condition, which eliminsted the introduction of =

<

correction factor in the actual data.

Tools and Equipment
To prepare the soil in the box for testing, equipment
wags made to help bring the soll to the desired condition.
Two sprayer heads were installed on a niece of nipe 18
inches apart to spray the water evenly on the surface of the
soll, The pipe was connected to the water line with a long
hose, and could be carried by hand from one end to the other
ol the box. Two heavy impermeable cenvasses were used to cover
the soil after spraying, to keep the moisture from evaporating,
and also to homogenize the moisture in diiferent soill sections
by keeping the water vapor inside the soil.
A regular 20° short-tooth fork and a shovel were used
to stir the s=oil and eliminate the effect of previous vacking,
tillage practice, and occasional cementation of the soil,
Scraper. This was used to level off the soll in the
box and also bring it to the desired depth. The scraper was
simply a piece of 1/L x 3 x 30 inch steel, sharpened on one
side. Two 1 1/l x 3/8 x 1.5 inch stecl strips were used to

attach the scraper rigldly to the front diazgonal steel beam



ol the moving cart. Several 3/3 inch holes vere drilled
with 1/2 lach Iatervals on the connecting steel stripe

to control the depth, Figure 1l shows the alove mentioned
scraper,

Packer., After leveling the soil surface, packing was
necessary to give the soil a desired apparent deansity. To
accomplish this, a hollow cylinder with 8,5 inch diemeter
and 2l inch length was mace from 2l gauge steel sheet.
Inside this cylinder two round wooden plates were {itted
tightly. A 5/8 inch rod was run through the centers of the
wooden plates and tightly connected to them. This rod acted
as a shaft of the hollow cylinder. A 28 x 3 inch rectangular
steel fram was made to hold the packing weights, and this
frame was attached to the besrings at the ends of the shaft
as shown in Figure 15, Appendix. The weights on the frame
were transferred to the cylinder and caused packing of the
soil. The packer was trailed behind the moving cart with
two hitch points,

A cement vibrator to vibrate the box was tested for
uniform packing, but it did not work satisfactorily es-
pecially in clay and moist solls.

To measure the apparent density, a four inch long
steel tubing with one and 13/16 inside diameter was used
with one sharpened end to facilitate the penetration. The
Reinhart method to indicate the apparent density was examined;

it was time consuming, and not satisfactory.
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Soil box,

the general view
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Pig.

12.

Soil box,

grading and packing.

57



Fig.
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Soil box,

Imri.

the moving section
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Pig. 1lij.. Tools and implements used in soil
box experiment.
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Fig. 15. Attachment to the soil box to
measure the friction of the tool
carrier.



Three different implements were uscd to determine the
elfect of previously mentioned factors. The innlenents
were of miniature size which are used mostly in cultivating
gardens; they were a four-inch plow, seven-inch disk, and
a one-inch wlidth cultivator tooth. To study the effect
of the fize of the implement, a 2.5 inch wide tooth was

used to run the same tests ané¢ the results were compared

with the ones obtained with the one-inch wide tooth,

Soil

The uniformity of the soil in the plot was of high
importance. To obtain a uniform soil, five cubic yards of
clesn uniform washed sand (mortar sand) with almost four
cubic yards fine bottom layer clay without organic matter
(used in making tile and clay products) were used as main
constituents of the synthetic soil. Sand and clay were
mixed with a cement mixer to any ratilo that was desired. To
get the best unilformity, clay was ground with a feed grinder
to the fine powdery form. In mixing the soll, sand was
moistened but the clay was dry. Full shovels of clay and
sand were thrown in the mixer while 1t was turning. The
ratio of the shovels of clay to the shovels of sand gave
the clay-to-sand ratio. After rilling the box with this
mixed soil, more mixing was done by shovels and then
mechenical analysis of several points was made to ascertain

the uniformity of the soil.



N

Test Procedure

After the box was filled with a known uniform soll,
moisture wes added by the condensatlion method (spreying
and covering the soil). After 2l hours or longer the
soll was ready lor the experiment.

To break the soil clods, first it was thoroughly cul-
tivated with a one-inch tooth. Then it was disturbed with
a shovel by displacing the soil from one place to the other,
To get a uniform fine particle, the fork was used which left
the soil with narrow ridges on the surface. Later the
.scraper was run to level the surface of the soil, After
the scraper, the packer was run twice over the soll to pack
it to the desired conditions. After the packer, the scraper
was run again to scrape the high spots (if any existed). At
this time the soil was ready for running the test. The de-
sired speed was set by the speed reducer, and then the tool
was mounted on the tool ceart at the desired depth. After
each run the tool was moved along the width ol the box to
a new position for another run until the entlre width of the
box was used. To start another set of runs, the above men-

tioned procedure was followed to prepare the soil for the test.

Results

Three kinds of soil material were used in the experiment:
washed fine sand with zero percent clay, 16,78 percent and

22.52 percent clay.
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a higher clay percentepe soll was also tried but be-
cause of difficulty of handling (easy puddling, the test
was discontinued.

The mechanical analysis (7) of the soil was:

Particle size Percentage

2 - 0053 Meifle 1.3
052 = 002 m.m. %h.l

below .002 m.m. 34.6

Four speeds of tool movement were selected and used

throughout the experiment,

r.p.m. of the drum feet/min miles/hour
1) 58 53.1 .60
2) 90 82.5 .93
3) 125 114.5 1.278
L) 170 155.5 1.77

With the limited selection of speed reducer, dynamometer
scale, and the length of box, a higher speed wes not prac=-
tical.

The pascking force was provided by adding pleces of
channel beams, each weighing nine pounds. The three sets
of weights were 36, 5l, and 79 pounds; in the case of sand,
one 18-pound packing force was used.

The moisture percentage could not be controlled as
closely as the other factors. To obttaln a particular
moisture percentage the method of trial and error was used,
After some experlence the approximate amount of water neces-

sary to bring a soil to a definite moisture content could

be estimated.



-

IN (bD.

DRAFT REQUIREMENT

O N
N

15 - 3.83/ MOISTURE
2.98 7 MOISTURE

10 -

1 54 PACKING FORCE

5 -

"2 A—W”’_,.&B’/%l?olsruas

L]

2.98 MOISTURE

10—
I PACKING FORCE
5.—
15 - .
3.837 MOISTURE
2.987 MOISTURE
10 -
18# PACKING FORCE
8 -
v ¥ T )

5 /. 5 2.

SPEED M, P.H. —»

Fig. 17. Speed versus draft requirement of a one-inch tooth
in soil No. 1 (99 percent silt) with two difrferent
molsture percents, three packing forces, at li-inch
deptho



'b:. -

DRAFT REQUIREMENT 1N

20 +

15 -

®
I

L9,
|

Q
[

[\
()
|

15 -

10

35.9¢/ . MOISTURE
2.827 MOISTURE

54# PACKING FORCE

3.967/. MOISTURE

/waz Mo1sTURE

36# PACKING FORCE

3.9 % MOI3TURE
. : ., 2.827 MOISTURE

18 # PACKING FORCE

] T
5 . rs 2.

SPEED M.P H. —
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Fig. 20. Speed versus dreft reguirement of a four-inch plow
in soil No. 2 (16,7 perceant clay) with three different
moisture percents, three packing forces, at 2.5-inch
depth,
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Fig., 23, Speed versus draft requirement of a four-inch plow

in soil No. 3 (22.5 vercent clay) with three different
moisture percents, three packing forces, at 2.5 1nch
depth.
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Fig. 2l;. Speed versus draft requirement of a 2.5-inch tooth
in soil No. 3 (22.5 percent clay) with two different
moisture percents, three packing forces, at L-inch
depth.
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With each soil mixture experiments were run for three
different soil moisture contents. With each moisture
content, three different packing forces of soil were selected
to be tested., Four different speeds of the tools were run
with each packing force of the soil. In this way a total of
108 readings were recorded with each implement, except in
the case of sand where it was not necessary. The results

are recorded and given in Tables 6Vthrough 30, Appendix,

Conclusions

In general the results obtained were largely qualitative
rather than quantitative., The readings of the scale in higher
speeds and loads were not very accurate because of the vibra-
tion of the dynamometer needle. A hydraulic type dynamometer
with & recording system would work better than the present
spring dynamometer, Also, to get more accurate results more
tests with different clay and moisture content were necessary,
This, however, because.of time and fund limitations, was not
possible,

The introduction of the theory of "models and similarity"
and its application to the soil box zad miniature lmplements,
to be discussed later, not only will prove the vealidity of
these tests, but also will encourage the use of small labora-
tory methods in tillsge problems.

The effect ol speed. The general equation of

N

y = axb # ¢ can represent the relationship between the

speed and the draft requirement of tlllage tools.
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Fig. 26. Percent clay versus draft requirement of a one-~inch

tooth with 10 percent moisture, four speeds, and

three packing forces, at L-inch depth,
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Fig. 27. Percent clay versus draft requirement of a one-inch

tooth with 13 percent soil mcisture, four speeds,
three packing forces, at li-inch depth.
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As the curves of draft versus speed indicate, this
relationship is an almoct horizontal line in sandy soil
and in any other types of soil that have low moisture con-
tent and where the efiect of cementation has been eliminated,
The maximum moisture content at which the Speed does not
have appreciable effect is slightly avove the wilting point,
or moisture percent of almost 15 atmospheres. As the amount
of moisture and clay increased, the slope of the line in-
creased so that in very high clay and moisture contents the
relationship changed from a straight line to a curve. This
change can be shown in the general equation of y = axP £ c
by the different numoer given to b, For example, b = o, y
i1s & straight horizontal line,and for b = 1, thies will be
a straight line with variable slope,

Also the kind of implement seems to have an effect on
the relationship between the speed and draft. For example,
with a disk the curves show straight lines even at 22.6 per-
cent clay and 12.7 percent moisture contcnt. Probably the
change of curve will occur in higher clay and moisture per-
centage,

Effect of clay content. By clay content is.meant the

percentage of particles that are smaller than two microns.
Figures 26 through 29 show the effect of clay percentage on
the draft requirement with coanstant wmoisture, speeds and
packing force. As the shape of the curves Indicates, the

clay content lias very little effect In low molslurc percentage,
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Fig. 31. Moisture percent versus draft requirement of
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four-inch plow in soil No. 2 (156.7 percent clay)
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inchi depth,
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depth.
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but by increasing the moisture, the curves of draft versus
clay rise repidly. This iincrease will continue to a maxi-
mum which is around field capacity, and after that it will

tend to a slight decline (refer to moisture curves), This

1s logical because the capillary activities of the clay per-
ticles will end at aLout moisture equivalent. Two sets of
curves have been drawn for different implements under two
different moisture contents. The above mentioned changes
epply in all cases. The exact equallion for the relationship
between draflt and clay content can not Le given here be=-
cause there were not enough points in the curve, but in
general, they are of the type y = axb # ¢, wherc, 1in most
cases, ¢ = 0,

iwffect of moisture, Molsture is one of the most im-

portant soll factors that have been observed in this experi-
ment to affect the draft. However, in the sandy soil, be-
ceuse of the lack of effective soil particles, the change of
molsture has little effect on the soll resistance, but by
mixing some clay with it the ecifect of moisture wes noticeable,
In almost 2l1 cases the curves start with a sharn increase

and then {latten around the moisture content of field capecity,
The moisture equivalents for both clays heve been indi:ated

and can be noticed very distlinctl, on the curves, In hilgher
clay contents, thc increase of .olsture causcd a very béc
puddling of the soll whilch mace it diiflicult to work tie

S

soil. The limitse of moisture varistions within which soll
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Fig. 37. Packing force versus cdraflt requirement of one-inch
tooth in soil Ho., 2 (16.7 nercent clay) with four
speeds, four diff'erent moisture perceats, at L-inch
depth.,
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Fig. 38. Packing force versus draft requirement of ¢ four-
inch plow in soil No, 2 (16.7 percent clay) with
three different moisture percents, four soeeds,
at 2.5 inch depth.
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was workable for tillage operation, narrowed down wiih tho
increase of clay percentare. For this reason, tle tects
with the soll having 3.0 percent clay were not feasible.

The soil with 10.78 percent clay could be worked even after
11,78 perceant moisture content which is the moisture equivag=-
lent of this soil, but in the other side, the soil with 22.52
percent clay wes ina very bad shape with 12.7 percent moisture
which is less than 14.63 perceht, the moisture equivalent of
that soil. The best equation that could represeant tre data

obtained 1in all cases is

b
a=ea+*+c

Effect of packing force., The packing force of the soil

changed Ll aupparent ceasity of the so0ii. The relationship
between the aprarent density and compression force has been
studied by Hichols and was discussed previously. The density
change in different tcsts has been shown in the tables given
for each test. It seems to be more practicel here to show the
relstionship between the draft and the force of packing soil.
As the method of packing was the same throughout the experi-
ment, 1t was deciced to use the emount of weight epplied over
the packer as the abscicsa and the draft of the implement as
the ordinatc. The change of draft wes proportional to the
change of packing force, and thle ~clstionehip is a straight

line in all ceases.



Theoretical Study of Soil Factore Aftecting The

Draft Requirement of Tillugec Tools

keasons for Study

The problem of soil resgistance aseinst the pulling
of a tillage tool should be studied by the method of di-
mensional enalysis for two reasons:

1) Instead of running field tests to indic..c the
pe?formance of a particular tillape tool, the performence
cen be found with small models in the soil box inside
the laboratory. Then by the use of the theory of models,
the results of laboratory tests can Le applied to the sasctual
fielc eize,

2

~—

The theory of dimensional analysis is & good method
of finding an equation indiceting the relationship between
the soil resistance against the tillage tools and the differ-

ent factors, or a dimensionless product of these factors.

General Remsrks on Dimensional Analysis

An equation will be szic to be dimenslonally homogenous
if the form of the eguation does .ot depend on the fundamental
units of measurement. Dimenslionslly homogenous functions
are a special class compared to thc general types of functions
that are investipated in mathematical analysis. The theory
of dimensional analysis, which 1s the mathematiceal theory of

this class of functions, is purely algebraic.
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The application of Cimensional analysis to

oracticel

m

problem is besed on the hypothesis that the solutioa of the
problem ic expressible by means of a dimensionally homo-
genous equation in terms of specified veriables. . un-

.

known equation is dlmensicnally homogenous when tle equation
contains all the veriables thet would eppeer 1n an analytical
derivaticn of the equation.

The first step in the dimensional analysis of a problem
is to decide what variables enter the problem. 1 veriables
that are introduced do not affect the phenomenon, too meany
terms may appear in the finel equation. I variables thet may
affect it are omitted, the celculations may reach an impasse,
Or &n erroneous answer may be obtalined.

Theorems: 1) A set of dimensionless products of given
variables is complete, if each product in the set ic inde~
pendent of the others and every other dimensionless product
of the varisbles is a product of powers of cdimensionless pro-
ducts in the set.

2) Buckingham's Theorem. If an equation 1s dimen=
sionelly homogenous, it cen be reduced to a relationship
emong a complete set of dimensionless products.

3) The number of dimensionless products 1a & complete
set is equal to the total number of varilables minus the
maximum nunler of these varisblec that will not form a dimen-

sionless product. g



Assumpticns cnd the Solution of the Problem

With the present knowledre of soil characteristics,
the elements that have been conscidered effecctive -r the
resistancc force a ainst tillage implementz are checr, ac-
celeration of tool, veloclty ol tools, density of soll, &
unit of length which is effective (it can be firect, second
or third power of length), and viscosity of soil solution
or water in soil,

The dimensions of the above fectors will be

.Shear strength S = F

L2
Accelercation A= L

e
Velocity V=y>1

III
Density = FTe

-
Force = F The force of soll resis~
tance against tillege tools

Length D=1
Viscosity = FT

12

According to the theory of dimensional analysis, it can
be said that f ( s9 A.L, vc, (’d, Qe, Df, M:r ) = 0.
According to Buckingham's theorem this can be reduced to a
set of dimensionless products. The number of those products

is equal to the total number of variables minus three (the

number of independent varisbles). To find the dimensionless



products a few sssumptions should be made so that each

product conteins only one of tre required unknowns:

1) FIRST ASSUMPTION

b=C=d=3=o

$(5% e o)=o 4
or f[(£)*(F)(L) J=o0

oL+¢e =90 OR A=-¢

“4r=

o —|u
o©°—|D
o -o|Q

-2 A+4§ =0 OR f=2a
FOR €=-1
=1 AND f=2
2
50, ]((25'?- ) =0 > A DIMENSIONLESS
PRODUCT

2) SECONDP ASSUMPTION
a,-:-b-.-.g_-.o

f-( chd&"— D‘) =0

OR L (L) (&) () (1) ]=o

IV P @ D
d+e=0 Flo 14 | 0
i - o] |
C"4d+'}-"—"—0 T |-t 2 0 0
-c+ed=o
FOR ¢€=-|
d=1 =—4+%+=0 OR C+4=4
AND C=2d m2 y f=2

50, f(v2p 9 D')=o0

Zp 8 IS A DIMENSIONLESS
OR)‘(-V-—%L):O PRopuCT
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3) THIRD A33UMPTION

ou.bd_

or L EnEm )y ]=o

|lv M & DO
34’6_—.0 F10 : / o
Lt -2 o |
C-29+f=0 Tl-l 1 o o
—-—C+g=0
FOR €=— ! 9=1 , C=! AND 4=I

MpY _
50, ,((.L/_éz)_

]S A DIMENDJIONLEDS
PRODuUCT

4) FOURTH ASSUMPTI|ON.

d- C..g:O
e g

FTa ‘J
K
d+e=o0
b-4ol+-f:=o
-2b+2d= o
= -1 d=1 }

]L(A P a'D?)=

IS A DIMENSIONLESS
PRODUCT

-

A
(0]
[

-2

4T
N
co—-|0

FOR

b=1 AND 7(.-.3

50,

FINALLY,

[( )(vapo) \vgq) (Apos)“o

A(SDZ)‘I‘B(VZP D") +C(
OR
!

_ I 1+l
-:5-"‘"5”52"'5' vEpD: ' VD

|
G ApPD3

(1)

o—0o{U

i) +E Apo*‘)"o
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To find the amount of € which is & function of S, D, v,p
gnd M, the coefficients of L, B, ¢, and & should be
determined from practicel deata.

The releticnship between sheer and moisture. end cley
content hes been Indiceted by Nichols, aend has been dis-
cussed here previously., The acceleration of the implement
1s zero, if it will run withk constant sneed; when accelera-
tlon is zero, the last item will droo out, The effect of
viscosity should be studied more and ites relationship to the
percernt of clay and moisture should be determined. The
veloclty and the size of the imolement also the density of

soil can be measured directly and used in the above equation.

Conclusions

Equation (! ) will indicate the amount of resistance
force of the soill ageinst the pulling of the implement.
This will be justified only when the soil is uniform and under
controlled conditions. As has been dlscussed before, some
of the factors that it is not possible to control like organic
matter, vegetation, etc., have been eliminated; some laboratory
ﬁork is needed also to indicate the constants and the degree
of effectiveness of the viscosity ancd its relationship with
the other more casily measurable soil properties. In general,
it could be mentioned that this is not a complete theoretical
solution for the problem of measuring the draft requirement
of tillage. It indicates only the possibility of the theoreti-

cal colution which should be investigated later,
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Upon the completion of the above relationship for the
uniform soil, it can e applied to field conditions by mul-
tiplying this relationcshis by certein fectors which will be
determined according to the {ield condition. This method
has been used in many other fields of applilecd science, and
will te discussed further in the section on "Suggestions

for Further Study."



SUMIMARY

The non-uniformity of soil, and the fact that the
control of soil properties in the field is next to im-
possible, has made field tests of very little value. None
of the f'lield tests run in different localities could be
duplicated, and no uniform plot existed to use for the
experiments. Haines (34) in England, also recognized this
non=-uniformity of soils in field tests.

In order to study the problem of the draft requirement
of tillage tools, the important factors were determined
first. Then, with the help of laboratory methods, the rela-
tionships between the draft requirement and the effective
factors were determined.

The theoretical method was the best way to determine
the above mentioned relationships. The application of the
theory of dimensional analysis bo thils problem seemed to be
satisfactory, though more investigations are needed to obtaln
the final results., More detalled conclusions are given at

the end of each section.



SUGGESTIONS FOR IULTIER STUD

2

Changes In Laboratory Tests

Proposed Changes in Building Experimental Soil Box

A longer and wider soil box would make possible tests
with higher speeds and a2lso more runs with different s»eeds
which could be done after each soil preparetion. The depth
of the box seemed to be adequate and no changes were needed.
The length of the tool cart should be increased to have more
stable smooth movement of the tool cart at higher speeds.

A hydraulic dynamometer with recording instrument would
increase the accuracy of reading.

Change of the trolley door tracks to a stronger ané more
rigid type, would avoid the bouncing of rollers at higher
speeds. It should also be designed so that it will always
remain clean and save time by elimineting continuous
cleaning.

Some other smell changes which might be suggested are:
providing a means of stirring the solil instead of using a
han¢ fork, using a better method to measure the apparent
density, in order to save time and increase the accuracy of

the test.
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More Tests With Different Conditions

Only three kinds of soils were used in the experiment,
The avove solls were made of only cand and clay. FYor Letter
results the number of soll mixrtures should e increased.
Also organic matter, and vegetation can be added to the soil

in known quantities, and their effect on the amount of draft

determined.

More Theoretical Study

The theoretical method should be developed more com~
pletely and checked with the labvoratory results. The method
of dimensionel analysis seems satisfactory, though some
other methods might be found that are more adaptable. In
the theoretical anelysis, the conception of the main func-
tions of tillage is very important. Any misassumption of
the factors presenting those functions will end in a faulty
result. Therefore, those functlion, the acsumptions, and the

solution of the equations should be studied cerefully.

Application of Theoretical and Laborstory

Results to Fleld Conditions

As hes been mentioned before, the main difficulty Iin
field tests is the non-uniformity of the soil. To overcome
this difficulty, the author suggests consideration of the.
following method:

1) Developing a method for the classical study of the
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effect of some factors such as differeat orgenic matter,
surface vegetatlion, root system, trash, etc., in the
draft requirement of functionally different tillage im=
plements.

2) Using & large sample of the non-uniform soil,
mixing it thoroughly and running different tcsts in the
soil box.

3) Running s few fleld tests and getting the average
amount cl' the craft requirement,

i) Determining the ratioc of the result of the field
test to the laboratory test. This can be called the "fileld
factor." Detcrmining and recording the field factor in a
few soil types.

5) Determining the soil type and the amount of various
effective factors, as has been previously discussed, in order
to discover the draft requirements in any field. This would
require the use of the theoretical equations to evaluate
the amount of theoretically required draft, and by multiplying
by the field factor would give the actual draft recuirement of

the tool.



APPENDIX
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TABLE VI
DRAFT REQUIREMENT OF A ONE-INCH TOOTH
Soil No. 1

Moisture percent 2.98

Run Packing Apparent Speed D?aft
No. Force Density Requirement

lbs. Mm.p.he lkbs.

1 18 1.29 .€0 11.
2 " n .93 10.5’

3 " " 1.29 11.

'4~ n n 1.77 13.

6 1. .60 10.

:é 3n 1935 .93 10.
" " 1.29 12.5

ﬁ n n l .77 13.
1, .60 10.

> g i .93 11.
" " 1.29 11.5

L y " 1.77 13.




TABLE VII
DRAI'T REQUIRENENT OF A ONE-INCH TOOTH
Scil No. 1

Moisture Percent 3.83

— e e

Run Packing “ Apparent Speed Draft
No. Force Density Requirement
1lbs., me.p.h. lbs.
1 18 1,31 .60 11.
2 n n .93 10.
" " 1.29 12.5
ﬁ " 1] 1.77 13.
1 36 1.32 .60 12,
2 (1] i .93 1 .
" " 1.29 16,
ﬂ " " 1.77 1.5
1,37 .60 10,
1 5 i 99 12;
2 n n 1.29 13.5
& n n 1 .?? 1b .5
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TABLE VIII
DRAFT REQUIREMENT OF A ONE-INCH TGOTH
Soil No. 2

Moisture Percent 9,36

Run Packing Apparent Speed Draft
No . Force Density Requirement

lbs. m.peh. lbs.

1 19 1'.'23 .60 10,

2 2] n .93 9.
1.29 9.5

" " 1.77 10.

1 36 1.26 .60 10.

2 n " .93 ll.

3 " " 1.29 10,
I n " L.77 10.5
1 54 1.27 .60 10.5

2 1 n .93 11,

3 f ] 1.29 11,
L n " 1.77 10.5




TABLE IX
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DRAFT REQUIREMLNT OF A ONE-INCH TOOTH

Soil No. 2

Moisture Percent 10,0

Run Packing Apparent Speed Draft
No. Force Density p Requirement
lbs, m.p.he. 1lbs.
1 36 1.22 .60 12.
2 1] n .93 1 .
2 ;] n 1.29 l)i.
E tt 1" 1.77 15.
1 54 1.30 .60 12.5
2 1 " .93 1 .
" " 1.29 lé.
ﬁ " " 1.77 16.5
1 1.32 .60 15.
2 72 " .93 16.
u " 1.29 19,
ﬁ " " 1.77 17.




TABLE X
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DRA¥FT REGUIREMENT OF A ONE-INCH TOOTH

Soil No., 2

Moisture Percent 11.75

Run Packing Apparent Speed Draft
No . Force Density p Requirement

1bs, m.p.h. lbs.

1 36 1.42 .60 22.

2 " n .93 23 N

" 1t 1.29 23 .5

L n " 1.7 2%

1 1.41 .60 22,

: i : 9 2L

e " n 1 .29 25 L4

)1 n n 1.77 28.

1.60 .60 2l .

é " " .93 25.

" " 1.29 2b.

i " " 1.77 29.
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TABLE XI

DRAFT REQUIREMENT OF A ONE-~INCH TCOTH
Soil No. 2

Molsture Percent 13.77

s
——

Run Packing Apparent Draft
No. Force ggnsity Speed Requirement

lbs, m.p.he. loe.,

1 36 1.54 .60 ) 23.

2 " " .93 23.

ﬁ " n 1.29 27

" " 1.77 30,

g

: & HEt 55 %

3 n " 1.29 29.

I " " 1.77 31.

° O 80

L Lo R

3 n ] 1 .29 32.

L‘_ n n 1.77 35.




TABLE XII
DRAFT REQUIREMENT OF A ONE-INCH TOOTH
Soil No. 3

Moisture Percent 7.25

Run Packing Apparent Speed Draft
No. Force Density P Requirement

lbs. m.p.he. 1bs.

1 36 1.18 .60 11,
2 " " .93 - 11.5
" " 1.29 11.5

ﬁ n n 1.77 ll.

1 sl 1.19 .60 11,

2 " n .93 1l1.
n L] 1_29 11 .5
i " " 1.77 11.5
1 79 1.2 .60 11.5
2 n " .93 11.5
" " 1.29 11.5

g " " 1.77 12.
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TABLE XIII

DRAFT REQUIREMENT OF A ONE-INCH TOOTH
Soil No. 3

Moisture Percent 9,83

Draft

R Packi Apparent
Ng? %orczg %gnsity Speed Requirement
lbs. me.p.he. 1bs.
1 36 1.18 <60 4.5
2 1" 1" .93 15‘
3 4] n 1.29 17.
4 n ] 1.77 18.
1.1 .60 15.5
é 5% n 9 .93 16.
n " 1.29 17.5
ﬁ ] n 1.77 18,
1.2 .60 16.
é 72 " .93 17.
3 " " 1.29 18.5
L " u 1.77 20,
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TABLE XIV

DRAFT REQUIREMENT OF A ONE-INCH TOOTH
Soil No. 3

Moisture Percent 12,98

Run Packing Apparent Speed Draft
No. Force Density Requirement
lbs. m.p.h. lbs.
1 36 1.32 .60 35.
2 1] " .93 38 .
3 " n 1.29 Lo,
b_ n L] l .77 Lf-3 .
50 .60 .
é & L0 .93 33.
3 n n 1.29 0.
u n " 1 ’77 50 ..
. .60 2.
} " 12 93 IEN
3 n " 1.29 L3.
L " " 1.77 55.




TABLE XV

DRAFT REQUIREMENT OF A FOUR-INCE PLOW

.

Soil No.

1

Moisture Percent 2.82

—

Run Packing Apparent Draft
No. Force Density Speed Requirement
1lbs. m.p.he. 1lbs.
1 18 1.3 .60 15.5
> n " b .93 1L .
n n 1.29 lu.s
ﬁ n " 1.77 17.5
1 36 1.37 .60 15.
2 n n .()3 15.
3 n " 1.29 l%.S
LF 1 fn 1.77 1 .5
1 51& 1.38 .60 1l
2 1 n .93 13.
n U 1.29 lﬁ.S
ﬁ " " 1.77 15.5
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TABLE XVI

DRAFT REQUIREMENT OF A FOUR-INCII PLOW

Soil No. 1

Moisture Percent 3,95

Run Packihg Apparent Speed Draft
No. Force Density Requirement
lbs, MmeP.hne lbs,
1 18 1.35 .60 1.5
2 n ’ n .93 15 .5
" -1 1.29 15‘ .5’
ﬁ n n 1.77 16.5
1, .60 15.
% 39 i .93 15.5
3 " n 1.29 16,
u‘ t " 1.77 17-
. .60 12.5
5 g L3 93 1.
3 " " 1.29 15,
I " " 1.77 15.5




I
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TABLE XVII
DRAFT REQUIREMENT OF A FOUR-INCE PLOW
Soil No. 2

Moisture Percent 9.15

Run Packing Apparent Speed Draft
No. Force Density Requirement
1lbs. m,p.h. lbs.
1 6 1, .60 18,
2 3" |l39 .93 19 .5
1] tH 1 .29 19 .S
ﬁ n 7" 1 .77 19 .5
1 1.1 .60 18.
2 5% it .93 18.5
" " 1.29 22,
i " " 1 077 22 '5
1.42 60 19.
> " it 193 19’5
3 n " 1.29 22,
L " n 1.77 22,
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TABLE XVIII

DRAFT REQUIREMENT OI" A FOUR-INCH PLOW
Soil No,., 2

Moisture Percent 10,1

Run Packing Apparent Draft
No. Force Density Speed Requirement

lbs., MeD N lbs.

1.0 .60 22.5

2 & W 193 2} 3
n " 1.29 260.

ﬁ n n 1.77 §9.5

1.}-2 .60 23. -

é 5)3 n1 .93 23,5
" " 1.29 2&.
i n " 1.77 30.
1.2 .60 25,
> n i 193 57
" " 1.29 29.

ﬁ " " 1.77 30,5
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TABLE XIX
DRAFT REQUIREMENT OF A FOUR-INCH PLOW
Soil No. 2

Moisture Percent 13.7

e

—

Run Packing Apparent Speed Draft
No. Force Density Requirement
lbs. m.,p.h, lbs,
1 36 1.57 .60 35.
2 n n .93 36.
3 1" n 1.29 7.5
u n n 1.77 O.,
.55 .60 .
]é Sl't lnSb -93 Eg‘
. " 1.29 0.
a 1] n 1.77 L],Z.
L6 .60 35.
% 72 1"LL .93 ?.
n n 1.29 2.
ﬁ 1 n 1.77 45




TABLE XX
DRAFT REQUIREMENT O’ A FOUR~INCH PLOW
Soll No. 3

Moisture Percent 7 .88

120

Run Packing Apparent ; Draft
No. Force Density Speed Requirement
lbs. ° m.p.h. lbs,
1 36 1.18 .H0 19.
2 " " .93 19.
1] n 1 .29 19.5
ﬁ " " 1.77 19.5
1.1 .60 19,
é 5& " 7 .93 20,
" n 1.29 20.
i " " 1.77 20,
1.2 .60 19.5
é ?2 1] .93 _20.
3 n n 1.29 20.
Iy n " 1.77 20,
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TABLE XXI
DRAFT REQUIREMENT OF A FOUR=-INCH PLOW
Soil No. 3

Moisture Percent 9.7l

Run Packing Apparent Speed Draft
No. Force Density Requirement
lbs. m.p.h. lbs.
1 36 1.2 .60 19,
2 " n .93 21.
n it 1.29 21.5
i " ] 1.77 22.5
: 1.21 .00 22,
é 5% " .93 22.
3 " " 1.29 2l .
u n n 1'77 25
1.2 .60 23.
2 7 i 93 22"
3 n 1t 1.29 130.
L l " 1.77 31.

'1
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TABLE XAII
DRAFT REQUIREMENT OF A FOUR-INCH PLOW
S0il No. 3

Moisture Percent 12.21

. —
——

Run Packing Apparent Speed Draft
No. Force Density Requirement
1lbs, m,p.h. lbs.
1 36 1.35 .60 30.
2 " n .93 5.
3 " n 1.29 ao.
u " n 1.77 )_*5.
1 5 1.40 .60 33.
2 W " <93 35.
" n 1.29 E?.5
ﬁ " " 1 .77 .5 .
79 lGAT .60

I O

36
.93 58.
" n 1.29 O.
o " 1.77 3.




TABLE XXIII
DRAFT REQUIREMENT OF A 2.5 INCH TOOTH
Soil No. 2

Moisture Percent 9,41

Run - Packing Apparent Speed D?aft
No, Force Density Requirement
lbs. m.p.h. lbs.
1 36 1,27 .60 18.5
2 " " .93 20.5
" " 1.29 22.5
i n n 1 .?7 23.
1.38 .60 19.5
é 5& "3 .G3 21,
" " 1.29 21,5
i n n 1.77 2l .
1. .60 20.
: " i 193 2115
3 " n 1.29 23.
L{_ n 11} 1 .77 25.




TABLE XXIV
DRAFT REQUIREMENT OF A 2.5 INCH TOOTH
Soil No, 2

Moisture Percent 11.56

124

Run Packing Apparent Speed Draft
No. Force Density Requirement

lbs., m.p.he. lbs,

.00 .

% 36 1.47 .83 %3.

] n 1.29 3§.

ﬁ_ n " 1'77 3 .

1.52 .60 35.

2 i i 193 3.

3 N n 1.29 9.

I . " 1.77 0.

51 .60 37.

2 k: P 193 30

n " l 029 ﬁc)'

ﬁ n n 1.77 2.




TABLE XXV
DRAFT RLEQUIREIENT OF A 2.5 INCH TOOTH
Soil No, 2

Moisture Percent 13.3

Run Packing Apparent

Draft
No. Force Density Speed Requirement

lbs., m.p.he lbs.

: % P 195 %:
3 n " 1.29 O
L " " 1.77 L2.5
1. .60 36.5

% 72 I|Sl+ .93 42.
o " 1.29 L.

i n " 1.77 50.
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TABLE XXVI
DRAFT REQUIREMENT OF A 2,5 INCH TOOTH
Soil No. 3
Moisture Percent 10,32

Run 'Packing Appearent

s a Draft

No. Force Density pee Requirement

lbs., m.p.n. 1bs.

1 36 1.19 .60 22.
2 n n .93 25.
3 " " 1.29 27.
l; " n 1 .77 31.
1.22 .60 2.
% 5)# n .93 23.
1] n 1.29 25’ .
ﬁ " " 1.77 33.
1,22 60 28.
> fa " .93 30.
3 " n 1.29 32
L n " 1.77 35.
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TABLE XxVII
DRAYT REQUIREMENT OF A 2.5 INCH TOOTH
Soil No. 3

Moisture FPercent 12.79

e

Run Packing Apparent Draft
No. Force Density Speed Requirement

lbs. m.p.he. 1lbs,

1 36 1.37 .60 35.

2 n n .93 3?.

2 n " 1.29 8 .

E " 7" 1.77 gO.

1.38 .60 33.

é 5% "3 .93 35.

3 n " 1.29 T

}_‘4 n n 1.77 12

1.2 .60 37.

% 7? 1] H .93 8.

' " " 1.2G 1.

ﬁ " " 1.77 18,
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TABLE XXVIII
DRAYT REQUIREMENT OF A SEVEN-INCH DISK
Soil No. 3

Moisture Percent 8.83

v e~ —

Run Packing Apparent Speed Draft

No. Force Density Rkequirement

1lbs. m.p.h. lbs.

o .60 8 L ]

2 n n 1 .29 8 .

):, ) n 1.77 8.

.60 8.

]é S% 1!121 . 3 8 .

3 " " 1.29 8.

L n 1 1.77 8.

.60 8.

; 71? 11728 .03 8.

n " 1.29 9.

L ! " 177 10,
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TABLE XXIX
DRAFT REQUIREMENT OF A SEVEN-INCH DISK
Soil No. 3

Moisture Percent 10.29

Run Packing Apparent Speed Draft
No. Force Density P Requirement

lbs. m.p.h. lbs,

1 36 1.26 .60 10.

2 n n 33 11.

2 n ] 1.29 13.5

E n " 1.77 15,

! 1- 0 060 l'o

é 5%‘ II3 .93 1 .

n n 1.29 19,

E n " 1.77 22,

1.31 .60 17.

% s i .93 22.5

" " 1.29 28.

ﬁ_ n n 1.77 32.




TABLE «XX
DRAFT REQUIREMENT OF A SEVEN-INCH DISK
Soil No. 3
Moisture Percent 12.71

s

Run Packing Apparent Draft

No. Porce Density Speed Requirement
lbs, m.p.h. lbs,
© 1.41 .60 23.
é 3n 1" .93 QLL-
3 " " 1.29 25.
L " n 1.77 27.
1.4L8 .60 25.
é S% "L 293 27.
n n 1 .29 2().
i n " 1 .?7 32 .
1. .60 30.
> " it 103 3.
: ; : 1777 o
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TABLE XaXI

THE FRICTION DETERMINATION OF THE TOOL CARRIER IN THE SOIL BOX

Load on the Dynamometer
?pfeg Tool Cetrrier yRergcc)iing
Hiekselle lbs. 1bs.
.60 10 12
-9l 10 12
1.29 10 12
1.77 10 12
.6& 20 gg
. 20
1.29 20 22
1.77 20 22
.€0 30 32
Ol 30 32
1.29 30 32
1.77 30 32
.60 39 L1
9L 39 11
1.29 39 41
1.77 39 L1
.60 7 49
.l ﬁ? L9
1.2¢ L7 49
1.77 L7 L9




132

X049 o< NI
HIINUYI N ILIVOWYNAT GNY 1004 )
: RWYN —
1'g “r vmwvwa 49 ‘% oansicrT r
£59-5 :auve GURE 2T
f
1430 ONT DF !
FPI7702 FLVIS NVWDIHIN

o .
n N
2 M. > wa a

' L2
\\
S ¥ 7
_rua EF &5 1
[ A
TEZ
WITI0M$7
SANIOL 7¢ ¥Rd Q3N FdIM Ehnn«/ 5. dg
My
wll O )
S R-PZ 0N WIANWH_ ﬂr
_aoea” XI1I0WL. MoK
A A XsPr
10a-nEVE ¥E (AT ¥ITT0N 02
Y7 55|

PIWIF
NILTWOHVYNLT U -001




133

(Nl
Ui

wonouL 7106 -

Lg “wmvya 1@ “1oIn9is3a

£ IW2S §5-2-F 34v0

237908 SIIE NP o

i€ ON
CNITYUL 200G RITI0YL M'H 2

2f

bs — FLyD FTGVAOWNIN )~

= N XTI

CIWH §-5

Fig. 43



134

“WNAQ IHL dVHM 0L YOS 0T 40 ONIF FHL

£3T6V> HAIWOW
1Y WA¥Q 40 DNIMYNT AIQWICCY

L 3WYN
29 Y nmuna 4@ “Ya3No9IsIT
rc-bos: FLva €1 IF3WIT

—

F51—
-&

{

4430 9N3 oY
F97707-FIVIS ~ NVDIHIIN

\nﬁ%

ol Wnda k

2

2I2STINING. THs
MVLLY 0L S110R B 7

Ty

| —— -~ g

J a1V 2t

A31Id DF9-A IZCY,

T1E1-9N1N¥3IG WNUNOL TZNONE ININITY 4736

aa

Fig. 44



135

AINOVL

2 INVYN

LG QNmvuq | L' Y oPND IS

$£5)-G. FLYT 21 :I3Yo8

2d3Q@ “9nvg DY
F937702 FUVLS NYDIHIRA

.
i

L]

&2

\ c470% &

L A —
———— 27 J_
v M
QaoMm GNNOY MIIHL 2 >
2
7 /\I\ ﬁ b
X NNOOANN ////////////////XAA/A\VE//////// WOONNN

ot

thwt g
13318 3\

=SS
-/

A

h Qill’
S .
HLIM DNIHSNG
\ 9331C a0 .w\
_ﬁ
1s Lvrd 2X|
{
a.x::

Fig. U5




136

04 XOgG VoS 3IHL 0L

HII4HYF T00L
IHL JO NOILDINS 3HL JUNSYIW

4NIWHIVLLY
SINYN

L9 4 NMYHT

Log:9aIN9ICIO

Pe-L-5 | Juva

£:1 ;I 3Woc

2dFA INI Y

! IDIT102 3LVIS NVIIHZIW

\miﬁmm

e #6—

AHD13M 3ML GI0H oL .:.R/

0?L —- Il‘ll

1709 ﬂ

NILIVE 400N

S61-

oox

—

Fig. L6



REFERENCES

1. Ashley, Wallace A method of comparing pl ‘
. : I £ plow bottom shapes.,
Ag. Eng. J., Vol. 26:35, Jan. 1932. ‘

2. Bacon, C, A. Plow bottom design. Ag. En Transacti
Vol. 12:26, 1918, ene AE. N8 o

3. Baver, @. D. The physical properties of soil of interest
to agricultural engineers, Ag. Eng. J., Vol. 13:32l,
Dec. 1932 .

L. Baver, L. D. The Atterberg consistency constants: Factors
affecting their values and & new concept of their signi-
ficance. J. Am, Soc. Agron., 22:935-948, 1930.

5. Baver, L. D. Soil Physics, John Wiley and bdone, Inc.,,
llew York., Second edition, 1948,

6. Bouyoucos, G. J. A simple and rapid method for measuring
the stickiness of soil. Soil Se. 3k, No. 5:393-410, 1932.

7. Bouyoucos, G. J. Recalibration of the hydrometer method
for making mechanicsal analysis of soils, Agronomy Journal,
Vol. L3:43,-8, September 1951,

8. Brown, Theo. Engineering development of tillage equipment.
Ag. Eng., J. Vol, 12:211, June 1931l.

9. Brown, Theo. Some fundamentals of plow design. Ag. Eng.
Transaction, Vol. 19:24, 1925,

10. Browning, G. M. Principles of soil physics in relation to
tillage. Ag. Eng. J., Vol. 31:341, 1950,

1l1. Browning, 0. A. Present status of the plow as a tillage
implement. Ag. Eng. J., Vol. 25:7, 19&&. '

12. Clyde, A. W, HMechanics of plow and tractor hitches. Ag.
Eng. Transaction, Vol. 28:28, 1934. ,

13. Clyde, A. W, Measurement of forces on soil tillage tools.
Ag. Eng. J., Vol. 17:5, Jan. 1936,

14. Clyde, A. W. Load studies on tillage tools. Ag. Eng. J.,
Vol. 18:117, 1937.



138

15. Clyde, A. W, The problem of soil tilth E
) rS L ] ~ ® h‘ A ®
Vol. 18:320, 1937. ' : As- Bng. J

)

16, Clyde, A. W. Improvement of disk tool ‘
Vol. 20:215, 1639, o0ts.  As. Ing. J.,

17. Clyde, A. W. Mounted plows and their effects on the
tractor. Ag. Eng. J., Vol. 2:167, 190,

18. Collins, E. V. Factors influencing the draft of plows.
Ag. Eng. Transaction. Vol. 14:39, 1920, ’

19. Collins, E. V., Making a ‘tractor drawbar test. Ag. Eng.
Je., Vol. 2:19, Jan. 1921,

20. Collins, E: V. The direct application of mechanical power
to soil tillage. Ag. Eng. J., Vol, 10:165, May 1929,

21. Cook, R. L. A comparison of tillage implements. Ag. Eng.
J., Vol. 31:211, 1950,

22. Davidson, J. B, Influence of speed on the draft of plows.
Ag. Eng. Transaction, Vol, 13:09, 1939,

23. Davidson, J. B. The manless plow. Ag. Eng. Transaction,
Vol. 18 :53’ 192,+.

2., Davis, Dale S, Empirical Equation and Nomegraphy. McGraw-
Hill Book Company, Inc., New York and London, 19L3,

25. Dejuhasz, K. J. and Clyde, A. W. Model experiments on
tillage tools. Pa. Exp. Sta. Instruments, 12, 1939,
N.S.P. 14, Penn. Sta, Bul. 382, p. 19.

26. Dover, Ralph D. and Nichols, M. L. Dynamics of soil on
plow moldboard surfaces related to scouring. Ag. Eng.
Transaction, Vol. 28:9, 1934.

27. Duely, F. L. and Jones, M. M. Effect of soil treatment on
the draft of plows. Soil Science, 21, No. L:277-288, 1526.

28.. Fletcher, L. J. The development of deep tillage in Cali-
fornia. Ag. Eng. Transaction, Vol. 17:202, 1923.

29. Gray, R. B. A farm tillage machinery laboratory. Ag. Eng.
J., Vol. 15:6, 1934.

30, Green, John M., Some rotary tillage epplications. Ag. Eng.
J., Vol, 27:175, 19L6.

31, Gordon, E. L. Physical reactions of soil on plow cisks.
Ag. Eng. J., Vol. 22:205, 1941,



139

32. Halgef, h: 5. Stuuies in the physicel properties of solls
and mechqn%cal properties concerned in cultivation.
J. Apr. Sci. (Englend) 15, lo, 2:178=-200, 192¢%,

33. Halngg, Wé ?. Qtudies inlthe physicel properties of soils.
Jo hgr. Sci. (England) 15, No. :529-5L3, 1925,

3. Haines, R. G. Analysis and control of landsides. Washing~
ton Engin. Exp. St. Bul, 91:57, 1936.

35. Iyer, P. V. K. and Kao, P. &. Preliminary.investigation
into the influence of the fundamental dirmensions of & plow
and drawbar pull depth and resistance per unit area. J.
Agr. Sci. 1L:2L0-L, June, 194L,

36, Jennings, B. A. Plow adjustment, Cornell Ag. Ext. Bul,
381:1-3%, 19L2.

37. Keen, B. A. The use of the dynamometer in soil cultivation
studies and implement trlal, J. of Royal Agr. Soclety of
England 36:30-L3, 1925.

38.- Keen, B. A. end Haines, W, B, Studies in soil cultivation
I-IITX. J. of Agr. Sci, (England) 15, No..3:375-L06, 1925.

739. ~Keen, B. A. Physical research on problems of soil culti-
vation. Tropical Agr. 19:143, July, 19L2.

o, FKeen, B, A. The Physical Properties of The Soil.
Longmans, Green and Co., New York, 1931,

41. Kummer, F. A. and Nichols, M. L. The dynamic properties
of soil. IV -~ a method of analysis of plow moldboard
design based upon dynamic property of soil. Ag. Eng.
J. Vol. 13:279, Nov, 19320

2. Xumner, F. 4. and Nichols, M. L. A study of nature of
physical forces governing the adhesion between soil and
metal surfaces. Ag. Eng. J., Vol. 19:73, 1938.

k3. Kummer, F. A. The dynamic properties of soil, VIII =~ .
The effect of certain experimental plow shapes and materlals
on scouring in heavy clay soils. Ag. Eng. J., Vol. 20:111,

1939,

L4. King, P. H, Physics of Agriculture. F. H, King, Madieon,
Wisconsin, 189y4.

L5, Kummer, ¥, A. Dynamlc properties of soils as applied to
the elements of implement design (Experiment on wooden
and metal plow). Alabama Ste. Report, 1938, pp. 1-8.



51.

52-

53.

sL.

55.

57

58.

59.

60,

Kummer, F. A, The dynamic properties of i
J., Vol, 26:21, 19l5, rop of solls. Ae. fns.

Langhaar, Henry L Dimensional Anal :
: . ysis and Theory of
Models, John Wiley and Sons, Inc., New York, 195¥.

Lindgr?n, A. C. Coordination of theory and practice in
plow design and operation. Ag. Eng. J., Vol. 15:150, 1920,

Lucas{ D. B. Plowing draft tests on fertilizer plots.
Ag. Lng. J., Vol., 9:335, Nov. 1928,

NcKibben, E, G. The soill dynamic problem. . Eng. J.
Vol. 7:0i12, Dec. 1926. he ° ’

McKibben, E. G. A study of the dynamics of the disk
harrow. Ag. Eng. J., Vol, 7:92, March 1926.

Nichols!_M. L. 4An analysis of soil dynamics: Factors
affecting the operation of tillage and tractor mechinery.
Ag. Eng. Transaction, Vol. 17:174, 1923.

Nichols, M. L. Methods of research in soil dynamics as
igg%ied to implement design. Alabama Stea. .Bul., 229-27,

Nichecls, M. L. The dynamic properties of soll. Ag. Eng.
Jd., Vol. 12:321, August, 1931.

Nichols, M. L. Methods of research in soil dynamics as
applied to implement design. Ag. Eng. J., 13:279-285,
1932.

Nichole, M. L. The dynamlc properties of soil; shear
values of uncemented soils. Ag. Eng. J., Vol. 13:201,
Aug. 1932,

Nichols, M. L. The dynamic properties of soils by means of
colleidal films. Ag. Eng. Transaction, Vol. 26:37, 1932.

Nichols, M. L. and Reed, I. F. Physical reactions of soills
to plow moldboard surfaces. Ag. Eng. Transaction, Vol. 28:

1L, 193).

Nichols, M. L. and Doner, R. D. (V) Dynamics of soil
on plow moldboard surfaces related to scouring. Ag. Eng.
J., Vol. 15:9, 193).

Randolph, John W. 4 method of studying soll stresses.
Ag. Eng. J., Vol. 6:134, June 1925.



61,

62.

63.

6l

65.

66.
€7.
€s.
69 .
70.
1.
72
73.
ke

75.

Randolph, John W, Tests of tillage tools. Agr. Eng. J
Vol. 1G:29, 1938, ‘ e e

Reed,“I. F. The status of research on plowing problems.
Ag. Eng. J., Vol. 15:3, Jan. 193,

Reed, I. I. Tests of tillage tools. I - Equipment
and procedure for moldboard plows. Ag. Eng. J., Vol.
18:111, 1937.

Reed, I. F. Tests of tillage tools, III - Effect of
shape on the draft of fourteen inch moldboard plow
bottom. Ag. Eng. J., Vol. 22:101, 19L1.

Reed, I. I Some factors affecting design of tillage
machinery and proposed approach to their evaluation.
Soil Sci. Soc. Amer., Proc. 9:223=5, L5, 1944.

Richards, L. A. Pressure membrene apparatus - construction
and use., Ag. BEng. J. 10:&51-5&, Oct. l9h7.

Richards, L. A. Methods of measuring soil moisture tension.
Soil Sci. Vol, 68, No. 1:95-112, July, 1949.

Russel, J. C. Report of commnittee on soil consistency.
Amer. Soil Survey Assoc. Bul., 9:10-22, 1928.

Seaholm, J. P, Problems of plow bottom manufacture.
Ag. Eng. J., Vol. 15:7, 133y,

Sjogren, 0. w. Development of offset disk harrow. Ag.
Eng. J., Vol. 17:503, 19306.

Slipher, John A. The mechanical menipulation of soil as
it affects structure. Ag. Eng. J., 13:7-10, 1932.

Stirniman, E. J. Draft test of farm machinery. Ag. Eng.
Transaction, Vol. 11:9, 1917.

Trullinger, R, W. The fundamental approach to tillage and
traction research problems. Ag. Eng. J., Vol. 18:17, 1937,

Waiker, H. B. The engineer and tillage research. Ag. Eng.
J., Vol., 11:281, Aug. 1930.

Williams, Ira. L. Measurement of soil hardness. Ag.
Eng. J., Vol. 20:25, 1939.

Yoder, R. E., et al. Report on the investigation of
physlcal property of soil. Alabama Station Rpt. 1937,
pp. T=G.



—r

MICHIGAN STATE <Co0LL EGE
AG ENG. DEPT

DATE  12-30-53 JeaLE =1

DESIGNED sy BT DRAWN sy B.T

ASIEMBLY DRAWING
SOIL TROUGH FOR TILLAGE
EXPERIMENTY




