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INTRODUCTION

A law of granular friction first de
scribed by Coulomb in 1776 can be
expressed as

t = <r tan $ -f- C

where r is the shear stress or strength
at failure, <r the stress normal to the
failure surface, <j> the angle of internal
friction and C the cohesion. Airy (1),
Janssen (9), and Ketchum (11) used
the tangent of the angle of repose of
the material as its true coefficient of
internal friction. Collins (7) observed
that there were other characteristic
angles seen during the flow of ma
terial which could be taken to repre
sent the frictional characteristics of
that material. Brubaker (6) observed
that not only the external and internal
angles of repose of a material were
different but the latter also varied
with boundary conditions. Different
methods have been used to measure
the coefficient of friction of agricul
tural grains to obtain design informa
tion for grain bins, conveyors and
numerous other agricultural ma
chines. Different methods of forming
a natural pile to measure angle of re
pose have been reported (9, 11).
Direct shear methods have been used
to measure shear strength and eventu
ally coefficient of friction (10). Balis
(2) compared the different methods
for determination of the coefficient of
friction of agricultural materials. It is
generally recognized that the fric
tional properties are important since
they effect the flow behavior, pres
sure exerted and behavior under de
formation of granular materials.

The objective of this study was to
determine the effective coefficient of
wall friction during the flow of grain.
A model bin and Genessee wheat
grain were used to carry out this
study.

EQUIPMENT

The model bin used was the same
as that described by Dwivedy (8). A
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schematic diagram is shown in Figure
1. The first cylinder (7), about 100
inches high, 30 inches diameter and
made of 16 gauge steel sheet was sup
ported by a rugged steel frame (4).
A second cylinder (5), 21 inches high,
31 inches diameter, and made of 16
gauge sheet steel was placed under
the first cylinder. The junction of the
two cylinders was used as a reference
level for measurement of the height
of the grain column. The second cyl
inder was supported on a replaceable
plywood bottom (3). There were 17
holes of 0.75 inch diameter symmetri
cally arranged in the bottom. The
rate of flow of grain through these
holes was about five inches of cylin
der depth per minute. Only one flow
rate was tested, since Dwivedy re
ported that the rate of flow did not
affect the frictional force. The ply
wood bottom was supported on a
weigh scale (6) by an angle iron
frame (1). A slanting steel trough
(2) was placed underneath the bot
tom of the bin to collect the grain
and channel it to the elevator. (12).
The elevator returned the grain to the
storage bin. The depth of grain above
the reference level was measured us
ing a wooden float (8). The height
of the float was indicated by a pointer
attached to a balance weight (11)
moving along a scale (10). The point
er was attached to the float by a
cord (9).

A grain spreader was mounted on
top of the first cylinder to spread the
grain uniformly across the bin.

Beam Transducer

A schematic diagram of a pressure
transducer referred to as the beam
transducer is shown in Figure 2. It
was used to measure radial and shear
forces at the inside surface of the bin
wall. The transducer was fastened to
the wall by four screws through a
plate (5). When properly fitted the
pressure plate (2) was flush with the
inside surface of the wall. A horizon
tal beam (3) connected the pressure

plate to the cantilever (4) and curved
beam (7). The horizontal force due
to grain mass inside the bin acting on
the pressure plate produced bending
stress in the cantilever beam. Simi
larly the shear force due to grain mass
produced bending in the curved
beam. The resulting stresses were de
termined by means of strain gauges.
The cantilever and the curved beams
were designed to obtain maximum
sensitivity and minimum deflection.
To facilitate construction and avoid

Figure 1. Schematic diagram of vertical
force measuring apparatus

Figure 2. Schematic diagram
of beam transducer
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machining, the cantilever beam was
made in two parts (1) and (4) which
were firmly fastened together. The
curved beam was made by bending
a cold rolled steel bar of the required
dimension and then two machined
conical points were attached, at one
end of each of the two horizontal
arms. An adjusting schew (6) was
used to level the horizontal beam.
Weights were attached by a cord to
pin (8) in order to calibrate the
transducer for radial forces. The in
ternal connection of gauges in each
case was made to obtain double sens
itivity, provide temperature compen
sation and independence from axial
strains. Double-shielded strain gauge
cables were used as lead wires. The
transducer was calibrated separately
for shear and radial forces. There was
a linear relationship between the
transducer response and the radial
and shear forces.

Smooth and Rough Bins

The original surface of the bin is
referred to as the smooth bin. The
original surface lined with expanded
metal of 21 gauge thickness and 0.187
x 0.875 inch center distance is refer
red to as the rough bin.

PROCEDURE

Emptying and Filling of Bins

A general procedure for emptying
and filling the model bin was follow
ed. At the beginning of every experi
ment the grain spreader was checked
to insure that it delivered the grain
uniformly across the bin. To fill the
bin, steel plates were pushed under
the bottom to close the holes. The
grain spreader and the elevator were
switched on and the outlet of the
storage bin was opened to let the
grain pour into the model bin. After
the model bin was filled, the spreader
was switched off. The grain surface
was then inspected to insure that it
was level. To empty the bin, the steel
plates were rapidly pulled out to ob
tain a uniform commencement of
flow. The grain was returned to the
storage bin by the elevator.

Smooth Bin Measurements

(i) radial force

The beam transducer was used to
obtain radial force at the wall surface.
It was checked to insure that the pres
sure plate was flush with the wall sur
face. The clearance between the hole

and the pressure plate was filled with
a heavy-duty grease to prevent de
position of cracked grain kernels. The
bin was filled. The filling was inter
rupted to balance the strain indicator
when the grain surface was at the
center of the pressure plate. The
depth indicator was lowered into the
bin to measure the depth of the grain
column. Strain readings were record
ed at every six inches of depth as the
emptying proceeded.

(ii) shear force

The pressure plate was again
checked to insure that it fitted flush
with the inside surface of the wall.
The plate surface was rubbed with
a clean cloth to insure that it was free
from grease, dirt, etc. The bin was
filled completely after balancing of
the strain indicator. The emptying
was begun and shear force recorded
at depth intervals of six inches.

(Hi) vertical force

The weight of grain supported by
the bottom was measured by the
weigh scale. Filling of the bin was
begun, then interrupted to record the
tare weight when the grain surface
reached the lower end of the first cyl
inder. The tare weight was the fixed
force exterted on the bottom of the
bin when no grain was present in the
first cylinder. This depth was con
sidered to be zero depth for reference
purposes. The bin was then com
pletely filled. Emptying was begun
and the weigh scale reading recorded
at every six inches of depth. The tare
weight was then subtracted from the
weigh scale readings to yield the total
vertical force.

Rough Bin Measurements

The original surface of the bin and
the pressure plate were lined with ex
panded metal. The lining did not

cover the second cylinder. The same
techniques as used for the smooth bin
were employed to measure radial,
shear and vertical forces. To insure
that the pressure measured by the
transducer was free of location ef
fects, it was fitted at another location
in the bin. Similar results were ob
tained (Figures 5 and 6). The mois
ture and bulk density of the wheat
used were measured several times
during the experiment to account for
any change in these factors. The re
sults are shown in Table I.

2 3 4

DEPTH OF GRAIN IN FEET

Figure 3. Stress on smooth bin wall

DEPTH OF GRAIN IN FEET

Figure 4. Shear load supported by
smooth bin wall

TABLE I. BULK DENSITY AND MOISTURE CONTENT OF WHEAT USED
FOR EACH REPLICATION

Replication

I

2

3

% M. C.
(w. b.)

7.8%

7.3%

7.1

Bulk Density

48.6 lbs/ft"

50 lbs/ft"

50 lbs/fr
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RESULTS AND DISCUSSION

At least three replications of each
test were made and the results are
shown graphically in Figures 3 to 9.
The wheat grain used was considered
a cohesionless material, i.e.: the value
for C in Coulomb's equation assumed
to be zero. The values of the normal
and shear stresses were used in this
equation to determine the coefficients
of friction. In the rough bin shear
occurred in the grain mass and there
fore, the coefficient obtained was
equal to the effective coefficient of
internal friction. In the smooth bin
the coefficient obtained was consider
ed to be equal to the coefficient of
friction of grain on steel.

The area under the shear stress
versus depth of grain curves obtained
by means of the beam transducer re
presented the shear load per unit
length of the bin perimeter. The areas
under the curves (Figures 3, 6) were
determined by a planimeter and mul
tiplied by the perimeter of the bin
(94.5 inches) to obtain the total shear
load supported by the wall. The shear
load was also obtained by subtracting
the vertical force acting on the bot
tom of the bin from the total weight
of grain inside the bin. Both the
values of shear load are shown in
Figures 4 and 7 for the smooth and
rough bins respectively. The shear
load obtained by the beam transducer
differs from the weigh scale value by
a maximum of 15% in the smooth
bin. This may have occurred due to
the difference in the roughness of the
inside surfaces of the bin and the
pressure plate of the beam transducer.
In the rough bin the values obtained
by each method did not differ by
more than 5%. This indicates that the
coefficient of friction values obtained
by the use of the beam transducer are
the values actually existing at the
wall surface.

The coefficient of friction of grain
on grain increased with an increase
in the depth of grain (Figure 8).
The complex nature of the coefficient
of internal friction has led many re
search workers to believe that it was
dependent only on the bio-physical
properties of the kernels and could be
represented by the tangent of the
static angle of repose. Brubaker (6)
stated that the coefficient of friction
of grain was independent of normal
pressure whereas Collins (7) pointed
out that it was affected by the orient
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ation of the kernels and questioned
its relationship with the tangent of
the angle of repose.

The variation of the coefficients of
friction may be due to the changes
in the normal pressure and the ar
rangement of kernels on the sliding
surface (Figure 8). If the kernels
were randomly oriented and inter
locked in a static granular mass they
would tend to offer greater resistance
to sliding in the early stages of flow.
With the onset of flow the kernels
would tend to reorient themselves in
order to minimize their resistance to
sliding. This would explain the dif
ference in the values of coefficients of
friction between an early and later
stage of flow (Figure 8). Again it is
logical to assume that the major re
orientation of mass occurred in the
first few inches of flow and therefore
the greatest reduction in the coeffi
cient of friction should occur in the
same period. The experimental evi
dence is contrary to this because it is
seen that the coefficient of internal
friction continued to decrease until
the bin emptied and the coefficient
of friction of grain on steel decreased
until about two and a half feet of
flow had occurred. This indicates
that the reorientation of the kernels
may be only one of the factors affect
ing the coefficient of friction, which
is in agreement with Collins's observ
ation.

Radial pressure exerted by the
grain column normal to the sliding
surface may be another factor affect
ing the coefficient of friction. The
coefficient of internal friction in
creases with the normal pressure
whereas the coefficient of friction of
grain on steel remains constant up to
0.5 psi of pressure and then increases
(Figure 9). This indicates that the
radial pressure has a greater effect on
the coefficient of internal friction than
the coefficient of friction of grain on
steel. The coefficient of internal fric
tion and the radial, pressure became
constant at depths greater than five
and one-half feet in the rough bin. It
is possible that the limiting value of
the coefficient may be higher than
that obtained in the experiment. In
order to ascertain the limiting value
a larger normal pressure, hence a
deeper bin, would be required. There
fore the effect of further increase of
pressure on the coefficient of friction
could not be observed. The variabil
ity of the coefficient of friction with

the depth of bin contradicts the com
mon assumption, made in order to
simplify the development of grain
pressure theories, that the coefficient
of friction is independent of pressure.
The coefficient of friction of grain on
the steel was readily obtained from
the results of the smooth bin experi
ment. The values obtained are lower
than the coefficient of internal fric
tion because sliding of grain occurred
along the surface made of smooth
steel. The coefficient of friction of
grain on steel increased from 0.20 to
0.26 as the normal pressure increased
to 0.6 psi. Brubaker (6) reported a
value of 0.33 for about the same
moisture content and normal pres-

DEFTH OF GRAIN IN FEET

Figure 5. Radial stress on rough bin wall

- Original locat i on

-Another location

DEPTH OF GRAIN IN FEET

Figure 6. Shear stress on rough bin wall

• Hydrostat ic

Vertical Force

' Shear Load (Scale)

Shear Load (Transducer)

DEPTH OF GRAIN IN FEET

Figure 7. Shear load supported by
rough bin wall
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Internal friction

Grain on Steel

DEFTH OF GRAIN IN FEET

Figure 8. Coefficients of friction of grain
on bin wall

/Internal Friction

Grain on St#el

RADIAL PRESSURE IN POUNDS PER SQ. IN.

Figure 9. Variation of coefficients of friction
with normal pressure

sure; however, he concluded that the
coefficient of friction of grain on steel
was not affected by normal pressure.

CONCLUSIONS

From the results of the experiments
and discussion the following conclu
sions may be drawn.

1. The coefficient of friction of grain
on grain and on steel vary with the
depths of grain in a bin at least up
to depths of 60 inches, when the
bin is 30 inches in diameter.

2. The tangent of the angle of repose
of grain may not represent the true
coefficient of internal friction
under all circumstances since the
latter appears to vary with both
normal pressure and orientation of
kernels.
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BALLAST FOR OPTIMUM . . .

continued from page 13

thumb" maximum. Finally, it should
be realized that the tractor engines
torque and power also limit the draw
bar pull and maximum DBHP. This
is particularly so at the higher ground
speeds.

CONCLUSIONS

A traction loss mechanics was de
veloped resulting in a simple ex
pression for the optimum dynamic
tractive tire weight. The expression
can be used to estimate the required
ballast for maximum tractive effici
ency. In its present form it can be a
useful teaching tool. The accuracy
and limitations of the mechanics are
such that field application should be
approached with caution.
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