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JOSEPH DER HOVANESTAN AN ABSTRACT

Large machines and repeated traffic of modern farming
are compacting our agricultural soils. The lack of infor-
mation concerning the behavior of cultivated soils has ham-
pered remedial efforts. In order to create a rational basis
for the solution, an empirical study was conducted in which
bulk density of soil was measured at various mean-stress
loadings. According to a co-worker, bulk density is related
to the mean-stress in soill. Phvsically, the mean-stress is
found by taking the aigebraic mean of soil stress in three
mutually perpendicular directions at a point.

In;experiments performed here, different mean-stress
values were applied by means of hydrostatic pressure. Bulk
density was measured in two different ways. First, soil was
placed in a small rubber balloon which was connected to non-
collapsible plastic tubing. Bulk density chahges in soil
were then accompanied by air displacement in the plastic
tubing. The displacement was measured by movemsnt of a mer-
cury bubble in a calibrated capillary tube. Second, a strain-
gage transducer was used which was designed and constructed
for this purpose. The transducer was connected to the plastic
tubing. Its ability to record small continuous volume changes
was an important contribution to work presented in this thesis.

On the basis of tests performed with three soil types at

various moisture contents, a general mathematical equation
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relating mean-stress with bulk density, was developed. The
empirical equation, which is based on laboratory teéts,
depends on initial conditions and two constants. The initial
conditions are: 1) The initial soil bulk density, 2) The
ihitial mean-stress state in the soil. The two constants
depend on soll parameters.

The empirically developed relationship connecting mean
stress with bulk density was adapted for special uses which
may aid in the design, selection and use of farm machinery
for a given soil. Some of the applications of the adapted
mean-stress versus bulk-density equations are: 1) To deter-
mine chénge in bulk densityﬁﬂf occurring in a soil due to a
mean-stress application fromGpoto Gpgx, then relieved back
to Go, 2) To determine the maximum mean-stress Cpax load
that may be applied to a given soil if AY/ Yoc , the critical

percent change in bulk density is given.
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I. INTRODUCTION

The decline of virtually all historical nations of
importance has coincided with problems of soil compaction.
In many of the cases, for example, The Roman Empire, Eqypt,
Mesopotamia, and others, the problems arose as a consequence
of intensive irrigation without proper soil management
practices. More recently, California has suffered the loss
of 2,000,000 acres of Class I land because of excessive
compaction, with another 2,000,000 acres destined to the
same fate within a short period of time (5)*. An informed
person can readily detect symptoms of excessive compaction
in our own state of Michigan.

The causes of excessive compaction are somewhat different
today from those which plagued historical nations. Of course,
some of the same causes may still be factors, but because of
more scientific knowledge about irrigation and drainage,
particle-size distribution, energy of droplet impact, these
practices are no longer the basic causes. The basic causes
of moderanay compaction may be related to increased mecha-
nization. While bigger tractors and implements appear to
increase production sfficiency, theilr long-run effect on
soil compaction may be most disastrous. In Michigan for
example, the trend toward more tra“fic and bigger machines
of specialized farming has presented a serious vroblem.

These problams are demonstrated by inadequate soil air move-

*Numbers in parentheses refer to the "BIBLICGRAPWV™
on pages 76 to 77.



ment, reduced weter infiltration, lowered cation exchange
capacity and ultimately by reduced crop yields.
At the present time there are experimental tractors
that weigh over 16,000 pounds. In the thumb area of Michigan,
bean combines have been constructed by mounting old threshing
machines on airplane wheels. These combines are pulled by
large tractors and the combination applied concentrated
loads on the soil. A reduction of dairy farming in this
area has caused the removal of alfalfa, pasture and other
soil restoring crops from the rotation, further 2dding to
the problem. In another area of Michieran, a deficisncy of
nitrogen has been detected at locations where tractor wheels
have repeatedly traveled on muck soils. Retween the tractor
tracks, no deficiency was cbserved. This indicates that
among other things, compaction affects nutrient availability.
Many attempts have been made to alleviate compacted
conditions. Some people have tried to throughly mix and
pulverize soil, while others have resorted to deep tillage,
chiseling and related practices. Again cthers have proposed
limited or "minimum®" tillage. They have all failed in their
efforts because they lacked basic engineering information
for the justification of their proposed solutions. The
writer classifies these proposed solutions as of the "trial
and er?or" type. It should be pointed out here however, that
some aspects of the above practices may ultimately become

accepted on the basis of scientific information. But first



this informaetion must be sought and disclosed.

The lack of adequate agricultural soil mechanics infor-
mation has for some time handicapped workers who have attempted
to find the solution (6). Civil engineers have used certain
theoretical results, with some modifications, to predict and
explain certain soil phenomena. Usually, these theoretical
results were derived under the assumption that soil is an
idealized continuous media, homoegeneous, isotropic and elastic.
Since civil engineers usually deal with hiehly compacted,
coarse textured, relatively homogeneous and elastic soils,
thus approaching the above idealized conditions, use of these
theoretical results has been successful to some degree. Since
agricultural soils are low in apparent density, varied in
texture, non-homogeneous and inelastijc, the same solutions
used in civil engineering work are likely to lead to faulty
reasoning and failure (12),.

Indeed the ultimate solution depends on many aspects of
research work. For example, a force applied to soils will
set up a stress state at every point in the medium. The
relationsnip between the force and the resulting stress state
has not been clearly defined, nor has soil stress itself
been defined completely. TFurther, if a certain stress state
is applied to soil, it has not been possible to predict the
resulting strain, which is a measure of soil compaction.

To see how forces are applied to soil by farm equipment,

Task (12) has instrumented a common tractor tire, ™ith data



to be collected from this tire, it is hoped that information
can be obtained which may be used to predict what forces a

tire applies to soil. With this kind of basic information,

one may later be able to predict what stress states can be
expected in soils due to tractor-traffic. Further instru-
mentation of other implements may render an accurate prediction
of soil stress states that can be expected with essentially

all field operations.

VandenBerg (20), using the model of a continuons mediun
for soils, was able to define soil stress. Ue pointed out
that the stress of soil requires a set of quantities in the
form of a stress tensor rather than & single value. The
stress tensor can be separated into two components, namely,
the mean normal stress tensor and the deviatoric stress tensor.
The former is similar to hvdrostatic pressure and can be
easily measured in soil by taking the algebraic mean of stress
in three mutually perpendicular directions at a point. This
expression is an invariant being independent of coordinate-
axis selection at the point. Mathematically it is called the
"trace" of the stress tensor. VandenBerg (20) was able to
show that volumstric strain in soil is related to the trace
of the stress tensor.

In view of the importance of this relaticnshin, it was
decided to examine the bulk density versus mean-stress
function carefully. Since this relationship can be expected

to be a complicated function dAepending on soil type, soil



moisture content, organic matter present in soil, rapidity
at which a given mean stres3 is applied, and other factors,
many instrumentation problems were involved. It was possible
to apply various mean-stress states to a small samole of soil
in a hydrostatic medium by means of a water-pressure chamber
described 1in section IV. T™he next requirement was to find
an accurate means for continuous measurement of bulk density
in soil. Criginally this was considered only as‘a minor
problem, however, this phase grew into a major portion of
the work presented in this dissertation.

Soil is a complex medium which is difficult to define.
Its many physical properties are not well understood. Tt is
generally recognized that it will be very difficult or even
impossible to formulate adequate analytical laws relating
bulk density with mean stress. Undoubtedly the description
of bulk density versus mean stress in terms of a model will
be just as difficult.

The first study was therefore an empirical aporoach.
The bulk density was recorded for various mean-stress state
anplications for three different type soils at various moisture
contents. The observed relationship of mean-stress varsus
bulk density was tried in various equations until a general
expression was found which would be satisified by all the
agricultural soils tested.

The writer hopes that the various aspects of work in

soil compaction may soon be coordinated. The cocordination



of these results will be extremely important in an overall

solution to this pressing problem. The effects of soil

parameters on compaction can be more clearly uncderstood and

dealt with when basic information is presented. These results

may serve not only as a2 guide to tractor-tire and farm-equip-

ment design, but also may furnish & basis for renovation of

already compacted soils.

Definitions of Terms and Symbols Used

AGRICULTURAL SOIL:

SOIL TYPE:

BULK DENSITY (¥ ):

MEAN STRESS ( G°)

PARAMETRIC CONSTANTS:

TNTITIAL CONDITICNS:

Natural medium for plant growth which
consists primarily of the following
fractions:
1. Sand (1mm-O.lmm dia, particles)
2, Silt (0.05mm-0.,005mm dia. " )
3. Clay (0.002mm-0.00005mm dia, *)

Textural Classification based on ratio
of above soil fractions.

Apparent density of soil which includes
air space in it's calculation. Bulk
density is computed on a dry weight
basis. The term is used in this work

as an indication of "volumetric strain."

May be called the mean normal stress

or the "trace"™ of the stress tensor.

Tt is determined experimentally by
averaging measured soil stress at a
point in three mutually perpendicular
direction, This value is an invariant
being independent of coordinate-axis
selection.

Certain measurable constants which are
characterized by specific soil par-
ameters. A parametric constant as
used in this work may be a function of
one or several soil parameters,

Merely refers to values of mean stress
( o) and bulk density ( ¥o) at instant
when observation is begun.



TRANSDUCER:

S0IL COMPACTION:

SCII, MCISTURE CONTENT:

An instrument that is capable of
converting a physical phenomenon into
measurable electrical resistance or
output.

A widely accepted and somewhat inadequate
word used to describe the many phases

of "agricultural soil mechanice.”" The
word must be translated in context since
it may have varied meanings.

Percent water in soil calculated on

a dry weight basis. Soil moisture was
determined by oven drying and weighing
for moisture loss.

1. Lower Plastic Limit: A widely
recognized moisture content
designation for soil. The lower
plastic 1imit is the moisture
content at which soil begins to
lose its crumbly feel and shows
a tendency to become plastic.

2. Alr Dried: Equilibrum moisture
level of soll with air. The
condition of the air is taken as
average room conditions and the
so0il is spread in such a manner
to allow normal air movement
throughout the soil medium.

3. Typical Field Conditions: A
typical moisture content at which
tillage operations may be performed.




IT. REVIEW OF LITERATTURE

The importance of the effects of soil parameters on
compaction has been recognized by many people. The role of
some of these parameters is described by Soehne in the
following manner:

"An area of compressive stress in the soil which has

arisen from the rolling of tractor of field-wagon

wheels over it depends upon the size of the load, the

size of the contact surfaces between tires and soil,

and the distribution of the surface pressure in these

contact surfaces, as well as on the kind of soil, the

moisture, and the density of the soil layers." ti7)

According to Soehne, compressive socil stresses, resulting
from an applied locad, concentrate toward the load axis more
with sandy soils than with the more pliable and cohesive soils.

Cohesive and adhesive properties of soil are dependent
on moisture content, Several investigators made extensive
studies dealing with properties of soil dependent on soil
moisture (10, 13, 14). Other writers (2) have pointed out
that soil plasticity is dependent on soil moisture in addition
to being a function of particle size and shape. It was gshown
that soils generally become more plastic with increasing
moisture, except for sand which possesses few plastic properties
to begin with,

Atterverg(l) suggested three values be used to describe
soil plasticity. These are: a) The upper plastic 1limit, the
moisture content at which soil will barely flow under an

applied load; b) The lower plastic limit, the moisture con-

tent at which the soil will barely roll out into a wire;



c) The plasticity number, the difference between the upper
and lower plastic limits and it is used as an index of plas~-
ticity. These above values have gained widespread use and
are known as the "Atterberg Limits.” Tt is shown that.the
"plasticity number" as defined by Atterberg is itself depen-
dent on many other factors besides soil moisture.

Russell (16) reported that a linear relationship exists
between plasticity number and clay content (5 u particles).
Other factors that have been given are: a) Nature of soil
minerals, b) Chemical composition of the colloid, c¢) Nature
of exchangeable cétions and &) Organic matter. To the
contrary, Baver (3) showed that the plasticity number decreased
as soil organic matter 1s increased.

Of more direct interest to work presented herein,
Terzaghi (19) reported that compression of soil increases
rapidly with moisture above the lower plastic 1limit. He
showed that the compression is low when dealing with soils
at low moisture contents. In agreement with above findines,
Bakker (4) , in doing research work dealing with military
land locomopion, shows a very direct relationship betwean
vehicle sinkage and moisture content. Accordine to Bekker,
Russian agricultural enginsers (7) generalized the formula:
P = kzB., P in this expression represents "ground pressure,"
z sinkage, n is an empirical exponent reflecting the ratio
of strain change with load and k is a constant which is a

function of not only the soil but alsc the nature of load
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application and area.

According to R. R, Proctor (15), for a given applied
compaction energy, soil bulk density will increase almost
proportionally to moisture content up to a point. The point
where this relationship deviates from proportionality is
when the moisture content aprroaches a "saturation point."
This above relatiocnship is known as the "Proctor Curve.,”

Tt is used as a guide to determine a soil moisture level

that allows a given compaction energy to yield a maximum
compaction state or soil density. From a civil engineer-

ing standpoint, this knowledge is important, but it is
equally important ffom an agricultural engineering stand-
point. However, minimum compaction is usually desired during
a given field operation since excessive compaction is a
problem in agriculture. Thus an agricultural engineer would
seek a so0il moisture level which will result in minimum com=-
paction for a given energy input.

Spangler (18) reports that a logarithmic relationship
was found to exist between a voids ratio (e) of soil versus
applied pressure (p). He plotted the logarithm of pressure
(abscissae) versus the voids ratio (ordinate). This curve
yielded a‘straight line of negative slope. The two para-
metric constants that accompany any straieht line are in this
case dependent on initial conditions and soil parameters (%

moisture content, soil type, organic matter in soil, soil

structure, type of applied load area, etc.) . In agricultural
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engineering, bulk density () is used instead of voids
ratio (e ). () and (e) are almost inversely related
(1. e.,?fc< 1/e), thus if () were plotted versus pressure
(p), the resulting straight line reported bv Spansler would
be preserved but with different parametric constants.
Spangler indicated that this relationship may not always
conform perfectly to a logarithmic type. This, he said is
due to prior loading, geological history and other factors.
According to Spangler, strain may be a functian of time
as well as stress, His time-compression curves showed that
bulk density of so0il increased with time for a given load.
However this curve flattens if sufficient time elapses, TFor
permeable coarse-grained soils, only 1 second 1s required
in order for the curve to flatten. For impermeable fine-
grained soils, sesveral seconds may be necessary. His reason
for this was that some of the water contained in the vecids
of soils has to be squeezed out before the volume c¢f the
voids can decrease. The rate of ontflow of this pore water

depends on the permeability of the soil,

Hoegentogler (B) in his discussion of structural proo-
erties of soil indicated that solls may be expected to per-
form differently when subject to moisture content variatiorn,
Ye further indicated that if an applied load to scil is
released, the soil will rebound somewhat, but some permznert

Adeformation will remain since soil is not perfectly elastic.



ITI. DESIGN AND DEVELCPMENT CF A RTICORDING
VOLUMETRIC TRANSDUCER AND AN

INDICATING VOLUMETER

The Indicating Volumeter

The indicating volumeter Figure 1 and Figure 3 consists
principally of a capillary tube connected to a spherical
shaped rubber balloon f{approximately 3 c.m. diameter). A
non~collapsible plastic tubing is located betwean the tube
and balloon and connects the two. 'When the balloon, filled
with soil, is surrounded with a large quantity of the same
type soil, the encompassed minute volume in the balloon
represents a point. "hen the soil medium is subjected to
stress, its decrease of volume at the point mass is easily
determined by the displacement of a mercury bubble in the
capillary tube since the volume/linear unit of displacement
of the capillary tube is known.

The volume of the capillary tube/cm displacement was
measured by two means. The first method, shich proved un-
satisfactory, consisted of determining the weisht of water in
the capillary tube, and thus cbtaining volume/cm of the
length. A more accurate means of calibration was employed
by using a one milliliter pipette (accurate to 0,0l-ml)
connected to the capillary tube. A known volume of water AV
was next transferred from the pipette into the capillary tube,

at which time AL, the displacement of a column of water in
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Fig, 1, Volumeter photo

Fig, 2, Volumetric Transducer photo
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the tube, was measured and recorded. Now since AL and AV

are known, the calibration ratio is simply AV/ AT.

The Recording Volumetric Transducer

The recording volumetric transducer is an instrument
which is capable of recording minute volume changes in soil.
It is more accurate and sensitive than the volumeter, and it
has the additional advantage of being adaptable for use with
conventional strain-gage recording equipment.

The transducer is an extremely sensitive pressure-sensing
element. TFigure 5 shows how this element was constructed.

The skeleton sketch of Figure 4 shows the working features

of the sensing element and the soil sample under test.
Bagic Principles of Transducer

The soil sample (encompassed with balloon) and the space

in the pressure side of the transducsr are represented by V,
with V3] representing the initial volume of the system as in
Figure 4. Thus:

V= V) - AV

When AV occurs in the soil as a result of C

And

P = Py + AP

Since
PiVy = PV = (P1 +AP)(Vy - AYT), finally,
AV = V] AP/{(P] + AP} = (V1/P1) AP (1)
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Heance, the ébove derivation shows a proportionality
between volume change and pressure change in the transducer
system. Since the strain resulting in a rigidly supported
circular thin plate is proportional to a uniformily applied
load (air pressure in this case), the resistance changes
occurring in the SR-4 strain gages are directly proportional
to AV. Since the ultimate gosl was to measure AV, this
transducer was used directly as a "volumetric transducer"

for measuremeants in soil.
Two Models of Transducers

Two models of the transducer were constructed as shown
in Figure 2. The model on the left is practically identical
to the one on the right except that its sensineg diaphragm is
a Plexiglas element 0.04 inch thick. The other model employes
a stainless-steel diaphragm 0.007 inch thick. The other

portions of the transducer were constructed from Plexiglas,
Linearity of Transducers

The linearity of the transducers were tested by means
of imposing known volume changes AV into the system. This
was accomplished by use of a l-ml pipette, accurate to 0.01-ml.
By means of the pipette, an imposed AV was compared to the
resulting AR.of the strain gages. This was repeated several
times for several values of AV ranging from O to 1l-ml. Sub-

sequent data were collected for volume changes from O to 5-ml
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by means of a larger pipette. The results of these tests
showed excellent linearity for AV versus AR in the above
range. It was possible to predict AV's within less than
0.01-ml error from readings of AR's for the entire range

of interest. See APPINDIX B.
Calibration and Sensitivity of Transducers

The extremely high AR/ AV ratio of the transducers
rendered possible the measurement of very small AV's. Such
sensitivity was unnecessary for measurements of AV's in the
range of 0.l1-ml (as needed in this work), and it was reduced
in two ways. The first way was to increase Vj, the initial
air volume of the pressure side of the transducer, connecting
tubes and soil. Since it is difficult to chénge the volumes
of the transducer and soil, V; was increased by adding an
enlargement to the connecting tube as shown in Figure 4.

Because:

AP = (P1/Vy) AV

An increase in V] reduces the proportionality constant
P;/V1. Since AR is linearly related to AP, the AR /JAV
ratio (sensitivity) was reduced when V; was increased, The
second method of reducing the sensitivity of the transducer
system was to merely reduce the gain on the strain-gage
amplifier.

Calibration was accomplished bv_a direct method. The

procedure was as follows: The initial preload G
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was applied to the sample in order to eliminate void spaces
between the balloon wall and the soil sample. (It may be
again mentioned here that the same preload, U, = 1 psi was
applied to all samples in order to standardize the tests)
Next an imposed calibration volume change AVs was introduced
into the system by means of a l-ml calibration pipette and
a bubble of mercury as shown in Figure 4. FHence, the pain
of the strain-gage amplifier was adiusted so that the pen
deflection was some convenient multiple of AV,. Since ’
subsequent changes in volume will be recorded linearlv, the
calibraticon involved only these steps.

As a result of collecting data from several samples of
soil, each varying somewhat in initial volume, it was dis-
covered that wery slight modification in amplifier gain
adjustment was necessary from sample to sample, This was
easily understocd, since the initial air wolume of the soil
ijs very small compared with the volume of the tubes, enlarge-
ment, and pressure chamber of the transducer. This can be
shown better if one looks at the proportionality constant
P1/V, which relates AP and AV. Since Vi is slmost a con-
stant volume being affected very slightly by small variations
between different soil samples, the ratio Py/V; remains
nearly unchanged. Use was made of this by adjusting the
size of V] {by altering the tube enlargement) such that the
same calibration factor could be used for the transducer

independent of the small air volume of the soil. This meant
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that the pipette calibration method was used only once,
subsequent calibrations were accomplished by adjusting the
amplifier gain to the same position for all saemples. This
can be justified as follows:

AP = (P1/Vq) AV (1)
The reader will be reminded that AT 1s the physical chance
indicated on the recorder as a result of AV, Tt is desired
to minimize the error in AP resulting from Svl. This 1is
accomplished by selecting a V] sufficiently large in the
following manner:

From equation (1)

InAP = - 1nVy + 1ln Py + 1ln AV (1a)
Thus
* S (AP)/AP = - $(v1)/V) (2)

If S\ﬁJ the air volume variation expected between soil
samples is known (usually much less than 4-mll, and it 1is
desirable to keep the error in AP, i.e., g(AP)/AP less
than say 1% then:

g(vl)/vl < 0.01
or
Vi > &V,/0.01 = 4/0.01 = 400-ml

TTence a constant calibraticn factor mav be used. In
practice, the gain was adjusted to the same value bv making
use of a shunt cealibration resistor built into the strain-
gage amplifier. TFor example, if originally the zain was

adjusted to obtain 10 lines recorder deflection for a 1-ml
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AVe, one would depress the amplifier calibration switch
(this places a 390-K ohm resistor in parallel with one of
the strain gages in the bridge) to observe what deflection
will result. This latter deflection can be considered as
a "simulated volume change." Thereafter, one may calibrate
the system on the basis of the simulated volume change as
long as changes in V; 4o not exceed 4-ml, If one expects
changes 1n V; to exceed 4-ml, a larger V1 can be selected

by the above means.
Temperature Compensation and Effects on Transducer

If the reader will again review Figure 5, he will notice
that the strain gages are mounted on the transducer diaphragm
in such a manner that all four gauges are active components
of a bridge network. Of course this is advantageous from
a sensitivity standpoint since four times more sensitivity
is attained.

This type of circuit 1s additionally desirable because
of its inherent electrical temperature compensaticn since
(O9R/QT)AT = AR will be identical for each arm of the
bridge thus leaving the balance unchanged when temperatures
flucuate.

Another important consideration is the effect of temper-
ature on air expansion in the system. This effect may be

analyzed in the following way:

6?1 O P; .
APy = aViAvi + ——?)-'E;‘AT:-L s 1 =1, 2*

*gme Figure 4
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‘Since:
PjVy = n4RT3y ; i =1, 2
and if: ATy = O, and AV = 0; i =1, 2

APpey = AP -AP2 = (P1/V1)AV,

when: AVg = 0, and AT; = AT, = AT #0

APpey = (P1/V1)AVL - Ring/Vs - n3/Vy) AT

If: Py = Py, then np/Vg = n1/V) since Ty = T»o

Thus

APpet = (P1/V1) ATy (3)

Equation (3) shows that AP, .. is dependent only on
the proportionality constant Pl/Vl and the volume chance
AN V1 on the pressure side of the diaphragm and independent
of temperature change AT. Cf course this is only true if
P; = Pgo .

With data presented in this investigation, no special
effort or provision was made to make P; = Pz, thus the term
R{n1/Vy - ns/Vs) was not equal to zero. Since data were
collacted under laboratory conditions where temperature
variations were negligible, temperature effects were not
considered.

This section dealing with temperature effects and temp-
erature compensation is included here to show that the vol-
umetric transducer may be used successfully where larger
temperature variations may be expected. This will involve
few additional efforts as pointed out above ‘namelv Ty = Po),

however insufficient data dealing with temperature effects
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have been collected to verify this prediction experimentally.

-

Pressures Developed in Soil

Air pressure in natural soil is of course equal to the
atmospheric value, namely about 14.7 psi. It is therefore
desirable to maintain soil air pressure comparable to natural
conditions so that-there will be little interaction of the
means of measurement (pressure change AT) with volume chancge
A V., If AP is held less than those values expected from
natural varistions in atmospheric pressure, a serious error
will not result in the measurement of AV,

Apmax = (P1/V1) AV
= {14.7/400)(9) = 1/3 psi

nax (a)
Experimentally, the APy, was found to be only about

1/4 psi because Vy; was larger than 400-ml. Thus, pressures

developed in the soil sample will probably not create any

serious error. The largest % error is %E%%% x100 = 1.1 %,

Comparison of Volumeter and Transducer

Figure 6 shows a comparison of measurements made with
the volumeter and the volumetric transducer. During the
compression cycle of mean-stress loading, the AV versus (
relationship was practically identical for both means of
measurements as may well be expected, During the relaxation
phase, a marked variation in readings between the volumeter

and transducer was observed. This can be explained by noting
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a characteristic of the volumeter, Despite the fact that

the c;pillary tube of the volumeter was mounted horizontally,

a slight constant pressure was necessary for the displace-

ment of the mercury bubble., When the volume change has reached
a maximum and reverses, the slight constant pressure also re-
verses which results in a lag as seen on Figures 6. After this
lag, the volumeter indicates properly. Since the transducer
does not possess this characteristic, this lag was absent and
accurate measurements of end conditions were recorded.

The volumeter is considered a valuable instrument for
soil compaction research work despite this one characteristic.
Vuch of the work in soil compaction research deals only with
the compression cycle, thus being well within the accurate
operating range of the volumeter. The indicating volumeter
of fers the advantages of being simple, inexpensive, and easy
to operate., Some dissadvantages of the volumeter are: Inac-
curacy during relaxation measurements, unsuitability for
dynamic measurements, non-recording, and somewhat bulky.

The volumetric transducer was an excellent instrument,
particularily for work in this investigation. Its compact-
ness, linearity, sensitivity and recording features made the

work pressnted in this thesis possible.



IV, DEVILOPMENT COF A TABORATORY TECHNIQIE FOR THE
STUDY OF THE ETFECTS OF PARAMETIRS ON
SOIL COMPACTION

The General Technigue

Dapa were obtained with the recording volumetric trans-
ducer described in the previous section. Various mean-stress
states were attained quite simply by applying hydrostatic
pressure to a small sample of soil (about 15 gm) contained
in a small rubber balloon as shown in Figure 2 and Figure 4.
The hydrostatic pressures were controlled by means of a
regulator valve and pressure indicating system. The pres-
sure indicating system consisted of a mercury manometer for
pressures from 1 to 10 psi, and a dead-weight calibrated
bourdon tube gage from 10 to 30 psi.

It must be pointed out here that the scil samples were
"disturbed samples.," Of course it would have been extremely
desirable if data could have been taken on undisturbed natural
soil as in the field, but at the present time this is impos-
sible since no adequate means of measuring specific volums
at a point in undisturbed soil has been devised. Even recently
plowed land cannot be considered as undisturbed because the
action of the plow causes considerable disturbance. Since
traffic over recently-plowed land contributes to excessive
compaction, it was decided to approximate conditions of

recently-plowed soil., IModern farming is based on the growth



juowdmbo 3591 p mom  qeroUdn L pI-



28

of plants in disturbed (cultivated) soils.

Soils that were tested were crumbled to a density state
approximately equal to freshly—plOWed soil. The sample was
then preloaded to 1 psi to standardize tests by bringine all
samples to the same stress state. Targe unnatural air pockets
wers eliminated by this procedure and the balloons took the
shape of the enclosed soil mass. After the soil was preloaded
to 1 psi, the sample was removed from the pressure chamber
and the initial volume at 1 psi was determined. This was
accomplished by a series of weighings in and out of water.,
Next, the sample was replaced into the chamber and tests
were continued from > to 30 psi. An upper limit of 30 psi
was selected since mean-stress states in actual agricultural

soils have seldom been found to exceed this value (21).

Impact Loading

The apparatus used for impact loadine consisted of many
elements of the equipment ulilized for the general techniqgue.
with this phase of the work, it was desired to maintain a
constant preload Jp of 1 psi before and after impact
applications. This was done as shown above in Figure 8 by
maintaining a constant-water head (equivalent to 1 psi) above
the pressure chamber containing the soll sample. ''ean-stress
impact-loading was accomplished by immediate apnolication and
removal of air pressure above the water head as shown in

Figure 8.
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Upon inspection of the data recorded by the oscillo-
graph, it was seen that the average duration of load app-
lication from 1 to 27 psi took about 1/2 second. Likewise,
1/2 of a second was required to relieve the load from 27 to
1l psi. Hence, the total time required to apply and relieve
the load (impact) was equal to 1 second.

Figure 9 shows how a tractor tire may apply impact
loads to soil. The time AT required for the tire to rotate

A© degrees may be taken as an approximate duration of
loading applied by the tractor wheel when A€ is the soil
contact angle. m™hen AT can be expressed in terms A6,

7, the forward Speed of the tractor, r, the radius of the
wheel and h, the height of the tire lug:
A6 = (T/r)AT = 20os™ir/(r + h) (5)

For a typical case where r = 24", h= 1" and V = Smph:

AT = 0.15 second

The above analysis shows that impact conditions as

imposed by a tractor tire were approximated to some degree

by the impact loading technique used in the laboratory.
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//;;:;\\\ Air pressure (0-27 psi)

rapidly applied and
relieved here

ﬂy' x 'ater head equivalent
| to G, = 1 psi
i
x
4 =
1

Fig. 8. 1Impact loading mechanism,

\\ V Forward speed of
tractor wheel

<
\\\ A6 Angle of soil
N v contact
T h  Lug height
/ ;
S 9/ r Tire radius

R - e b

\N . Tc R - 50 /_ Z .
Fig. 9. Analysis of impact loading applied by a tractor
tire.



V. PRTSENTATION AND ANALVSTS OF

LABORATCRY DATA

Tests of Clay Soil

Table 1 shows how bulk density changes with a given mean-
stress G application from 1 to 30 psi. Data were compiled
from a clay soil at two moisture content levels; 30.9%, the
lower plastic limit; and 8.0%, the air-dry equilibrium point.
The reader will note a remarkable similarity between Figure 10
and Figure ll.‘ The former is a curve of ﬁf versus ( for
the air-dry soil, while the latter represents the same clay
soil at.its lower plastic limit.

This similarity cen be more readily seen if the reader

will look at Figure 12. Fere § versus G was plotted for

R
0(InG)

is constant as shown on Figure 12, it is seen that Y is a

both moisture levels on semi-logarithmic paper. Since

logarithmic function of G with certain parametric constants,
Thus we may express ¥ in terms of G in the fcllowinz
nanner:
Y = Yo + B1nC/Ge (6)
Vhere: '
Yo - The initial bulk density

Co - The initial mean-stress stzte for
the perticular soil

B - A parametric constant
Tt will be noted that the values of 'X; and B also

depend on whether ( is being increased or decreased, hence
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TABLE 1

Applied load (C) versus bulk density () for clay soil
at two moisture levels

Applied load Moisture content of soil
8.0 % water™ 30,95 % water™*

(psi) (gms/cm3) (gms/cm3)
1 1.30 1.12
2 1.35 l.21
4 1.38 1.35
& 1.38 1.43
8 1.39 1.52
10 1.40 1.59
15 1.42 1.70
20 l.44 1.76
25 1.46 1.83
30 1.47 1.87
25 1.47 1.87
20 1.46 1.83
15 1.46 1.83
10 1.45 1.80
8 1.45 1.78
6 1.44 1.77
4 1.43 1.74
2 1l.42 1.67
1 1.40 1.58

¥ Air-dry equilibrum point of soil
** Tower plastic limit
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values of 'XE and R were determined accordinglyv.

~ Yoo - Refers to the initial bulk density
prior to compression or application
of (@

Hfor - Refers to the initisl bulk density
during relaxation, but it must be
remembered that 7 pr corresponds
to G, the mean-cfhress state
before a load was applied.

T versus ( for.clay soil at air-dry moisture content
¥r = 1.40 + 0.02 1n G/ G,
¥e = 1.29 + 0.053 1nG/Go

¥ versus G for clay soil at the lower plastic limit:
¥ = 1.62 + 0,074 1n G/ G

¥

1.04 + 0.23 1n 0/ Gg

Tests of Silty Loam Soil

Table 2 shows how bulk density varies with different
mean-stress applications from 1 to 30 psi. Data were taken
from four different moisture levels. The first was at an
air-dry eguilibrium moisture content 13.3%, the secord was
wetted to the lower plastic limit 32.6%, while the third
and fourth were moistened to typical field conditions 20%
and 16% whereby fields might be tilled at such moisture
contents.

Tigure 13 and Figure 14 yielded curves which very
closely resemble a ¥ versus G function for clay scils.
The reader will note that these curves are taken from the

air-dry silty loam scil. On semi-log coordinete paper,
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the air-dry soil as shown in Figure 14, yielded a straight
line thus behaving similarly to the clay scils.

Figure 15 for a 20% moisture content sample plotted
somewhap differently than expected. %%g‘did not decrease
with C as rapidly as with other socils, thus resulting in
a curved line on semi-log paper as cshown on Figure 186.
Figure 16 also shows how this curve was straightened on
semi~log paper by inccrporation of a second parametric

constant "K" in such a manner that the new expression for

Y versus G was changed to:

_ (C/G6y + ®) (7)
=% + Bin —

Tt will be noted that 1 + K was added in equation (7)
it oriar to satisfy initial conditions, thus if C = (g,

¥ = Y¥o. Obviously equetion {7) is a generalized form
of equation (6) since the latter will reduce to the former
when ¥ = 0. Therefore, the same equation can be used to
describe the [ versus G behavior of at least two penersl
classes of soil by the proper selection of parametric con-
stants.

Tests of silty loam soil at 16% moisture content vielded
results very similar to those found for the same soil at 20%
moisture content. Figure 17 and Figure 18 exemplify these
results which obey equation (7), but of course the parametric
constant are different since they are at least partially

related to scil moisture.
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TABLE 2

Applied load (G ) versus bulk density () for siltvy loam
' s0il at four moisture levels

Applied Moisture content of soil
load
13.3% water* 16% wateT 20% water™* 32.6% water™**
(psi) (gms/cn3)  (gms/cm3) (gms/em3) (gms/cm®)
1l 1.16 1.17 1.29 1.37
2 1.19 1.20 1.32 1.41
4 l1.21 1.23 1.38 1.44
6 1.23 1.26 1.42 1,44
8 1.25 1.28 1.47 1.44
10 1.26 1.30 1.50 1.44
15 1.28 1.33 1.57 1.45
20 1.30 1.26 1.64 1.486
25 1.32 1.38 1.67 1.47
30 1.33 1.40 1,71 1.47
25 1.33 1.40 1.71 1.47
20 1.33 1.40 1.71 1.47
15 1.32 1.39 1.71 1.47
10 1.32 1.38 1.71 1.47
8 1.31 1.37 1.69 1.47
6 1.31 1.386 l1.68 1.46
4 1.30 1.35 1.66 1.45
2 1.28 1.33 1.64 1.44
1 1.25 1.31 1.61 1.43

* Air dry equilibrumwypoint of soil
** Typical tillage moisture contents
*** Tower plastic limit
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¥ versus G for silty loam soil a2t air-dry moisture cont,
Ye
Ve
Y versus C for gilty loam soil at 18% moisture content.
Te
Vr

¥ versus G for silty loam soil at 20% moisture content.
Te

¥r = 1.61 + 0,020 1n (G /Gy - 0.8)/0.2

1.15 + 0.053 1n C/ G o

1.27 + 0.018 1n G/ G o

1.17 + 0.098 1n (O /G, + 2)/3

1.31 + 0.023 1n (C/ Gy - 0.6)/0.4

1.29 + 0.240 1n (G/G o + 5)/6

Tests of Sandy Loam Soil

- Table 3 shows how the 7f versus G function for a sandy
loam socil behaves when subjected to three moisture content
levels; namely, 1.26% (air dried), 8.0% (a typical field
working cordition for sandy soil), and 20.6% (the lower nlastic
limit).

Tigure 19 dealing with the air-dry soil yielded curves
similar to thcse expected from clay or dry silty loam soils.
Towever, Tigure 22 illustrates a very interaesting phencmenon
when a soil is ccmpressed to 1ts "saturaticn limit." Physic-
ally this means that all the void space in the soil has been
@liminated. WNaturally this "saturation 1limit"” 1s reduced
when soil moisture is increased because excessive wster
occupies pore spaces in soil. ™With the sandy 1loam soil
at the lower plastic limit was used, the "saturation limit"

was found to be at 1,75 gms/cm® which occurred at C equal

to & psi.
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TABLE 3

Applied load (G) versus bulk density (§ ) for sandy
loam soil at three molsture levels

Applied load "oisture content of soil

1.26 % water* 8.0 % water™* 20.6 % watspr™**

(psi) (gms/cem3) - (gms /cm3) (gms/cm3)
1 1.42 1.50 1.63
2 1.44 1.57 1.67
4 1.47 1.67 1.73
6 1.48 1.73 1.74
8 1.49 1.78 1.75
10 1.50 1.82 1.75
15 1.52 1.87 1.75
20 1.54 1.90 1.75
25 1.55 1.92 1.75
30 1.56 1.95 1.75
25 1.56 1.95 1.75
20 1.56 1.95 1.75
15 1.56 1.95 1.75
10 1.55 1.95 1.75
3) 1.55 1.95 1.75
6 1.54 1.95 1.75
4 1.54 l1.94 1.75
2 1.53 1.93 1.75
1 1.52 1.90 1.74

* Afir dry equilibrum point of soil
**x A typical tillase moisture content
~** Tower plastic limit
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Because the saturation 1imit was reached when the soil

was moistened to the lower plastic limit, a third moisture

content at 8.0% was selected. This represented the moisture

‘level at which field operations could be performed. TFiecures 20
and 23 show that the 7Y versus G function for sandy loam
soil at 8% moisture content obeys equations (6) and/or (7).

In the case of equation (7), it is obvious that ¥ = 0 for

this particular soil.

¥ versus G for air-dry sandy loeam soil:
Ye
Yr
Xﬂversus g for sandy loam soil at 8% moisture cont.
e
Tr

1.41 + 0.0%6 1nG/GCg,

1.53 + 0.020 InG/Go

1.48 + 0.138 1n G/ Gy

1.92 + 0.009 1n G/ G,

Repeated Impact Tests

The purpose of these tests was to determine qualitatively
how soils behave under impact loading conditions. ZIxtensive
data were not secured for this phase of the investigation
since these tests were performed only incidentally. Repro-
ducible data were secured from six replications taken from
sandy loam and silty loam soils. It must be admitted never-
theless, that the apparatus by which impact loads were applied
left something to be desired.

Figure 24 and Figure 25 shows how bulk density 7f varied

as impact loads {approximately from 1 to 27 psi) were repeated,
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NUMBER OF IMPACTS (1 - 27 psi)
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Fig. 24. Repeated impact applications of mean stress (0)
versus bulk density (Y') for 20 % moisture content

(field conditions)silty loam soil
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versus bulk density () for 8 % moisture content

(field conditions) sandy loam soil

l-g_'_ - 1 [—' ] r
—
l.8+ —
n&:
[ 4]
2
0
£
&
' 1. ’7‘;‘
<
E
9-?'
E1.64
a
b
=
m
105—_
TT',:s'e':%z.L..e
0 5 10 15
NUMBER OF IMPACTS ( 1 - 27 psi)
Fig. 25. Repeated impact applications of mean stress ()
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It can be seen from these bar-graphs that from 70 to 90

percent of the final bulk density occurred durine the first

impact application. Subsequent chanees in bulk densityv

diminished rapidly as the number of repetitions were increased.
7ith the two soil samples tested, no additional incre=se

in bulk density was noted when the number of repetitions

exceeded 18. Turther, the final bulk density attained as

a result of 15 or more impacts approached that which would

result from a gradually-applied load from 1 to 27 psi and

relieved back to 1 psi. Thus, an impact load crested only

70 to 90 percent of the volumetric strain expected from a

gradually applied and relieved load. It should be further

emphasized that when repeated loads are gradually applied,

the final bulk density occurs with the first load application.

Further repetiﬁion of a gradually-applied load will cause

no further change in bulk density. Stated another way,

beyond the first locad application, the AK versus { function

will vary along the "relaxation" curve as previcusly described.

Adaptation of Equations Relating U and (7 to

Field Problems and Special Uses

The preceding pages show that ¥ anad G can be related
by means of a mathematical equation if initial conditions
and parametric constants of a particular scil are known.
More specifically, it can be said that the same general

mathematical equation (Equetion (7) and/or (6) ) will be
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obeyed by virtually all agricultural soils. The reader
should be reminded here that Spangler (18) reported a similar
relationship with soils dealt with in civil engineering work.
This general mathematical equation was also satisfied by

other data collected by VandenBerg (21) and Fovanesian (9).

Relaxation curve

|
|
|
|

-Compression cnrve

BULK DENSITY () - ams/cm®
5%
F.’

~——

Co

i
Cmax
MEAN STR7=SS (G) - psi

Fig. 26. A typical compression and
relaxation curve for agri-
cultural soils relating G
and ¥

We know that:
Yo = Yoc + 8 1 G/ Go + Ke)/(1 + ¥)]  (7a)
Ve = Yor + Br 1l G/ G0 + K) /(1 + K] (7y)
Where VYes Srs> Toc® JYors ‘o Bro G, Go have

been defined previously on pages 31 and 36.

' Ko - Parametric constant durine conrression

Kr - TParametric constant during relaxaticen
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CTmax - Tinal (max) mean-stress application

]rmax - Final (max) bulk density resultinz from Cpmax

Equations (7a) and (7b) of above hove been adapted for

the following cases:

CASE 1: TFinal bulk density change AY occurrine in a soil

due to a load application (g to C hax then the
load relieved back to (o,

sSince

¥ max = ’Koc + B¢ lnl(crmax/ﬁb + Ko ) /(1 + Kc{} (7¢)
and
Ymax = Sor * Br 1n[( Gmax/Co + K)/(1 + k)| (7a)
subtracting Equation (7¢) from (7d) we get:
0 = (Vor-Yoo) + Br 1n[( Cnax/Co + Kp)/(1 + K]

- By 1n[( Crax/Co + Ks) /(1 + Ko))

or
sz (Xor‘Xoc): Be 1n [( Gmax/Go + Kc)/(]_ + KC)]

By 1n [( Coax/Go + Kr)/(1 + X)) (8)
Fquivalently: Br/Bc (9)

- Cnax/Go + Ko 1 + K.
AT- Be ln{(}ﬁ +0 Kc)(G‘HBX/O_O-K

if; K¢ = Kr = 0, then:
AY = (Bp - Be) 1n Cmax/ Co (10)
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CASE 2: Yr in terms of G when Y op is not known
Since
Yor = Yoo + Bg 1n [( Gpax/6o + K /(1 + X))
= By In{( Gpax/Co + Kp)/(1 + Kp) ]
then
¥Yr = Yoo = Be In[( Gppr/Co + Ko)/(1 + Ky) ]

# Br 1n((G/6, + Kp)/( Cpax/Co + ¥p)| (11)

CASE 3: Determination of G for a prescribed AY/ Yoc =
and when Ky = K¢ = 8ax °¢ P
‘dividing Equetion (10) by Yoo, we get:
D = [(Br = BC)/TQQ] 1n Gmax/ CJ-.O

p ¥ oc/(Be-Br)
Chax = Go e °¢ o (12)

The reader will immediately realize problems tc which
- the revised equations of cases 1 through 3 can be applied.
For example, equations (9) and (10) of Case 1 can be used
to predict a bulk density change resulting from a change in
mean-stress AGC= (Cpax = Cp) that may be caused by imp-
lement traffic. See Example 1.

Equation (11) of Case 2 will enable one to predlct a
bulk density value resulting from an applied load not totally
relieved to its inital value G, thus Equation (11) is
particularly useful under this circumstance,

Equation (12) is a useful relationship which can be
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used to prescribe Crmax for certain permissible values of
A;K/‘(oc. For example, if one knows the criticasl value
AX/XOC for a given soil, the resulting critical value
of Crmax mey be determined for that particular soil. This
critical value of G max can consequently be used as a

guide for implement selection and/or design. See Example 2.

Examples of Adapted Equations

Example 1
Known:
Go = 1 psi, Gpax = 20 psi (then relieved to 1 psi)
Be = 0.098, Ko = 2, Kp = =0.6, VYoc = 1.17, By = 0.023
Required: )

AY resulting from a load application from 1 psi to
20 psi, then relieved to 1 psi
Solution:

From Equetion (9)

i 20 + 21/l = 0.6
AYX = o.098 1n[( 2| (5=

0.025/0.095]

= 0,11 gms/cm®

Example 2
Known:
Go = 1 psi, Bg = 0.138, Br = 0.009, K¢ = ¥pr = O
X;c= 1.48
Required:

G pax such that AY/ Yoo < 0.2

Solution: (From Equation (12)

.138 - 0.,009)



VI. SUMMARY AND CCNCTUSIONS

'Summarz

While larger machines and more intensive cultivation
have increased production markedly, long-run consequences
Of excessive implament traffic have not been completely
evaluated, The ccincidernce of the trend toward increased
implement Weight and traffic with excessive compaction
indicates a need to scrutinize this trend.

Attempts to solve compactipn problsems in the past have
been of a trial-and-error nature and have failed to meet
any great success., Most of the attempted solutions could
noct be based on sound enginesring information since this
information was not available. Other research workers
have tried to adapt formulae accepted in civil engineering
to agricultural soils, but measured results failed to
agree with predicted values.

VandenBerg (20) showed that the mean normal stress
at a point in soil is simply related to bulk density.

His theory was based on the mechanics of a continuous
medium. The study presented here dealt with the relation-
ship between bulk density and mean stress. It involved an
important instrumentation problem of the accurate measure-
ment of specific volume changes occurring at a point in
soil., The problem was satisfactorily solved by the develop-

ment of a recording volumetric transducer. This instrument
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was capable of measuring volume changes as small as 0,01-ml.
Excellent dynamic response, linearity and sensitivity coupled
with the ease of calibration and use, made this instrument
desirable,

Data on bulk density as a function of mean-stress were
taken with three different agricultural soils which repre-
sented extreme textural catsgories as shown in Appendix A,

Mean stress was applied to the soiliby hydrostatic
pressure regulated through a control system. TFach sample
was initially crumbled to approximately a freshly-plowed
state, then preloaded to 1 psi. The preload was applied

in order to standardize the testing procedure.

On the basis of tests, bulk density ¥ was found to )

depend on mean-stress U according to the empirical relation K

Y= Y, +B1n[(G/Go + ¥)/(1 + ¥)|. This equation was
obeved Ey all soils tested in this study. The values of
the parametric constants B and K and the initial condition
Yo and (o depend on at least soil type and on moisture
content. These constants took on different values when the/
load was released, but still the general relationship held.
The equation has been adapted for various cases of field
applications. Table 4 is a summary of the parametric
constants and initial conditions found for the scils studied
here.

With soils tested in this study, 15 or more repeated-

impact loads of a given mean-stress value will result in
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approximately the same soil strain attained with a gradually
applied and identical mean-stress value. The greatest straim,
amounting from 70 to 90 percent of the final gtrain, results
from the first impact. Repetition will increass the bulk
density at a decreasing rate, finally leveling to a constant

value which would result if the load was gradually applied.

Conclusionsg

1. The volumetric transducer successfully measured
continuous volume changes in the soil.

2. The volumetric transducer can be adapted for use in
field work as well as in the laboratory.

3..The calibration of the transducer is independent of
the scil-sample size, provided that a sufficiently large
volume enlargement is added in series with the balloon.

4, The electrical aspects of the transducer are not
affected by temperature variations.

5., Air expansion in the transducer due to temperature
varistions will not cause errors in readines provided that
initisl pressures are equal on both sides of the sensing
diarhragm.

6. With agricultural soils, bulk density XN is related
to mean-stress G by the following general formula:

¥= Yo+ B1[(C/6 +K)/(1 + K]
7, Soil will become permanently strained, that 1is the

bulk density  will increase as a result of a load app-
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licatlion and lcad release. ™ith knowledese of soil parametric

constants and initial conditions, this vermanent strein can
be predicted for a given mean-stress application and release.

8. If critical bulk-density values are known for a given
soil, critical mean-stress values can be found in order to
avoid excessive compaction,

9. For a given mean-stress value, impact loads will
cause less soil strain than that created by a gralually
applied and released loagd.

10, Fifteen or more repeated impact loads of a given
mean~-stress value will cause the same soll strain attained
with a gradually applied and released loai,

11. The bulk density versus mean stress function will
obey the relaxation formulae if the load is repeated after

permanent deformation has occurred.
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