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SUMMARY

Storing of wheat is a common practice and for
satisfactory and economical design of bins and handling devices,
a knowledge of the engineering properties of wheats, namely
their bulk densities, shear strengths and their si;&ing resistances
on structural surfaces, is required.

Because of the limited availability of sufficient
data on the engineering properties of wheat, it was decided
to make a comprehensive study of the bulk density, shear strength
and sliding resistance on structural surfaces of a winter wheat
from Alberta.

The minimum and maximum bulk densities of a
mass of wheat grains were obtained. Numerous techniques of
loosely piacing the wheat were used to.obtain minimum bulk
density; and methods such as static compaction and vibratory
compaction were used to obtain maximum bulk density. These
densities were measured on wheat samples at different moisture
contents.

It was observed that the bulk density of the wheat
decreased as the moisture content in the wheat kernels was

increased. The vibratory stresses were most effective in
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increasing the bulk density of the wheat at all moisture contents.
With an increase in moisture content, this effect was observed to
become slightly more marked. The magnitude of the static pressure
had practically no effect on the bulk density of the wheat at
low moisture contents. At high moisture contents, however, static
pressure was fairly effective although not as much as vibratory
stresses,

The shear strength of the wﬁeat was found by
performing direct shear and triaxial compression tests. The

effects of the moistﬁre contenf and porosity on the shear
strength parameters of the wheat were studied. Thé.magnitude of

the cohesion between the grains, not having been pfeviously reported
in the literature, ﬁas determined for the first time.

The relationship between coefficient of friction
and moisture content depicted an optimum moisture content at
which the wheat had a minimum value of the coefficient of friction.
The cohesion of the wheat increased as the moisture content was
increased. Both the coefficient of friction and cohesion intercept
increased as the porosity of the sample was decreased.

The sliding resistance of the wheat on wood, steel
and concrete was found by performing direct shear tests. These
tests were carried out on samples having different moisture

contents, at minimum and maximum possible porosities.
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The coefficient of friction of wheat on wood
and concrete increased as the moisture content of the wheat
was increased. The adhesion of the wheat on wood and steel
increased with the increase in the moisture content of the
wheat grains.

The coefficient of friction and adhesion were not
appreciably affected by the porosity of the wheat mass, when
the structural surfaces were wood and steel. However, in case
of concrete as the structural surface, both of these sliding
resistance parameters increase& with decreasing porosity.

The standard engineering tests were gsed in the
present research with the expectation that they may become a
basis for future work to be coﬁpared with the results obtained

in this study.
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CHAPTER 1

INTRODUCTION

1.1 General

Study of the engineering properties of agri-
cultural granular materials is of significant importance to
Agricultural and Civil Engineers. For satisfactory and
economical design of storage structures and handling devices,
a knowledge of the fundamental physical properties of granular
materials, viz bulk dens*ty, shearing strength and shearing
resistance of the granular materials on structural surfaces is
necessary.,

At present, a limited literature is available
on the engineering properties of agricultural granular materials.
This research was carried out for a better understanding of

these properties.

1.2 Statement of Problem

The storage and handling of agricultural granu-

lar materials leads to three main questions which are of concern



to storage and transportation agencies.
1. What is the bulk density of a mass of wheat grain?
2. What is the shearing strength of a mass of wheat grain?
3. What is the shearing resistance of wheat on different
structural surfaces?

It was proposed to provide answers to these
questions by carrying out experimental investigations on a
western Canadian hard wheat. Engineering tests developed for
granular materials were to be performed and physical properties
of wheat were to be examined by considering the mechanics of

granular media.

1.3 Objectives of the Study

It was realized that very little was known about
the engineering properties of wheat. The purpose of this inves-
tigation was to understand beﬁter the effect of the moisture
content in the kernels of wheat on the engineering properties
of wheat.

The first objective was to find the minimum
bulk density and maximum bulk density which could be obtained
in a mass of wheat. The latter was to be found by.vibratory

compaction methods. The variables influencing the bulk densities



were also to be studied. These variables are moisture

content of the kernels, method of placing wheat in the density
containers, size of the density containers, magnitude of the
surcharge load, amplitude of vibration and time of vibration

of the wheat mass. In order to study the bulk density and
porosity of a mass of wheat grain it was first necessary

to carry out two other series of tests. These werg’the specific
gravity of wheat at different moisture contents and the crushing
load of individual wheat grains at different moisture contents.
It was also the objective of this research to compare the
minimum and maximum bulk densities obtaihed by the above experi-
mental methods with those obtained from the study of the theo-
retical packing of uniform ellipsoids. The ellipsoid seems

to approximate best the geometric shape of wheat grains. The
change in bulk density from a static load as occurs in storage
bins was also studied.

The second objéctive was to find the shearing
strength of wheat by carrying out direct shear tests and tri-
axial compression tests. The tests were to be carried out at
different confining pressures and with different porosities
on wheat samples having different moisture contents. The
‘porosity, moisture content and shearing strength were then

to be related to each other.



The third objective was to perform direct
shear tests with selected structural surfaces such as hard
oak wood, hot rolled plate steel and plain concrete. These
tests were to be performed at different confining pressures
and with different porosities on wheat samples of different
moisture contents. Here also, the structural surfaées,

moisture content and shearing resistance parameters were to

be related.

1.4 Outline of Thesis

In the chapter that follows, a general survey
is given of the existing literature on the engineering pro-
perties of agricultural granular materials.

Chapter 3 deals with theoretical packing of
uniform ellipsoids, the theoretical concepts of bulk density
and the shear strength of granular materials.

Chapter 4 describes the material used, the pro-
cedure used to obtain grain of the required moisture content,
the procedure used for moisture content determinations, and
the experimental methods.

The experimental results are discussed and
analysed in chapter 5.

Chapter 6 concludes the thesis with the con-

clusions and the recommendations for future research.



CHAPTER 2

LITERATURE REVIEW

2.1 General

As stated previously, the literature about
the engineering properties of a mass of wheat .grain is
limited. The work that has been done is discussed under

the headings of Bulk Density and Shearing Strength.

2.2 Bulk Density

Schmidi (1955) obtained wheat samples at
different moisture contents and studied the effect of
moisture content on the bulk density of wheat. His results
are given in Table 2.1. Schmidi however did not mention
how he determined the bulk density.

Lorenzen in 1957 determined the bulk'density
of cereal grains by the Standard Bushel Weight Apparatus
used in the United States. He found that the bulk density
of the cereal grains decreased as the moisture content

constituted a greater percentage of the weight. Bulk density



vs moisture curves obtained by Lorenzen for cereal grains

are given in Fig. 2.1.

Table 2.1. Bulk Density as Affected by Moisture Content

Pounds per Cubic Foot

(after Schmidi, 1955)

Moisture
Content
Z

13

14

Bulk Density
Winter Wheat
1940

48.30 46.80 46.90 46.90 - -

Bulk Density
Winter Wheat
1943

50.50 48.90 48.0 - 48.3 - -—

Bulk Density
Spring Wheat
1940

- - 46.2 46.0 45.8 46.0 45.3

46.6

44,2

Hlynka and Bushuk (1959) found that packing

of the grains, shape of the kernels, and moisture content

affect the bulk density of agricultural granular materials.

_ Curves obtained by Browne 1962) for the bulk

density and moisture content of four different wheats from

London are shown in Fig. 2.2. The bulk density decreases
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for all the four wheats as the moisture content increases.
He measured bulk density by using two different density con-
tainers and found that the size of the density container also
affects the bulk density of wheat.

Hall and Kazanian (1965) found the bulk density
of white wheat to be fairly constant at 48.6 1bs. per cu. ft.
in the moisture range from 0 to 10 per cent and after this,
the bulk density decreased by 0.23 1b. per cu.. ft. for each
per cent increase in moisture content up to the maximum measured

value of 20 per cent.

2.3 Shearing Strength

Considerable work has been done in studying
bulk density ( Y), coefficient of friction ( u) and coefficient
of wall friction ( 1) of non-agricultural materials. This
work has been summarized in many references: Taylor (1948),
Lambe (1951), Spangler (1966) and Terzaghi and Peck (1967).
Very few references are available however regarding these
physical properties for agricultural materials. The early
workers generally assumed that the angle of repbse was equal

to the angle of internal friction ( ¢).
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The early investigators Placed no emphasis on
the effect of change of moisture content on the values of u
and {i: Kramer, in 1944, however noticed that the angle of
repose of rice was greatly influenced by a change of moisture
content in the rice grains. Lorenzen (1957) found little
change in the value of coefficient of friction when the
moisture content was below 13.0 per ceﬁt, but found that u
changed considerably for cereal grains when the moisture
content varied between 14.0 to 24.0 per cnet. Lorenzen
also found that the confining pressure on grains had a
significant influence on the values of U and d. He reasoned
that in a deep bin, variation of confining pressure woul&
result in different values of U and {i which would influence
the design criteria for bins.

Zakrzewski (1959) measured the angle of inter-
nal friction and the angle of wall friction by means of an
apparatus similar in principle to a Shear Box. He found that ¢
and § increased rapidly to a maximum value at a small horizontal
deformation, after which these values decreased. Zakrzewski
also found that the coefficient of friction changed with con-
fining pressure as shown in Fig. 2.3. Zakrzewski determined

the coefficient of friction at only one moisture content.
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He assumed zero cohesion in the sample, which can be shown to be
a4 wrong assumption. It has been found here and indicated by
other research workers that cohesion between the grains increases
as their moisture content is increased.

Brubaker and Pos (1965) determined the coefficient
of wall friction of wheat, soybeans, and glass spheres on five |
different structural surfaces (Fig. 2.4). The {i o;'wheat was
constant on steel and plywood in the moisture range from
9.7 to 13.2 per cent, and then rose rapidly with increase in
moisture content. In their research work, they made no mention
of adhesion between wheat and structural surfaces.

Bickart and Buelow (1965) studied the kinetic
coefficient of friction of shelled corn and barley on plywood
and sheet steel. They observed that materials deposited by
grain on a solvent washed surface caused the coefficient of
friction to increase. So they concludéd that it was necessary
to condition a surface with a particular grain before deter-
mining the coefficient of friction. They found that moisture
content began to affect the coefficient of friction of shelled
corn on steel at about 19 per cent (w.b.) and the coefficient
of friction of barley on steel at 17.5 per cent (w.b.). They
also found that the coefficient of friction of shelled corn on

steel increased more than the coefficient of friction of shelled
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corn on plywood when the moisture content was increased.
Stewart (1968) used triaxial compression tests

to study the effect of moisture content and bulk density on

the internal friction properties of sorghum grain. His results

showed that bulk density had a considerable effect on the value

of the angle of internal friction of sorghum grain and ¢ in-

creaéed with an increase in bulk density. He foun;’that the

angle of internal friction increased with increase in moisture

content of sorghum grain. He recommended the use of triaxial

compression tests for the study of the physical properties

of agricultural granular materials.
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CHAPTER 3

THEORETICAL CONCEPTS FOR PACKING, BULK DENSITY, AND SHEAR

STRENGTH OF GRANULAR MATERIALS

3.1 General

A mass of cereal grain consists of solid kernels
of grain, which contain water in their cells, and void spaces
filled with air. The moisture in the kernel influences the
size of the kernel and its surface texture. This changes the
packing pattern, which further affects the bulk density and
shear strength of the mass. To fully investigate the above
phenomena, an understanding of the theoretical concepts for
packing, bulk density and shear strength of granular materials

1s necessary.

3.2 Packing of Ellipsoids

Consideration of the theoretical packing of
uniform ellipsoids, which appear to approximate best with the

geometric shape of wheat grains, would indicate the upper and
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lower limits of porosity of a mass of wheat grain, neglecting
bridging or arching of particles and the deformation of
particles under static pressures.

The packing of ellipsoids has been studied
along similar lines to the packing of uniform spheres by
Deresiewicz (1957) and White and Walton (1936). Uniform
ellipsoids can be packed in five different ways: Ehbical,
single staggered, double staggered, pyramidal, and tetrahedral
as shown in Fig. 3.1. Equations are developed for calculating

the porosity for the different configurations of packing.

3.2.1 Cubical Packing

In cubical packing, each ellipsoid touches
four other ellipsoids in the same layer and every layer

is the same.

V = Volume of solid figure bounding ellipsoids
Vs = Volume of ellipsoids
n = Porosity = V - Vs x 100
V= a'Nx.b.Ny.b.Nz
= ab2 Nx.Ny.Nz
Vs = aszxNy.Nz

L
6
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ab? - T gp2
n:——_6=l_lr-
ab2 6
a = major axis of ellipsoid
b = minor axis of ellipsoid

Nx, Ny and Nz are number of ellipsoids along each

of the axes, x, y, and z.

3.2.2 Single Staggered Pécking

Each ellipsoid touches six of its neighbours in

the same layer.

V= aNx./%Ny. —22b_ b .nz
3a2 + b2
-2 ,
3a2 + b2
T 2
Vs = g-ab Nx.Ny.Nz
-1 - Vs _ 1-1 ab2 332 + b2
n= v 6 2 2% 3
a’b
n=1- Ll 3a2 + b2
V3,6 a

3.2.3 Double Staggered Packing

The same as single staggered except that the
ellipsoids in the upper layer rest in the depression between

two adjacent ellipsoids in the lower layer.

~



7
% 2ab Ny.‘r%-sz
d 3a2 + b2

2 2
='§'—-§JL———-Nx.Ny.Nz

\J3a2 + b2

V = aNx.

2
Vs =-% ab Nx.Ny.Nz
,’ zZ_ .2 =

Vs T 2 2 3a- + b
n=1=-—=1-—-gp" =V =22_T2

\ 6 3 3a2b2

2 2

n=1_£—3641.)_

9 a

3.2.4 Pyramidal Packing

Ellipsoids are arranged so that each ellipsoid
in one layer, as in cubical packing, but ellipsoid of the upper
layer rests in the depression between four adjacent ellipsoids

in the lower layer.

V= aNx.b.Ny./%.Nz

2
=2 Nx.Ny.Nz
V2
Vs =-% ab2 Nx.Ny.Nz
Vv ab2
n=1-=>=1-2-/2
A 2
ab
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3.2.5 Tetrahedral Packing

In this packing, ellipsoids are arranged as in

single stagger, but the upper layer has each ellipsoid resting

in the depression between three adjacent ellipsoids in the layer
below.
Ve oane Bony [2 280
U 32" +b
= a2b2 2 5 Nx.Ny.Nz
32 + b
T .2
Vs = r3 ab " NxNyNz
Vs L ab2 V3a2 + b2
n=l-y=l-e= 5 73
2 2%
Ul V3a2 + b2
n=1-
V2.6 a

Plots of theoreticz2l packing characteristics of
ellipsoids in different modes of pack'ag for different ratios

of a/b are given in Fig. 3.2.

3.3 Bulk Density

Since the Grain Standard Act of 1916 was passed,

wheat has been graded according to the standards established
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by the Federal Government. Bulk density or pounds per bushel
is an.important factor in the grading system. Moisture
content is another important factor because it affects the
wheat grade and indirectly affects the market value of wheat
grain.

Volume of grain is commonly measured by the
bushel for marketing purposes, and by cubic feet for engineering
purposes. The standard bushel, as defined by the Canada Bureau
of Standards, is a unit volume which will hold 77.6274 pounds
of distilled water at a temperature of 39.2°F. A cubic foot
holds 62.424 pounds of water at 39.2°F. Thus,

1 bushel = 77.6274
62.424

= 1.2435 cubic feet.

3.3.1 Theory

The theoretical concept of the effect of
moisture on the bulk density of wheat grain is studied by
considering weight-volume relationships of the granular mass.
The granular mass is commonly considered to consist of a net-
work of solid particles, enclosing voids of varying sizes.,

We can designate the total volume of a given soil sample by V,

wiich consists of two parts, the volume of solid matter
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Vs and the volume of voids Vv. 1In the study of soils, two
common relationships of these three elements of volume are in

use. One is void ratio (e) and the other is porosity (n).

A
= VS 3-3.1.1
n =%x 100 3.3.1.2

Void ratio is expressed as a ratio and porosity in percentage.
Porosity is used in many branches of engineering and is more
familiar to engineers in general. The relation between void

ratio and porosity is expressed by the equations:

a :

e =71_-4 3.3.1.3
e

n = 3.3.1.4

The volume of voids (Vv) is subdivided into two parts:

volume of water (VW) and volume of air (Va). In the study of
the properties of wheat grain, the condition of free water or
volume of water (Vw) is never encountered in the pore spaces
as in the study of soils. Examination during this research
showed the occurrence of no free water even under high con-
fining pressure.

To calculate porosity from bulk density or
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unit weight the specific gravity (G) is required. The
specific gravity is defined as the ratio between unit weight
of the given material and the unit weight of some reference
substance. In most instances the reference substance is pure

water at 4°C.

Y 3.3.1.5

Y = unit weight of the solid kernels
. YW = unit weight of water at 4°C.

For studying the. engineering properties of
wheat grain, the effect of moisture change in the kernel must
be investigated. The weighf and size of the individual
particles may change. The porosity of the mass may change.
The shape of the pore spaces may change. The total effect
of the moisture change on the grain may be the accumulated
individual effects of any or all of the above listed items.

A kernel of grain is not an inert material
like most particles of soil. A kernel of grain is composed
of a large number of different types of cells which reépond
to the process of osmosié when exposed to moisture. The water
can flow into the cells and cause the cells to swell, thus
changing the kernel weight and volume and affecting its
specific gravity. In the lower moisture content range (below

16.0 per cent), the grains are hard, brittle and have a smooth
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surface. In the higher moisture content range (over 16.0
per cent), the grains become soft, deformable and have more
surface roughness.

Moisture content affects the bulk density of
a granular mass, when compaction energy is applied. The
amount of compaction attainable depends upon the friction
between the particles and energy of compaction used to over-
come this friction. In the study of the minimum bulk density
of wheat grain (see section 4.5.3), no energy of compaction
is applied. The change in bulk density is caused only by the
effect of moisture on the kernels of wheat. From a study
of maximum bulk density of wheat by the vibratory method, it
can be assumed that energy of compaction obtained from the
vibration of the sample also accounts for part of the change

in the bulk density.

3.4 Shear Strength

Shear strength of cohesionless granular
materials can be expressed by shear strength (s), coefficient
of friction (tan ¢) or angle of internal friction (¢). The
frictional coefficient of granular materials is derived from

sliding friction between the grains and interlocking which



- 26 -

depends upon the size, shape and structural packing.of the
grains. The coefficient of friction of a material on supporting
Structure is the tangent of the angle of wall friction (8).

The lateral pressure on storage structures depends on both ¢

and 8. So the analysis of these factors is required for accurate

storage structure design. \

3.4.1 Strength Theory

The coefficient of friction (M) and coefficient
of wall friction ({i) were studied by direct shear and triaxial
compression tests. The theory of both testing techniques is
based on the theory of failure and is discussed in section

A.1, Appendix A.
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CHAPTER 4
TESTING PROGRAM

4.1 General

This chapter includes a description of the
material used and outlines the method of obtaining
wheat samples at required moisture contents. The apparatus
and experimental procedures usea in the investigation of
the minimum bulk density and maximum bulk density (the latter
being found by vibratory methods), in obtaining the shear
strength parameters of wheat by direct shear tests and tri-
axial tests, and in obtaining the shearing resistance para-
meters of wheat on selected structural surfaces, wood, steel,

and concrete, are discussed.

4.2 Material Used

The wheat used for the investigations was a
winter wheat, grown in Alberta. It was obtained from Toronto

Elevators Limited, Toronto, Ontario in 1965. The average
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size of the wheat grain at different moisture contents is given
in Table 4.1 The major and minor axes of the grain vary from
0.229 and 0.107 inches to 0.240 and 0.123 respectively in the
moisture content range from 9.3 to 28.4 per cent. The a/b ratio
varies from 2.17 to 1.91 in this moisture content range. The
equilibrium moisture content of the wheat in the laboratory was

12.5 per cent.

Table 4.1

Size of wheat grain

) &
- »

I~ bl”"i

Moisture content a b a/b
(b1 + b2)
2
inches inches

(average of ten measurements)

9.3% 0.226 0.104 2.17
12.2% 0.229 0.107 2.14
16.8% 0.231 0.113 2.04
22.0% 0.240 0.121 1.98
28.4% 0.235 0.123 1.91

Pl
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4.3 Procedure of Obtaining Wheat Sample of Required Moisture

Content

Samples of different moisture contents were
used for testing. It was necessary therefore to condition
the grain to the proper moisture content.

The following is an example of the calculations
used: the equilibrium moisture content of the wheat was 12.51
per cent on a wet basis (w.b.). To raise the.moisture content
of the grain from 12.51 to 16.71 per cent w.b. required the
addition of 16.71 - 12.51 = 4.20 per cent of water. For 5.0
) kilograms of weighed sample at 12.51 per cent w.b.; the weight
of water required was 5 x 0.042 = 210 grams. Now a 5.0 kilo-
grams weighed sample of grain, along with 210 grams of free
water were sealed together inside a 3 gallon plastic container.

In order to keep the water from settling to
the bottom of the grain mass and over-saturating some of the
kernels bu; not wetting the other kernels, a machine was used
which contained four parallel revolving rollers, spaced 4%" c/c.
The plastic container was placed on these rollers and rotated
for 24 hours. At the end of this period, the water had been
thoroughly mixed with the grain and had been absorbed into
the grain. Figure 4.3.1 displays the drive unit and rollers

of the mixing machine used to keep the bottle moving during
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the conditioning of the grain.

The sample was then stored in a vapour tight
polythene bag until it was used.

Similar procedures were adopted for obtaining
samples of othef-required moisture content percentages. It
was found that samples with a high moisture content should
be stored in a cool room to prevent spoilage. =

In preparing samples of lower moisture
content than the equilibrium moisture conteng, the grain
was dried in the oven for 3 to 4 hours at 100°C. and then
rotated in a plastic container for 24 hours on the drive unit.
Then the sample Qas stored in a polythene bag until used.

The samples were prepared on a wet basis, but
all calculations for determininé the moisture contents of
the samples were made on a dry basis. The conversion of

moisture content of the samples from a dry basis to wet basis

and vice versa was based on the equation
100(Zm.c. (wet basis)

Zm.c. (dry basis) = ‘
100 -(%m.c.(wet basis))

4.4 Moisture Content Determination

About 10 grams of wheat were placed in a disa

(oven dried at 130°c. for roughly 30 minutes and then cooled)
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from the large sample in the polythene bag and then weighed.
The weighed sample was inserted into the oven set at 330°C.
The time of heating was measured from the moment when the
oven regained a temperature of 130°c. (Browne 1962). The
sample was heated in the oven for 16 hours overnight. After
this time, the dishes were removed from the oven and put in

a desiccator to cool. The cooled dishes plus wheat grain were
weighed to the accuracy of two decimal places of a grain.

The moisture content (m.c.%) was calculated:

weight of water
weight of dry sample

m.c.% = x 100

4.5 Apparatus and Experimental Procedure

To obtain the data for determining the effect
of moisture on bulk density, shear strength, shear resistance
of wheat on structural surfaces and other related properties

of grain it was necessary to perform the following tests.

4.5.1 Specific Gravity Test

To determine the porosity from the bulk density,
it is necessary to know the specific gravity (G) of the wheat.

The transition equations involving specific gravity, porosity
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and bulk density are given:

g=¥s.1l | 1 4.5.1.1
V yw]1l -~ n
100
- __l_ 4.5.1.2
n=1 G yw
Ws = weight of wheat

V = volume of container

Y = Ws = bulk density
v
Y = unit weight of water at 4°C.

4.5.1.1 Apparatus

A pyrex glass pycnometer of 500 ml at 20°¢.
with a tolerance of 0.30 ml was used. The other accessories
used were toluene, a vacuum pump, a balance (0.0l gram sensi-
tivity), a thermometer graduated to 0.1°C. and a pipette.

The apparatus is shown in Fig. 4.5.1.

4.5.1.2 Procedure

The pycnometer was cleaned and weighed. One
hundred and fifty grams of wheat at the desired moisture
content was put into the pycnometer which was half filled with

de-aired toluene. The air trapped in the grains was removed
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by the application of vacuum to the suspension of grains in toluene
with a vacuum pump. This process was continued until all the
entrapped air in the creases of the grains was removed. Then more

. toluene was added to bring the bottom of the meniscus to the calibra-
tion mark of the pycnbmeter. The pycnometer with wheat plus toluene

was weighed and the temperature of the toluene was recorded.

4.5.1.3 Calculation

_ Ws Gt

Gt = specific gravity of toluene at T°C.
temperature |
Ws = weight of wheat
Wl = weight of pycnometer, wheat and tolucne
W2 = weight of pycnometer and toluene
W2 is calculated from the given equation
W2 = WB + VB (1 + T.AT.€) (DT - va) 4.5.1.4
WB = weight of clean dry bottle
VB = calibrated volume of pycnometer at 20°c.
T = tempefatﬁre in °C.. at which W2 is desired
AT = T - 20 in °c.
€ = thermal coefficient in cubical expansion

4

for pyrex glass = 0.100 x 10 per °c.
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DT = unit weight of toluene at 1°c.

Ya = unit weight of air at temperature T and
atmospheric pressure (an average value of
accurate enough for tests in 0.0012 gram
per cc)

DT required in equation 4.5.1.4 is calculated
from the equation

DT = [Ds + 1072.A(T - Ts) + 107 C.B(T - Ts)?

+1077.¢(T - 18)3) 4.5.1.5

The International Critical Tables of Numerical
Data (1928) gives values of Ds, A, B and C of toluene at 1s°C.
DT from 4.5.1.5 is substituted in equation 4.5.1.4 to find
W2. W2 is then substituted in equations 4.5.1.3 to obtain
the value of G.

The wvalues of specific gravities at different

moisture content are discussed in chapter 5.

4.5.2 Crushing Load Test

This test was done to determine what static
compaction load would cause the kernel to crush. These tests
were necessary to allow a study to be made of the effect of

static pressure on the one dimensional compression (therefore
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porosity) of wheat grain.

4.5.2.1 Apparatus

A compression machine was used to apply a
static load on individual wheat grains. The load on the
grain was measured by a 100 lbs. calibrated proving ring.

The deformation of theigrain was measured by a dial indicator.

The detail of the apparatus is shown in Fig. 4.5.2.
4.5.2.2 Procedure

A grain was positioned on the base of the
compression machine. The base was then raised to make contact
between the loading ram and the grain. The compressive
load on the grain was applied at the rate of 0.005 inches
per minute. The readings on the proving ring were recorded
at definite intervals of the vertical deformation of the
grain until the grain kernel crushed or had 20 per cent
deformation.

For each moisture content, grains were positioned
between the loading ram and the compression machine base in

two different orientations, crease plane vertical, and crease
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pPlane horizontal. At least five grains were tested for each

orientation.

The results of the crushing load of grains at
varying moisture content are discussed in section 5.3 of

chapter 5.

4.5.3 Minimum Bulk Density Test

4.5.3.1 Apparatus

The apparatus used in shown in Fig. 4.5.3.
This apparatus consists of a C.B.R. mould measuring 7 inches
high and 6 inches in diameter and holding 0.1145 cubic feet.
The mould has a base and a 2 inch collar extension (not used
in the test). The other accessories used were a funnel,

a scoop, a 2-gallon pail, a steel straight edge, and a balance.
4.5.3.2 Procedure

The mould was filled from four different
pouring devices:
i) a funnel 1 inch above the surface of the

wheat
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ii) a scoop as close to the surface as possible
iii) a half filled 3-gallon pail resting on the
tip of the mould
iv) a half filled 3-gallon pail 6 inches above
the mould.
The grain in the mould was leveled by striking
the surface with the steel straight edge. The mould and its

contents were then weighed on a balance.

4.5.3.3 Calculafions

The minimum bulk density or maximum porosity

was calculated from the equations:

Yonin = Ws 1lbs. per cu. ft. 4,.5.3.1
\Y
nmax = 1 - ymin 4.5.3.2
G yw
Ymin = minimum bulk density

Ws = weight of wheat in the mould in 1lbs.

V = volume of the mould = 0.1145 cu. ft.

nmax = maximum porosity
G = specific gravity of wheat grain

Yw = unit weight of water at 4%c.
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Bulk density and porosity results are discussed

in chapter 5.

4.5.4 Maximum Bulk Density Test

The maximum bulk density was investigated by

vibratory and static tests.

4.5.4.1 Vibratory Test

4.5.4.1.1 Apparatus

A standard ASTM vibrating table

20 x 20 inches, actuated by an electromagnetic vibrator, with
a C.B.R. mould (for detail see section 4.5.3.1) fastened on
its top, was used. The vibrator is a seminoiseless type with
a net weight of 175 1lbs. The vibrator has a frequency of
3600 vibrations per minute and its amplitude of vibration
could be regulated by a rheostat control.

A surcharge plate 5 7/8 inches diameter and
)% inch in thickness and surcharge weights were used. The
other accessories needed were a funnel, a timing device, a

steel straight edge and a balance.
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4.5.4.1.2 Procedure

The mould was filled from a funnel in a steady
stream. The bottom of the funnel was adjusted so that the
free fall of the grain was 1 inch above the centre of the
mould top. The surcharge plate was placed on_the wheat
surface and the surcharge weights were then lowered onto the
surcharge plate.

The amplitude of vibration was set with a
rheostat, reading from 0 to 100. The vibrating table was cali-
brated under no load conditions and the relationship between
the amplitude of vibration and the rheostat reading is shown
in Fig. 4.5.4. It was not possible, however, to calibrate
the vibrating table for any load on the table. Therefore a
calibration curve was calculated based on the work by Pettibone
and Hardin (1965) and the relationship obtained in the laboratory
under no load conditions. The calibration curve is shown
in Fig. 4.5.5.

The required amplitude of vibration was set
on the rheostat and the loaded specimen vibrated for a
desired period of time. |

The suréharge weight, surcharge plate and

collar extension of the C.B.R. mould were removed. The grain
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--in the mould was leveled by striking the surface with a
steel straight edge and then the mould and its contents
were weighed.

Tests were performed to study the effects of
the magnitude of surcharge, the amplitude of vibration and
the time of vibration on the maximum bulk density of wheat
at diffefent moisture contents. The effect of fre;;ency
of the table was not studied because previous research
(Forssblad 1965) has shown that frequencies of vibration
greater than 1500-2000 rpm have no effect on the unit weight

and that maximum density is attained.

4.5.4.1,3 Calculations

The maximum bulk density or minimum porosity

was calculated from the equations:

Ymax = Ws 1lbs. per cu. ft. 4.5.4.1
V .
nmin = 1 "Ymax 4.504.2
G Yw
Ymax = maximum bulk density

nmin = minimum porosity

Ws, G, V and w are defined in section 4.5.3.3.

The results are given and discussed in

section 5.4.3.
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4.5.4.2 Static Compression Test

These tests were made to predict the bulk
density or porosity of wheat at different depths in filled
bins. The change in -bulk density affects the shear strength

parameters of the wheat which further affects the design

of the bins.

4.5.4}2.1 Apparatus

Standard soil consolidation apparatus was
used to determine the maximum bulk density or minimum
porosity of wheat under static loads. This apparatus works
on the lever arm principle and has a lever ratio of 11:1.
Two containers which laterally confined the sample were used:
6 inches diameter and 1% inches high and 2.5 inches diameter
and 1.012 inches high, respectively. The vertical compression
of the sample was read on a dial indicator. The apparatus
is shown in Fig. 4.5.6.

The other accessories used were: a vernier

caliper, a timing device and a balance.
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4.,5.4,2,2 Procedure

A weighed mass of wheat grain was placed in
the container by pouring the wheat through a funnel (6 inches
diameter and 1% inches high). A loading disc was placed on
the wheat sample and the sample was then compressed by applying
a vertical load to achieve the required initial porosity.

The assembled container was placed on the consolidation unit
and the sample was subjected to static pressure. The vertical
compression of the sample resulted in a decrease of sample
thickness while the diameter remained constant. When the
compression of the sample ceased, it attained an equilibrium
porosity at a given applied static pressure. The load was
increased to a higher constant value. The compression of the
sample was restarted and after some time it attained equili-
brium at a lower porosity.

The test was started with 0.00 psi initial
static pressure, and the pressure was increased to the
maximum of 14.50 psi in increments of 0.00, 0.46, 0.92, 1.65,
32,08, 5.95, 8.80 and 14.50 psi. After reaching equilibrium
at 14.50 psi, the static pressure was reduced to 0.00 psi in
the same increments. The reading on the dial indicator was

recorded for every increment of loading and unloading of the

sample.
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Wheat samples of different moisture contents
were tested at the same initjal porosity.

In a small container (2.5 inches diameter and
1.012 inches high) the wheat samples. of different moisture
contents were tested.at different initial porosities with
no preload applied. Each sample was loaded to a maximum pr
pressure of 21.00 psi in increments of: 0.00, 0.52, 1.05,
2.02, 3.74, 7.25, 14.1 and 21.00 psi. After attaining
equilibrium at 21.00 psi, the sample was unloaded using

the same increments back to 0.00 psi.
4.5.4.2.3 Calculation
If A is the area of container, L is the initial

height of the sample, and Ws is the weight of wheat sample

used, then

. _ Vs

Initial bulk density vi = e
. i

Initial porosity ni =1 - =

Now is the sample is subjected to an increment
of load and AL is the amount of compression of the sample,

then

Ws
Final bulk density Yf = m

Y
Final porosity nf =1 - E?%
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Strain € =

w|B

The results are given and discussed in section

5.4.6.

4.5.5 Direct Shear Test

4.5.5.1 Apparatus

A strain controlled direct shear machine was
used to apply shear stress to the sample in a 5 inch square
shear box. The applied shear force on the sample was measured
by a calibrated proving ring. The vertical and horizontal
deformations were recorded by means of two dial indicators.
The confining pressure on the sample was applied by a counter
balance assembly. The apparatus is shown in Fig. 4.5.7.

The other accessories used were a steel foot

rule, a tamper, a vernier caliper and a balance.
4.5.5.2 Procedure
A weighed quantity of wheat was poured into

the shear box. The wheat was compacted until the required

density was achieved by bringing the pressure pad
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to the necessary precalculated height. The shear box

assembly and its contents were placed on the direct shear
machine, and a confining pressure of 1 psi was applied on

the sample. The shear test on the sample was run at a shearing
rate of 0.05 inch per minute. The readings on the proving
ring and the vertical deformation dial were recorded after
fixed intervals of shearing deformation of the sample as
indicated on the horizontal deformation indicator. The .

test was continued until the peak load on the provingrihg-was
recorded and the readings started to decrease. The tests

were repeated on identical samples under confining pressures

of 2.0 and 3.0 psi.
4.5.5.3 Calculation

A graph was plotted with shear deformation as
abscissa and shear force as ordinate for each test (refer to
Fig. 4.5.8). From this graph, values of shear stress at
failure were determined for each test. Another graph was
plotted with normal load as abscissa and shear stress at
failure as ordinate from which shear strength parameters ¢

and c were determined. (Refer to Fig. 4.5.9).
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Direct shear tests were ‘done on samples of

different moisture contents at different bulk densities.

Complete results of the direct shear tests

studies are discussed in section 5.5.2.

4.,5,6 Triaxial Compression Test

4.5.6.1 Apparatus

A triaxial compréssion machine fitted with a
calibrated proving ring and a dial gauge to measure axial
deformation, was used for this test. The triaxial.cell used
was designed to handle 2 inch diameter by 4 inches high test
specimens. The confining pressure on the sample was applied
by means of mercury columns from a standard self compensating
mercury control system. The apparatus is shown.in Fig.
4.5.10.

The other accessories used were porous stones,
rubber membranes, a split mould, a tamper, rubber o-rings,

a steel foot rule, a vernier caliper, and a balance.
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Fig. 4.5.10 Triaxial Apparatus
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4.5.6.2 Procedure

Grain samples were formed inside a split mould
lined with a rubber membrane. The lower end of the membrane
was clamped to the base of the triaxial cell with rubber
o-rings. A 2 inch diameter porous circular disc was placed
on the base. The weighed quantity of wheat grain was poured
into the membrane. The wheat was compacted in layers by a
hand tamper to achieve the required bulk density. A porous
disc and a loading cap were placed on top of the grain surface
and the membrane was sealed to the cap with o-rings. A
small suction was applied to the grain sample, after which
the split mould was removed, and diameter and height measure-
ments made. The formed sample was then placed within the
triaxial cell.

The triaxial cell assembly was placed in the
compression machine, and the confining pressure was then applied
to the sample with the mercury control system. The loading
ram was brought into contact with the loading cap and the
initial readings of the proving ring and dial gauge were
recorded. The compressive load was applied at a constant
axial-deformation rate of 0.006 inch per minute. The readings

of the proving ring and the dial gauge were recorded for every
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0.25 per cent strain of the sample continuously throughout
the loading period.

The tests were run in multi-stages. The sample
was tested under three different confining pressures of 10,
20 and 30 psi. The test was started every time with a confining
pressure of 10 psi and the deviator stress was applied until
imminent failure occurred at this confining pressure. The
deviator stress was then released and the new confining
pressure of 20 psi was applied. The deviator stress was
increased until the maximum valﬁe of the deviator stress was
again reached. The sequence was repeated for a confining
pressure of 30 psi and readings for this stage weré continued
after the maximum deviator stress was obtained.

The rebound of the speéimen was recorded for
every stage on the release of the deviator stress. An area
correction was made when the deviator stress for éhe 20.0 psi

and 30.0 psi confining pressures were calculated.

4.5.6.3 Calculations

See section A.l, Appendix A. The complete

results of the triaxial tests are given in section 5.5.3.
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4.5.7 Shear Resistance of Wheat on Structural Surfaces

4.5.7.1 Apparatus

A strain controlled direct shear machine was
used. The lower part of the shear box was replaced by a
structural surface with the shear stress being appi&ed between
the wheat grains and this structural surface. The shear force
between the grain and the structural surface was measured by
a calibrated proving ring and the vertical and horizontal
deformation were recorded by two dial indicators. The
confining pressure on the sample was applied by a counter
balance assembly.

The accessories used were a steel foot rule,

a tamper, a vernier caliper and a balance.

4.5.7.2 Procedure

The same procedure as discussed in section

4.5.5.2 was used.

4.5.7.3 Calculations

See section 4.5.5.3. The data for shearing
resistance, porosity, moisture content, and structural

surface are given in section 5.6.1.
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CHAPTER 5

DISCUSSION OF TEST RESULTS

5.1 General

The test results are discussed and ghalysed
in this chapter. These include specific gravity, crushing
load, minimum bulk density, maximum bulk density, direct
shear, triaxial shear, and direct shear with selected
structural surfaces.

The minimum and maximum bulk densities
obtained experimentally are compared with those obtained
in the study of the theoretical packing of uniform ellip-
soids presented in chapter 3. All test results are compared

with the test results obtained by other researchers.

5.2 Specific Gravity

The effect of moisture content on the specific
gravity of wheat is shown in Fig. 5.1 and listed in Table A.1,

Appendix A. It can be seen that specific gravity decreases
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as the moisture content of the wheat grains increases. The
change in specific gravity is equivalent to a decrease of
0.0032 for one percentage increase in moisture content. The
values of specific gravity are higher than the values given
in the Agricultural Engineers Year Book (1965). These values
vere found for different types of wheat.

Lorenzen (1957) measured the porosity of
wheat by pouring a measured volume of grain into a 1000 cc.
graduéted cylinder containing a measutéd amount of toluene.
He calculated the specific graﬁity from transition equations
involving specific gravity, bulk density and porosity.
The specific gravity obtained by Lorenzen . is 1owef than those
found in this work. This is because Lorenzen made specific
gravity tests on different wheat varieties having different
biological composition. He also did not remove the air in.
the voids between the wheat kernels, which might ﬁave resulted.
in lower values of specific gravity. 1In the work being
discussed, care was taken to remove any air entrapped in the
creases of the grains by saturating the voids with toluene
under negative pressure.

The decrease in specific‘gravity with increase
.in moisture content is caused by the whéat kernels absorbing
water into their cells, resulting in the swelling of the

kernels. An effective decrease in specific gravity of the
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wheat grains therefore takes place.

5.3 Crushing Load of Wheat Kernels

These experiments were performed on wheat
kernels to find a relation between the compression load
taken by the kernel and corresponding strain it ha;“undergone.
In order to study the effect of surcharge load on porosity,
it was important to know the permissible load to which grains
at a particular moisture content could be subjected before
crushing changed them into an entirely different material.

The crushing load of grain is affected by
its environmental history, i.e., stage of maturity at which
the grain was cut and threshed or time after maturity at
which the grain was cut and threshed, changes in. and method
of changing moisture content, method of handling énd storage
conditions. These factors were kept constant for conducting
these tests.

Load-deformation characteristics of wheat
kernels at five different moisture contents of 9.0, 12.3
15.8, 22.5, and 29.7 per cent were studied. For each moisture
content, the grains were tested for two different orientations

namely crease plane vertical and crease plane horizontal. The
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load deformation curves are plotted at moisture contents of
15.8, 22.5 and 29.7 per cent for both orientations (Fig. 5.2).
Load deforﬁation curves for the 9.0 and 12.3 per cent moisture
content could not be plotted because of very small deformations
(1 té 2 per cent) at failure.

At low moisture contents such as 15.8 per cent
or lower, the tests for both positions of the grain show
that the grains are brittle, are more resistant to deformation,
have a higher crushing load and have a linear load-deformation
relationship. At higher moisture contents, the grains are
easily strained, are permanently deformed at low loads and
have smaller crushing loads.

The maximum compression load taken by the
grain at any strain is regarded as the criterion for the
crushing load. In cases, where maximum compression load was
not reached even at high deformétion, the compression load
corresponding to 20 per cent deformation was considered the
plausible crushing load of the grain.

It can be seen from Fig. 5.3 that the crushing
load for the crease plane horizontal position is usually |
higher than for the crease plane vertical position. The

maximum percentage difference in the crushing loads at the
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two positions is however not more than 10 per cent at any
moisture content.

The crushing load increases for both grain
positions up to a moisture content of approximately 12.5
per cent where it has the maximum value. For any further
increase in moisture content, there is a decrease in the

value of crushing load.

5.4 Bulk Density

5.4.1 General

Bulk density of granular materials can be
studied by not only looking at the absolute bulk density of
the material but also comparing it to the minimum and maximum
bulk densities which can be obtained in the laboratory. These
bulk densities are the lower and upper bounds of the density
which the wheat could possess in a storage structure. The
density is controlled by the method of placing wheat in the
storage structure and the moisture content of the wheat.

The bulk density will increase as the wheat
compresses under the weigﬁt of the overlying material. The

minimum and maximum bulk densities and the change in the

]
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bulk density under static loading have been studied.

The porosity of the material appears to be a
better identification of the material structure than bulk
density and therefore the value has generally been considered
in terms of this parameter. The reasons for this view are
(1) that the specific gravity of a wheat sample changes
with moisture content and therefore it is difficulg.fo

compare the densities at different moisture contents and

(2) that the porosity is a dimensionless parameter.

5.4.2 Minimum Bulk Density

Figure 5.4 and Table A.3 Appendix A show that
the effect of a change of moisture content on bulk density
\\ié small for moisture contents in the range of 8.9 to 15.4
per cent but becomes important for higﬁ moisture contents.
For moisture contents in the range from 8.9 to 15.4 per cent,
the bulk density of wheat changes by 0.7 from 50.5 to 49.8
1bs. per cu. ft. From 15.4 to 29.7 per cent moisture content,
the bulk density decreases by 6.4 from 49.8 to 43.4 1bs. per
cu. ft. Figure 5.5 shows that for moisture contents in the
range from 8.9 to 15.4 per cent, the porosity changes by

0.1 from 43.2 to 43.3 From 15.4 to 29.7 per cent the porosity
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increases.by 5.8 from 43.3 to 49.1 per cent. The reasons

why the bulk density decreases and the porosity increases

with increase in moisture content are:

l.

The specific gravity of wheat becomes

less as the moisture content goes up. The

bulk density of wheat is a direct function

of specific gravity as can be seen from
the equation

Y= Gyw (1 -n) ' 5.3.1
The decrease in the specific gravity of
the wheat causes a decrease in the bulk
density of the wheat.

As will be seen in section 5.5,
both the cohesion intercept as well as the
coefficient of friction of the wheat
increase as the moi;tﬁre content is
{ncreased. Due to the high cohesion and
friction of wheat at higher moisture
contents, the wheat does not pack as
easily. Thus the porosity of wheat
increases as the moisture content

increases.
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5.4,3 Maximum Bulk Density

, At higher moisture contents the particles
were exhibiting so much cohesion that they did not compact
readily and the vibratory tests had little effect on the
maximum density of the wheat. Therefore, the vibratory
tests to determine the maximum bulk density were c;;ried
out only in the moisture range from 8.8 to 22.1 per cent.

Figures 5.6 to 5.10 and Table A.4 Appendix A
show the effect on the bulk density and porosity at different
moisture contents of the magnitude of surcharge, time of
~vibration and amplitude of vibration in the vibratory tests.

The effect of each variable on the bulk density and porosity

is discussed below separately.

" 5.4.3.1 Magnitude of Surcharge Weight

As shown in Figs. 5.6 to 5.10 the porosity
increased as the surcharge load was increased. Minimum
porosity was usually achieved at no surcharge. The variation
of bulk density with surcharge weight was between 1 to 2 1bs.
per cu. ft. The variation of porosity had been between 1

to 2 per cent.
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The investigations (Forssblad 1965) have shown
that the maximum bulk density (minimum porosity) can be
achieved when a surcharge weight of approximately 2 psi is
used. Observations by the author indicate that the maximum
density is achieved at zero surcharge weight only. The
mechanism governing such a behaviour seems to be quite complex
and is not well understood. Further research, pargkcular
the study of the effect of frequency of vibrafion on bulk

density of wheat for different amplitudes may throw some

light on this aspect.

5.4.3.2 Time of Vibration

The time of vibration at which the maximum
density could be achieved was studied by running tests of up
to 16 minutes duration. The bulk density was measured at
different time intervals. It can be seen in Figs. 5.6 to
5.10 that maximum density (minimum porosity) was usually

achieved at a time interval of 6 to 8 minutes.

5.4.3.3 Amplitude of Vibration

Figures 5.6 to 5.10 show that porosity decreases
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as the amplitude of vibration increases. The minimum
porosity is obtained at the higher amplitudes. The increased
amplitude of vibration of grains implies more shearing strains
which results in sliding of grains and ¢loser packing. The
effect of amplitude of vibratjon is more marked at higher
water contents. The reason is that at low moisture contents
the shear strength parameters are smaller and partIEles will
compact readily. To acﬁieve minimum porosity'at higher
moisture contents, higher amplitude is required to overcome

the higher shearing resistance of the wheat kernels.

5.4.4 Comparison of Experimental and Theoretical Packing

Figure 5.11 shows that the maximum porosities
found in the laboratory are approéoximately equal to the maximum
values obtained from the study of the theoretical packing of
uniform ellipsoids. The explanation for the small discrepancy
between the two values is given below.

1. The movement of wheat grains against each
other is restricted due to both shear strength
parameters, namely the cohesion and the
internal angle of friction between the grains.

This resistance increases as the moisture
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content of the grain is increased. If
the wheat grains are poured into the
mould from a height above the top surface
of the grains the pouring may result in
the "arching and bridging" of groups of
grains, thus forming voids higher than
the normal voids if there had b;;ﬁ no
arching and bridging.

2. The wheat grains are of different sizes
and shapes. A grain has pointed edges as
compared to a circular one for an ellip-
soid. If the grains and ellipsoids are
packed in the same manner, the voids for
wheat grains packing would be greater than
voids for ellipsoids packing. Experimental
study also shows (Fig.,S.S) that there is
no possibility of approaching the theoreticaily
densest packing.

As seen from Fig. 5.11 the value of minimum
porosity obtained from the vibratory tests lies between the
theoretical doublé staggered and single staggered packings.

It was, however noted from the minimum and

maximum densities tests that generally the wheat grains did not
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group themselves in a specific packing because of the varying
shapés and sizes. The grains were seen to lie in the mould
at random positions.

The experimental curves show an increase in
porosity with a decrease in the a/b ratio. This result is
obtained because the increase in the moisture content
decreases the a/b ratio and increases the shearing‘;frength
of the wheat. The increase in the shearing strength has

a much greater effect on the porosity than the decrease in

the a/b ratio.

5.4.5 Comparison of Bulk Densities of Different Wheats

The experimental bulk densities of wheat at
different moisture contents were studied and are compared
in Fig. 5.4 with the results of the work of other researchers
(Schmidi 1944, Lorenzen 1957, Browne 1962 and A.S.A.E. 1965).
The bulk densities obtained by other researchers are lower
than the minimum bulk densities found herein experimentally.
This is because the specific gravities of the wheat used
by the various researchers are lower than the specific
gravities obtained herein (Fig. 5.1). A lower value of

specific gravity results in a lower bulk density. Therefore
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the bulk densities obtained by others are lower.

The porosities of wheats at different moisture
contents obtained in this study, obtained by Lorenzen (1957),
and available in A.S.A.E. (1965) are shown in Fig. 5.5.
This-plot reﬁoves the variable of the differing specific
gravities. The porosities obtained by Lorenzen and.given
by A.S.A.E, lie inbetween the minimum and maximum ﬁgfosities
obtained in this work and are in good agreement. Agricultural
researchers determine bulk densities by using standard
methods which result in a loose packing of the grains. The
author performed minimum and maximum bulk densities tests

to obtain the loosest and densest packings of the grains.

5.4.6 Static Compression

A mass of wheat grain in'bins or other storage
structures undergoes compression because of the weight of
the overlying grains. The volume change of the mass of wheat
grain is caused by two factors.
1. Volume change due to relative movement and
displacement of the grains.
2. Volume change due to deformation of grainms.

When the static compression of a wheat mass occurs, the grains
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expand laterally, thus decreasing the void spaces in the wheaﬁ
mass.

Two series of experiments were carried out to
study the effect of static pressure on volume change (change
of porosity per unit pressure). To achieve the same conditions
in the laboratory as those existing in the storage bins,
the lateral yield of the wheat sample was confinedl}h both
series.

In the first series, a container of 2.5 inch
diameter and 1.012 inch in height was used. To study how
much a wheat mass compresses under static loading it was
decided that samples at different moisture contents from
8.6 per cent to 22.8 per cent should be placed and tested
at their maximum porosities. The porosity of each sample
was measured by using toluene. No special attempt was made
‘to remove the air which might be entraﬁped in the creases
of the grains, so the initial maximum porosity obtained for
each sample was measured with this limitation. Each sample
was loaded in steps to 0, 0.52, 1.05, 2.02, 3.74, 7.25,

14.1 and 21.0 psi and then unloaded in steps to O psi. The
results are listed in Table A.5, Appendix A and shown in
Figs. 5.12 and 5.13.

Figure 5.12 shows that the rate of vertical
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deformation of wheat samples decreases with the increase of
static pressure on the wheat samples for all moisture contents.
The amount of vertical deformation increases with the increase
in the moisture content of wheat under a particular static
pressure. The maximum deformation under a static pressure
of 21.0 psi varied from 1 per cent from the wheat sample
at lowest moisture content to 7 per cent for wheat‘;émple‘
at the highest moisture content.

The maximum porosities of wheat increase with
the moisture contents of the wheat grains and therefore
Fig. 5.13 is plotted to show change of porosity under static
loading. It can be seen that the high moisture samples, even
under full static pressure, have higher porosities than the
low moistﬁre content samples at their initial porosities.
As discussed above under minimum bulk demsity, the wheat
samples at high moisture contents have'much greater shearing
resistance between the grains and thus higher initial porosi-
ties were obtained. The effect of the shearing resistance
between the grains at higher moisture contents was so great
' that the final porosities of wheat samples under maximum
static pressure were still higher than the initial porosities

of wheat samples at low moisture contents.
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It is observed from Fig. 5.13 that the change
of porosity is 0.9 per cent at a moisture content of 8.6
per cent as compared to 5.0 per cent at 22.8 per cent moisture
content under a static pressure of 21.0 psi.

To evaluéte the effect of the differing initial
porosities, a second series of tests was performed on samples
of different moisture contents but with the same iﬁitial
porosity. It was also decided to use a larger container
because the container used in the first series was rather small
compared to the wheat kernel size.

A specially designed container of 6 inches
diameter and 1% inch height was used. Each sample was loaded
in steps to O, 0.46, 0.92, 1.65, 3.08, 5.95, 8.80 and 14.50
psi. After the samples were loaded to their maximum pressure,
they were unloaded in steps. The results are listed in Table
A.5, Appendix A and shown in Figs. 5.14 and 5.15.

In the second series of tests (5.14) the change
in the compression of the sample at 9.4 per cent moisture content
is 2.1 per cent as compared to 4.0 per cent for the sample at
23.4 per cent moisture content and 9.4 per cent for the sample
at 29.7 per cent moisture content. In the second series of tests
all of the samples at different moisture contents were brought

to the same initial porosity, which was the porosity of the
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sample at the smallest moisture content. The other four samples
at higher moisture contents were precompressed by a cycle of
loading to:reach the desired porosity. It is obvious therefore,
that whereas the first sample has undergone only one cycle of
loading, the other four samples have undergone one preloading
cycle and the test is a reloaded cycle.

The loads to which the samples were subjected
to achieve the same initial porosity were not recorded. The
magnitude of the precompression in these samples was approximately
proportional to their moisture content. Despite this fact, it
is interesting to observe that the one dimensional compression
recorded is a direct function of moisture content, and in
agreement with the first series of experiments. The compres—
sion recorded in the second series of tests for the four pre-
compressed samples was lower than obtained from the first
series under a particular load. This is so because the samples
were subjected to non-recoverable compression by the first
cycle of loading.

As shown in Fig. 5.15 the change in porosity
at 9.4 per cent moisture content is 1.3 per cent as compared
to 2.5 per cent at 23.4 per cent moisture content and 6.3.per
cent at a 29.7 per cent moisture content under a static pressure

of 14.5 psi. Even with the precompression the change in porosity
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increases with increasing moisture content.

As indicated before, the effect of the change
of the moisture content on the plastic nature of the material
was significant. The compressed samples at the higher moisture
contents when taken out of the mould appeared as a single mass
of deformed and highly bonded particles, whereas the grains at
low moisture contents came apart into individual kernels when

taken out of the mould.

5.4.7 Discussion

The bulk density of wheat is affected by the
method of placing, the moisture content of the grain, and
additional stresses acting on the grain mass after placing,
such’ as, inertia forces from vibrations and weight of overlying
grains. In bins or other storage structures, the weight of the
évéflying grains compresses the underlying grains thus increasing
the bulk density of wheat. The bulk density of stored wheat
in bins would increase with depth because of the increasing

overburden pressure with depth.
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Table 5.4.1 Bulk Density of Wheat

‘Effect of
- Bulk
‘Density ‘Method of Placing - Static Stresses * Vibratory Stresses
lbs. per Moisture Content per cent
cu., ft. 8.9 29.7 8.6 22.8 -. 8.8 22.1
* *
Minimum 50.6 43.4 54.6 51.4 50.6 45.3
*% *%
Maximum 52.2 44,2 55.4 55.9 56.3 52.9
% increase
in density 3.1 1.8 1.4 9.0 11.0 14.3

Bulk density at zero overburden pressure

Bulk density at 21.0 psi overburden pressure

As can be seen from the above table, the method of

placing does not have a significant effect on the bulk density.

It is also shown that the bulk density of wheat decreases as the

moisture content in the wheat kernel is increased.

The cause

for such a behaviour may be contributed by two possible factors.

1. The lowering of specific gravity of the wheat

grains because of the swelling of the wheat

grains with increasing moisture content.
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2. The increase in both cohesion and coefficient
of friction of wheat at high moisture contents.
Due to high shearing resistance between grains
at higher moisture contents, the wheat grains
do not pack as easily and thus give smaller
bulk density.

It is observed that below 13.0A§er cent moisture
content, the bulk density of wheat remains constant with a change
in moisture content. Beyond 13.0 per cent moisture content
the bulk density decreases with approximately 24 per cent of the
decrease due to the decrease in specific gravity of wheat and
the remaining 76 per cent due to the increase in shear strength
parameters with the increase in moisture content.

When subjected to static stresses by an overburden
pressure of 21.0 psi, the bulk density of wheat ipcreased
respectively by 0.8 and 4.8 1lbs. per cu. ft. at moisture contents
of 8.6 and 22.8 per cent.

When vibrated the bulk density of wheat samples
increased respectively by 5;7 and 7.6 lbs. per cu. ft. at moisture
contents of 8.8 and 22.1 per cent.

It cén be inferred that vibratory stresses are most
effective in increasing density of the wheat grains at all

moisture contents. There is an increase in the effect of vibratory
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stresses with an increase in moisture content but.the effect is
small. The magnitude of the static overburden pressure has
practically no effect at low moisture contents. At high moisture
contents, however, this is fairly effective, although not as

much as vibratory stresses. This influence of static stresses

is possibly due to the deformability of wheat grains at high
moisture contents. Placement of wheat by differengbmethods of
pouring results in practically the same density at a particular
moisture content.

The calculated bulk density of wheat based on
weight and measures used in the Canadian Department of Agriculture
is 48.0 1lbs. per cu. ft. or 60.0 1lbs. per bushel. The effects
of variables such as moisturé content, static overburden pressure,
and vibratory stressEEthich govern the placement bulk density
are not considered. But as can be seen from the observations,
these variables have a considerable effect on the bulk density
of wheat. Therefore it may be either uneconomical or unsafe
in structural design to use one value of bulk density for all

purposes.

5.5 Shear Strength of Wheat

5.5.1 General
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As discussed in chapter 2, for the design of storage
bins and other such structures, knowledge of the shear strength
properties of the stored materials is very important. The
usual soil mechanics techniques of studying shear strength
characteristics of graaular materials, namely, direct shear
tests and triaxial compression tests, were employed to stud&

the shear strength behaviour of wheat.

5.5.2 Direct Shear Tests

The direct shear tests were performed on wheat
samples at different moisture contents and having different
porosities. Tests at normal vertical pressures of 1, 2 and 3
psi were made for each porosity and for each moisture content.
The samples were not tested at high confining pressures because
the large size of the shear box would ﬁave required a force

larger than the frame of the machine could withstand.

5.5.2.1 Stress-Deformation and Volume Changes Curves

The stress-deformation and their corresponding
volume changes curves are given in Appendix A (Figs. A.6 to A.10).

Typical curves for one porosity are shown in Fig. 5.16.
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As can be seen from these stress-deformation curves,
the stress increases with shearing strain for all confining pressures
and reaches its peak at a deformation of about 1 to 3 per cent.
It appears that as the moisture content of the sample increases,
the horizontal deformation at failure increases slightly. The
stress decreases slightly with further increase in horizontal
deformation and reaches its ultimate value at a deformation of
approximately 7 per cent.

The volume change characteristics (Fig. 5.16 and
Figs. A.6 to A.10) show a reduction in the volume of the sample
under all confining pressures and at each moisture content and
porosity. The volume change curves generally decrease linearly
with increase in horizontal deformation although there is a
tendency in some tests for a reduction in the rate of volume
change.

The volume change increases with increase in
moisture content of the sample. It is observed that in the
lower moisture content range the initial porosity hés little
effect on the volume change. The volume change at failure, in
this moisture content range, is from +0.01 to - 1.5 per cent.

In the higher moisture content range the volume change increases
as the porosity of the sample decreases. The volume change at
failure in the higher moisture content range is from +0.45 to ‘

-4.20 per cent.
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For all confining pressures in the lower moisture
content range (9.3 to 16.0 per cent) the volume change is generally
similar. 1In the higher moisture content range the greater the
confining pressure, the smaller is the volume change, and the
smaller the confining pressure, the larger is the volume change.

In the lower moisture content range the shear
strength parameters of wheat are small and do not change much with
moisture content. This appears to be the reason why the confining
pressure has very little effect on the magnitude of the volume
change in this moisture content range. In the higher moisture
content range the frictional resistance of the wheat grains goes
up. When the grains are confined under higher preésure, the
shearing resistance between the grains against sliding over each
other is greater and the volume reduction in the sample is
less. At smaller confining pressures, the shearing resistance
against sliding between the grains is small which results in the
volume reduction in the sample being more.

After the tests, the wheat grains at the lower
moisture content range fell apart into individual grains when
removed from the shear box, but at high moisture contents
the wheat grains looked like a single bulk mass which had to

be forced out of the shear box.
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5.5.2.2 Failure Envelope Plots

Thé angle of internal friction and cohesion
intercept were determined for each porosity and for each moisture
content from the failure envelopes shown in Appendix A (Figs.
A.11 to A.15). Typic;l failure envelopes are shown in Fig. 5.17.
As can be seen from these figures, the points lie on a straight
line. A clear picture of the cohesion intercept is obtained
from the plots which could be drawn on a large scale because
of the low confining pressures (1, 2 and 3 psi) used in the

“direct shear tests. These shear strength parameters are discussed

later.

5.5.3 Triaxial Compression Tests

To determine the shear strength parameters in a
triaxial compression test, it is necessary to test similar
specimens at different confining pressures. In this research
the technique of multi-stage testing was used with confining
pressures of 10, 20 and 30 psi for each porosity and for each
moisture content (Bauer 1969). The tests were made on samples

at different porosities for each moisture content.
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5.5.3.1 Stress-Strain Curves

The stress-strain curves for triaxial compression
tests are presented in Appendix A (Figs. A.16 to A.19). Typical
curves at one porosity are shown in Fié. 5.18. A test was started
with a confining pressure of 10 psi and the deviator stress
was applied until the peak stress was reached. The deviator
stress and the confining pressure were then released and the
rebound of the sample was measured. The test was then carried
out at a confining pressure of 20 psi until the deviator stress
again reached its peak value. The sequence was repeated for a
confining pressure of 30 psi until or after sample failure had
occurred.

Figure 5.18 shows that the deviator stress increases
with strain and give a smooth curve for a confining pressure of
10 psi for the samples in the lower moisture content range (up
to 16.4 per cent). Bﬁt for confining pressure of 20 and 30 psi,
the deviator stress increases rapidly at first and then approaches
its peak value slowly.

For samples at 9.3 per cent moisture content the
stress-strain curves follow in a stick slip pattern for confining
pressures of 20 and 30 psi because of the reorientation of the

grains along the failure plane. This phenomenon was, however,
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not obtained in the direct shear tests because in these tests
a much larger sample was used and a greater number of grains
were changing in position at the failure plane. This is the
reason why the effect of the displacement of grains (stick slip
action) in the direct shear tests was not noticed.

In the first stage the sample underwent a larger
strain than in the second stage (at 20 psi confini;é pressure).
In the third stage (30 psi confining pressure) the samples
generally failed at 5 to 7 per cent strain in the lower moisture
content range (9.3 to 16.4 per cent). For the 22.8 per cent
moisture content samples at 30 psi confining pressure, the
stress continued to increase with strain and did not reach a
maximum at the maximum strain possible with this type of
test. The tests were stopped after a maximum of 9 to 11 per
cent strain at each stage.

The multi-stage tests on.the 22.8 per cent moisture
content samples probably suffer from some misinterpretation
because the sample underwent a large deformation during each stage.
The samples tested under the third stage had already been strained
to approximately 20 per cent. It would be unrealistic to assume,
therefore, that the sample had the same shearing characteristics
during the last stage that it had during the first stage. The

samples when taken out after the tests were a mass of deformed
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and highly bonded grains. The grains were deformed and the
voids in the sample appeared to be smaller then the initial
volds. In all the tests, failure occurred because of bulging of

the sample. A typical photograph of sample failure in shown in

Fig. 5.18a.

5.5.3.2 Mohr Coulomb Failure Envelopes

The shear strength parameters of wheat at different
porosities and moisture conteﬁté were obtained from the Mohr
Coulomb failure envelopes shown in Appendix A (Figs. A.20 to
A.23). Mohr Coulomb failure envelopes at different moisture
contents for a typical porosity are shown in Fig. 5.19. The
cohesion intercept of wheat is small in the lower moisture
content range and could not be obtained from the Mohr Coulomb
failure envelopes because of the small scale which had to be

used for plotting these higher principal stresses.

5.5.4 Shear Strength Parameters

5.5.4.1 Coefficient of Friction

In Figs. 5.20 and 5.21 the coefficient of friction

of wheat and the angle of internal friction obtained from direct



108 -

danyre; 9rcwes jo ydeaSojoyq TeOTC:

A1

-

e81°¢

*31

d




- 109 -

S1S31 NOISS34dNOD
IVIXVIHL 404 S3d013ANS wm_an__d,..._ gW01N0J YHOW 616914

ISd SS3YLS TVNNON ISd SS3NLS TTVWYON
ozl ool | o2 00l 08 09 ot 02 0 |
A v o T 1} T T . o
o ——
ol »
. > o (7))
oz ¥ 02 x
m
wn >
. - F
. a 7))
oy m o 24
, @ 3
%8-22:=0W 3 _ %b-91=0w @
%9-bE=U ._om - %€-ve=u 409 3
ISd SS3ULS TVANUON ISd SS3Y¥1S TVANNON
YA X ] 021 00l 08 09 ob 02 0
™~ . s | o 1] ¥ . o S
X = o
m m
> >
P ] s )
w 02 wn
= -
0 ps)
m m
& o &
0, L= h)
% 11=0W * % €:6=0W 3
QO I'PE=U do9 - O\Ow.mnn: dog




- 110 -

A ALISOYOd

S1S31L YV3HS
103410 WOY4 NOILOI¥L 40 ._.zw_o_m..h_uoo 0¢-G9ld

o-vd O-b O.wlma 0:6¢ 0¢2¢ 0-62 0,72
: . . e = ; 02-0
log0
lsvo0
1090
-9
(LNILNOD 3¥NLSION) 90262

dss0

NOILOIdd 40 LINIIDI44300

I.
0
-—

—
un
32

!
(o]
N

1
0
~N

)
"
S3349 30 ‘NOILOIMA TVYNYILINI 40 IIONV



- 111 -

S1S4l

IVIXVIHL AOY 4 NOILOI¥A 40 LN3I2144309°12-G6 914

% ALISONOd

0€-0

ovd O:lv 08¢& 0-G¢ 0-c¢ - 062 022
L ] L 1 ¥ 1

%¢€-6 %011

% -9l —o—
e

(LNILNOD JUNLSION) %822

0+-0

0S-0

09-0

0L0

08-0

NOILOIYd 40 LN3IDI4430D

-

02

ge

og

11

S334O3A'NOILOINA TYNYILNI JO 319NV



=112 -

shear tests and triaxial compression tests respectively are
plotted against porosity at diffefent moisture contents. In
both of the sheaf testing techniques it is observed that the
coefficient of friction usually decreases as the porosity of

the ‘sample increases. ‘At the higher moisture contents, however,
the change in porosity has little effect on the value of the
coefficient of frictiom. |

The frictional component of shearing resistance
mobilized in any shearing testing technique is governed by:

1. Sliding friction between the grains which is

controlled by:

(a) the coefficient of surface friction of
the individual grains or the surface
roughness of the grains.

(b) the normél stress acting on the contact
surface between the grains.

2. Density of tﬁe material and interlocking
between the grains which depends upon the
size, shape and structural packing of the
wheat grains.

From Figs. 5.20 and 5.21, Fig. 5.22 is derived to
isolate the effect of factor la. This figure shows the relation-
ship between coefficient of friction and moisture content at
varying porosities both for direct shear and triaxial compression

tests.
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As can be seen from Fig. 5.22, the curves are
plotted for 34.0, 35.0 and 36.0 per cent porosities for triaxial
compression testé and for 37.0, 37.5, 38.0 and 38.5 per cént
porosities for direct shear tests. The coefficients of friction
could only be obtained for all moisture contents at these
porosities. In the triaxial compression tests for any porosity
the coefficient of friction decreased with increasing moisture
content until it reached a minimum value of 12+0.5 per cent moisture
content; and it then rapidly increased with the increase in
moisture content. The coefficient of friction varies from 0.47
to 0.75 in the moisture range from 9.3 to 22.8 per cent.

In the direct shear tests, the coefficient of
friction decreases until 1520.5 per cent moisture content, after
which there is a rather steep rise in the magnitude of.the
coefficient of friction with a further increase in the moisture
content and then a levelling off at the highest moisture content
The coefficient of friction varies from 0.33 to‘0.70 in the
.nmisture content range of 9.4 to 29.2 per cent.

| The effect of moisture content on the surface
roughness of the grains can be seen by considering the curve for
a single porosity where the influences of normal stress and
structural packing are constant. The coefficient of friction is,

therefore, only affected by the surface roughness of the grains.
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At low moisture contents the grains are hard and.fairly smooth,
There is a small decrease in surface roughness as the moisture
content ;s increased and then a large increase at the higher
moisture contents. The change in surface roughness with moisture
content must be related to the swelling and shrinking of the
cells at the surface of the wheat kernel. As discussed in
chapter 4 (4.2) the wheat kernels swell with an increase in
moisture ﬁontent, and it would appear that this swelling causes
the small protuberances on the surface to swell and become more
prominent.

As seen from Fig. 5.22, the coefficients of friction
obtained from the direct shear tests and the triaxiai compression
tests are compatible af moisture contents of 9.0 to 13.0 per
cent. Beyond 13.0 per cent moisture content, the coefficients
of friction obtained from triaxial compression tests have higher
values than those obtained from the direct shear tests. .In the
triaxial compression tests because of the deformation of the
-sample, the grains became more closely packed and thus reduced
the void spaces in the sample during each stage. The decrease
in void spaces resulted in the lowering of the porosity of the
samples (the porosities shown in figures are all initial poro-
sities and not porosities at failure where the coefficients of

friction are measured). The lower porosities at failure of the
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samples give higher coefficients of friction. In the direct
shear tests, however, the samples'tested at increasing confiﬁing
pressures had the same initial porosity. The deformation and
volume change at failure were also considerably smaller in the
direct shear tests than in the triaxial compression tests.
Therefore; the porosities would be high for direct shear tests,
and the coefficient of friction at failure would be smaller even

though the initial porosities were the same in both types of

tests.,
5.5.4.2 Cohesion

In Figs. 5.23 and 5.24, che cohesion of wheat
obtained from direct shear and triaxial compression tests,
respectively, is plotted against porosity at different moisture
contents. From these data Fig. 5.25 is obtained which shows the
relationship between cohesion and moisture content at varying
Vporosities, both for direct shear and triaxial compression tests.

In the direct shear tests the cohesion intercept
varies from 0.12 to 1.50 psi in the moisture content range from
9.4 to 29.2 per cent (Fig. 5.23). In the triaxial tests the
cohesion intercept changes from O to 1.75 psi in the moisture

content range from 9.3 to 22.8 per cent (Fig. 5.24).
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The cohesion between the wheat grains is affected
by the two factofs:

1. Grain to grain unit cbhesivenéss, and

2., Area of contact between the grains.

Figure 5.25 shows that the change in the value of
the cohesion intercept is small in the lower moisture content
range but increases rapidly as the moisture content is further
increased and then levels off at the higher moisture content.

The effect of moisture content on the cohesiveness between the
grains can be seen by considering the curve for a singlé porosity"
where the area of contact between the grains is constant.

.In the lower moisture content range, the grains
are hard and brittle, and the cohesiveness between the wheat grains
is small and does not change very much. As the moisture content
of the wheat increases, the grains become deformable and soft and
the cohesiveness increases between the wheat grains. This increase
in cohesiveness with moisture content is probably connected with
the influence of water on gluten and other substances in the
wheat grains.

Figure 5.25 also shows that the cohesion intercept
of wheat increases as the porosity ﬁf‘thé sample is decreased. The
cohesion of the wheat samples at a moisture content of 9.4 per cent

increases from 0.12 to 0.21 psi in the porosity range from 38.5
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to 36.5 per cent. At 29.2 per cent moisture content, tﬁe cohesion
intercept varies from 0.71 to 0.88 psi in the porosity range
of 385 to 36.5 per cent.

It is observed from this study that the triaxial
compression tests give higher values for the cohesion intercept
of wheat than do direct shear tests. It should be remembered
that all porosities shown are initial porosities and not porosities
at failure where the cohesion intercepts are measured.

In the triaxial compression tests due to the
deformation of the sample, the.grains were becoming closely packed,
thus reducing the void spaces in the sample during each stage.

The decrease in void spaces resulted in the lowering of the
porosity of the samples. The lower porosities at failure of

the samples give higher cohesion intercepts. In the direct

shear tests, however, the samples tested at increasing confining
pressures had the same initial porosity. The deformation and
volume change at failure were also considerably smaller in these
tests than in the triaxial tests. Therefore, the area of contact
at failure between the grains would be smaller for the direct shear
tests and the cohesion intercepts at failure would be smaller

even though the initial porosities were the same in both types

of tests.
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5.5.5 Comparison with other Work

Lorenzen in 1957 meésured the coefficient of friction
of a wheat at different moisture contents using a shear box 8 x 8
inches. His results are given in Fig. 5.22. It can be seen from
his results that an increase in the moisture content of the wheat
kernels increases the coefficient of friction. This is in agree-
ment with the results obtained in this research.

The coefficients of friction at different moisture
contents found by Lorenzen are higher than those obtained here.
Lorenzen performed tests on wheat samples at only one confining
pressure and he determined the angle of internal friction assuming
the cohesion of wheat as zero, which, appears to be incorrect.

His results include both friction and cohesion and cannot be
compared with the values obtained here.

The literature survey on the shearing strength
properties of ag;icultural granular materials reveals that the
cohesion in agricultural materials has not been‘investigated
before. Lorenzen (1957) and Stewart (1968), in their work on
agricultural granular materials, only mentioned that the cohesion

between the materials increases as the moisture content of the
materials increases, but they did not determine the magnitude

of the cohesion in the materials.
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In the previous research on wheat grain, the effect
of porosity on the shear strength properties of wheat was not
considered. Stewart (1968) studied the effects of bulk density
on the coefficient of friction of a different material - sorghum
grain. He found that an increase in bulk density increases
the coefficient of friction of the sorghum grain.

In the research done here, the parameters, coefficient
of friction and cohesion of wheat at different moisture contents
were closely established for varying porosities. From the published
literature it would appear that these relationships have not been

studied or established before.

5.6 Sliding Resistance of Wheat on Structural Surfaces

As discussed in chapter 2, a knowledée of the sliding
resistance of wheat on structural surface is required to determine
the magnitude and distribution of lateral pressures on bin walls
and to know how much frictional force between the stored materials
and the walls of storage structures must be overcome before the
materials can be moved out of storage. Direct shear tests were
performed to determine the sliding resistance parameters of
wheat on different structural surfaces. Structural surfaces

used were: hard oak wood (the wheat movement being perpendicular
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to the grain of the wood), hot rolled plate steel, and concrete

(block made from 1:2:4 mix with a 2~inch slump).

5.6.1 Direct Shear Tests

The direct shear tests were carried out with
wheat at different moisture contents of 9.3, 12.2, 16.8, 23.3 and
29.4 per cent against wood, steel and concrete. The tests were
performed at the highest and lowest possible achieved porosities
for each moisture content. The tests were generally carried
out with confining pressures of 1, 2 and 3 psi for each moisture
content and porosity. Several of the tests were made at confining

pressures of 2, 4 and 6 psi.

5.6.1.1 Stress-Horizontal Deformation and Volume

Change Curves

The stress-deformation plots and ﬁheir corresponding
volume change curves for wheat against different structural
suffaces are shown in Appendix A (Fig. A.24 to A.26). Three
typical curves, one for eaéh structural surface, are shown in
Fig. 5.26. The curves are discussed below separately for each

structural surface.



- 125 -

WHEAT ON WOOD

5 /,— ——— —— — — S— — e a8
c o.s
» e
nN=40-29%
E o4 mc:23-3%
: O'O 2 [] I g
©» 06 e
——————————— o e —
Av% ............ 2 [ 2 g
vV
§ 12 WHEAT ON STEEL
m —“‘-——-..-._o—"‘_---"-"'__-'---——————.__~“
- O8
(D IS
c am— ® SR .. SN—_ & - - — " ——
& o4/ - N A04%
w mc=233% _
(7] 8:g g [ 1 g { . g
R e e —
06
2.4 WHEAT ON CONCRETE
/” ~~~~~~~~~~~
20t /'  TTTem—ee
& H —_———
o -6k
&
w -2} T
[+ 4
e e e e s e e e s s e e
x e [ n= 40-0%
g mc=233%
w o4
(7]
00
06
AV o/ -2
v Yo
"8 * m—
9 I g [ 2 N\\i
24590 1-0 2:0 3-0 4-0 5-0 60

HORIZONTAL DEFORMATION %

FIG.526 STRESS DEFORMATION OF
WHEAT ON STRUCTURAL SURFACES



- 126 -

5.6.1.1.1 Wheat on Wood

As can be seen from.the stress-deformation curves,
in the lower moisture content range, the stfess increased rapidly
and reached its peak value at 0.5 ﬁo 1.0 per cent deformation.
With further deformation, a stick-slip pattern, probably due to
reorientation of the grains on the structural surface, occassionally
developed. The stress usually reached its ultimate value at 4
to 6 per cent deformation. In the higher moisture range, the
stress increased rapidly at first (up to 1 per cent deformation)
and then increased more slowly with horizontal deformation,
reaching its peak value at approximately 6 per cent deformation.

At low moisture contents, the peak stress is
reached at a small deformation because the largest forcé is
required to overcome the static shear resistance between thg
wheat mass and the structural surface. Once the static shear
resistance is fully mobilized a smaller force is needed to keep
the wheat mass moving over a surface. At higher moisture
contents, the grains are soft and deformable. The grains deform
with horizontal deformation and the contact area between the
grains and the surface increases. The increase in contact area
increases the adhesion component of the shear resistance. That

is why the shear resistance for high moisture content samples is
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nct'fully mobilized until larger deformations take place.

The volume change curves show that the high porosity
samples generally expanded in volume but the lower porosity
samples did not follow any definite péttern.

The vo;ume change of the samples varied with
the confining pressure applied, being small at high confining
pressure and slightly larger at lower confining pressures.

The volume change at failure is -0.08 to +0.34 per
cent in the lower moisture content range and -0.90 to -+0.44

per cent in the higher moisture content range.

5,6.1.1.2 Wheat on Steel

The stress-deformation curves show that the stress
increased rapidly (up to 0.5 per cent horizontal deformation)
and tﬁen increased slowly in the stick-slip fashion with further
horizontal deformation. The maximum stress was reached at 1
to 6 per cent horizontal deformation. As the moisture content
of the sample increased, (in the range of 9.3 to 29.4 per cent)
the horizontal deformation at failure decreased.

The volume change curves show that for a confining
pressure of 3 psi, the volume of the sample usually expands during

shear for all moisture contents and at all porosities. At 2 psi
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confining pressure, the volume change-deformation curves did not
follow a definite pattern. At 1 psi confining pressure, the
sample always decreased in volume. This is true for all porosities
and for all moisture contents. The volume change of the samples
at failure varies frqm ~-0.50 to 0.39 per cent in the moisture

content range of 9.3 to 29.4 per cent.

5.6.1.1.3 Wheat on Concrete

The stress increased rapidly with the horizontal
deformation and reached its peak value at a low deformation,
about 1 to 2 per cent, and then the curve followed a zig zag
pattern as the horizontal deformation was increased. This
characteristic of the curve is noticed at all confining pressures
and for all moisture contents. The zig zag pattern of the
stresé—deformation curve was obtained because the grains
become interlocked in the bumps on the concre?e block which
force the grains in the upper layer of the shear box to roll
over the interlocked grains.

The volume change curves show, that, for all
moisture contents, the volume of the samples first expanded and
then contracted at a confining pressure of 3 psi as the horizontal

deformation was increased. At 2 psi confining pressure, in the
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lower moisture content range, the samples decreased in volume
with deformation but in the higher moisture content range, the
samples first expanded and then decreased in volume as the
horizontal deformation was increased. At 1 psi confining
pressure, the samples contracted in volume with horizontal defor-
mation. This has been observed for all m;isture contents.

At lower porosity, the samples decreased in
volume at all confining pressures and for all moisture contents.
The decrease was practically the same for all confining pressures
in the moisture content range of 9.3 to 23.3 per cent. At 29.4
per cent moisture content, the contraction of the sample was a
maximum at 1 psi confining pressure and decreased as the confining
pressure was increased.

At higher porosity, in the moisture range of 9.3
to 23.3 per cent and at a confiﬁing pressure of 3 psi, the samples
expanded in volume up .to 1 per cent horizontal deformation and
then decreased in volume with further increase in horizomntal de-
formation; At 1 and 2 psi confining pressures, the samples
decreased in volume as the horizontal deformation increased. At
29.4 per cent moisture content, for confining pressures of 2 and
3 psi, the samples expanded in volume and had their maximum
expansion at 3-4 per cent deformation. The volume expansion then

decreased with further increase in deformation. At 1 psi confining
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pressure, the sample decreased in volume as the horizontal defor-
mation increased.
The volume change of the samples at failure in the

moisture content range of 9.3 to 29.4 per cent was from =1.50 to

+0.75 per cent.

5.6.1.1.4 Discussion

As discussed in this chapter the volume changeé
of wheat samples tested on wood and steel are smaller than those .
for wheat on concrete. In the moisture content range of 9.3 to
29.4 per cent, the observed volume changes of wheat on wood, wheat
on steel and wheat on concrete are +0.44 to -0.90, +0.39 to
-0.50 and +0.75 to -1.50 per cent, respectively.

The surfaces of the wood and steel were smooth and
the grains were moving as a mass adjacent to the structural
surfaces. But the concrete block had small bumps on its surface,
and the wheat grains on its surface were interlocked in these
bumps. This interlocking (between the grains and the roughness
of the concrete block surface) forced the grains of the upper
layer, in the shear box, to roll over the interlocked grains and
thus changed their relative positions. This is believed to be

the reason for the greater volume change on the concrete than on
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the wood and steel.

The volume changes recorded from the direct shear

tests of wheat on wheat at failure varied from +0.45 to -4.20
ﬁer cent as compared to +0.75 to -1.50 per cent recorded from
'the direct shear tests for wheat on concrete. The volume changes
from the tests of wheat on wheat are greater than wheat on
structural surfaces because of the large volume of samples

over which the volume changes were taking place and also because
of the greater thickness of the failure plane for the wheat on

wheat tests.

5.6.1.2 Failure Envelope Plots

The shear resistance properties of wheat at different
moisture contents on structural surfaces at the minimum and
maximum achieved porosities were obtained from failure envelope
plots given in Appendix A (Figs. A.27 to A.29). Three typical
plots, one.for each structural surface, are shown in Fig. 5.27.

As can'be seen from these plots, the failure envelope lines
generally pass through all the points. A clear picture of the
adhesion intercept is obtained from plots drawn to a large

scale at the low confining pressures.
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5.6.2 8Sliding Resistance Parameters

The sliding resistance of wheat grain on structural

surfaces depends upon two factors:

1. The coefficiént of friction (tan §) between
wheat grains and material surfaces. The angle
of friction () depends upon the true friction
angle between the grains and material surfaces
(¢w) and angle of interlocking (r) due to
wall roughnesé.

2. Adhesion between the material surface and wheat.

As was discussed in section 5.5, thelshrface rough-

ness and cohesion of the wheat grains increased as the moisture
content of the wheat increased. When wheat samples of differeht
moisture contents are tested én different structural surfaces,
the magnitude of the coefficient of friction and the magnitude
of the adhesion between the wheat and the material surface
should, thérefore, be small for the lower moisture content wheat
sampleé and large for fhe higher moisture content samples.

The maximum and minimum values of the.shear
resistance parameters of the wheat on the structural surfaces
are shown in Figs. 5.28 and 5.29. The plots are drawn this

way because only the minimum and maximum porosities were known



- 134 -

-~

S30V4HNS
IvdNLONYLS NO LV3HM 40
NOILDI¥4 40 LN3IDI44300 826 94

% AN3LNOD 3¥NLSION

0-2¢ 0-8¢ 0-v2 0-02

0-9I| 0 0-8

-

1331s

—"]

S~

——————————

31340NOD

20

1€0

100

10

90

120

NOILOI¥d 40 LN3ID144300

1S

402

182

.ﬁom

S$334030°NOILOINd ONIAINS 40 3TNV



S30V4dNS
CIVHNLONYLS NO LV3IHM 40 Ld30¥3LNI NOIS3HAV 62-G914

% JLN3ILNOO 3NNLSION

0-0¢ 0-4¢ 0-v2 : 0-1¢ 0-8l° 0-Si . o-¢l 0-€
¥ Y I 1 .

L L)

— —]
— N\ | aooMm

- 135 -

“31340N0D

ISd NOIS3HAV



- 136 -

at each moisture content. The results are discussed separately

for each structural surface.

5.6.2.1 Wheat on Wood

As can be seen from Fig. 5.28, the coefficient
of friction (tanéd) increased as the moisture content of the
wheat increased. The coeffi;ient of friction varies from 0.20
to 0.38 in the moisture content range from 9.3 to 29.4 per cent.

The change in porbsity of the wheat samples
generally did not affect the coefficient of friction of wheat
on wood, although at 29.4 per cent moisture contenf, the coefficient
of friction changed from 0.31 to 0.38 when the porosity changed
from 43.6 to 36.5 per cent.

The adhesion intercept of wheat on wood increased
as the moisture content of the wheat increased (Fig. 5.29).
Its values vary from 0.02 to 0.28 psi in the moisture content
range from 9.3 to 29.4 per cent.

The change of the porosity of the sample had no
effect on the ﬁagnitude of adhesion at all the moisture contents.

The sliding resistance parameters (the surface
frictional component, 8w, and adhesion component (Aw) between

the wheat grain and the wood surface are always less than the
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shear strength parameters of wheat at all moisture contents
(Table 5.1). Thus the ratio O6w varies between 0.51 to 0.85

¢
(8w = 0.51 - 0.85 ¢) and the ratio Aw varies between 0.14 to 0.73
C
(Aw = 0.14 - 0.73 C). The average values of the ratios of §w

¢
and Aw are 0.63 and 0.40 respectively (Table 5.1).

c

5.6.2.2 Wheat on Steel

The coefficient of friction of wheat on steel
increased from 0.26 to 0.37 as the moisture content of the wheat
grains increased from 9.3 to 16.8 per cent. Beyond 16.8 per
cent moisture content, the coefficient of friction decreased to
0.25 as the moisture content increased to 29.4 per cent.

For wheat samples in the higher moisture content
range, moisture on the surface of the wheat grains may act as a
lubricant between the grains and the séeel. Within the grain
mass redistribution of moisture takes place between grain and
grain. But when grains slide over surfaces, moisture on the
surface of the grain may affect the coefficient of friction
depending upon the material of the surface. If the surface absorbs
moisture from the grains (as wood and concrete do), the frictiomal
resistance does not decrease. If the surface does not absorb the

surface moisture of the grains, however, then the surface

2
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Table 5.1 Relationship between shear strength parameters of

wheat (¢ and C) and sliding resistance parameters

of wheat on wood (8w and Aw)

Moisture Content| 9.47% 12.5% 16.1% 23.0% 29.2%
min 21 20 17% 25 32%
¢
max 23% 23 25 32 35
min 12 12 15 20% 17%
Sw
max 12 13 15 20% 21
min 0.57 0.60 0.85 0.82 0.53
Sw
¢ .
max 0.51 0.57 0.60 0.65 0.61
min 0.12 0.18 0.29 0.50 0.50
C
max 0.21 0.25 0.42 0.80 1.50
min 0.03 0.12 0.16 0.20 0.27
Aw
max 0.03 0.12 0.17 0.20 0.27
min 0.30 0.73 0.55 0.40 0.54
Aw
C
max 0.14 0.48 0.41 0.25 0.18
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moiéture may act as a lubricant and thus decrease the magnitude
of frictional resistance.

The change in porosity had no appreciable effect
on the coefficient of friction of wheat on steel. The différence
between the minimum and maximum values of coefficient of friction
is approximately 0.02.

The adhesion intercept of wheat on steel increased
from O to 0.25 psi as the moisture content increased from 9.3 to
29.4 per cent (Fig. 5.29).

The adhesion intércept for wheat on steel was
affected by the ﬁorosity, increasing as the porosity of the
sample decreased. When the porosity is lower, theAarea of contact
between the grains and per unit area of steel surface increases
and therefore the adhesion of wheat on steel increases. The
diffe;ence in the magnitude of the adhesion (Fig. 5.29) at
the minimum and maximum porosities of the samples is a maximum
of 0.07 psi.

The sliding resistance parameters (the surface
frictional component, §s) between wheat grain and a steel surface
are generally less than the shear strength parameters of wheat
at all moisture contents (Table 5.2). The ratio _8s varies
between 0.64 to 1.07 in the lower moisture contentd;ange and

between 0.43 to 0.65 in the higher moisture content range.
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Table 5.2 Relationship between shear strength parameters of

wheat (¢ and C) and sliding resistance parameters

of wheat on steel (8s and As)

Moisture Content | 9.4% | 12.5% | 16.1% | 23.0% | 29.2%
min 21 20 17% 25 32%
¢
max 23 23 25 32 .35
min 15 16% 183 16% 14
és
max 15 17% 20% 17 15
min 0.72 | 0.81 1.07 0.65 0.43
.G_S .
¢
max | 0.64 | 0.75 0.81 0.53 0.43
min 0.12 | 0.18 0.29 0.50 0.50
c
max 0.21 | 0.25 0.42 | 0.80 1.50
min 0.02 | 0.12 | o0.14 0.17 0.18
. As
max . |0.02 | 0.15 0.17 0.23 0.25
min 0.17 | 0.67 0.48 0.34 0.36
As
C
max | 0.10 | 0.60 0.40 0.29 0.17




- 141 -

(Experimental error probably account for values of Os greater
than 1.0). The ratio As varies between 0.10 to 0.6? in the
moisture content rangecof 9.4 to 29.2 per cent. The average
values of the ratios of Sw and As are 0.63 and 0.36, respectively

¢ C

5.6.2.3 Wheat on Concrete

Figure 5.28 shows that the coefficient of friction
of wheaf on concrete increased as the moisture content of the
wheat increased. The coefficient of friction varie& from
0.40 to 0.61 in the moisture content range of 9.3 to 29.4 per
cent. |

The coefficient of friction was affected by porosity,
increasing as the porosity of the wheat sample was decreased.

It is obvious that as the porosity of a sample is decreased, the
interlocking of the grains between the.bumps on the concrete
surface increases, thus increasing the net coefficient of friction
of wheat on concrete.

The adhesion intercept of wheat on concrete varies
over a range of 0.35 to 0.75 psi (Fig. 5.29).in the moistgre
range from 9.3 to 29.4 per cent.

The adhesion intercept of wheat on concrete

increased as the porosity of the sample was lowered (Fig. 5.29
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and Table A.8.3, Appendix A).

Table 5.3 shows that rati&r%s (ratio between
coefficient of friction of wheat on concrete and coefficient
of friction of wheat) is nearly unity. The ratio Ac (ratio
between adhesion of wheat on concrete and cohesioncof wheat)

varies between 0.50 to 4.20, in the moisture range of 9.4 to

29.2 per cent. The average value of ratio Ac is 1763

c
(fable 5.3).

5.6.3 Comparison with Other Work

Lorenzen (1957) and Brubaker and Pos (1965)
determined the coefficients of friction of wheat on wood and
steel. The coefficients of friction of wheat on wood found by
Lorenzen are gicater than his values for coefficients of friction
of wheat on steel in the moisture content range of 8 to 17 per
cent. This disagrees with the results obtained herein and by
Brubaker and Pos. The coefficients of friction of wheat on
wood and steel obtained herein and by Brubaker and Pos are lower
than those obtained by Lorenzen. The values for coefficignts of
friction found by Brubaker and Pos are very close to the values

obtained here (Fig. 5.30).
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Table 5.3 Relationship between shear strength parameters of

wheat (¢ and C) and sliding resistance parameters

of wheat on concrete (8c and Ac)

Moisture Content| 9.4% | 12.5%2 | 16.1% | 23.0% | 29.2%
min 21 20 17% 25 |- 324
¢
max 23k 23 25 32 35
min 22 21% 24y, 27 273
dc
max 22 24—2— 26% 31% -
min 1.05 | 1.07 1.38 1.08 0.85
Sc
¢
max 0.94 | 1.07 1.06 0.99 -
min 0.12 | 0.18 0.29 0.50 0.50
v
max 0.21 | 0.25 0.42 0.80 1.50
min 0.50 | 0.49 0.37 0.37 0.42
Ac
max 0.51 | 0.58 0.41 0.42 0.74
min 4.20 | 2.70 1.27 0.74 0.84
Ac
C
max 2.20 | 2.32 0.98 0.53 0.50
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Lorenzen,and Brubaker and Pos performed tests on
wheat against different structural surfaces at only one confining
pressure. They determined the angle of friction from Coulomb
failure plots, assuming that the adhesion intercept was zero.

In the work done here, the tests were performed at three confining
pressures for each porosity and for each moisture content. Both
the angle of friction and adhesion intercept were ;Lfained from
Coulomb failure plots. So the results given by other investiga-

tors cannot be compared with the values obtained herein. Neither

of the above investigators determined the coefficient of friction

of wheat on concrete.
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CHAPTER - 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The following conclusions may be drawn from the
previous chapter and from the interpretation of the test
results.

1. The specific gravity of the wheat decreases as the moisture
content of the wheat is increased. This is because of swelling
of the wheat grains with increase in moisture content. The
specific gravity varies from 1.43 to 1.36 in the moisture
content range of 9.4 to 29.4 per cent.

2. The bulk density of the wheat decreases as the moisture
content in the wheat kernels is increased. The minimum bulk
density of the wheat found in this research was 50.5, 49.8 and
43.4 1bs. per cu. ft. at moisture contents of 8.9, 15.4, and
29.7 per cent, respectively. Twenty four per cent of this
decrease in bulk density with increasing moisture content is
due to the decrease in specific gravity of the wheat and the
remaining 76 per cent decrease is due to an increase in shear

resistance between the wheat grains.
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3. Vibratory stresses are very effective in increasing the bulk
density of the wheat grains at all moisture contents. There is an
increase in the effect of vibratory stresses with an increase in
moisture content, but this increase is rather small. When vibrated,
the bulk density of the wheat samples used in this research
increased by 5.7 and 7.6 lbs. per cu. ft. at moisture contents of
8.8 and 22.1 per cent respectively. -
4. The magnitude of the static overburden pressure has practically
no effect on the bulk density at low moisture contents. At high
moisture contents, however, it has a significant effect. This
influence of static pressure is possibly due to the deformation of
wheat grains at high moisture contents. When subjected to static
stresses by an overburden pressure of 21 psi, the bulk density of
the wheat tested in this research increased by 0.8 and 4.8 1lbs. per
cu. ft. at moisture contents of 8.8 and 22.1 per cent respectively.
5. The coefficient of friction and cogesion intercept of the wheat
tested, are greatly influenced by the moisture content in the wheat
kernel and the porosity of the wheat mass.

At a particular pofosity, the relationship between
the coefficient of friction, and the moisture content shows
that there is an optimum value of moisture content (15 per
cent) at which the wheat has a minimum value of the coefficient

of friction. The coefficient increases as the moisture content
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pf the wheat is either increased or decreased from this optimum
value,

At a particular porosity, the cohesion intercept
increases with increasing moisture content. For a particular
moisture content, the greater the porosity, the smaller is the
cohesion intercept. This is true for all moisture contents
excepting the small range of t2;0 per cent of moisture content
from the optimum value, where the porosity does not seem to have
an appreciable effect on cohesion.

6. The coefficient of surface friction, and the adhesion between
the wheat and the structural surfaces were dependent upon the

moisture content of the wheat kernels. -

The coefficient of surface friction of wheat on
wood, and concrete increases as the moisture content of the wheat
increases, but for wheat on steel surface, there is an optimum
value of moisture content (17 per cent), where the coefficient of
surface friction has a maximum value.

The change of the porosity of the wheat samples
had no appreciable effect on the coefficient of friction of the
wheat on wood and steel surfaces, but the coefficient of friction
of the wheat on concrete increased as the porosity of the samples

was decreased.
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The adhesion of the wheat on wood and steel
increases as the moisture content of the wheat is increased,
but for wheat on concrete, the adhesion decreases in the lower
moisture content range (9 to 16 per cent) and increases in
the higher moisture content range (over 16 per cent) as the
moisture content of the wheat kernels is increased.

The adhesion of wheat on steel and c;;crete was
affected by the porosity, increasing as the porosity of the
samples decreased. The change of porosity at all moisture
contents had no effect on the magnitude of adhesion of wheat
on wood.

7. The crushing load of individual wheat kernels is influenced
by the size, moisture content, and position of the grain. At low
moisture contents, the grains are brittle, resistant to defor-
mation, and have higher crushing loads (varies from 15.4 to

19.8 1bs. in the tests carried out). At high moisture contents,

the grains are easily strained, permanéntly deformed at low loads,

and have small crushing loads (varies from 4.5 to 10.3 1bs.).

6.2 Recommendation for Future Research

The foregoing investigation suggests the following
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several lines of future research.

1. The physical properties of wheat change considerebly with
change in the moisture content of the wheat grains. To understand
the mechanistic picture of the behaviour of wheat grains, it is
important to carry out research on the effect of moisture content
on the physical and biological structure of wheat grains.

2. A more extensive testing vrogram should be carried out to
study the physical properties of wheat in the moisture content
range of 15 to 23 per cent, where these properties have been
observed to change rather drastically.

3. Vibratory compaction in the present research work was done at
one frequency of vibration only. This gave maximum density at
zero surcharge, which is difficult to explain. Further research
needs to be carried out to study the effect of frequency and
amplitude of vibration at different surcharge loads on the density
of wheat.

4, This research should be repeated for other different types

of wheats to see if tests on one type of vheat are a representation
of wvheat as a whole.

5. All experiments in this research were carried out at room
temperature which varied between T0-80 F. The wheat being an
organic material should obviously be apt to change its properties
with change in its environmental conditions such as temperature
and relative humidity. It is therefore suggested to carry out
further research to studv the effects of temperature and relative

humidity on the engineering properties of the wheat.
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APPENDIX A

A.l1 Strength Theory

Depending on the source of its strength, a material
can be placed in one of two groups, namely, cohesive and cohesion-
less. This section is devoted to the study of the theoretical
concepts of Direct Shear tests and triaxial compression tests on

granular cohesionless materials,

A.1.1 Direct Shear Test on Granular Material

The resistance to shear of a granular material is
derived from friction between the grains, the interlocking of the
grains, and the strength of the individual grain. Friction between
grains is similar to friction between surfaces, as, for example,

between the two blocks as shown in Fig. A.1. When the top block

: Resultant force
Normal force __

i&%\wﬁﬂi e

- - Shear displacement

¢ Shear force

Fig. A.1 Friction between blocks
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is sliding along the bottom block, a shear force is applied to the
surface of the bottom block which is equal to the normal force
acting between the blocks multiplied by a coefficient called the
"Coefficient of friction". The friction may be either sliding
friction (Fig. A.1l) or rolling friction. For example if

a large shear force were applied to grain A (Fig. A.2), it could
be moved to position B by either sliding or rollin;-or a combina-
tion of the two. To move the grain from position B to position

C against the applied normal force requires work equal to the
distance d times the normal force. This work is the quantitative

measure of the phenomenon termed interlocking. Because interlocking

occurs to a greater extent when grains are touching close together,

Shear force

Fig. A.2 Friction in soil

dense materials show a higher shear strength at small displacements

than loose materials.
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In direct shear tests, an element of soil is
subjected to a shear force (Fig. A.3) which is equal to normal

force times tan ¢ If the area of the potential shear surface

is A,

Shear stress T = Shear force/Area (A)

Normal force/Area (A)

- Normal stress O

T = g tan o
Normal
force
\\\\\‘ Resultant Resultant
force Normal .. force
force
o O
1
/ Z
Shear “_ ' o.a‘ e ‘u..v“- "'.-. ._, .a‘-' :o’.
RIS AL A0 AN SPLT
IRt B Ty
NI AN | Shear
‘ B force
(b)

(a)
Fig. A.3 (a) Shear of soil in shear box, (b) shear of soil on

block in shear bbx.

The shear strength S, is the shear stress which is necessary to
cause slippage on a surface through the given material, or
' I
S =0 tan ¢

where ¢ is the angle at slippage. If cohesion is present in
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the material, then the equation will be -

wn
]

C +0 tan ¢
C = cohesion intercept.

Tbis formula was first proposed by Coulomb in
1776.

A.1.2 Triaxial Compression Test on Granulaf-Material

The cohesive properties (C) enter into the determi-
nation of the coefficient of friction (u) of agricultural granular
materials at high moisture content. Mohr's theory of failure
through Mohr's diagram provides the best means of distinguishing
between cohesion and friction, -as discussed by Spangler (1966),
Terzaghi and Peck (1967) and Taylor (1948). Spanéler (1966)
states that "The failure of a soil mass is more nearly in accordance
with.the principles of the Mohr Theory.of fajlure, than with any
other theory and thé interpretation of the data of the triaxial
compression tests depends to a large extent on this fact." Mohr's

theory states that a material fails along the plane and at the

time at which a certain optimum combination of normal stress and

shearing stress occurs in a stressed body. !

An analysis of the forces involved in the development
of shear in a granular mass is given in Fig. A.4, parts a, b, ¢

and d, with an explanation. Part a shows the forces acting on a
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. ¢ \\ \i’B
0'3 0'3 \ \ < 7
\ py ) Oq
/ 0
AI t S
%
(b)
L tan O
OL SecO TL SecB 7Secd
L SecO

sin@
B
o4l tan 0 f ‘//45/4§///’]
[t .
. | \
1 sin@ tan @ sin®

(c)

Fig. A.4 (a, b, c, d)

=
Ty

GlL

Cos@

(a) Stresses on a cubical unit oriented to principal planes.

(b) Free body diagram of that portion of the cubical unit below
'plane A-B.

(¢) Evaluation of éhe forces on the portion of the cubical unit
below plane A-B.

(d) Forces normal and parallel to plane A-B, summation of which
‘gives

o] Cosze + O sin26

1 3
[o, - 03] sin® Cos®

Q
n

-
]

1
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small cubical unit in a granular mass oriented to mutually
perpendicular planes. When a shear plane A-B is imposed in this
cubical unit, the stresses (0) which are normal, and the stresses
(1) which are parallel to thié shear plane are resolved as shown
in parts'b, c and_d. From part d these normal and parallel forces
may be summed separately to give the following equations

o= OlCOSZO + 04 sin20

T = [0, - 03] sin0. CosO

1
in which
O = stress normal to shear plane
T = stress parallel to shear plane
cl = major principal stress
03 = minor principal stress
© = angle of shear plane with major principal plane
These relationships expressed mathematically by these
two eéugtions can be expressed graphically by the Mohr's diagram
as shown in Fig. A.4: In Mohr's diagram, the normal stresses
are plotted along the abscissa and shear stresses are plotted along
the ordinate. To -construct Mohr's diagram, OA is plotted equal to
03 1’ A semicircle with ol - 03 as

diameter, is drawn through point A and point B. Then a line is

and OB is plotted equal to O

drawn through ﬁoint A, making an angle O with the abscissa and cutting
the semicircle at C. 0 and T are then scaled off as indicated in

Fig. A.4e.
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Fig. A.4 (e) The Mohr's diagram, which is a graphical representa-
tion of the relationships in the equations
2 . 2
q OICos 6 + 0351n 6'
- 03] sinb.CosO

T = [o
According to Mohr's theory, a-material fails along the plane
and at the time at which the angle'between the resultant of the
normal and sheariﬁg stresses and the normal stress is a maximum;
that.is, when the combination of normal and shearing stresses
produces the maximum obliquity angle am. Oé represents the stress

situation at failure, the maximum obliquity om is equal to the

friction angle ¢
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Mohr's diagram, as it is applied to the analysis
of triaxial compression tests is shown in Fig. A.5. The

mathematical equation of Mohr's_diagram used this manner

% y o1
04(5= - 1) Cosec¢- OG-+ 1) - 280 =0
3 3
The dévelopment and description of the terms is shown in Fig. A.5.
When Mohr's diagram is used to reduc® triaxial
compression data, two or more sets of data are plotted as indicated
in Fig. A.5. For each set of déta, 01 and 03 are plotted and semi-
circle drawn as described above. When two or more semicircles
are plotted, a tangent can be drawn as shown in Fig. A.5, which
cuts the abscissa at point B. The area between this tangent
line and the base is an envelope of an infinite number of stress
circles, and the angle which the tangent makes with the abscissa
(¢) is the interior angle of friction of a granular mass. The
tangént to the semicircles thus represénts tﬁe optimum combination
of norﬁalis;ress and shear stress at which failure occurs, as
stated by Mohr's theory. So the interior angle may be computed
by use of the equations of Mohr's diagram given above. Two sets
of data are needed as there are two unknowns Cosec ¢ and OB).
Two equations can then be solved simultaneously to obtain.vaiues
for ¢ and OB.” Then
C = OB tan ¢.
In the case of soil granular materials, C largely

represents apparatus and procedure errors.
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, - %1 ]
IEE—— o; ——-{

9

K

Mathematical Determination of ¢_and C

From the above figure, using one set of data, we find

that 08 + 0, + %1 - 93
Cosec ¢ = 2
9.~ 9%
2
20B+0, -0
Cosec ¢ = 5 _10 3
1l 3
20B+ (=-1)
g
Cosec ¢ = 03 3
1
c,(— -1) .
| 3 04 |
Rearranging
9 9 |
o,(——~1) Cosec ¢ ~ g,(—+ 1) - 20B =0
3 03 3 03

Fig. A.5 Mohr's graphical determination of ¢ and C.
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SHEAR STRESS, PSI
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FIG. A.6 STRESS DEFORMATION CURVES FOR DIRECT SHEAR BOX
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L See Fig. 5.16 on page 99
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See Fig. 5.26 on page 125
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TABLE A.1 SPECIFIC GRAVITY OF WHEAT

Moisture Content Specific Gravity
%
9.4 1.43
12,2 . 1.42
16.8 1.40
23.3 1.39
29.4 1.36

TABLE A.2 CRUSHING LOAD OF INDIVIDUAL GRAIN

Moisture Content Crease Plane Crease Plane
% Vertical Horizontal

1bs. "1bs.

9.0 ' 19.2 13.7
12.0 10.5

16.1 13.7

10.9 22.7

21.5 14.6

26.0 13.4

16.6 15.1

15.1 22.0

18.1 16.1

9.1 22.8

Average 16.5 16.3

12.3 12.6 16.5
18.8 17.9

22.2 22.7

13.1 22.7

24,1 28.8

17.2 16.5

19.8 13.0

22.0 23.2

16.5 4 21.3

16.7 16.2

Average 19.4 19.8




Table A.2 ' - 200 -

Moisture Content Crease Plane Crease Plane
4 Vertical Horizontal

- 1bs. lbs.

15.8 18.5 13.4

18.3 15.0

15.4 15.8

13.0 19.0

10.7 20.0

Average 15.4 ~16.6

22.5 8.7 ~-8.8

9.6 10.4

7.8 9.2

10.0 13.0

10.3 10.0

Average 9.3 10.3

29.7 4.4 5.0

4.5 6.0

5.3 3.8

4.9 4.4

3.8 3.7

Average 4.5 4.6
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TABLE A.3 MINIMUM BULK DENSIiTY OF WHEAT

A.3.1 Pouring with a funnel 1 inch above the surface of wheat

Moisture Content Density Porosity
% Pounds per cubic feet %
8.9 50.6 - 43.2
12.8 ' 50.0 43.3
15.4 50.8 42,2
22.5 46.1 46.7
29.7 44,2 48.0

A.3.2 Pouring with a scoop as close to surface as possible

8.9 52.2 41.5
12.8 52.0 41.6
15.4 52.0 41.6
22.5 45.4 47.5
29.7 44.0 48.2

A.3.3 Pouring from 2 gallon pail (half filled) resting on lip
of the mould :

8.9 51.2 42.9
12.8 51.1 42.4
15.4 50.5 42.9
22.5 45.3 47.7
29.7 43.4 . 49.1

A.3.4 Pouring with a half filled 2 gallon pail 6 inches above
" mould

8.9 51.9 41.9
12.8 50.5 43.3
15.4 47.8 42.3
22.5 46.0 46.6
29.7 43.6 - 48.9
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TABLE A.6 DIRECT SHEAR TESTS ON WHEAT

Note: Three tests at confining pressures of l, 2 and 3 psi res-
pectively for each porosity and for each moisture content

Moisture  Porosity Density ¢ in degree tan ¢ C in psi
Content % % 1bs./cu. ft.

9.4 39.1 54.3 21 0.38 0.12
38.3 55.0 224 0.41 0.12
37.2 56.0 23 0.42 0.18
36.5 56.6 23% 0.44 0.21
12.5 37.8 55.0 20 0.36 0.18
37.4 55.3 ° 21% 0.39 0.20
36.7 56.0 23 0.42 0.25
16.1 38.5 54.0 18 0.32 0.38
37.7 54.7 17% 0.32 0.42
37.1 55.2 - 22 0.40 0.32
36.2 56.0 25 0.47 0.29
23.0 42.1 50.0 25 0.47 0.62
~ 39.6 52.2 31% 0.61 0.50
38.3 53.3 30% 0.59 0.68
37.5 54.0 31k 0.61 0.76
36.9 54.5 32 0.62 0.80
29.2 42.7 48.8 34 0.67 0.50
' 40.0 51.1 35 0.70 0.50
36.5 54.1 - 34 0.67 0.87
34.0 56.2 33 0.65 1.00

29.6 60.0 32} 0.64 1.50
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TABLE A.7 TRIAXIAL COMPRESSION TESTS ON WHEAT

Note: Stage triaxial tests with confining pressures of 10, 20 and
30 psi were made for each porosity and for each moisture

content
Moisture Porosity - Density ¢ in degree tan ¢ C in psi
Content % z 1bs./cu. ft.
9.3 37.7 55.5 25 0.47 -
34.9 58.0 27 0.51 -
33.8 59.0 29 . 0.55 -
31.5 61.0 30 0.58 -
30.0 62.5 32 0.62 -
11.0 35.2 57.5 25 0.47 -
34.1 58.5 26 0.49 -
32.9 59.6 27% 0.50 -
32.4 60.0 27% 0.52 -
31.3 61.0 27% 0.52 -
30.7 61.5 28% 0.54 -
28.0 64.0 29 0.55 -
16.4 38.7 53.8 25% 0.48 -
38.4 54.0 27 0.52 -
37.8 54.5 2845 0.54 3.00
34.3 57.6 27 0.52 4.00
33.8 58.0 275 - 0.52 0.75
33.0 58.8 28 0.53 6.00
' 2.7 49.5 35 0.70 0.50
2.8 37.8 53.8 34} 0.69 0.75
36.4 55.0 36% 0.74 1.00

34.6 56.5 . 37 0.75 1.75




- 217 -

'TABLE A.8 DIRECT SHEAR TESTS OF WHEAT ON THREE STRUCTURAL SURFACES

Note: Three tests at confining pressures of 1, 2 and 3 psi (some

~at 2, 4 and 6 psi) respectively for each porosity and for
each moisture content :

A.8.1 Wheat on Wood

Moisture Porosity Density § in degree tan § A in psi
Content Z % 1bs./cu. ft.
9.3 39.9 - 53.5 11% 0.20 0.02
12,2 40.1 53.3 11% ~0.20 0.12
40.0 53.4 12 0.21 0.12
39.0 53.6 11% 0.20 0.12
16.8 40.4 52.2 13 0.23 0.18
38.4 54.0 13 0.23 0.16
23.3 40.2 51.8 20 0.36 0.20
38.6 53.1 20 0.36 0.20
29.4 43.6 48.0 17 0.31 0.28
36.5 54,0 20 0.38 0.28

A.8.2 Wheat on Steel

9.3 40.6 53.0 144 0.26 -
12.2 . 40.2 53.2 16l 0.30 0.12
39.8 53.5 " 16 0.29 0.15
16.8 41.2 52.5 20 0.36 -
38.4 54.0 i5 0.34 0.18
23.3 42.4 49.6 17% 0.32 0.18
40.4 51.5 16 - 0.29 0.18
29.4 43.5 48.1 14 0.25 0.18

36.0 54.5 15. 0.27 = 0.25




A.8.3 Wﬁeat on Concrete
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9.3

41.3 52.3 22 0.40 0.50
12.2 41.9 51.5 22} 0.41 0.60
40.2 53.2 24 0.46 0.50
16.8 41.4 51.3 24 0.46 0.35
38.9 53.6 26 0.50 0.38
23.3 43.3 49.0 27 0.51 0.38
40.0 51.0 31% 0.61 0.42
29.4 44,0 47.3 27% 0.52 0.42
36.5 54.0 28 0.53 0.75






