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! B S T RAe T

A LAOORATORY STUDY OF EF~"ECT OF

AGRICULTURAL LAND PACKERS ON SOIL

by

Radhey Lal

jgricultural~nd packers are generally used following the seeding

operation. It has been found that fields which have been packed usually

give higher yields than those which have not been packed, although the

reasons for this result are not understood. A laboratory study was under

taken to determine the effect of packing and the effect to determine the

effect of pa.cking and the effect of packer weight on soil density and

moisture loss. A soil bin system was designed and constructed for the

proposed study. The bulk density of the soil in the box was measured with

a gamma ray density system. A 12-inch cultivator shovel was used to till

the soil before packing. Two agricultural land packers, a crowfoot and a

coil type were used to pack the soil. Fbur different weights of packers

ranging from 60 pounds to 160 pounds per foot 0 f width were used for both

packers at three depths of cultivation and at two moisture levels. Based

upon the theoretical analysis of gamma transmission, a linear relationship

was found between the count rate and the moisture content, and between the

count rate and the dry bulk density. These relationships were used in

determining the undisturbed bulk density of soil.

It was found that the packed density of the soil was essentially

the same for all packer weights used. No differences in packed density were

detected with changes in depth of cultivation, moisture level, or the type

of packer. The packed density increased with depth. Based upon these

results an equation of packing was developed which related packed density to

Depth.

.:;i



Experimental results were then checked against the theoretical

calculations based upon a pressure-sinkage equation. Laboratory compaction

tests and consolidation tests were carried out with a Proctor density apparatus

and a consolidation apparatus respectively. The results from the compaction

tests were compared with the experimental values. The Bossinesq equation

was used to draw iso-pressure curves. Densities were calculated by graphical

integration of iso-pressure curves using the density-pressure relationship

obtained from the consolidation tests. A comparison was made between the

densities obtained graphically and experimentally. The trend of calculated

values was similar to that of the experimental values to a depth of four

inches.

A comparison of the moisture loss from a sample of soil which was

cultivated only to that from a sample which was cultivated and packed showed

no difference during a period of seven days.
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I. INTRODUCTION

One of the objectives of tillage is to change the

structure of the soil. Modification of the soil structure

is required to facilitate the intake, storage, and

transmission of water and to provide a good seedbed and

environment suitable for establishment of seedlings.

In the prairie regions of Canada, it is a common

practice to pack the soil after seeding. Practical

experience on farms has shown that fields which have been

packed after seeding generally produce more uniform stands

and higher yields than those which have not been packed.

The reasons for these differences have not been explained

nor is information available as to whether the weight or

type of packer has an effect on the results of packing.

A possible explanation for the results obtained from packing

is that the packing operation conserves moisture so that

germination is llastened. An increase in density from

packing may also have an effect on moisture movement to

the seedlings thus increasing their supply of water.

Changes in surface roughness produced by packing could

also protect the soil from the wind erosion.

A wide-spread means o£ conserving soil moisture is

by summerfallowing the land. It is evident that controlling

weeds reduces moisture loss. There is not enough information

1
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available on the effect of tillage on moisture loss in

fields where there is no plant growth. Maintaining a dust

mulch by loosening the soil surface reduces moisture loss

because it forms a dry layer of a few millimeters thick

which reduces moisture loss from the soil below. Wind

erosion causes this layer todrift away and a moist layer

is exposed for evaporation thus moisture loss continues.

Reports of studies on the effect of packing are

available in the literature. However, these studies did

not include information on agricultural land packers used

to promote crop response. Because so little has been

reported on the effect of agriCUltural land packers on soil

characteristics and moisture loss, a laboratory experiment

1'V'8.s proposed to stUdy soil packing as related to densi ty

changes and moisture loss.
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II. REVIEW OF LITERATURE

2.1 Soil Compaction

Soil compaction may be defined as the act of moving

soil particles closer together by external forces. Several

investigators have reported the effect of compaction on soil

(Sreenivasan 1942, Bekker 1961, Gill 1961, Raney ~~. 1961,

Vomoci1 et al. 1961, Bateman 1963, Lyles et ~. 1963. Johnson

~!1. 1964). These investigators reported that compaction

results in higher densities, lower void ratios, decreases in

permeability to gaseous and water exchange, higher mechanical

impedance to plants, lower germination rates, and lower

yields.

Phillips et al.(1960) reported the effect of 'normal',--
'moderate', and 'severe' compaction applied before planting

on a Colo clay soil. Normal compaction was found at the end

of the growing season under usual corn culture. Moderate

compaction was obtained by making 20 passes with a tractor

over successive soil strips each of the width of the rear

tractor wheel on soil which had been previously disked.

Severe compaction was obtained by making 10 passes with the

tractor on each strip of the plow sole as laid open in plowing

followed by the moderate compaction treatment. The mean bulk

densities measured in the 0 - 6 inch vertical soil core

were 1.59 gm/cc, 1.73 gm/cc, and 1.72 gm/cc for normal,

moderate, and severe compaction respectively.

Lyles ~ !1.(196l) reported that the c10ddiness of a
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disturbed natural soil can be increased by packing under

optimum moisture conditions for compaction. They suggested

that more information was needed on the range and limit of

bulk densities which could be obtained with commercial

field packers. the effect of packing on density at moisture

conditions other than optimum. and the effect of drying on

soil structure when the soil is packed at various moisture

contents before tillage operations.

Bateman (1963) reported the effect of field machine

compaction on solI physical properties and crop response for

silty clay loam and sllt loam soils. Bulk densities for

original, low. and highest compaction are shown in Table 2.1.

Table 2.1

Bulk densities for various compaction levels

Density level and Bulk densJ.tl smtcc No. of tire
compaction treatment 0-41n. 4-8in. 8-121n. passes

Original 1.12 1.22 1.34 6

Low 0.97 1.16 1.33 4

Highest-tire
trafflc over
all plots 1.32 1.33 1.2Ci 16

Lyles and Woodruff (196J) reported the effect of

moisture and packers on consolidation and cloddlness of sandy
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loam soil. Three agricultural packers, sprocket, diamond,

and V-wheel were used to compact the soil before it was

tilled with a full-size 2-inch chisel. Packer treatments

were:

a) 225 pounds total weight with a single pass,

b) 500 pounds total weight with a single pass,

and c) 225 pounds total weight with six passes.

The results of the study indicated that none of the

packers used increased density appreciably. Increasing the

packer weight from 225 pounds to 500 pounds increased the

average density only by 1.33. 2.27. and 1.60 percent for the

sprocket, diamond, and V-wheel packers respectively. Six

passes over the surface increased soll density by 4.93. 4.80,

and 3.07 percent for sprocket, diamond, and V-wheel packers

respectively, over the densities obtained for one pass with

225 pounds total weight.

Luttrell et al.(l964) studied the effect of the--
following tillage operations on 8011 physical conditions:

1. plowing,

2. plowing plus one disking,

J. plowing plus one disklng plus one harrowing,

4. plowing plus two dlsklngs, and

5. ploWing plus three disklngs.

The reSUlts obtained in this experiment indicated that

plowing reduced the bulk density of soil by approximately 25
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percent. Additional tillage operations tended to increase the

bulk density. However, when plowing was performed in the

fall and seoondary operations in spring. the secondary

operations decreased the bulk density. These results indioate

the changes occuring during oUitlvation and the amount of

oompaction which will be required to produce a given density.

Considerable work has been done in the field of

soil compaction by tl1iage implements and tractor wheels

which has been reported in terms of stress-strain relation

ships in the sOlI (Soehne 195~. Vanden Berg et ~.1958).

Some study on the effeot of compaction has also been reported

on seedling emergence. No wor~ has been reported on the

effect of agricultural land packers on soil density and

moisture changes occurring when the packers were used after

cUltivation.

2.2 SolI Moisture Conservation

Considerable literature ls available on the saturated

and unsaturated movement of solI moisture and the effect of

temperature on tnis movement. Solutions of differential

equations of the diffusion type for exponential and linear

diffuslvity functions are also available for soil moisture

movement. Similarly, there 1s considerable literature on

the theories of evaporation from free water surfaces and

solI surfaces. These theories have not been applied to



7

tillage practices for moisture conservation under field

conditions.

Janzen ~ al.(1960) reported that an average of five

to six inches of water was required to produce a minimum

yield of one to two bushels of wheat per acre, and 10.5

inches for a 15 bushel crop_ Each additional inch of water

over 10.5 inches resulted in an increase of three to five

bushels of wheat per acre upto a yield of 30 bushels. The

average rainfall during the growing season in southwestern

Saskatchewan is five to seven inches. Since this amount is

far short of the amount needed to produce a IS-bushel crop,

the importance of moisture stored in the soil before seeding

is apparent.

Staple et a1. (1952) and Doughty (1954) reported

that moisture conserved in summerfallow was about 21 percent

of the total precipitation during a 21 month period. The

result of this study is shown in Table 2.2. It can be seen

that tillage practices which would increase the amount of

precipitation conserved or make more efficient use of the

stored moisture would be most useful in increasing yields

of wheat.

Lemon (1956) reported that windbreaks and stubble

mulch did not reduce moisture loss because reduction in the

wind velocity near the ground increased the air temperature.

Three methods were suggested (Hide 1954, Lemon 1956)

to reduce the so11 moisture loss by evaporation:



Table 2.2

Moisture conserved during summerfa110w period

( average of 22 years )

Stubble Fallow

Aug. to Nov. to 9 month May to :Nov. to 21 month
Oct. Apr. total Oct. Apr. total

Mean precipi-
(»

tation (in) 2.2 4.3 6.5 7.8 4.4 18.7

Mean conser-

vation (in) 0.8 1.4 2.2 1.0 0.8 4.0

Con. /prec. (%) 36 3J )4 I) 16 21

(from Doughty, 1954)
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1. Increase the thickness of the static layer of

air thus increasing the resistance to vapour

diffusion.

2. Decrease the capillary conductivity of the

soil by tillage or by chemicals.

3. Decrease the temperature of the soil surface.

Ko1asew (from Lemon 1956) performed some experiments

with stratified soil in 1941, in a wind tunnel under

carefully controlled conditions, and compared the loss

of soil moisture from the layered soil with that from a

soil of uniform density. The soil was wetted to field

capacity and the weight loss was observed with time. He

found that layering reduced the moisture loss because

1) the compacted layers were isolated so that the

capillary continuity was held to a minimum,

2) the compacted layers did not conduct vapour

because of their low porosity.

Sreenivasan (1942) studied the influence of packing

on moisture movement through solI in horizontal glass tubes

under capillary action and reported that packing reduced

moisture movement. An impervious point, i.e., the

degree of packing where no movement of water would have

occured, was found by extrapolation to be 166 percent of

packing for Poona soil and 280 percent for Banglore soil.

The bulk density at 100 percent packing was 1.)5 gm/cc and
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1.38 gm/cc for Poana soil and Banglore soil respectively.

Thus the extrapolation predicted an impervious point for

Poona soil at a bulk density of 2.24 gm/cc and for Banglore

soil at a bulk density of 3.78 gm/cc.

Veihmeyer and Brooks (1954) measured the cumulative

evaporation from a bare soil and found that after the first

week the evaporation was extremely slow. For period of

1547 days during which rain was excluded the average

evaporation was 0.000236 inches per day. Veihmeyer and

Hendrickson (1955) concluded that the rate of evaporation

from a very thin layer of soil (Jmm. thick) is independent

of soil moisture content at tensions less than permanent

wilting. However, below permanent wilting, evaporation

decreased rapidly as the moisture content was reduced. This

occurs because the relative humidity decreases only slightly

between saturation and the permanent wilting percentage, but

it decreases rapidly as the moisture content is reduced

below the permanent Wilting percentage.

Johnson and Buchele (1961) concluded from a study of

the influence of soil granule size and compaction on the rate

of soil drying and emergence of corn that

1) as granule size increased and the amount of

work done in compacting the soil decreased,

the overall soil drying rate increased,
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2) little difference in drying rate was observed

when the compaction pressure was increased from

1.2 to 5.0 psi,

) the lowest drying rate occurred when the smallest

granules were subjected to some compaction.

Johnson and Henry (1964) studied the effect of

compaction on solI drying rates and seedling emergence,

and concluded that

1) surface and subsurface (one inch above the seed)

compaction reduced the overall drying rate,

particularly when the granules were large.

2) compacting a soil layer at seed level caused a

slight reduction in drying rate,

) the solI compaction treatment had little effect

on drying rates when small granules were used.

The results of Johnson and Buchele (1961) and

Johnson and Henry (1964) for the effect of compaction

(observations 1 and )) are not in agreement and no

explanation is given for these differences.

Luttrell et al.(1964) studied the effect of tillage--
operations on soil physical conditions and reported that

there was no effect on soil moisture loss by different

tillage operations. Johnson et al.(196S) reported that a--
compaction of 2.0 'psi redu~ed drying rate of soil compared
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to non-compacted soil.

2.) Density Determination

A conventional method of determining soil density

consists of measuring the volume and weight of a core sample.

The names of other methods are derived from the manner of

measuring the volume of displaced soil. The glass jar and

funnel method, and the water balloon method are generally

used for large samples particularly for field determinations

of soil density on hlghly compacted soiiS as highway grades.

Luttrell et al.(1964) used a translt to measure the--
lncrease in elevatlon of the soil surface due to cultivatlon

in order to determine the bulk density of cultivated solI.

Gamma ray density gauges for measuring soil density

have been in existence for about ten years. These devices

have gained popularity because of their nondestructlve and

fast measurement of soil density. Ballard and Gardner (1965)

have reported a complete review and analysis of soil denslty

and moisture measurement by nuclear methods. Density

measurements have been carried out by using scattering

techniques as well as transmission techniques of gamma

rays. Commercially available density gauges use the

scattering principle to measure the soil density. The

transmission technique has been used by Bernhard et ~.

(1955), Hagar (1956), and Van Bavel (1958).
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Gamma transmission techniques have also been used

to determine solI moisture. The method is based on the

measurement of gamma attenuation which varies with the

overall density in a soil column. For a constant amount

of soil in a unit volume, the density of the soil system

is changed only by the exchange between air and water. Thus,

the intensity of a transmitted gamma ray beam 1s a function

of water content. Ferguson (1959) used a Cs 137 source with

a scintillation detector to determine the movement of soil

water in soil samples packed in a lucite tray which was 2.5

cm deep, 15.95 cm wide, and 39.0 cm long. Hsieh (1963) used

gamrr~ attenuation to control the soil moisture in the vicinity

of root hairs by using the signal to control moisture supply

and applied it to soil-water-plant studies. He was able to

maintain the moisture content within one percent of the

required value.

Daniel (1963) used the gamma transmission technique

for concentration and velocity measurement of solids in the

study of horizontal flow of a solid-liquid suspension.

du Plessis (1966) also measured the concentration gradient

of the solids in pipeline flow of a suspension using the

gamma transmission technique.

2.4 Soil Bins

To facilitate continuous research work throughout
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the year with reproducible conditions, the use of soil bins

has become necessary and convenient. As a result, soil bin

facilities are gradually being added to the research

divisions of farm and earth moving equipment manufacturers

as well as university engineering departments. Soil bins

for studies of tillage tools, earth moving equipment, and

for highway research have been constructed at several

universities and research centres. The author knows of

at least ten facilities in North America.

The use of soil bins for tillage research eliminates

problems associated with weather conditions. Siemens (1963)

outlined many of the important considerations involved in

the development of soil bin facilities. He outlined the

advantages and disadvantages of circular and straight soil

bins, the factors to consider in choosing between stationary

or moving test carriage arrangement, and the importance of

having transverse rigidity of the test carriage with respect

to the soil in the bins.

Harrison (1961) suggested that a width to depth

ratio of approximately three for soil bins with rectangular

cross-section would reduce the effect of the sides or

bottom. However, the dimensions of the soil bin must be

adequate for the size of the test vehicle or components.

The soil must be free to deform without significant

boundary effects. Clark et al.(1966) described the design
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of a soil bin based on the pattern of soil failure as

determined from the bearing capacity and friction angle.

A length to width ratio of five will reduce the error

caused by the boundary to a minimum. They also described

the requirements for natural and artificial soils, and

problems related to soil processing equipment.
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III. INVESTIGATIONS

3.1 Objectives

As reported by Phillips et a1. (1960) , Bateman (196)

Lyles and Woodruff (1963) in studies of various aspects of

soil compaction there appears to be no significant effect of

the number of tire passes or weight of the packer on the

packed density of a soil. These tests were conducted before

tillage operations. A report on soil compaction by the Corps

of Engineers, U.S. Army (1949) indicated that increasing

roller weights did not result in increased density. Johnson

and Buchele (1961) and Johnson and Henry (1964) reported

contradictory results on the effect of compaction on drying

rate for small granules. Since no work has been reported

on agricultural land packers and their effect on soil density

and moisture loss, and in view of the fact that these are

widely used after seeding operations, the objectives of this

study were:

1. To design and construct an apparatus for the

proposed study.

2. To assess the suitability of laboratory studies

of packers.

3. To study the effect of weight of packers on

density of the cUltivated layer.

4. To study the moisture loss from the packed

and unpacked soil over a period of time.
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3.2 Theory and Principles

3.2.1 Pressure-sinkage and density relationship

It was desireable to develop in this study a

relationship between the pressure applied to the soil and

the resulting density. Because packing with a conventional

land packer is accompanied by sinkage, it may be possible

to relate sinkage and compaction.

Several empirical pressure-sinkage equations have

been developed from plate tests on soil. The general

pressure-sinkage equation which is the basis of the empirical

approach, was proposed by Bernstein and Lestoshnev (Wills

1966), and is of the form

where,

k
n ••• (3.1)p = z

2
P = pressure (lb/in ),

k = pressure sinkage modulus (lb/in2+n ) ,

z = depth of sinkage (in) , and

n = exponent related to soil properties

(dimensionless).

Bekker (1960) suggested that the constant k was a
l+n

function of two soil value constants, kc (lb/ln ), and

k¢ (lb/in2+n ), which depend upon cohesion and angle of

internal friction of soil respectively, and footing width, b.

He further suggested the following relationship:

k = kc/b + kid ••• (J.2a)
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Therefore,

••• (J.2b)

••• (3.3)

Wills (1966) related two equations, one from the

dimensional analysis of a rectangular pressure plate and

the other from fundamental plastic theory, to form an

empirical equation which would predict load-sinkage values

accurately for large areas. and for frictional, composite

and cohesive soils. The equation is of the form

n
p = ( c k~ + (Y'b/2) kh) (z/b)

where, c = cohesion (lb/in2 ),

k' = pressure sinkage modulus (dimensionless),
c

Y' = bulk density (lb/in), and

k¢ = pressure sinkage modulus (dimensionless).

The equations discussed above are similar in nature

except for the value of the pressure sinkage constant k in

the general pressure sinkage equation (J.l). A comparison

of equations ().1) and (3.) suggests that

n
k = ( c k~ + (Y"b/2) k¢) (l/b) ••• (3.4)

which is a function of soil properties: cohesion, bulk

density, angle of internal friction, and of footing width.

A relationship can be developed from the pressure

sinkage equation between the depth of sinkage and the change

in density due to the action of a wheel on the so11. The



••• (3.7)

••• (3.8)

R = k b

19
f

general pressure-sinkage equation (3.1) will be used in

this development because of the simplicity of the function

k (eq. 3.4). A single packer wheel being pulled on the

soft ground will be considered in this analysis.

A wheel which sinks to a depth of z (Fig. 3.1) is
o

acted upon by a load W, and a pulling force equal to the

rolling resistance, R. Assuming that N is the reaction of

the soil equal to the sum of the elementary reactions dN,

the forces could be summed up as:

toR - dN sin 9 = 0 ••• (3.5)
0

80

- W + J dN cos 9 = 0 ••• (3.6)
(J

The elementary reaction, dN cos 9 = - P b dx, and

dN sin Q = P b dz. Substituting these relationships and

the value for p given by equation (3.1) into equations (3.5)

and (3.6), we obtain

R = J~ b k z~ dz
20

W = - i b k zn dx
(J 0

Integrating equation (3.7),
zn+l

o

n+l

and for equation (3.8), according to the geometry of the

wheel, as shown in Fig. J.l,

x
2 = [D - (z 0 - z)] (z - z)

o
••• (3.10)
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or approximately,

2x = D (zo - z)

Thus, 2x dx = -D dz

and finally,

••• (3.11)dz
2 J(zo- z)

= t 2 , and dz = -2t dt, we obtain

w =

Substituting Zo - z

w = ••• (3.12)

••• (3·13)

By expanding (zo -t2r into a series and taking only

the first two terms of the series,

tVXo
W = k b.v'D [ (z~ - nz~-l t 2

) dt

Integration of equation (3.13) gives

w = (1 - n/3) k b vD z~+t ••• (3.14)

Equation (3.14) expresses the relationship between

the load, diameter and width of the wheel, and depth of

sinkage.

Thus the depth of sinkage
l/n~

_W_J
kb-IDJ

••• (3.15)

Now consider a column of soil with unit cross-

sectional area as shown in Fig. 3.2. After compaction the

column is reduced by a depth, Zoe Assuming the weight of
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the unit column to be U. which remains unchanged after

compaction because only the volume of voids is reduced

during the process of compaction, the initial density and

the final density after compaction may be written as:

Dbl = U/d

Db2 = U/ (d-zO)

••• (3.16a)

••• (3.16b)

where, Db1 = initial dry bulk density (gm/cc). and

Db2 = compacted dry bulk density (gm/cc).,

The ratio of final density and initial density is

Db2/ Dbl = died - zO)

and by substituting for zo' we obtain

••• (3.17)

W Vn+iJ
b kJD

••• (3.18)

If Db2 1s considered the density after packing

operation and Dbl 1s the density after cultivation, then

the above equation expresses the ratio of packed density and

cultivated density as a function of soil characteristics,

packer dimensions. and depth of cultivation.

Schuring (1966) reported that the value of n varies

between 0.4 (soft clay) and 1.3 (coarse sand). The value of

k depends upon the soil and wheel characteristics. Bekker

(1956) produced a graph of values of k for different wheel
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diameters and wheel weights, and values of n. Wills (1966)

also found a relationship between k and footing width. These

graphs are given in Appendix A. If proper values of nand k

are substituted into the equation (3.18), the expression will

result in the density ratio as a function of depth of

cultivation, wheel dimensions and weight.

The values of k given by Bekker (1956) are from wheel

experiments and the values of k given by Wills (1966) are

from rectangular pressure plate experiments. It appears

that the values of k given by Bekker will be more suitable

than those given by Wills. Thus for the proposed load

conditions for the packer and the type of solI, the values

of nand k may be taken as 0.5 and 15.0 respectively.

SUbstituting these values in equation (3.18) the final

equation of density ratio becomes

••• (3.19)

where, w =W/b, weight per unit width.

If the value of D
bl

could be estimated experimentally

and substituted in the above equation, the average packed

density may be calculated from the following:

D
b2

= 18 d v'D Dbl / ( 18 d.JD - w) ••• (3.20)

Equation (3.20) gives the average packed density

for a given depth of cultivation under a single wheel.
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In a packer, where wheels are spaced at a fixed distance

along the shaft, the soil between the wheels will not be

packed to the same degree as the soil under the wheel.

The final density obtained by the packing operation,

therefore, will be the average density of packed and

unpacked regions.

Another theoretical method for calculating the

average density under the influence of a load is to relate

iso-stress surfaces to density. The iso-stresses beneath

a concentrated load may be calculated according to the

Boussinesq equation (Spangler 1951), which is the form of

en - 2) P
2

n• cOs Q
z2

••• (3.21)

where, Uz = normal vertical stress (lb/in2 ),

P = concentrated surface load (lb),

z = depth (in),

9 = angle from the vertical axis to the point

under consideration, and

n = concentration factor.

For a uniformly distributed surface load, over a

rectangular area, the normal vertical stress depends upon

the geometry of the area and depth, at which the stress is

to be determined.

~= ~ • f l (L,E,z)
-1

= sin f
2

(L,E,z)

••• (3.22)
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where, p = uniform intensity of surface load,

L & B = length and width of the area, and

z = depth at which the stress is determined.

The iso-stress distribution, similar to the one

shown in Fig. 3.3 represents the pressure distribution

within the soil. The area between the two iso-pressure

curves could be calculated from graphical integration. If

the relationship between density and pressure is known,

the average density across the width of the packer can be

calculated at different depths below the surface.

3.2.2 Gamma ray density detection

Gamma rays react with matter in three ways, namely,

the photoelectric effect, Compton effect, a.nd pair production.

In all three processes the photon either vanishes or is

scattered away from its original direction in a single

interaction.

In the photoelectric effect, a photon interacts with

the atom as a whole and its energy is transferred to an

innerbound electron. The electron is ejected with kinetic

energy equal to the photon energy minus the binding energy

of the electron.

In the Compton effect, a primary photon interacts

with anyone of the orbital electrons of the atom. The
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energy is shared between the recoil electron and the

secondary photon. This secondary photon travels in a

direction different from that of the primary photon, and

is referred to as the scattered photon. At low energies

where the photon energy is nearly equal to or less than

the electron binding energy, the primary photon may be

scattered with its entire energy.

In pair production, the primary photon disappears

and a positron-negatron pair is produced with part of the

photon energy as its kinetic energy and the remaining energy

as its rest-mass energy. This can only occur where the

energy of photon is equal to or greater than the total

rest-mass energy of the pair.

In all elements, however, for photon energy levels

from about 0.5 Mev to 5 Mev, the Compton effect is the

predominant one. The amount of scatter due to the Compton

effect can be calculated from the Klein-Nishina formula

which divides the absorption of gamma rays into two parts,

the first due to the scattered photon and the second due to

the recoil electron depending upon the angles between the

primary and scattered photon. However, the latter

represents a true energy of absorption.

The energy peak of Cs 137 is 0.661 Mev, and the

Compton effect 1s predominant. When a collimated beam of
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monoenergetic gamma rays passes through a material of

thickness dX, there is a decrease, d~, in the intensity

of the beam. The change in the intensity is proportional

to the beam intensity, I, at that point and to the thickness,

dx, or

dI = -~ I dx ••• (3.23)

where, ~ = linear absorption coefficient of the material

(per em). Integrating and applying the boundary conditions,

(Fig. 3.4)

-)).x
I = I e

0

This could be written as

_Po ex
1 = I e e

0 ,
-~Px

or I = I e
0

••• (3.24)

••• (3.25a)

••• (3.25b)

where, (=> = mass density (gm/cc),

I = transmitted intensity,

I = initial intensity, and
0 2

,u.' = mass absorption coefficient (cm /gm).

It is possible to determine the density of the

material based upon this principle if the geometric factors

such as the material thickness and the distance between the

source and the detector remain constant. Daniel (1963), and

du Plessis (1966) measured the concentration of solids

suspended in the liquid in pipe line flow, Ferguson (1959),
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and Hse1h (1963) measured the moisture content of the soil,

using this principle.

For a medium consisting of n number of different

homogeneous absorbing materials, the relationship may be

written as

I = I
o

,., , {}

-E (Mo;, \,0 X,:)
e co:, ••• (3.26)

with the assumption that the attenuation intensity is

independent of the material position along the beam.

If a mixture of three materials is used and if d is

substituted for x, equation (3.26) becomes:

- (..u.:~ d + .u~ E>1 d
2

+ M~ f3 d
J

)
I = I e 1

0 ••• (3.27a)

, I CJ / n
or In I = In 1

0
-(.-tl. E', d 1 + Ail" d 2 +'"a{""3 d3 )

••• (3.27b)

For soil composed of water, solids, and gases, let

A.L~, ~, and d
1

be the mass absorption coefficient, mass
,

density, and equivalent depth of water, respectively, ~~ ,

e
"

and d
2

be the mass absorption coefficient, mass density,

and equivalent depth of solids respectively, and M~, f'a' and

d be the mass absorption coefficient, mass density, and
3

equivalent depth of gases respectively.

2
The mass absorption coefficient for air 1s 0.075 cm /

gm (Price 1958) and the density of air 1s 0.0012 gm/cc.

Thus the linear absorption coefficient for air,
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= 0.00009 per cm.

Typical values of linear absorption coefficients for sand

and water are 0.174 per em and 0.065 per cm respectively

(du Plessis 1966). The linear absorption coefficient for

air (gases) is very small in relation to the values for

soil and water and therefore may be neglected. The weight

of gases in a soil column is always negligible (Taylor 1948).

Using SUbscripts w for water, and s for soil,

equation (J.27b) becomes

In I = ••• (3.28)

Simplifying and writing the above equation in terms

of linear absorption coefficients, we obtain

In (I II) =.Mw d +,us d s ••• (J. 29 )
o w

where, ),Aw = A'w ew linear absorption coefficient

of water, and

linear absorption coefficient

of soil.

For soil having a constant moisture content

measured on a weight basis the ratio of the weight of

water to the weight of soil will remain constant. That

is,

w I W = M (moisture content, a constant)w s



Ww =
Ws =

where, Ww & Ws

)2

If this soil is placed in a cylinder of a constant

volume and a fixed cross-section (Fig. 3.5), the relation-

ship between dw and ds can be developed as follows:

E'w g dw A, and

E's g ds A

= weight of water and weight of solI in, the

cylinder respectively (gm),

~w & es = mass density of water and mass density of

soil respectively (gm/cc),

A = cross-sectional area of cylinder (cm2 ), and

g = acceleration due to gravity (em/see 2 ).

Thus,

or ••• (3.30a)

But E'a g/ \?1'1 g is the specific gravity of solI,

Ga. Thus,

••• ().JOb)

Substituting the value of dw in equation (3.29),

we obtain

••• (3.31)

Since the volume and the cross-section of the

cylinder under consideration are constant (Fig. 3.5), the

dry bulk density of soil (Db) will be proportional to d s •
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That ls,

or

••• (3.328,)

••• (3.,32b)

substituting for ds in equation (,3.,31), we obtain

1n (I /1) = mw Db ••• (,3.33)
0

where, m = k (,)A G M + h.s )
w w s

Equation (,3.33) will produce a straight line on

semilog paper when 1
0
/1 is plotted against Db. The value

of slope m will depend upon the moisture content of the
w

soil. For anyone moisture content the slope will remain

constant. Thus, for different moisture contents a family

of straight lines will be obtained which will originate

from I /1 equal to one at zero dry bulk density.
o

For a soil of a constant dry bulk density, a second

relationship can be obtained for various moisture contents.

Since,

In (I /1) =.A.J. d + A do w w s s

It has been shown that

d = G d H, and
w s s

d = k D
s b

••• {Eq. ,3.29)

••• (Eq. 3.30b)

••• (Eq. 3.32b)

Substituting these relationships into equation (3.29),

we obtain
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where, Ks = ~ s k Db • and

ms = JJ-w Gs k Db .

••• (3.34)

Equation (3.34) will produce a straight line on

sem1log paper when loll 1s plotted against M. For a constant

dry bulk density the value of the constant Ks and the slope

ms will remain constant. For various bulk densities both

the constant and the slope will change and a family of

straight lines will be obtained having different intercepts

and different slopes.

Equations (3.33) and (3.34) will be true only if the

volume of the material between the source and the detector

remains constant. When a beam of gamma rays is transmitted

across a fixed distance between the source and the detector,

the volume scanned by the beam remains constant. Therefore,

a gamma ray absorption system can be calibrated to predict

soil moisture content on a weight basis or dry bulk density.

The analysis of a commercial gamma density gauge

which employs a gamma scattering principle is given in

Appendix B.
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IV. EXPERI~lliNTAL APPARATUS

4.1 Apparatus

4.1.1 Soil bin system

The soil bin system was designed to fulfil the

following requirements:

1. To be large enough for the use of conventional

tillage tools.

2. To be small enough to permit the safe use of

gamma radiation equipment.

3. To permit tests to be conducted at various speeds.

A soil bin system having the above requirements

was constructed in the Agricultural Engineering Laboratory.

Available space limited the length of the system to 25 feet.

The soil box was 20 feet long, 32 inches wide, and

16 inches deep and was made of plywood with an angle iron

frame. The box was lined with a single sheet of black

plastic film which prevented moisture loss from the solI

through the plywood. Soil was placed in the box to a depth

of I) inches.

A frame which supported the carriage was made of

five L-shaped structures. These structures were placed

five feet apart with an overall length of 20 feet. The
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soil box was placed on the horizontal arms of the structures.

The weight of soil in the box provided stability for the

entire frame.

Three cold-rolled steel rails, each one and a half

by one inch in cross-section, and 25 feet long were mounted

on five E-shaped brackets to form a three-rail unit. This

three-rail unit was then attached to the vertical arms of the

L-shaped structures with provision for vertical movement of

the rail unit in three inch increments. A general view of

the apparatus is shown in Fig. 4.1.

The carriage was constructed in a rectangular shape

and was supported by six pairs of wheels on the rail unit

(Fig. 4.2). Two pairs of wheels were mounted on each track

at a spacing of three feet. Four pairs of wheels were

mounted in the horizontal plane on the top and the bottom

tracks, and two pairs on the vertical plane on the middle

track. This system controlled the moments in the x, y, and

z planes, and allowed free movement along the length of the

rail unit.

The tool bar was welded in a diamond shape on a

separate piece of steel tubing which was mounted on the

centre of the rectangular frame of the carriage. The height

of the tool bar could be adjusted vertically to any desired

position within a range of 12 inches. For the experiments,
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the rail unit and the tool bar position were set at 44 inches

above the bottom surface of the soil box.

A drive mechanism was required which would operate

smoothly and permit convenient control of the speed and

direction of the carriage movement. Tv/o eight-inch

diameter drums were mounted at each end of the frame on the

shafts supported by two vertical members. Each end of a 3lB-inch

diameter wire rope was attached to the tool bar after being

wrapped around the drums. Two cables, one at each end of the

tool bar prevented twisting due to the position of the tillage

tool. The height of the drums could be adjusted according to

the height of the tool bar so that the pull was always

horizontal.

A hydraulic drive system was selected because it

operates smoothly, is easily controlled, and can be quickly

reversed. A hydraulic motor was coupled to the shaft of the

drive drums, and a variable displacement hydraulic pump was

used to provide speed control.

A solenoid directional valve was connected in the

hydraulic system for stopping and reversing the direction

of carriage movement. A microswitch was mounted at each

end of one of the rails so that the carriage could be

stopped automatically at the end of its travel. The

schematic diagram of the hydraulic system and the directional
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valve control is shown in Fig. 4.3.

4.1.2 Gamma ray density system

A gamma ray absorption technique was selected to

determine soil density because it could be used without

disturbing the soil. The gamma absorption principle also

allows measurement of the density at any desired depth

in contrast to commercial density gauges which measure the

average density of a sphere of influence. The gamma ray

density system consisted of a source unit and a detector

unit mounted on a carriage.

The source unit consisted of a source head and a

holder containing a two Curie Cs 137 source. The detector

consisted of a scintillation detector and a preamplifier

(Fig. 4.4).

A gamma ray detection system operates on the following

principle: each gamma emitting isotope emits electromagnetic

radiation with the energy spectrum characteristics of the

particular isotope. Gamma ray detection depends on the

ability of gamma rays to produce scintillations through

linear reactions in a thallium activated sodium iodide

crystal. Incident gamma rays can react with the electrons

of the crystal in any of the three principal ways described

earlier (Section 3.2.2). For Cs 137. the Compton effect is
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Fig. 4.4 GAMMA DENSITY PROBE
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predominant, and produces scintillations in the crystal.

The scintillations are detected by a photomultiplier tube

which is optically coupled to the crystal. These

scintillations are converted to current pulses with an

amplitude proportional to the energy of the incident gamrtia

rays. The current pulses are fed to a ratemeter for

integral counting.

A straight bore collimator with a one-inch diameter

hole was used in front of the detector. Both the source

and the detector unit were mounted on a carriage which

moved on two tracks one on each side of the box. A chain

drive mechanism connected to two screws, one supporting the

source and the other, the detector, was 'used to raise and

lower the source and detector simultaneously (Fig. 4.4).

4.2 Soil Description

The soil used in this study was taken from the top

siX-inch layer of a cultivated field. The properties of

the soil are given below:

Specific graVity

Mechanical analysis

Sand

Silt

Clay

2.44 8m/co

.33.87 percent

32.06 percent

.34.07 percent
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3.97 percent by weight

(approximate organic matter 6.75 percent

by weight)

According to the USDA classification of agricultural

soils (Buckman and Brady 1960) the soil is a clay loam with

high organic matter.

Moisture holding characteristics (weight basis)

Field capacity

Wilting point

Liquid Limit

Plastic limit

28.34 percent at 10 cm

of mercury

14.53 percent at 200 psi

42.85 percent

32.57 percent

4.3 Tillage Equipment

Three tillage tools were used in the experiment:

a l2-inch cultivator shovel, a crowfoot packer, and a coil

packer. The packers are shown in Fig. 4.5. These are the

conventional implements and representative of general farm

equipment used in tilling and packing operations. The

crowfoot packer was two feet in diameter and two feet wide and

had three wheels. The total weight of the crowfoot packer was

220 pounds. The coil packer was 18 inches in diameter and 30

inches wide and was made of 1 J/8-inch square steel bar in a

helical form. It had five coils with a total weight of 200

pounds.
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Crowfoot packer

Coil packer

Fig.4.5 AGRICULTURAL PACKERS USED IN THE EXPERIMENT



47

4.4 Measuring Devices

4.4.1 Humidity and temperature

A hygro-thermograph was used to record relative

humidity and temperature of the laboratory for the entire

period of the experiment.

4.4.2 Moisture measurement

Soil cores of one-half inch diameter were taken

at each inch depth to a desired depth. The core samples

were oven dried and moisture content was calculated as a

percentage of dried weight.

4.4.3 Gamma counting

A ratemeter and a milliampere recorder were used

to read out and record the count rate (Fig.4.6). The

milliampere recorder was connected to the output of the

ratemeter so that a continuous record of the count rate

would be obtained. The ratemeter had eight full scale

settings of 100, 250, lK, 2.5K, 10K, 25K, lOOK, and 250K

counts per minute.

A portable alpha, beta, gamma survey meter was used

to check the intensity of background radiation for safety

purposes. Radiation badges were used to record the

accumulated radiation received during the experiment.
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v • PROCEDURE

5.1 Calibration

It was necessary to know the characteristics of

the gamma ray detection system and to calibrate the system

for the particular soil used before proceeding with the

packing experiments. The detector plateau, and the edge

effects were determined for the density probe. Based upon

the theory of gamma rays transmission, two experiments were

conducted; one to determine the relationship between the

count rate and soil moisture content, and the other to

determine the relationship between the count rate and the

dry bulk density of the soil.

5.1.1 Plateau detection

The output of the scintillation detector depends

upon the high voltage applied to the phototube of the

detector. The voltage at which the detector first begins

to detect radiation is called the starting potential of

the detector. As the applied voltage is increased a region

1s reached where the count rate is relatively independent

of the voltage. The voltage at which this "plateau" begins

is known as the threshold of the detector. The proper

operating voltage for the detector is the voltage at

approximately the mid point of the plateau.
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The plateau for the Cs 137 source and the scinti-

llation detector which were used in the experiment was

found by plotting the curve shown in Fig. 5.1. The operating

voltage at the mid point of the plateau was approximately

1362 volts.

5.1.2 Testing for edge effect

To investigate the effect of sharp cuts and edges

on the count rate, a section as shown in Fig. 5.2 was cut

along the length of the soil box. Readings were taken at
t

positions denoted by S1 and Si- Two traverses were made of

this section, one with the gamma beam at a constant elevation

at one inch below the lowest surfaoe and the other with the

beam at a constant elevation at the level of the lowest

surface. The results for the traverse with the beam at one

inch below the surface show an increase in the count rate at

position S _ This increase in the count rate can be attributed
o

to gamma rays reflected from the soil surface reaching the
t

detector. The increase in the count rate at position 8
S

was

caused by a crack in the soil. It should be noted that

vertical edges produced no change in the count rate as they

were traversed. for example. no change was noted in going

from position 8
1

to 8
4

- The results for the traverse with

the beam at the level of the lowest surface are similar to

those of the previous test with the exception that the

count rate exceeded the capacity of the ratemeter at
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position S. This high count rate is due to the fact that
o

beam was partially open to the detector.

5.1.3 Moisture and density relationships

As there were two variables of the soil, one the

dry bulk density and the other the moisture content, two

experiments were required to completely calibrate the gamma

density unit. These were

1. with dry bulk density held constant, and

2. with moisture content held constant.

Theoretical development for these conditions have been

discussed in Section 3.2.2.

Six, six-inch diameter, 29-inch long aluminum

cylinders were used for the calibration tests. The soil was

well mixed with water to obtain uniform moisture distribution

and was placed in the cylinders. Compaction was controlled

by packing the soil with a constant number of blows of a

tamper. The cylinder was then placed in the gamma beam

with the axis of the cylinder parallel to the beam. The

average of seven readings was taken as the count rate for

the sample. These readings were taken at one-half-inch

intervals across the centre three inches of the cylinder

diameter.

1. Dry bulk density constant

The soil was wet at various moisture contents and
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was filled in the cylinders with approximately an equal

degree of consolidation. This resulted in reasonably

constant dry bulk density in each cylinder (ranging from

0.95 gm/cc to 1.05 gm/cc). A total of ten cylinders were

tested. According to equation (3.34)

a straight line was obtained when I II and moisture content
o

were plotted on semilog paper (Fig. 5.3). The scatter of

points is due to a variation in density from the desired

density of 1.00 gm/cc. The relationship obtained is given

as

or

In (I II) = 6.471 + 0.064 Mo

= 646.0 0.064 Me

••• (5.1a)

••• (S.lb)

where, M = moisture content in percent by weight.

2. Moisture content constant

Soil with a constant moisture content was filled

in six cylinders with different degree of consolidation in

each cylinder. This resulted in different dry bulk densities

for the same moisture content. According to equation (3.33)

In (I II) = m D
o W b
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a straight line was obtained on a semllog graph paper for

the relationship between loll and the dry bulk density for

each moisture content. A family of straight lines was

obtained for various moisture contents (Fig. 5.4). These

relationships are given in Table 5.1.

Table 5.1

Values of slopes for various moisture contents

No.

1

2

3

4

5

6

Moisture content Slope
percent ~

13.54 7.465

15.30 7.534

19.05 7.893

20.32 8.021

21.87 8.143

24.50 8.431

The value of loll at zero dry bulk density is one

in all cases. This is SO because at zero dry bulk density,

the cylinder is empty and no absorption of gamma rays

occurs.

The above relationships for constant dry bulk density

(Eq. 5.1b) and for constant moisture content (Table 5.1)

have been obtained in accordance with the theoretical
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development in sectiop 3.2.2. As expected in the case of

different moisture contents, the slopes of the lines increase

with an increase in the moisture content. Using these two

sets of data, one can predict the dry bulk density of the

soil in the soil box, if the soil particles do not shrink

or swe11 wi th cha.nges in mois ture content.

The mass absorption coefficient of soil calculated

from these cylinder tests was found to be 0.088 cm2 per gm.

This value can be compared with a mass absorption coefficient
2of 0.066 em per gm for sand (du Plessis 1966).

5.2 Experimental Procedure

Two series of experiments were conducted: one to

determine the effect of packers on soil density and the

other to determine the effect of packers on soil moisture

loss.

5.2.1 Tests for the effect of packers on soil density

The following variables were chosen as being the

most likely ones influencing the effect of packers on soil

density. and therefore, were taken as independent variables

for this study:

1. type of packer,

2. weight of packer

3. depth of cultivation, and
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4. moisture content of the soil.

The arrangement of the experimental plan is given

in Appendix D. The results from the experiments were

compared with a theoretically developed density equation

and were used in statistical analysis to determine the

effect of chosen variables on the performance of agricultural

land packers.

It is well known that the degree of compaction

obtained for a given amount of energy depends upon the

moisture content of the soil. The moisture content at which

the maximum density occurs is known as the optimum moisture

content (Spangler 1951). It is also known that as the amount

of energy used for compaction decreases the optimum moisture

content increases. The standard Proctor density test is a

common method for determining the optimum moisture content.

However, the test uses an energy level far in excess of that

which would be applied with an agricultural land packer.

Because of its wide usage and ready availability, a standard

Proctor density apparatus was used but the procedure was

modified to reduce the amount of energy applied. Compaction

tests were carried out with energy levels of five and ten

blows on each of the three lifts. These low energy levels

of five and ten blows were selected to more nearly match the

energy level of the packer. The optimum moisture content
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of the soil was determined from these tests.

A series of experiments was conducted to stUdy the

effect of pressure on solI density with a consolidation

test apparatus similar to that described by Lambe (1960).

Pressures ranging from 0.407 psi to 19.742 psi were applied

in increments to a test specimen of 2.5 inches in diameter

and 0.75 inches deep. Loads were applied gradually and

the readings of deflection were taken 15 seconds after each

load application. The tests were conducted at three

different moisture contents. Dry bulk densities of the

soil were calculated for each load and a graph was plotted

for the relationship between dry bulk density and pressure.

Two types of packer, a crowfoot and a coil were

used for packing the soil in the soil box. A 12-inch

cultivator shovel was used to till the soil for all

experiments. A weight box system on the packers was used

to adjust the weight to four different levels for each

packer. The schedule of weights used is shown in Table 5.2.

The experiments were performed at three depths of

CUltivation, approximately four, five, and six inches.

Two soil moisture levels were used with each type of packer

and weight of packer. The average moisture contents at

these levels were 21.09 percent and 27.75 percent by

weight.

Preparation of the soil box consisted of moistening
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Table 5.2

Schedule of packer weights

pounds per foot of width

No.

1

2

3

4

Crowfoot

60.0

97.5

135.0

160.0

Coil

80.0

97.5

135.0

160.0
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the soil and allowing it to dry to the desired moisture

content. Soil samples for moisture content measurement were

taken at each inch depth to a depth of two inches greater

than the depth of cultivation. The soil was then cultivated

with the oultivator shovel at the desired depth. The box

was divided into two sections each ten feet long. Eaoh

ten-foot seotion of the soil box was packed using a different

weight of packer. Therefore, two preparations of the so11

box were required to test all four weights of a paoker for

one moisture content and one depth of cultivation. The

speed of the carriage was fixed at 60 feet per minute (0.682

miles per hour) for both the cultivation and packing

operations. Any higher speed was not practical because of

the limited length of the soil box.

Readings of gamma counts were taken in the following

manner: six stations were selected along the box suoh that

three of them were on each one-half length of the soil box.

The source and the detector of the gamma ray density unit were

moved up and down at these stations and stopped at one-inch

intervals below the soil surface down to a desired depth.

The count rate was recorded for one minute at a chart

feed rate of three inches per minute at each of these intervals.

The average of a one minute record was taken as the count rate.

One set of the readings was taken after cultivation and another

after packing.
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Daily variations in relative humidity and

temperature of the laboratory were recorded for the entire

period of the experiment. The temperature fluctuated
o 0

between 70 F and 72 F. Humidity variations ranged from

six percent to 20 percent. High humidity readings occurred

immediately after wetting the soil and persisted for a period

of approximately 24 hours.

5.2.2 Tests for soil moisture loss

The crowfoot and the coil packers with weights as

manufactured of 110 and 80 pounds per foot of width

respectively were used to study the effect of packing on

the rate of soil moisture loss. Two experiments were

conducted with each packer over a period of seven days to

determine the percentage decrease in initial moisture

content from packed and unpacked soil. A seven day period

was chosen for these tests because as was noted in the

review of literature (Viehmeyer et a1. 1954), the rate of

moisture loss from a bare soil after a period of seven days

was very low.

The 12-inch cultivator shovel was used to cultivate

the soil at a depth of approximately four inches. One-half

of the soil box was packed and the other half was left as

cultivated. Samples for moisture content measurement were

taken before the cultivation and at the completion of the

experiment at each inch depth down to a depth of 12 inches.
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The samples were oven dried and the moisture percentages

were calculated on weight basis. The percentage decrease

in initial moisture content was calculated and used to

establish a relationship between the moisture decrease

and depth for each treatment.
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VI. RESULTS AND DISCUSSION

6.1 Effect of Packers on Soil Density

The data obtained from the tests described in

Section 5.2.1 are shown in Appendix D. An analysis of

variance was carried out on these data to determine the

effect of the type of packer, the moisture content, the

packer weight, and the depth of cultivation on dry bulk

density. Interactions between these variables were also

determined. This statistical analysis is shown in

Appendix E.

The result of the analysis of variance indicated

that there was no significant effect of the type of packer,

moisture content, packer weight, or the depth of cultivation

on packed dry density (Table E.l). The only significant

variation in dry bulk density occurred with changes in

depth down to the depth of cultivation (Table E.5). It

should be noted because relatively few data were available,

the least significant difference in dry bulk density at

95% and 99% probability levels was 0.048 gm/cc and 0.068

gm/cc respectively for any set of means of variables.

Because the only significant difference in the dry

bulk density was due to depth, the data have been combined

for some vaiab1es to determine the effect of other
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variables in the following discussion. The different

combinations of data are given in Appendix D.

6.1.1 Effect of weight of packer on soil density

Theoretically as shown in Section ).2.1, the

packed density is given by

= depth of cultivation (in),

= 18 d JD Dbc! ( 18 d JfJ - w)

= average packed dry density (gm/cc).

average cultivated dry density (gm/cc),

D
bp

D
bp

Dbc =
d

where,

D = diameter of wheel (in), and

w = weight per unit width (lb!in).

For the crowfoot packer, D = 24 inches, therefore,

D
bP

= 88.2 d Dbc/( 88.2 d - w) ••• (6.1)

and for the coil packer, D = 18 inches, therefore.

Dbp = 75.6 d Dbc!( 75.6 d - w) ••• (6.2)

The average experimental values of cultivated dry

densities were 0.714 gm/cc for a moisture content of 21.09

percent and 0.656 gm/cc for a moisture content of 27.75

percent. The values of packed dry densities were calculated

from equations (6.1) and (6.2) for both the packers and for

both the moisture contents. These values are given in Table

6.1 for the crowfoot packer, and in Table 6.2 for the call

packer. The corresponding experimental values of dry bulk

density are also given in these tables.
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Table 6.1

Dry bulk density values for

crowfoot packer

(gm/cc)

-Theoretical values
Depth

of 21.09 %moisture 27.75 %moisture
culti-
vation w1 w2 w) w4 w1 w2 W) w4in.

4 0.742 0.762 0.780 0.794 0.682 0.700 0.717 0.729

5 0.736 0.652 0.766 0.777 0.676 0.691 0.704 0.714

6 0.733 0.745 0.757 0.765 0.673 0.684 0.695 0.703

No. of wheels = 3, assumed wheel width = 3 inch.

Experimental values
Depth
of 21.09 %moisture 27.75 %moisture

culti-
vation

in. wl w2 w3 w4 wi w2 w3 w4

4 0.743 0.748 0.749 0.752 0.727 0.746 0.734 0.732

5 0.769 0.733 0.766 0.762 0.729 0.729 0.735 0.737

6 0.756 0.765 0.765 0.757 0.732 0.733 0.734 0.735

Weight/wheel/unit width

wl = 13-3 Ibs. w3 = 30.0 Ibs.
w2 = 22.0 lbs. w4 = 35.5 Ibs.
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Table 6.2

Dry bulk density values for

Coil Packer

(gm/co)

Theoretical values
Depth
of

culti- 21.09 %moisture 27.75 %moisture
vatlon

in. wi w2 w3 w4 wi w2 w3 w4

4 0.765 0.777 0.805 0.823 0.703 0.714 0.739 0.756

5 0.754 0.763 0.785 0.798 0.693 0.701 0.721 0.733

6 0.747 0.755 0.772 0.783 0.686 0.693 0.709 0.720

No. of coils = 5, approximate coil width = 2 inch.

Experimental values
Depth
of 21.09 %moisture 27.75 %moisturecUlti-

vation
in. wi w2 w3 w4 wi w2 W) w4

4 0.759 0.770 0.766 0.753 0.727 0.721 0.729 0.719

5 0.778 0.782 0.771 0.774 0.735 0.731 0.730 0.733

6 0.771 0.780 0.774 0.770 0.735 0.738 0.750 0.732

Weight/coil/unit width
wi = 20.0 Ibs. w) = ;4.0 Ibs.
w2 = 24.5 Ibs. w4 = 40.0 Ibs.
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A comparison of values shown in Tables 6.1 and 6.2

shows that the trend of theoretical values is toward increasing

density with increasing weight and toward decreasing density

with increasing depth of cUltivation. These trends are not

shown in the experimental values. The theoretical values were

calculated using assumed values of soil constants and using

the assumption that the packer consists of a single wheel

(Section 3.2.1). In addition, the equation (3.20) gives an

average density over an assumed depth of soil. Just under the

wheel, density will vary according to equation (3.20), but

across the entire width of the soil box the variation in density

will depend upon the average degree of compaction.

Although the difference between the calculated and

experimental values was only in the order of about ten percent,

the differences in the trends indicate that the use of single

wheel analysis is unsatisfactory for predicting dry bulk

density produced by the packers used in this experiment. A

theoretical analysis was developed which the author felt

would more nearly fit the experimental conditions in which

several wheels were used and which would not require assumed

values for the soil constants.

In order to develop this theoretical analysis a series

of consolidation tests were conducted. The results of these

tests were used to calculate the effect of pressure on solI

density when the soil was compacted at various moisture contents.

The relationships between density and applied pressures found

in the consolidation tests are shown in Fig. 6.1.
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Pressures under the wheel were estimated by assuming

a six-inch arc of contact of wheel. The pressures under the

packer wheel ranged approximately from 2.2 psi to 6.0 psi for

the crowfoot packer and from 3.3 psi to 6.7 psi for the coil

packer for the range of packer weights used in the experiments.

The density-pressure relationship from consolidation tests

and the density-depth relationship from the packer tests are

shown in Fig. 6.2. The density values for the density-depth

relationship shown in Fig. 6.2 are the average of the results

obtained for the four weights of both the packers. These

values were averaged because, as noted previously, the

statistical analysis showed no significant differences for

either weight or type of packer.

The density values from the consolidation tests for

the estimated pressures under the packer wheels are

considerably higher than the experimental values obtained

in the soil box. Comparing these two curves, it appears

that the density at the one inch depth is less than the

density of the soil with no applied pressure. This is

because of grooves formed by the packer wheels, which

reduced the density at one inch. Readings for sinkage

in the consolidation tests were taken after 15 seconds

of each load application. However, the duration of pressure

on the contact area of the packer wheel was about 0.5

second at an operating speed of 60 feet per minute. The

pressure distribution was also not uniform over the entire

Width of the soil box but it was uniform in the
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consolidation test apparatus. The densities in the soil

box were measured over its total width, and thus are the

average of the densities under the wheels and between the

wheels. Therefore, one would expect the densities obtained

from the soil box to be considerably lower than those

obtained in the consolidation tests at the same pressures.

The contact area of the wheel depends upon its

weight and the bearing capacity of the soil. When a wheel

sinks into soil with a low bearing capacity, equilibrium is

reached by an increase in the area of contact rather than

by an increase in the soil pressure. It appears that this

phenomenon takes place with packers and the soil pressure

remains nearly constant for the range of weights used in this

experiment. This is the most probable reason for the fact

that there is no effect of packer weight on soil density.

The dynamic characteristics of packing operation could also

have an effect on the results. Since the soil has to undergo

a plastic deformation under the action of the packer, the

inertia of the soil resists deformation. It has been found

that the force required to deform soil is a function of the

rate of deformation (Rowe et al.196l). Soil under dynamic

packing will rebound due to elastic properties. The Corps

of Engineers, U.S. Army (1949) have reported that increasing

roller weights did not result in increased maximum densities.

The change in density was also not significant when
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Lyles et ~.(1963) carried out experiments with different

weights of packers.

Because the measured density was an average density

across the entire width of the packer, it was necessary

that the theoretical analysis take account of this fact.

This was done by applying the Boussinesq equation for

pressure distribution under a uniform load and calculating

a series of iso-pressure curves. These iso-pressure curves

were used in conjunction with the density-pressure relation

ships obtained from the consolidation tests to calculate

the average soil density across the packer by graphical

integration. The following assumptions were made in the

calculation of density:

1. The contact area is a rectangle and remains

constant for all the load conditions.

2. Pressure distribution over the contact area is

uniform.

3. Density-pressure relationship obtained from

consolidation tests applies to packer wheel.

Iso-pressure curves were drawn for the coil packer

for loads of 80.0 and 160.0 pounds per foot of width using

equation ().22) for a uniformly distributed load. Using the

density-pressure relationships and the pressures calculated

from equation (3.22) a graphical integration was carried

out to calculate the average density at each inch depth
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to a depth of six inches for each load condition. This

calculation is shown in Appendix C. Calculated values of

density together with experimental values are shown in

Fig. 6.3.

Fig. 6.3 shows that the values of density calculated

from the theoretical analysis are different for different

weights of packer and the difference is more marked near the

surface. A similar trend is shown in the experimental values

although the differences are not as large as for the theoretical

values. Calculated density 1s greater near the surface and less

beyond approximately four inches depth in comparison to the

densities obtained in the experiment. At a depth of

approximately four inches, both the theoretical and the

experimental values are equal. The lower densities n.ear the

surface obtained in the experiment can be attributed to the

fact that the packer left grooves in the soil surface.

These grooves reduced the measured density up to the depth

of grooves. The V-shaped rim of the packer wheel tended to

displace soil upward and to the sides without compacting

it which also tended to reduce the density obtained in the

experiment.

As described previously, the duration of load was

less for packer experiments than for consolidation tests.

Therefore, the assumption that density-pressure relationship

holds for packer wheels may not he entirely valid.



76

Coil Packer

~ Experimental - 80 Ibs/ft wt.

lJ- Experimental - 160 Ibs/ft wt.

c.> 0.8

i

0.6

1 & 2 Theoretical for

80 Ibs/rt and 160 Ibs/ft wt.

respectively

o 1 2 3 4 s 6

Depth - inch

Fig. 6.3 A COMPARISON OF EXPERHIENTAL AJ.'.Jl) THEORETICAL

VALUES OF DRY BULK DENSITY



71

Theoretical calculations predict a lower density than that

obtained in experiments at depths below four inches. This

can be attributed to the assumption made in the Boussinesq

equation that the soil is homogeneous; the soil used in the

experiments may have had a discontinuity at the boundary

between the cultivated and uncultivated layer. The more

rigid soil beneath the cultivated layer would tend to

increase the effectiveness of the packer and would produce

a greater density in the cultivated soil near the boundary.

6.1.2 Effect of moisture on soil density

The results of the compaction tests using the

modified procedure described in Section 5.2 are shown in

Fig. 6.4. These curves indicate that the optimum moisture

content lies between 27.5 percent and 31.0 percent for five

blows and between 26.0 percent and 28.0 percent for ten

blows. Examination of Fig. 6.4 indicates that for low energy

levels, the dry bulk density remains essentially constant

over a wide range of moisture content. The energy levels

for these tests correspond approximately to a static pressure

of 40 psi for five blows and 80 psi for ten blows compared

to a static pressure of 200 psi for the standard Proctor

density test (Lambe 1960). Because the energy level of

the packer is lower than that for the compaction tests,

one would expect that the dry bulk density would be nearly
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constant over a range of moisture content with an increase

over a narrow range.

Experience reported by farmers indicates that the

effect of compaction produced by the tractor wheel on crop

response can vary considerably. In some instances plants

in the tractor wheel marks emerged sooner and more uniform

than those between the marks, and in other instances the

plants in the tractor wheel marks showed poor emergence

and did not develop as well as the plants between the wheel

marks. The possible explanation for this effect 1s that

the density obtained for a given packing action shows a

marked increase over a very narrow moisture range. Thus

when the soil 1s at a moisture content outside this narrow

range, the packing effect is small but when the moisture

content is within the narrow range the packing effect is

great enough to produce some effect on crop response.

Fig. 6.5 shows the experimental values of dry density

plotted against depth for the moisture contents of 21.09

percent and 27.75 percent. These values are the average

of all the experimental values for the two moisture levels

at each inch depth. Statistically there is no significant

difference between the two curves (Table E.l to E.5).

Although there is no significant difference statistically,

it should be noted that the densities in packer experiments

at high moisture content are generally lower than those
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obtained for the low moisture content. This is contrary to

what would be expected on the basis of the tests made with

the Proctor density apparatus. The low densities obtained

at the high moisture content are the result of the packer

not being heavy enough to deform clods which were obtained

when the soil was cultivated at high moisture content. At

the low moisture content the clods formed were more friable

and were easily deformed. One would expect that had a much

heavier packer been used the results would have been more

nearly as predicted.

6.1.3 Effect of type of packer and depth of cultivation

The results of the tests for type of packer and for

depth of cultivation are shown in Fig. 6.6 and Fig. 6.7.

Statistical analyses on these data show that there was no

significant difference between the densities obtained for

the two types of packer or for the different depths of

cultivation.

6.2 Density vs. Depth Relationship

The only statistical significant difference in the

experimental values was due to depth, therefore, a regression

analysis was carried out for all the treatments to express

density as a function of depth. A multiple regression

programme G2011 (Computation Centre 1965) for the IBM 7040

computer was used to fit the following relationships using
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the method of least squares:

1. y = a + b x

2. b x
2

y = a + + c X
J.

3. y = a + b x + c x~

4. In y = a + b x

(linear function)

(2nd degree polynomial)

(square root function)

(logarithmic function)

The above functions were chosen for the following

reasons: A straight line function is a basic relationship

which is used as a basis for comparison with any other

relationship. A second degree polynomial is another possible

function to fit to the data. A square root function 1s

another form of second degree polynomial which was also

used. These functions are the first few terms of the

following series:

0fIfi' n
y = ~ a x

?'hD n
for a straight line and a second

degree polynomial, and

CW/I lin
y = a + ~ a x for square root function.

o 11=1 n

The logarithmic function was chosen because of the nature

of the data. It was hoped that one of these functions

would express a relationship between the dry bulk density

and the depth with a significant correlation coefficient

at the one percent level of probability.

The coefficients for these relationships are given

in Appendix E for each treatment with the values of r 2

(correlation coefficient) showing the goodness of fit.
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2
A comparison of r values shows that both the square

root and the square polynomial fit the data at the probability

level of approximately one percent. Though the nature of

the curves depends upon the sign and the values of coefficients,
2

there is little difference between the r values of the square

root and the square relationship.

According to the Boussinesq equation (Eq. ).21)

pressure beneath the soil surface varies inversely as the

square of the depth for a concentrated load. The relation-

ship between the pressure and the depth is more complicated

for an uniformly distributed load (Eq. 3.22, and Appendix C).

The relationship between pressure and density is also not

linear (Section 6.1.1, Fig. 6.1). Considering the pressure-

depth relationship and the nature of the results that

densities did not have an increasing trend at greater depths,

the square relationship was taken as the best fit. That is

to say the square root function continues to show an increase

in density as depth is increased where as the square

relationship shows a maximum near the depth of cultivation

which more nearly follows the trend of data,.

Further analysis was carried out to test the

homogeneity of coefficients of the square relationship.

There was no significant difference among these coefficients.

This has also been shown in the analysis of variance.

The curves plotted using estimated values from the square
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relationship and using average experimental values from

all of the data are shown in Fig. 6.8. These curves show

that the overall effect of packing as found in this study

can be described by the following function:

2
Dbp = 0.598 + 0.079 d - 0.008 d ••• (6.3)

where. D
bp

= packed dry bulk density (gm/cc), and

d = depth (in).

In these experiments, the average cultivated dry

bulk density was found to be 0.7 gm/cc. This density was

24.3 percent less than the average initial dry bulk density

of 0.87 gm/cc. Luttrell ~ a1.(l965) found a decrease of

25 percent in the initial density in a field experiment.

where a survey method was used to determine the density

after cultivation.

6.3 Effect of Packing on Moisture Loss

The values of the percentage decrease from the

initial soil moisture after a period of seven days were

plotted against the depth for the two treatments, cUltivated

and packed, and cultivated only. These plots are shown in

Fig. 6.9 and Fig. 6.10, for the crowfoot and the coil

packer respectively.

A straight line relationship was obtained when



87

•

• Observed

.. Estimated

.
oe6i (a + b .x + c ;x:2)

J I

0 1 2 3 4 5 6

Depth - inch

Fig. 6.8 OBSERVED AND ESTI}lATED VALUES OF DRY BULK

DENSITY vs. DEPTH



88

80

Crowfoot Packer

Initial Moisture 27.62%

Depth = 4-in.
0- - --0 CuItivated & Packed

4

CUltivated onlyA----A

2 31o

70

o

10

r-I 50.....
o
CIl

s::.....
Q) 40
o:l
m
Q)

H
()
Q)

A 30
Q)

til
m
~s::
Q)

~ 20
Q)

ll.c

Depth - Inches

Fig. 6.9 PERCENTAGE DECREASE IN INITIAL SOIL
MOISTURE vs. DEPTH - CROWFOOT PACKER



Initial Moisture 29.14%

Depth = 4-1n.
_ -...... Cultivated & Packed

80

70

60
<l)
H
~

+>
CI)

oM
0 SO
~

r-I
.,..f

0
C/)

~ 40.....
cD
CI)

as
<l)

H
(,) 30Q)

Q

CD
bD
as

+>
s::: 20
(l)
()
H
Q)

~

10

o

89

Coil

-A----A

Packer

Cultivated only

o 1 2 3
Depth - Inches

4

Fig. 6.10 PERCENTAGE DECREASE IN INITIAL
SOIL MOISTURE vs. DEPTH 
COIL PACKER



90

these results were plotted on semilog paper with the

percentage decrease on the log scale (Fig. 6.11). A

statistical analysis showed that there was no significant

difference between the moisture loss from the cultivated

and packed soil and from the cultivated only for either

packer. The data for these two treatments were then

combined for each packer and a relationship was obtained

for the percentage decrease in initial soil moisture vs.

depth for each packer. These relationships are given

below:

Crowfoot packer
-1.06 d

P = 82.4 e

Coil packer
-0.85 d

P = 45.9 e

••• (6.4)

••• (6.5)

where. P = percentage decrease in initial soil moisture, and

d = depth (in).

Further statistical analysis showed no significant

difference between the two types of packer used in the

experiment. The data for both the packers were then

combined and the following equation was obtained for the

percentage decrease in the soil moisture as a function of

depth:

P = 72.0
-1.07 d

e ••• (6.6)
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The above results indicate that packing does not

reduce moisture loss over the unpacked soil under the

conditions in this experiment. The experiments were

conducted in the laboratory in relatively still air. Under

these condi tions an undisturbed layer of dry' soil was formed

at the surface. As noted in the review of literature, this

layer provides an effective barrier to moisture movement.

The absence of the level of radiant energy found in the

field further reduced the moisture loss by reducing the

transfer of moisture in the vapour phase through the dry

layer. Theoretically, the capillary conductivity 1s higher

where the size of the capillary is small. When the soil is

packed, the increase in density decreases the size of

capillaries and thus the size of capillaries in the packed

soil becomes smaller than in the cultivated soil. If there

is eno~gh moisture in the subsoil there will be more moisture

flow upward in the packed solI. Thus, this process of higher

moisture flow may bring moisture to the seed for germination.

During packing, seed may be forced into close contact with

soil, thus allowing more ready movement of water from the

soil to the seed. Packing may also increase the thermal

conductivity of the soil, thus increasing the temperature

in the vicinity of the seed. These could be principal

reasons for better germination and finally for higher yields

even though moisture may not be conserved by packing.
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VII. CONCLUSIONS

The following conclusions were deduced from this

study:

1. The study shows that while it is possible to conduct

tillage research which involves cultivation and packing

in the laboratory using a soil box and a gamma ray density

system for bulk density measurements, the following

limitations should be noted:

a. The most important limitation noted was the fact

that when measurements were taken near the surface,

the relationship between count rate and density

changed. This resulted in a predicted density

which was lower than the true density. Back

scatter of gamma rays from the surface would

account for the increased count rate.

b. Limitations of available facilities made it

impossible to accurately simulate field conditions

with respect to wind and radiant energy. This may

affect the moisture gradient in the soil. The

moisture gradient may have an effect on the

performance of packers although the average moisture

content may be the same.

In spite of these limitations the average decrease in initial

density due to cultivation was found to be 24.3 percent.

The average uncultivated dry bulk density in the soil box

was 0.87 gill/CC. The decrease in density is in agreement



with the results of Luttrell at a1.(1964) who reported a

25 percent decrease in initial density in the field

experiments using a survey method.

2. Increasing the packer weight did not result in increased

maximum density. There was no statistically significant

difference in the packed densities obtained from various

weights of packer. The type of packer, the depth of

cultivation, and the moisture content did not have an

appreciable effect on the packed density.

3. irhe trends of theoretical v0clues of densi ty calculated from

the pressure-sinkage equation were not in close agreement

with the trends of experimental values. Density-pressure

relationships were determined at three moisture levels from

consolidation tests. These density-pressure relationships

do not represent the density-pressure phenomenon of packers

because the contact area of packers varies as the weight of

packer changes. Densities calculated by a graphical method

from the Boussinesq equation using the density-pressure

relationship from the consolidation tests have values similar

to those of the experimental results although the calculated

values of density are higher to a depth of approximately

three inches and at greater depth they are lower than the

experim.ental values. It Dlay be possible to estimate soil

densities using the Boussinesq equation and graphical

integration if a more exact density-pressure relationship

could be obtained for agricultural land packers.
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VIII. SU~~y

One of the objectives of tillage is to alter the

soil structure such that the intake, storage, and transmission

of water and gases is facilitated and a good seed bed is

provided. Agricultural land packers are used in Western

Canada after seeding operations with beneficial results

although the reasons for their effect are not understood.

A laboratory study was undertaken to study the effect

of packing on soil density and moisture loss using a soil

bin system designed and constructed for the proposed study.

A gamma ray density system which operates on the principle

of gamma ray transmission was used to measure the bulk density

in the soil box. Soil used in the experiment was classified

as clay loam.

Two agricultural land packers, a crowfoot type and a

coil type were used. Soil was tilled with a 12-inch cultivator

shovel before packing. A hydraulic power drive was used to

pull the implements at 60 feet per minute speed for all the

operations. Four different weights were used in packing

for four. five, and six inches depth of cultivation at

two moisture levels. The weights were 60.0, 97.5. 135.0,

and 160.0 pounds per foot of width for crowfoot packer,

and 80.0, 97.5, 135.0, and 160.0 pounds per foot af width

for coil packer. Moisture levels were 21.09 percent and
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27.75 percent by weight. An average of three readings was

taken for each weight of packing. The count rate was read

and recorded on a milliampere recorder coupled to a ratemeter.

A set of aluminum cylinders filled with soil of

various moisture contents and various dry bulk densities

was used for calibrating the gamma ray density system. A

linear relationship was obtained between the log of the

count rate and the moisture content when dry bulk density

was approximBtely constant. Similar relationships were

obtained between the log of the count rate and the dry bulk

density for a number of constant moisture contents. The

mass absorption coefficient of the soil was calculated from
2

these tests and was found to be 0.088 em per gm.

Soil consolidation tests were conducted at three

moisture levels to obtain a density-pressure relationship.

These relationships were used to check the experimental

results. Using a Proctor density test apparatus, soil

compaction tests were carried out with two low energy

levels of five and ten blows instead of the standard 25 blows.

Results obtained trom packer tests indicated that

there was no significant effect of weight of packer in

the range of 60.0 to 160.0 pounds per foot of width on

the packed soil density for the packers used in the

experiment. The only variation in the packed density was

with depth. Type of packer, depth of cultivatio~and
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moisture level did not produce appreciable change in the

final density. Thus, all the experimental values were

combined and the following function of the density and the

depth was obtained by the method of least squares which

describes the packing effect:

2
D = 0.$98 + 0.079 d - 0.008 d

bp
••• CEq. 6.3)

Experimental values were not in close agreement

with calculated values obtained from a pressure-sinkage

equation. Average densities were calculated by graphical

integration of iso-pressure curves obtained from the

Boussinesq equation using the density pressure relationships

~rom consolidation tests. These values were more nearly

in agreement with the experimental values. If a more exact

density-pressure relationship could be developed for

agricultural land packers, it may be possible to calculate

the packed density by graphical integration using the

Boussinesq equation. Analysis of compaction tests indicated

that energy levels of five and ten blows were considerably

higher than that of packers. At low energy levels, density

did not seem to vary over a wide range of moisture content.

As the depth of sinkage depends upon the weight,

the area of contact increases with the weight of packer.

Thus the pressure over the contact area remains approximate~

constant. Because this pressure remains constant the density

will not change with changes in packer weight.
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There was no difference between the moisture loss

from cultivated and packed soil and that from cultivated

only during a period of seven days. The type of packer

also did not have an effect on the amount of moisture loss.

Theoretically, the increased density due to packing makes

it possible for the capillary water to rise to a greater

height which results in a better moisture condition for

seed germination. Compacted soil around the seed also

allows more ready movement of moisture into the seed.

These could be the reasons for higher yields caused by

packing even though packing apparently does not conserve

moisture.

More intensive experimental work is required to

establish an exact relationship between soil density and

pressure to determine soil and implement parameters which

influence density changes due to packing.
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x. APPENDIX A

The plot for values of k used in equation

(3.18) of Section 3.2.1 (from Bekker, 1956)

and the plot of k vs. footing width

(from Wills, 1966)
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XI. APPE~1)IX B

An analysis of gamma scattering principle

used in commercial gamma density gauge

(Ballard and Gardner, 1965)



III

An Analysis of Density Measurement with

a Commercial Gamma Density Gauge

An analysis 1s made to predict the gauge response

which consists of a spatial integration of a single

scattered photon that reaches the detector. Considering

the spherical coordinates (Fig. B.l), the coordinates r

and 9 are shown with other description parameters for a

typical source and detector which are commercially available

for soil density measurements. The third coordinate, the

angular position around the symmetrical axis, 1s cyclic

and can be removed by integration from zero to 2n. The

differential volume element is then given by

dV = 2 n r 2 sin 9 de dr ••• (B.l)

The response of the detector is normalized to the

probability that a photon originating from the source will

be scattered once and detected.

The first probability is that the photon will reach

the annular scattering ring. In the process it must undergo

exponential attenuation by the access tube wall and the

scattering medium and a geometry factor proportional to the

inverse square of the distance travelled.

Interaction of the primary beam occur in the access

tube wall and the medium. The fraction passing through the
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¢i • Compton scattering angle from original
angle Q.

Si • Distance from angular ring element to
a given point on the detector.

R • Outside radius of access tube.

L = Length of the detector.

x = Distance between the source and the detector.

Tw • Wall thickness of access tube.

Tc =Wall thickness of the detector.

Xmax, Xm1n, Rmax are the physical limits of integration.

Fig. B.l GEOMETRY OF A COMMERCIAL GAMMA DENSITY GAGE
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wall is exp(- ..,(Ali' Twl sin 9), and the fraction reaching the

•annular ring at a distance r is exp(-~ r ). where,

,
r = r - HI sin e ••• (B.2)

The total surface area of the sphere of radius r is

4 n r 2 and the part of the surface representing the annular

ring is r dQ 2 rt r sin Q. Then the fraction of the photon

emmitted in the direction of the annular ring is

(r de 2 n r sin Q)/ 4 n r 2 = (sin e de)/2

••• (B.3)

Thus the first probability, PI 1s
t

-( ~1 r + b w Tw/ s1n Q)
PI = (sin 9 d9)/2 • e

••• (B.4)

where'~l and ~w are the linear absorption coefficients

for media and tube wall, respectively, which are highly

dependent on the Compton effect.

The second probability 1s that the photon will

interact in the differential volume and be scattered between

the angles 01 and O2 , defined by the nearest and the farthest

points of the detector. This probability 1s computed on

the basis of the Klein-Nlshina cross-section presented by

individual electron. The integral result represents the

cross-section for scatter into a spherical solid angle

defined by the limits 01 and O2 -
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Thus, the second probability is

P2 = ••• {B.5)

where, E is the total Compton effect of scattered photon

between the angles ¢1 and ¢2' which depends upon the density

of the soil and the number of elements in the soil.

The third probability is that the scattered photon

will reach the counter. The transmission of scattered

photons follows much the same pattern as that of the

primary photons, taking into account the different energies

and distances involved. The energy of the scattered

photon is given by

••• (B.6)

where, E = energy of primary photon

'l1, = 1 + d\. (1 - cos ¢)

~= E/Sll, (E in Kev)

From geometrical considerations the distance from

the scattered ring to the detector extremes is

81 = [< r sin 9 R)2 + (x - r cos 9)2J i

R)2
i

8 2 = [< r sin 9 - + (x + y - r cos Q)2J

••• (B.?)

The attenuation is exp(-~2 S) and the geometry

factor is 2R/(2 n S sin 0). Assuming that the photon

distribution 1s nearly constant between 01 and ¢2' the
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third probability is

P3 = F T ••• (B.8)

where, F =

T =

exp (- M.2 81) - e xp ( - ilZ S 2 )

A..lZ (32 ... 8 1 )

HI [J1 sin Q (x + Y12 )]

••• (B.9)

••• (B.lO)

The coefficient ~2 1s the linear absorption

coefficient of the soll computed with the scattred energy

rather than the primary energy of the photon.

The fourth probability is the efficiency of the

detector which is a function of the energy of photons and

the angle ¢ and Q, that Is,

E = P4 = f ( E, 0, 9) ••• {B.ll)

The resultant total probability is the product of

the individual probabilities, thus,

••• (B.12)

Now the radiation scattered into the counter from

a single volume element dV can be written as

••• (B.l])

where, I = scattered intensity detected by the detector

1
0

= initial intensity
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The total scattered radiation detected by the

detector will be equal to the volume integral of the

equation (B.l).

From the above analysis it is evident that the

variation in response of the guage is dependent on the

geometry factor, soil composition, source energy, detector

efficiency, and composition and dimensions of the detector

and the access tube.

As the gamma scatter detection depends on the

geometry factors (integration over the volume), this can

only measure the average density of the medium in a sphere

of influence assuming that other variables remain constant.

Thus, for a commercial gamma density gauge the photons are

scattered in a sphere. The volume of this sphere of

influence depends upon the composition of soil. As the

volume scanned by the density gauge does not remain

constant, any other measurements such as moisture content

of the soil, must be made on the volume basis.
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XII. APPENDIX C

Theoretical calculation of density using the

Boussinesq equation and graphical integration
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The Boussinesq equation for uniformly

distributed load

y'

J-4.---A --....,

y

t

X---+----........--.-.",;....'------~'_I_--L--X

Load condition for the Bousslnesq equation

- p- 41T
2 A B z vlA2 + B2 + z2 A2 + B2 + 2z 2.
z2(A2 + B2 + z2)+ A2B2 A2 + B2 + z2

+ (Sin- l

(from Spangler, 1951)
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Area of contact = 2 x 6 sq. in.

Fig. C.l ISO-PRESSURE CURVES FROM THE BOUSSINESQ EQUATION

FOR GRAPHICAL INTEGRATION -. COIL PACKER
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Table e.l

Graphical integration using

Boussinesq equation (Fig.C.l)

for coil packer

Contact area = 6 x 2 sq. in.

wt./ft. 80.0 160.01bs.

pressure
6.667psi 3.333

depth pressure density* average pressure density* average
in. psi gm/cc density psi gm/cc density

gm/cc** gm/co**

0 3.333 6.667
0.826 0.623 0.893 0.643

1 2.706 5.416
0.805 0.775 0.872 0.812

2 1.746 3.495
0.780 0.769 0.818 0.794

3 1.066 2.134
0.768 0.762 0.795 0.778

4 0.800 1.600
0.761 0.754 0.764 0.761

5 0.573 1.147
0.756 0.733 0.760 0.741

6 0.440 0.880
0.700 0.700

0.000 0.000

* density from consolidation tests at 19.30 percent
moisture

** average density calculated from graphical
integration.



121

XIII. APPENDIX D

Experimental plan and data



Table D.l

EXperimental Plan

for effect of packers on soil density (Section 5.2.1)

Crowfoot packer Coil packer

Depth IV11 ~12 M1 M2

in.
w4 w4 w4 w4w1 w2 w) w1 w2 w) w1 w2 w.3 wi w2 W)

e1
d1 r2

r3

tr1
di r2

r3

r1
D r2

r.3

D~

Mj = two levels of moisture content, ~i = depth (one inch increment)
L~1

w
j

= four levels of packer weights, D = depth of cultivation

I-'
N
N



Table D.2

Experimental values of dry bulk density

for 4-inch depth of cultivation

(gill/CC) 10-.3

Crowfoot packer Coil packer

Depth 21.09 %moisture 27.75 %moisture 21.09 %moisture 27.75 %moisture

in. wi w2 w3 w4 wi w2 w3 w4 wi w2 w3 w4 wi w2 w.3 w4

1 676 682 676 679 639 652 621 604 689 720 681 656 661 602 650 651

2 756 753 747 751 705 734 718 711 781 770 776 748 752 733 748 723

3 771 778 787 788 724 747 748 761 787 798 803 802 757 736 764 746

4 770 779 787 790 838 8.50 848 854 779 792 802 806 739 734 753 754

~
N
\...V

Weight per unit width (lbs.)

wi = 60.0 for crowfoot, 80.0 for coil

Cultivated density

(21.09%) = 0.714 gm/cc.

(27.75%) = 0.656 gm/cc. w2 = 97.5, w3 = 135.0, w4 = 160.0



Table D.3

Experimental values of dry bulk density

for 5-inch depth of cultivation

(gm/cc) 10-3

Crowfoot packer Coil pacl{er

Depth 21.09 %moisture 27.75 %moisture 21.09 %moisture 27.75 %moisture

in. wl w2 w3 w4 wl w2 w3 w4 w1 w2 w) w4 w1 w2 w) w4

1 718 703 682 668 625 611 598 594 704 699 680 685 687 664 633 663

2 772 770 760 746 707 686 697 686 783 778 747 751 742 741 722 722

.3 791 795 794 795 722 731 746 '"148 805 806 799 798 744 751 755 752

4 783 800 804 800 732 746 761 780 806 821 817 818 735 749 768 760

5 780 795 791 799 859 869 871 879 791 807 814 816 765 751 773 768

f-J
N
~

Weight per unit width (lbs.)

w1 = 60.0 for crowfoot, 80.0 for coil

Cultivated density

(21.09 %) = 0.714 gm/cc.

(27.75 %) = 0.656 gm/cc. w2 = 97.5, w.3 = 135.0, w4 = 160.0



Table D.4

Experimental values of dry bulk density

for 6-inch depth of cultivation

(gill/CC) 10-3

Crowfoot packer Coil packer

Depth 21.09 %moisture 27-75 %moisture 21.09 %moisture 27.75 %moisture

in. wi w2 w) w4 wi w2 w3 w4 wi w2 w] w4 wi w2 w] w4

1 682 692 672 636 634 654 612 602 675 682 676 664 658 661 651 625

2 761 750 745 732 71) 716 698 693 770 772 753 735 739 732 737 694

3 776 786 788 781 725 734 745 744 798 802 790 786 736 746 747 747

4 779 794 803 801 729 734 755 757 800 808 806 810 731 738 754 7.53

5 772 788 797 799 74.5 742 766 775 791 811 808 812 727 737 757 756

6 768 782 785 792 844 820 827 836 790 802 809 813 816 813 845 816

~
N
\.rt

Weight per unit width (lbs.)

wi = 60.0 for crowfoot, 80.0 for 0011

Cultivated density

(21.09 %) = 0.714 gm/ee.

(27.75 %> = 0.656 gm/ce. w2 = 97.5, w) = 135.0, w4 = 160.0
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Table D.5

Average dry bulk density
gm/cc

Various weights vs. depth

Combined values of both
the packers and the depths of cultivation

Weight per unit width - Ibs.
Depth No. of

60 & 80 97.5 135.0 160.0in. values

1 12 0.671 0.675 0.6.53 0.644

2 12 0.748 0.745 0.737 0.724

3 12 0.761 0.768 0.772 0.771

4 12 0.768 0.779 0.788 0.790

5 8 0.799 0.788 0.797 0.801

6 4 0.805 0.804 0.817 0.814
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Table D.6

Average dry bulk density
gm/cc

Moisture content and type of packer
vs.

depth

Noisture content Type of packer

Depth No. of
21.09 % 27.75 % crowfoot coil

in. values

1 24 0.682 0.639 0.651 0.671

2 24 0.759 0.719 0.729 0.748

:3 24 0.792 0.744 0.763 0.773

4 24 0.798 0.765 0.787 0.776

5 16 0.798 0.784 0.802 0.781

6 8 0.793 0.827 0.807 0.813
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Table D.7

Average dry bulk density
gm/cc

Depth of cultivation
vs.

depth

Depth of cultivation

Depth No. of

in. values 4 .5 6
inch inch inch

1 16 0.664 0.66) 0.65.5

2 16 0.744 0.738 0.734

3 16 0.769 0.771 0.764

4 16 0·792 0.780 0.772

5 16 0.808 0.774

6 16 0.810
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Table D.8

Average percentage decrease

in initial soil moisture

Crowfoot packer

Depth Initial moisture 28.00 percent

packed cultivated
in.

0 77.41 79.02

1 25.88 28.09

2 9.79 12.08

3 2.76 5.44

4 - -

Coil packer

Initial moisture 28.83 percent
Depth

packed cultivated
in.

a 61.23 71.81

1 11.50 8.46

2 6.10 13.44

:3 3.73 5.40

4 - 2.79
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XIV. APPENDIX E

Statistical analyses



1Jl

Table E.l

Analysis of Variance

of experimental values shown in Tables 6.1 and 6.2

Source df S8 MS F

Packer (A) 1 0.0003 0.0003

lVloisture (B) 1 0.0123 0.0123

~leight (C) 3 0.0002 0.0001

Depth of
cUltivation(D) 2 0.0010 0.0005

AB 1 0.0006 0.0006

AC 3 0.0001 0.0000

AD 2 0.0001 0.0001

Be 3 0.0001 0.0000

BD 2 0.0004 0.0002

CD 6 0.0001 0.0000

ABC 3 0.0001 0.0000

ABD 2 0.0002 0.0001

ACD 6 0.0001 0.0000

BCD 6 0.0001 0.0000

Residual 6 0.0002 0.0000
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Table E.l

Analysis of Variance

of experimental values shown in Tables 6.1 and 6.2

Source df S3 M3 F

Packer (A) 1 0.0003 0.000)

1Jloisture (B) 1 0.0123 0.0123

~Jelght (C) J 0.0002 0.0001

Depth of
cultivation(D) 2 0.0010 0.0005

AB 1 0.0006 0.0006

AC 3 0.0001 0.0000

AD 2 0.0001 0.0001

Be 3 0.0001 0.0000

BD 2 0.0004 0.0002

CD 6 0.0001 0.0000

ABC 3 0.0001 0.0000

ABD 2 0.0002 0.0001

ACD 6 0.0001 0.0000

BCD 6 0.0001 0.0000

Residual 6 0.0002 0.0000

Total 47 0.0159
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Table E.2

Analysis of Variance

for 4-inch depth of cultivation

Source df SS lylS F

Packer (A) 1 0.0000 0.0000

Moisture (B) 1 0.0106 0.0106

Weight (C) 3 0.0007 0.0002

Depth (E) 3 0.1498 0.0499

AB 1 0.0024 0.0024

AC 3 0.0005 0.0002

AE 3 0.0116 0.0039

Be 3 0.0000 0.0000

BE 3 0.0063 0.0021

CE 9 0.0045 0.0005

ABC 3 0.0007 0.0002

ABE 3 0.0117 0.0039

ACE 9 0.0009 0.0001

BeE 9 0.0002 0.0000

Residual 9 0.0009 0.0001

Total 63 0.2008
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Table E.3

Analysis of' Variance

for 5-inch depth of cultivation

Source df SS MS F

Packer (A) 1 0.0004 0.0004

110isture (B) 1 0.0311 0.0)11

Weight (C) 3 0.0001 0.0000

Depth (E) 4 0.1971 0.0493

AB 1 0.0004 0.0004

AC 3 0.0001 0.0000

AE 4 0.0129 0.00)2

Be ) 0.0006 0.0002

BE 4 0.0165 0.0041

CE 12 0.0070 0.0006

ABC 3 0.0001 0.0000

ABE 4 0.0190 0.0048

ACE 12 0.0010 0.0001

BeE 12 0.0006 0.0001

Residual 12 0.0004 0.0000

Total 79 0.2873
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Table E.4

Analysis of Variance

for 6-inch depth of cultivation

Source df S8 1>18 F

Packer (A) 1 0.0018 0.0018

r~Ioisture (B) 1 0.0237 0.0237

Weight (C) 3 0.0010 0.0003

Depth (E) 5 0.2268 0.0454

AB 1 0.0004 0.0004

AC 3 0.0001 0.0000

AE 5 0.0005 0.0001

BC 3 0.0003 0.0001

BE 5 0.0220 0.0044

CE 15 0.0088 0.0006

ABC :3 0.0004 0.0001

ABE 5 0.0021 0.0004

ACE 15 0.0012 0.0001

BeE 15 0.0010 0.0001

Residual 15 0.0004

Total 95 0.2905
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Table E.5

Sample

Analysis of Variance

for individual test runs

Crowfoot packer, Moisture content 27.75 %

Depth of cultivation 6-inch

Source

weights

depth

residual

Total

df

3

5

15

23

ss

0.000

0.004

MS F

0.000 0.0

0.018 60.0**

0.0003

** significant at 1 %level
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Table E.6

Coefficients for straight line relationship

y = a + b x

Crowfoot packer

l\1oisture levels
Depth

of
culti- 21.09 % 27.75 %
vation

r 2 r 2in. a b a b

4 0.663 0.034 0.796 0.564 0.068 0.935

5 0.702 0.022 0.663 0.557 0.059 0.922

6 0.692 0.020 0.572 0.614 0.034 0.856

Coil packer

Moisture levels
Depth
of 21.09 % 27.75 %

culti-
vation a b r 2 a b r 2

in.

4 0.673 0.035 0.701 0.658 0.026 0.596

5 0.692 0.028 0.725 0.664 0.023 0.686

6 0.693 0.023 0.658 0.646 0.026 0.747
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Table E.7

Coefficients for 2nd degree polynomial

y = a + b x + c x 2

Crowfoot packer

Moisture levels
Depth

of 21.09 % 27.75 %
culti-
vation

b r 2 b r 2
in. a c a c

4 0·572 0.125 -0.018 0.981 0.582 0.050 0.004 0·937

5 0.618 0.094 -0.012 0.935 0.572 0.045 0.002 0.924

6 0.595 0.092 -0.010 0.908 0.597 0.046 -0.002 0.861

Coil packer

Moisture levels
Depth
of 21.09 % 27.75 %

culti-
vation

b r 2 b r 2in. a c a c

4 0.567 0.142 -0.021 0.904 0.553 0.1.31 -0.021 0.896

5 0.599 0.108 -0.013 0.953 0.598 0.080 -0.010 0.858

6 0.598 0.095 -0.010
I o. 939 0.635 0.035 -0.001 0.750
I
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Table E.8

Coefficients for square root relationship
J.

y = a + b x + C X2

Crowfoot packer

IVloisture levels
Depth .

of 21.09 % 27-75 %culti-
vation

in. a b c r 2 a b c r 2

4 0.313 -0.131 0.469 0.983 0·592 0.082 -0.040 0.936

.5 0.389 -0.104 0.412 0.942 0.558 0.059 -0.002 0.922

6 0.337 -0.105 0.439 0.929 0.504 -0.005 0.137 0.873

Coil packer

Moisture levels
Depth

of 21.09 % 27.75 %"culti-
vation a b c r 2 a b c r 2

in.

4 0.264 ~0.157 0.579 0.907 0.246 -0.167 0.582 0·912

5 0.350 -0.110 0.450 0.953 0.602 -0. 08~, 0.350 0.887

6 0.338 -0.120 0.440 0.964 0.546 -0.009 0.123 0.768
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Table E.9

Coefficients for exponential relationship

In y = a + b x

Crowfoot packer

Moisture levels
Depth
of 21.09 % 27.75 %

culti-
vation a b r 2 a b r 2

in.

4 -0.408 0.046 0.789 -0.548 0.093 0.933

5 -0.354 0.030 0.656 -0·559 0.080 0.924

6 -0.370 0.027 0.564 -0.479 0.047 0.844

Coil packer

l~oisture levels
Depth

~.

of 21.09 % 27.75 %culti-
vation a b r 2 a b r 2

in.

4 -0.393 0.048 0.691 -0.418 0.038 0.596

5 -0.367 0.037 0.718 -0.408 0.032 0.673

6 -0.367 0.031 0.648 -0.433 0.036 0.742
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