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Thompson, S. A., Usry, J. L. and Morse, B. D. 1988. Experiments
with eccentric unloading of a model corrugated grain bin. Can.
Agric. Eng. 30: 165-171. Experiments were conducted in a corru
gated model grain bin 0.91 m in diameter and 3.30 m tall in which
both wall and bottom loads were measured during eccentric unloading
conditions. Tests were conducted as a function of both grain height
and orificeposition. For the test conditions, it was observedthat the
largestwall loadswereobservedto occur on the side of the bin nearest
the orifice with the largest wall loads determined to occur when
unloading froma semi-eccentric discharge position ratherthana totally
eccentric discharge position.

INTRODUCTION

While Janssen (1895) and Reimbert and Reimbert (1976) have
both proposed formulas which predict the pressures on grain
bin wall, neither formula takes into account the effect of off-
centeror eccentricunloading. Although some designers do not
recommend the use of eccentricunloading at any time in a grain
bin, certain conditions may warrant the use of such flow con
ditions. While some work has been performed on the subject,
differences of opinion still existas to the nature of the loading
which exists during eccentric unloading.

The purpose of this paper was to determine thevertical wall
shear loads in a corrugated walled grainbin underbothcentric
and eccentric unloading conditions. Tests were conducted at
four different grain heights andfour different orifice positions
in a model bin 0.91 m in diameter and 3.3 m tall made out of
corrugated steel. All tests for this paper were conducted using
soft red winter wheat.

For the purpose of this paper, the static mode refers to a
condition in which the grainis at rest, while the dynamic mode
refersto a conditionin which the grain is being dischargedfrom
the bin.

LITERATURE REVIEW

The earliest known test which dealt with eccentric unloading
were performed in 1896 by Prante (See Ketchum 1919). He
proposed that fora binwith a discharge orifice in theside wall,
pressures on the side of the bin opposite the discharge orifice
were as much as four times those measured in the static con
dition. While these results were considered at the time to be
unreliable because of experimental difficulties, the results did
alertearly engineers to the unique problems which exist when
unloading bins eccentrically.

Much later, Reimbert and Reimbert (1976) suggested that
from a theoretical point of view the effects which off-center
emptying had on the pressures in a storage bin escaped calcu
lation. However, from other research they proposed that during
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eccentric emptying, nonsymmetric flow patterns caused thrusts
within a bin acting in the direction of the discharge orifice. To
counter these thrusts they suggested that for a reinforced con
crete storage bin additional reinforcement should be added to
the walls.

In building codes for the design of storage bins, both the
German DIN Code 1055 (1964) and the ACI Standard (1975)
dealwiththe problemof eccentricunloading, however, eachin
a slightly different manner. The method suggested by the ACI
Standard proposes thatfor a binwiththedischarge opening next
to the bin wall, a 25% increase should be added to the design
lateral pressures. This pressure increase should vary both as a
function of the vertical position in the bin and the position of
the eccentric opening. The German Code suggests that for an
eccentric opening the design lateral pressures should be mod
ified byamultiplication factor which istheratio ofthehydraulic
radius of an idealized bin to that of the actual bin. Both the ACI
Standard and the DIN Code suggests that the lateral pressures
vary around thecircumference of thebin, however, both these
methods were based on only limited experimental data.

In work performed in 1969 on two different model storage
bins, Pieper (1969) proposed that in testing with sand, a semi-
eccentric outletprovided larger lateral pressures than an alto
gether eccentric outlet. Hedetermined that for sand the maxi
mum lateral pressures occurred on the outlet side while the
opposite wall showed hardly any difference when compared
with a symmetrically unloaded storage bin. However, with
durum wheat, thepressure changes during outflow were almost
uniform both on the outlet and on the opposite side. For eccen
tric unloading Pieper proposed that rather than using the method
of varying pressures around the circumference of the bin, an
equally strong increase should be assumed on all sides.

While many other attempts have been made to quantify the
loads which occur within an eccentrically unloaded storage bin,
uncertainties stillexist in predicting the conditions which occur
within bins unloaded in this manner.

PROCEDURE

The technique most commonly used inexperiments dealing with
the measurement of loads within a storage bin is to measure the
localized stresses at discrete points in a bin. While this tech
nique has been successful in some cases, difficulties canexist
inutilizing such a technique ina model bin. Inmost model bins
the physical size of the models is such that the stresses are
extremely small. Therefore, extreme accuracy is needed in
measuring localized stresses because even very small experi
mental errors in any measurements can result in misrepresen
tation of the conditions within the model.
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The technique used for this study does not attempt to examine
localized conditions within the model but rather the total loads
supported over the surface area of the walls and bottom of the
model. While this technique does not determine the largest
stresses within a model it can still be useful in determining the
effects of different loading and unloading techniques within the
model.

A diagram of the model bin and distribution system is shown
in Figure 1. The main cylinder of the model bin is supported
independently from the bottom of the bin with each bin com
ponent supported by four cantilever beams. An additional four
beams support the load on the hopper. Thus, eight cantilever
beams are usedto monitor the vertical loads supported byeach
component of the bin. For each of the individual beams the
assumption was made that the load supported by that beam
would be caused by the forces which act within that beam's
tributary area. The tributary area of each beam was assumed to
span half the distance between each adjacent cantilever beam.

The corrugated wall model used in this study was 0.914 m
indiameter and 3.301 m tall. The bin walls were made of gal
vanized steel 0.91 mmthick. Thecorrugations were horizontal
and measured 69.9 mm apart and 12.7 mm deep. A diagram
of the wall geometry is shown in Fig. 2. Each of the beams
which supported the model was equipped with two bonded

strain gages, one on the tension side and one on the compres
sion side. The loads for each beam were determined from the
deflection of the cantilever beams supporting the two bin
components.

Avariety of soft red winterwheat, whichis commonlygrown
in the Southeastern United States, was used for all tests. The
wheat had a moisture content of 12%. A flat hopper bottom
with four different orifices was tested. A diagram of thehopper
and orifice position is shown in Fig. 3. Gates 1, 2 and 3 were
located 15.2cm, 30.4cmand39.4cm from thecenter, respec
tively. These gates were located on a straight line, with their
centers coinciding with two opposite support beams. The top
support beams were numbered in a similar clockwise manner
with beam 4 directly above beam 0, beam 5 above beam 1,
beam 6 above beam 2, and beam 7 above beam 3. A single
orifice, 5.24cm in diameter, which produced a discharge rate
of 3.3 m3/h, was tested.

Four replications in a balanced design were performed for
each value of grain height and orifice position. A replication
consisted of the measurement of wall and bottom loads which
occurred during the static and dynamic mode in the grain bin.
By continuous circulation of the grain with a bucket elevator,
the initial depth ofthe grain was maintained during the dynamic
flow tests. This was done to allow the flow and pressure con-

Top Support
Beams

Bottom
Support Beams

Bin Hopper

Grain Return
System

Figure 1. Diagram ofthe test bin and grain handling system.
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Figure 2. Profile of thebinwall corrugation.

BEAM 2 (H)
BEAM 6 (C)

BEAM I (H)
BEAM 5 (C)

ditions to stabilize in the grain bin and distribution system prior
to measuring the bin loads for a given test condition.

For each orifice position, a series of tests was performed to
observe the static and dynamic wall loads as a function of grain
height. For each test, the model bin was filled by centric charg
ing. After filling, the bin was allowed to sit approximately 1 h
in order for the loads to equilibrate. The loads supported by
each beam were monitored so that the variations in the loads

on the walls and the bottom of the model bin could be deter

mined. The vertical load supported by each beam during emp
tying was found to vary as a fimction of both the height of grain
and the position of the discharge orifice in the bin.

RESULTS

The vertical loads measured during discharge from the center
gate (Gate 0) for beams 5 and 7 are shown in Table I. Beams
5 and 7 are directly above beams 1 and 3, respectively, and lie
on a straight line with respect to the centerline of the three
eccentric orifices. From Table I, it can be observed that the
loads supported bybeams 5 and 7 were approximately the same
for this discharge condition. This was expected because of the
symmetric distribution of internal pressures which occur in
storage bins during centric discharge.

For both the static and dynamic conditions thevertical loads
supported by the beams were observed to increase with grain
height in a nonlinear fashion approximating the shape of an
exponential curve. These results agree in principle with the

BEAM 3
BEAM 7

(H)
(C)

^K BEAM 0 (H)
XXbeam 4 (C)

Figure 3. Diagram of the flat (0 degree) bottom hopper. Hrefers to abeam which is used to support the hopper. C
refers to a beam which is used to support the cylinder.
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Table I. Static and dynamic wallshear loadssupported by beams
5 and 7 during discharge from the center gate

Grain

height

Beam loads

(N)
Dynamic/static

ratio

(m) Beam 5 Beam 7 Beam 5 Beam 7

1.83 St

Dt

1156

1432

1165

1463
1.24 1.26

2.13 S

D

1397

1757

1383

1761
1.26 1.27

2.44 S

D

1708

2073

1677

2082
1.22 1.24

2.74 S

D

1993

2433

2015

2495
1.22 1.24

tS refers to the static conditions in the bin; Drefers to the dynamic
conditions in the bin.

equation formulated byJanssen (1895) to predict the pressures
in storage bins.

To compare the loads supported by the individual beams in
the dynamic or discharge condition to the loads supported by
the beams inthe static condition, the ratio of the two measured
values was calculated. The dynamic-to-static load ratio (DSR)
is not equivalent to an overpressure factor. Overpressure factors
are usually determined by dividing values of localized vertical
and horizontal pressures in the dynamic condition by values of
localized vertical and horizontal pressures in the static condi
tion. The DSRis rather a ratio of thetotal vertical load which
acts over the tributary area ofthe beam inthe dynamic condition
to the total vertical load which acts over the tributary area of
the beam in the static condition.

For the model bin unloaded centrically, the DSR values were
determined to vary between 1.22 and 1.27 for the flat-bottom
bin. These values were found for conditions in which the height
ofthe stored material in comparison to the diameter ofthe model
bin was in the range 2:1 to 3:1.

The static and dynamic wall loads supported by beams 5and
7 are shown in Figs. 4-6 and in Table II. These values are

I
o

Q.
IlI
Q

shownforbeams5 and7 during discharge fromgates 1, 2, and
3, the three eccentric orifices. For the three eccentric orifices,
the largest wall loads were observed to occur on the side of the
bin nearest the orifice. For gate 1, the percentdifference in the
dynamic wall loadssupported by beams 5 and7 were observed
to vary between approximately 6 and 8% for the four different
grain heights, while for gate three variations between approx
imately 11 and 16% were observed in the dynamic wall loads
supported by the two opposing beams.

It is recognized that not all of the differences observed
between the loads supported by the two beamscanbe attributed
to the variation in vertical shear which may exist on the two
opposing sides of thebin. Eventhough thebinwas filled centri
cally,an initialvariation of from 0 to 1.8% was observedin the
vertical shear loads in the static condition. However, sufficient
difference was observed between the two beams during the
dynamic condition to indicate thata variation in load does exist
between the two opposite sidesof the model bin.

Table II. Vertical shear loads inthe static and dynamic conditions
supported bybeams 5and 7during discharge from gates 1,2and 3

Vertical shear loadsGrain

height (N)

(m) Gate Beam 5 Beam 7 difference
1.83 S 1 1152 1130 1.8

D 1 1361 1481 8.1

2.74 S 1 1979 1970 0.5
D 1 2410 2598 7.2

1.83 S 2 1151 1148 0.4
D 2 1410 1299 7.9

2.74 S 2 1970 1979 0.5
D 2 2598 2340 9.9

1.83 S 3 1125 1143 1.6
D 3 1183 1406 15.9

2.74 S 3 2010 2010 0.0
D 3 2286 2586 10.9

DYNAMIC LOAD BEAM 5(c)

DYNAMIC LOAD BEAM 7(c)

GATE NUMBER I
BEAM 5 AND 7 (c)

IOOO 1400 1800 2200

BEAM LOAD, N

Figure 4. Cylinder loads on beams 5and 7during discharge from Gate 1

2600
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BEAM LOAD,N

Figure 5. Cylinder loads onbeams 5 and 7 during discharge from Gate 2.

DYNAMIC LOAD BEAM 5 (c)

DYNAMIC LOAD

BEAM 7 (c)

GATE NUMBER 3

BEAM 5 AND 7 (c)

IOOO 1400 1800

BEAM LOAD, N

Figure 6. Cylinder loads onbeams 5 and 7 during discharge from Gate 3.

2200 2600

The distribution of vertical shear loads within the model bin
wasbelievedto be caused by the variation in flow patterns and
the resulting pressure distributions which existed during dis
charge. From a visual observation of the grain surface when
discharging from gate 1, for a grain height of 1.52m theentire
mass of grain appeared to be flowing down thewalls of thebin.
However, for gate 3 the eccentric flow channel did not extend
across the entire cross section of the bin until a much higher
level. For gate 1, the flow patterns withinthe bin appeared to
be only slightly skewed from the condition observed during
centric discharge. Therefore, it is believed that only slightly
higher pressures occur on the discharge side of the bin than
those which existed within the bin during centric discharge.
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However, as the discharge position was moved to a totally
eccentric condition, such as gate 3, the flow pattern tended to
form around the orifice near the wall. Therefore, under these
flow conditions, it is believed that very large pressures occur
on the discharge side of the bin whileon the opposing side of
thebinpressures onlyslightly larger than those which occurred
in the static condition may exist.

The loads supported by beams 1 and 3, are shown in Table
III. Beams 1 and 3 are located directly below beams 5 and 7.
Once again, for the beams in the static condition, a variation
of from 0.1 to 9.9% occurred even when centrically loaded.
However, when unloadedthe two opposite beams showed dif
ferences of from 21.5 to 37.6% for the three eccentric orifices.
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Table m. Vertical shear loads in the static and dynamic conditions
supported by beams 1 and 3 during discharge from gates, 1, 2
and 3

Grain

height
(m) Gate

Vertical shear loads

(N)

Beam 1 Beam 3 difference

Table IV. Dynamic to static load factors for beams 5 and 7

Grain

height Center gate Gate Gate Gate
(m) (average value) 12 3

Dynamic-to-static load factors for the supporting beam
nearest the orifice

1.83

2.74

1.83

2.74

1.83

2.74

S

D

S

D

S

D

S

D

S

D

S

D

1334

1261

1695

1484

1351

956

1676

1011

1325

1314

1642

1475

1420

989

1863

1107

1446

1459

1839

1620

1295

926

1645

1011

6.4 1.83 1.25 1.31 1.22 1.23

21.5 2.13 1.26 1.27 1.25 1.27

9.9

25.4

2.44 1.23 1.30 1.29 1.28

2.74 1.24 1.32 1.31 1.28

6 6
Dynamic-to-static load factors for the supporting beam

34.5
opposite the orifice

9.7

37.6

1.83 1.25 1.18 1.13 1.05

2.13 1.26 1.18 1.14 1.09
2.44 1.23 1.20 1.17 1.11

2.3 2.74 1.24 1.22 1.18 1.14
29.5

0.1

31.4

Even when this original variation is taken into account, it is
believed that a sufficient difference was observed between the
two beams during the dynamic condition to indicate that a var
iation in load does exist between the two opposite sides of the
model bin. These results agree with those already previously
determined for the top beams. During the dynamic condition,
if an increase in load occurs on the walls of the bin then a
corresponding decrease should occur on the bottom of the model
bin. In this case, the largest decrease was always observed to
occur on the side of the bin nearest the orifice while a much
smaller decrease was always observed to occur on the side of
the bin farthest from the orifice. For gates 2 and 3 and a grain
height of 1.83 m, the vertical loads supported by the bottom
beamon the far side of the bin were determined to be almost
identical forboth the static and dynamic condition.

To compare the effects ofthe three different orifice positions,
thedynamic to static loadratios (DSR) were calculated forboth
the top and bottom beams. These results are shown in Tables
IV and V. For the top beams, the DSR values were always
greater than 1, indicating an increase in the vertical load sup
ported by the top beams during the dynamic condition. Con
versely, for the bottom beams, the DSR values were always less
than 1, indicating a decrease in the vertical load supported by
thebottom beams during thedynamic condition.

The use ofeccentric unloading instorage bins isusually not
recommended by designers because of the belief that localized
stresses occur far in excess of those found in bins centrically
discharged. When a comparison of the two different types of
unloading wasmade, it wasdetermined thatfor mostconditions
the DSR values were larger for eccentric unloading. For the
eccentric discharge condition the DSR values were approxi
mately 5-9% larger than those determined previously for sim
ilar test conditions measured during centric discharge. While
these results do indicate that eccentric discharge loads are higher
than those found during centric discharge, this increase is not
as dramatic as previously assumed.

For the model bin, the largest DSR values were determined
to occur when grain was discharged from gate 1 and gate 2,
both semi-eccentric orifices. These results agree with Pieper's
in which he determined thatfor a square model bin, the max
imum horizontal pressures were produced when discharging
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Table V. Dynamic to static load factors for beams 1 and 3

Grain

height Center gate Gate Gate Gate
(m) (average value) 12 3

Dynamic-to-static loadfactors for the supporting beam
nearest the orifice

0.70

0.67

0.63

0.59

1.83

2.13

2.44

2.74

0.81

0.77

0.77

0.75

0.71

0.68

0.64

0.60

Dynamic-to-static loadfactors for the supporting beam
opposite the orifice

1.83 0.81 0.95
2.13 0.77 0.94
2.44 0.77 0.90
2.74 0.75 0.88

1.01

0.97

0.93

0.88

0.72

0.68

0.63

0.61

0.99

0.97

0.92

0.90

from a semi-eccentric discharge position rather than a totally
eccentric position.

From his experiments, Pieper determined that the pressure
changes within his model bin during eccentric unloading were
highly dependent on the material being tested. In experiments
performed with sand, the largest overpressures were observed
to occur on the outlet side of his model bin. For a height-to-
diameter ratio of 4:1, overpressures of almost 60% were
observed to occur. This represents an increase of almost 30%
over the centric discharge conditon for this same height. If the
results of Pieper's study are analyzed under test conditions
which most resemble those found within the corrugated model
bin, for a height todiameter ratio of2:1 and 3:1, overpressures
ofonly 15-30% were found to occur. These values represent
an increase of approximately 12% over those pressures meas
uredduringcentricdischarge. However,these sameresultswere
not observed tooccur inPieper's model binwhen using durum
wheat. For this material, pressure changes of almost uniform
intensity were observed to occur both on the outlet side and
opposite side of the model bin. Based on these experiments,
Pieper proposed that an equally strong increase should be
assumed to occuron all sidesof the binduringeccentric unload
ing conditions. He believed that a 30% increase in excess of
that found during centric discharge would be sufficient to take
into account this type unloading.

THOMPSON, USRY, AND MORSE



For the corrugated model bin, the largest DSR value was
determined to be 1.32. This indicates that over the tributary
areaof that support member, a 32% increase in the vertical load
occurred during the dynamic condition. However, if the pres
sures are assumed to vary over the height of the bin, it might
be expected that localized pressures in excess of 32% occur
within the tributary area of this beam on the discharge side of
the bin.

Based on his experiments, Pieper proposed that an equally
strong increase should be assumed to occur on all sides of the
bin. However, the results of the corrugated model bin indicate
that the DSR factors on the opposing side of the bin were much
smaller than those which existed on the discharge side. There
fore, a more viable design approach would be to utilize the
methods already proposed in the ACI and DIN Standard. This
method suggests that an increasein excess of the dynamic con
ditions occurs on the discharge side, while a decrease in pres
sure occurs on the opposite side.

The DSR values presentedherein for beams 1 and 3 support
the theorythatthe largest wall loadandconversely the smallest
bottom loads occur on the side of the bin nearest the orifice.
For some conditions, DSR values as small as 0.60 were
observed to occur on the outlet side of the bin, while DSR
values aslarge as 1.00were observed to occur on the opposite
side. For the bottom beams, DSR values varied between the
two opposing sides of the bin by almost 30%.

SUMMARY

Wall shear loads and bottom loads were measured in a model
bin forboththe static anddynamicconditions forvarious values
of grain heightandorifice position.
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Forthe model bin, the largest wall shear loads were observed
always to occur on the side of the bin nearest the orifice. The
largest wall shear loads were determined to occur when unload
ing fromasemi-eccentric discharge positionrather thanatotally
eccentric discharge position as previously assumed. For some
cases, the shear loads on the opposite side of the bin during
discharge were found to be only slightly greater than those
measured in the static condition.

The dynamic-to-static load ratio values were determined to
vary both as a function of grain height as well as position around
the circumference of the model bin. For the top support beams
the largest DSR value was determined to be 1.32 which
occurred on the side of the bin nearest the orifice while unload

ing from a semi-eccentric discharge position.
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