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Bulk properties of alfalfa pellets needed for design of storage and
handling equipment were experimentally determined. Bulk density,
angle ofrepose onfilling andemptying, andinternal angle of friction
were affected bymoisture content andpellet type. The internal angle
of friction (23.2° to 26.9°) was less than angle of repose (27.6° to
35.2° on filling, and 35.4° to 48.5° on emptying) at any moisture
content. Bulk density ofpellets ranged from 578 to 665 kg/m3 within
the moisture range of 7.5% and 18%, wet basis.

Les proprietes de granules de luzerne requises pour le design
d'equipement de manutention et d'entreposage ont ete determinees
experimentalement. La densite apparente, Tangle de repos durant le
remplissage et le vidage, et Tangle interne de friction ont ete affectes
par la teneur en eau et le type de granules. L'angle interne de friction
(23.2° a 26.9°) etait moins grand que Tangle derepos (27.6° a 35.2°
durant le remplissage, et 35.4° a 48.5° au vidage) pour toutes les
teneurs en eau. La densite des granules a varie de 578 a 665 kg/m3
pour des pourcentages de matiere humide compris entre 7.5% et
18%.

INTRODUCTION

Alfalfa pellets produced in the Prairie region of Western
Canada are usually transported to shipping ports and trans
ferred to ocean vessels for export. This requires that the
pellets be stored in a silo and handled several times at the
plant site, during transit from the plant to the port, and at the
destination. Factors such as storage space, loading and un
loading requirements, and pressure exerted on storage silo
walls, which are dependent on bulk properties, have to be
considered for optimum design of storage and handling
equipment and facilities. Three of these bulk properties are
bulk density, angle of internal friction, and angle of repose on
filling and emptying.

Particle size, shape, and moisture content are known to
affect these bulk properties (Mohsenin 1986). Information
does not exist on moisture effect of these bulk properties for
alfalfa pellets. This study reports moisture effect on the bulk
properties of alfalfa pellets.

BACKGROUND

Bulk density is useful for determining space requirements for
storage. Angle of repose is the angle at which a material will
stand when piled (filling) or when unloaded (emptying).
Knowledge of angle of repose is needed to determine cross-
sectional area of material transported on conveyors and
maximum inclination for transit conveyors. The emptying
angle of repose is affected by the location of the chute. For

simple loading systems, thechute is located at theside, edge,
or middle of the base of the storage or transit container. The
angle of repose of bulk materials is sometimes used as evi
denceof its likelybehaviourbased on classification given in
Table I (Woodcock and Mason 1987).

Angle of internal friction is used as a design parameterin
predicting the lateral pressureon a retaining wall in storage
bins and in the design of bins and hoppers for gravity flow
(Mohsenin 1986).Angle of internal friction is determinedby
a shear box apparatus (Moysey and Hiltz 1985) or by a
triaxial testing machine (Mohsenin 1986). Use of the shear
box apparatus involves the application of a shear force,
whereas the triaxial test involves the application of a com
pression force to a bulk of material. Pressure exerted on a
storage silo wall at a particular depth is a result of the
compressive force acting on the stored granular material due
to the weight of material above that layer. A triaxial test
apparatus is geometrically similar to material stored in a silo,
and thus results from a triaxial test machine would be ex

pected to reflect the practical situation existing in a storage
silo.

Table I. Flow behaviour classification of bulk materials

based on angle of respose*

Angle of repose Likely behaviour

25 •-30° very free-flowing
30 -38° free flowing
38 -45° fair flowing
45 -55° cohesive

>55° very cohesive

* Woodcock and Mason (1987).

Stewart (1968) used the triaxial test apparatus to obtain the
angle of internal friction of sorghum grain and found a linear
relationship between the frictional angle and moisture con
tent of sorghum. Tests carried out on angles of repose and
internal friction of wheat by Lorenzen (1957) showed that the
internal friction angle is lower than the angle of repose for
various moisture contents.
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EXPERIMENTAL METHODS

Sample preparation
Alfalfa pellets used in this study were 6.4 mm diameter
dehydrated (commonly called dehy), 6.4 mm diameter sun-
cure; 7.5 mm diameter suncure, and 9.5 mm diameter dehy
pellets. The actual dimensions of the pellets are given in
TableII.Beforeconductinga test,pelletsamplesweresievedby
manually shaking the sieves 30 times to remove fines. Sieve
sizes used were 4.74 mm sieve for 6.4 mm pellets, 6.4 mm sieve
for 7.5 mm pellets,and 7.9 mm sievefor 9.5 mm pellets.

The moisture contents of the pellets were determined ac
cording to ASAE Standard S358.2 (ASAE 1992b). The
method involves placing 25 g of unground pellets in an air
convection oven at 103°C for 24 h. Table II shows the values

of initial moisture contents of pellets used in the study. The
moisture contents of the pellets were adjusted by placing
them in an environmental chamber set to an air relative

humidity of 90% and temperature of 30°C. Bulk density,
angle of repose on filling and emptying, and angle of internal
friction were determined at four moisture contents between

initial moisture contents of various pellet samples and up to
a moisture content of 18% (wet basis). Determination of the
bulk properties were replicated three times.

Table II. Initial moisture contents and size of pellets used
in the study (n = 100)

Pellet type - Length Diameter Initial

m.c.

mean std dev mean std dev

(mm) (mm) (mm) (mm) (%, w.b.)

6.4 mm dehy 10.95 6.43 6.77 0.10 7.5

9.5 mm dehy 12.19 4.27 10.09 0.43 9.4

6.4 mm suncure 12.00 4.10 7.16 0.42 10.0

7.5 mm suncure 8.92 2.63 8.28 0.21 7.7

Bulk density

The bulk densities of the pellets were determined according
to the ASAE Standard S269.4 (ASAE 1992a). This procedure
involves filling a container (300 mm in diameter and 310 mm
high) from a height of 610 mm above its top edge and tapping
several times before mass measurements. The bulk density
was taken as the ratio of the measured mass of pellets in the
container divided by the volume of the container.

Angle of repose

A 450 x 150 x 600 mm box was used to determine the

emptying angle of repose. The box had 50 mm wide and 150
mm long openings at the centre, edge, and side of its base.
Each of these openings had a sliding door. The box was filled
with pellets and then the pellets were allowed to empty out of
the container. The angle of repose was measured from the slope
of the heap after the pellets stopped moving out of the box.

The filling angle of repose was determined by dumping
pellet samples through a funnel into a rectangular con
tainer (250 mm wide, 1000 mm long, and 500 mm high).
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Theangle between thehorizontal and the slope of theheap
was taken as the filling angle of repose.

Angle of internal friction

Theangle of internal friction of alfalfa pellets was measured
using a triaxial testing machine (Fig. 1). An axial load was
applied on test samples by means of an ELE 10 kN loading
frame (Hoskin Scientific, Western Ltd, Vancouver, BC). The
loading frame was displaced at a constant rate of 1.5
mm/min. The force exerted on the sample was measured by
means of a force transducer (Interface Inc., Scottsdale, AZ),
while the axial displacement of test sample was measured by
a HP 7DCDT-1000 LVDT (Hewlett-Packard Ltd., Missis-
sauga, ON). A PSI-100 pressure transducer (PSI-Tronix Inc.,
Tulare, CA) and a Validyne DP15 differential pressure
transducer connected to a Validyne CD 15 Carrier demodula
tor (Validyne Eng. Co., Northbridge, CA) were used to
measure the confining and vacuum pressures. Calibrations of
the LVDT were done with a digital caliper while known
weights were used to calibrate the force transducer. The
pressure transducers were calibrated against pressures of
known water heads. The signals from the LVDT, force, and
pressure transducers were collected with a Fluke 2240C data
logger (John Fluke Mfg Co., Inc., Mountlake Terrace, WA).

For a test, a pellet sample was formed into a cylindrical speci
men by placing in a rubber membrane and applying a vacuum.
The rubber membrane had 102 mm diameter platens at both its
upper and lower ends. The upper platen was used to connect the
membrane chamber to the vacuum line. The lower platen was
screwed to the base of the triaxial chamber. Porous disk stones

were placed above the lower platen and below the upper platen.
The porous disks were used to prevent particles from the test
samples from blocking the air pressure lines. The vacuum ap
plied was such that it was equal to the confinement pressure to
be applied during the triaxial testing. A constant bulk density
of620 kg/m3 was used for all the samples. The height and mass
of samples wereadjustedaccordingly to achievethisbulkdensity.

To start a test, a confinement pressure was gradually ap
plied to the test chamber between the membrane and pressure
cell wall. At the same time, the vacuum previously applied

Confinement i—jr
pressure —• =.-=.-Jj

To Fluke 2240C
datalogger

Pressure cell wall

Rubber membrane

Porous stone

Bottom platen

To vacuum pump

Axial load

Fig. 1. Schematic diagram of triaxial test apparatus.
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was gradually released such that the sum of the confinement
and vacuum pressures acting on the samples was equal to the
desired confinement pressure at the time ofload application.
After releasing the vacuum, the axial load was applied using
the loading frame. The force exerted onthe test samples and
the displacement ofthe samples were logged by the datalog
ger at5 second intervals. Testing at each confining pressure
was carried out in duplicates. Confining pressures of 20.7,
41.4, and 62.1 kPa were used at each moisture content.

CALCULATION OF INTERNAL ANGLE OF
FRICTION

For each applied load, the axial unit strain 8was computed by
dividing the specimen's change in length, AL by its initial
length L0 in the form:

AL
8 = (1)

where the subscript 0 stands for initial value of the parameter.
The corresponding cross-sectional area, A, of the specimen
was then computed from:

A =
1

(2)

where A0 is the initial (unloaded state) of the specimen.
Equation 2 is based on the assumption that Poisson's ratio is
0.5. A stress-strain graph was prepared by plotting unit axial
load versus axial strain. A sample of such graphs is presented
in Fig. 2. From this graph, the unit axial stress at failure, o/,
was determined. The unit axial load was either taken as the

stress at maximum (failure) or at 15% strain, whichever came
first as proposed by Liu and Evett (1984).

The angle of internal friction, aif, was calculated from the
principal stresses as in Eq. 3 (Mohsenin 1986).

G3-°i

G3 + G!
sin oCjf =

800 r^

600

I
400 ~

200 —

0.08 0.12

Strain

(3)

0.20

Fig. 2. Typical stress-strain diagram for 6.4 mm dehy
alfalfa pellets at confing pressure 41.4 kPa.

The minor principal stress, oh is the chamber pressure
(confining pressure) and a3 is the major principal stress at
failure which is the sum ofunit axial stress atfailure, of, and
chamber pressure, (^(03 = vl + cf). The aif's calculated at
the three confining pressures were averaged to obtain the
angle of internal friction at a given moisture content. The
standard deviation of ocif was less than 1.5 degrees (n = 3).

RESULTS AND DISCUSSION

Table III shows the rangeof values of bulkdensity, angle of
repose, and angle of internal friction obtained for alfalfa
pellets at moisture range between 7.5% and 18%. Bulk den
sity of the pellets decreased with an increase in moisture
contentindicatingthat pellets will occupymore spaceduring
storage and handling as moisture content increases.

The angles of repose and internal friction of pellets in
creased with moisture content and size. The moisture effect
is related to the more predominant effects of surface tension
due to the surface layer of moisture which holds the solid
aggregates together (Mohsenin 1986). The angle of repose
when emptying was consistently higher than when filling for
the four pellet types within the moisture range considered.
Pellet particles were in a stationary state before emptying and
therefore offered higher resistant to motion than when
dumped in a loose form. Pellets emptied through the centre
had the highest values of angle of repose. Values of angle of
repose show that alfalfa pellets can be described as free to fair
flowing bulk material, according to Woodcock and Mason
(1987).

Values of angle of internal friction were lower than the
angle of repose for pellet type and moisture content. This
observation is in agreement with studies carried out by
Lorenzen (1957) and Stewart (1968) for grains. Straight line
equations (Eq. 4) were fitted to data collected on bulk den
sity, angle of internal friction, and angle of repose as a
function of moisture content.

P=A+BM (4)

where:

P = parameter of interest, and

M = moisture content of pellets (% w.b.).

Intercepts, A, and slopes, B, obtained for the linear equa
tion are givenin TableIII. Correlation coefficient, r2, of the
fit of linear equation was higher than 0.97 for all reported
equations. Plots of angle of repose and angle of internal
friction of 6.4 mm dehy pellets are given in Fig. 3 while plots
of bulk density of alfalfa pellets as a function of moisture
content are given in Fig. 4. Values of bulk properties in Figs.
3 and 4 are averages of three replicates for each pellet type at
a particular moisture content.

Values of angle of repose of alfalfa pellets as obtained in
this study are higher than those of oilseeds and cereal grains
reported by Muir and Sinha (1988). This is explained by the
empirical relationship between the angle of repose of a mate
rial and the specific surface of a material (Mohsenin 1986)
that indicates the angle of repose increases with increase in
shape factor. Alfalfa pellets have shape factor values ranging
from 0.96 to 0.97 compared to a value much less than 1 for

CANADIAN AGRICULTURAL ENGINEERING Vol. 35, No. 4, October/November/December 1993 271



Table IH. Moisture effect onbulkdensity, angle of repose and angel of internal friction for different types of alfalfa
pellets

Pellet type 6.4 mm dehy 9.5 mm dehy 6.4 mm suncure 7.5 mm suncure

Mositure content

(%, w.b.) 7.5 - 17.6 9.4-17.0 10.0 - 17.1 7.7 - 16.2

Bulk density (kg/m )
Range

B

A

578.3 - 643.2

-6.71

695.37

600.2 - 665.4

-8.05

737.94

597.2 - 653.9

-8.25

737.76

583.6 - 669.0

-9.39

739.78

Angle of internal friction (degrees)
Range 23.2 - 27.0
B 0.42

A 20.06

23.8 - 27.2

0.33

20.76

23.9 - 26.9

0.43

19.61

24.6 - 26.9

0.24

22.83

Filling angle of repose
Range

B

A

(degrees)

27.62 - 34.82

0.75

22.0

29.52-35.21

0.71

23.09

29.0 - 33.6

0.72

21.78

31.71-33.92

0.25

29.77

Emptying angle of repose (degrees)
Centre

Range

B

A

Edge

Range

B

A

Side

Range

B

A

40.1-47.2 42.7 - 47.3 40.4 - 47.8 42.7 - 48.5

0.67 0.58 1.10 0.67

35.70 37.18 28.92 37.90

35.4-42.6 38.8-43.2 40.4 - 47.8 42.7 - 48.5

0.71 0.53 1.03 0.53

29.4 33.55 26.47 34.31

37.8 - 44.9 41.2-46.1 39.2 - 45.2 40.1-46.3

0.69 0.62 0.88 0.71

31.98 35.52 30.35 35.09

most oilseeds and cereal grains. [Shape factor is defined by
the ratio of volume equivalent diameter over surface area
equivalent diameter. The values used in calculating the shape
factor were obtained from Table II]. The angle of internal
friction and bulk density of the pellets are, however, similar
in magnitude to those of cereal grains reported by Mohsenin
(1986) and Muir and Sinha (1988).

Analysis of variance using the SAS Statistical Package
(SAS 1986) showed that moisture had a significant effect on
all the bulk properties. Pellet type significantly (P = 0.05)
affected the edge and side emptying angles of repose and the
angle of internal friction. Only one side of the discharging
plane is involved in emptying of the pellets from the side and
the edge of the chute, hence a possibly more prominent effect
of pellet type on the side and edge emptying angles of repose.
Angle of internal friction is a measure of interaction between
individual particles in a bulk. Differences in size of pellet
types might have an effect on the amount of surface contact
between individual pellets and hence the effect of pellet type

on angle of internal friction.

The data for bulk density, filling angle of repose, and
centre emptying angle of repose for the different pellet types
were lumped and linear fits were carried out to relate these
properties to moisture content. For design purposes, linear
fits were also performed on lumped data of edge and side
emptying angles of repose and angle of internal friction. The
slopes and intercepts for the resulting linear equations are
presented in Table IV.

CONCLUSIONS

1. Bulk properties of alfalfa pellets vary significantly with
pellet size and moisture content.

2. Angle of internal friction of pellets (23.2 to 26.9°) is
lower than angle of repose (27.6 to 35.2° on filling and
35.4 to 48.5° on emptying).

3. Values of angle of repose indicate that pellets can be
classified as free to fair flowing bulk material.
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Fig. 3. Moisture effect on angle of internal friction and
angle of repose of 6.4 mm dehy pellets.

Table IV. Slopes and intercepts of linear fit (Eq. 4) to
lumped bulk properties data for alfalfa
pellets

Parameter

P (kg/m5)
ocif (degrees)

ocf (degrees)

otce (degrees)

ocee (degrees)

otse (degrees)

Slope Intercept

7.42 719.10 0.83

0.34 21.08 0.85

0.56 24.92 0.73

0.65 36.34 0.72

0.67 31.45 0.76

0.69 33.77 0.72

p -bulk density

otif- angle of internal friction

otf- filling angle of repose

occe - centre emptying angle of repose

ocee - edge emptying angle of repose

ocse - side emptying angle of repose
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