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Negi, S. C, Jofriet, J. C, Quah, S. and Bellman, H. E. 1988. Meas
urements of haylage pressures in a bottom-unloading silo. Can.
Agric. Eng. 30: 257-261. Haylage pressures in a 6.1 x 21.9-m
monolithic concrete farm silo equipped with a bottom unloader were
measured during the 1985-1986 season. The silo was instrumented
with 15transducers placed symmetricallyaround the circumferenceat
five levels. Pressure data were takenevery4 h by means of a micro
computer-controlled data acquisition system. The results indicated that
wall pressures in the unloader zonewere 5-6 times greater thanthose
measured further up. These overpressures seemed to be localized or
distributed overa relatively smalldepthof 0.1 timesthe silodiameter.
The predictions based ondesign formulas for bottom-unloading silos
agreed closely with the measured pressures at all levels except the
lowermost one. Agreater overload factor and a smaller depth region
than those given in the Dickinson-Jofrietmethod were recommended
for the calculation of design load at the unloaderlevel.

INTRODUCTION

Bottom-unloading silos aretypically cylindrical structures with
height to diameter ratios from 2.5 to 4. They are commonly
used for storage of crops with moisture contents in the range
of30-60%. Since the container must be reasonably airtight, it
is built of eithersteelor monolithic concrete. These silos have
a rotating sweep-arm near the floor; this equipment moves the
silage through acentral opening onto aconveyor which delivers
it to the feed bunk. The first in - firstout feature is well suited
for alfalfa haylage and other forage materials which are cutat
least two or three times during the growing season.

The experimental work described herein is intended to pro
vide information on two points: first to investigate the pressures
developed by alfalfa haylage in a full-scale tower silo. Second
to compare the practical results with the recommended design
theory for bottom-unloading silos. The results presented inthis
paper were obtained during the 1985 - 1986 season. Inprevious
work (Brunet 1985) concerned with this silo the results for the
1984-1985 season were reported.

The verification of thedesign formulas hasnotbeen hitherto
possible due to the paucity ofdata. As far as is known, the only
experimental study onsilage pressures ina large tower silo was
carried out in the United States in the late fifties, when Boyd
and his co-workers (1960,1961) measured the pressures exerted
by corn silage on a 9.1 x 18.3-m concrete-stave silo. More
recently 't Hart etal. (1979) in the Netherlands measured silage
forces on 12circular pressure panels installed at three levels in
a6.1-m-diameter steel silo. Their results were used to prepare
the Dutch standards for the design offarm silos. However, these
studies have limited application in Canada because of the dif
ferences in cultural practices andclimatic conditions. Further
more, these structures were not equipped with bottom unload-
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ers which markedly alter the wall pressure distribution in the
unloading region.

DESIGN EQUATIONS

The unloading equipment tends to form a dome-shaped cavity
with a base diameter 100-200 mm less than the diameter of the
silo. Thepresence of this cavity affects wallpressures nearthe
bottom of the silo where the support reaction of the dome
occurs. Dickinson andJofriet (1984) investigated thisproblem
and recommended the use ofhigher loads against the lower part
of the silo wall. A further dynamic load factor was recom
mended by them to allow for the impact imparted when the
stored material falls down, usually at discrete intervals.

The lateral design pressures may beestimated using the fol
lowing procedure suggested by Jofriet (1980), steps 1 and 2,
andDickinson andJofriet (1984), step 3.

Step 1. Calculate lateral wall pressure atmidheight (pJ using
the average density of silage in the Janssen formula. This is
because the average bulk density ofsilage ina tower silo occurs
at about midheight.

An =
Pavg£>

4n
[J _ £-2jOCH/Dl

(1)

where pav = average mass density ofsilage; g = gravitational
acceleration; D = silo diameter; |x = coefficient of wall fric
tion; K = ratio of horizontal to vertical pressure; H = total
depth of silage.

Step 2. Calculate lateral pressure at silo bottom (pt,) using a
density of 1.2 x average density in the Janssen formula.

A =
l-2PavgP

4m.
[1 — £-VKH/Dl (2)

Step 3. Insert the values ofpm andpb into Eqs. 3, 4 and 5 to
determine the wall pressure distribution in the three regions.

2pmz

H

p = 2pm- 1.25pb + 2(1.25/7b

p = 0.95

H
0<z< —

2

x Z H I D

h - yl<*<#

(3)

(4)

(5)

In the present study the friction force per unit of circumfer
ence (F) at any level was obtained by integration ofEqs. 3,4
and 5over the required height. These results for the three depth
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(z) ranges are

M-PmZ2 H
*-- H 0<z<2 (6)

Fb = |x
,^ ..^W2 A**2 , 1.25pb// p.ff|
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. ^ H H 4 2 .

H / D \
— <z\ H (7)
2 \ 5 /

**D/5 = **H-D/5 •" [-(-*)] / #-y <Z<# (8)

in which,

**H-D/5 = M<
PM

. 2

1.25pbD D2 1.25 pbH
^~ + (1.25/>b-pJ+ ^—

5 25 H F F 4

/= 1.25 pavg//- — (F„_D/5)

EXPERIMENTAL INVESTIGATION

A silo 6.1 m in diameter and 21.9 m tall was built of cast-in-
placeconcrete at a dairy barn situated 55 km from the Univer
sity of Guelph. Holes were left in the wall so that pressure
transducers could be fitted flush with the inside surface. Fifteen
transducers at five levels, three at each level, were placed sym
metrically around the circumference (120° apart) as shown in
Fig. 1. Theinstrumentation was concentrated in thevicinity of
the unloader to determine the magnitude of overpressures in
this region.

Each transducer consisted of an inverted L-shaped frame with
equal arms 305 mm long, constructed from a hollow square
stainless steel tube (HSS 32 x 32 x 1.6) as shown in Fig. 2.
The horizontal arm of the frame was connected to a 200-mm-
diameter concrete padfitted in the special aperture provided in
the wall. The vertical arm was mounted on a bracket attached
to the silo wall. Eight foil strain gages (Intertechnology type
CAE-09-250UW-120) were bonded to the frame to form four
wheatstone half-bridge circuits. The strain data were used in
the elastic flexure formula to determine the moment at each
bridge location. These moments were expressed interms ofthe
three unknown reaction components (a couple, friction force
andnormalforce on the concretepad), whichwereobtained by
simultaneous solution of the moment equations. The trans
ducers were calibrated in the laboratory by loading/unloading
in the normal and tangential directions, measuring strains for
each increment of load, and plotting applied load versus cal
culated load to determine the correction factors.

Pressure measurements were taken every 4 h by means of a
microcomputer (HP 85) controlled data acquisition system. The
computer was linked to a data acquisition/control unit
(HP 3497A) andan extender (HP 3498A) which served as the
analog/digital interface. A printer was also connected to the
computer for hard copy ofthe observations and results. Autility
shed was setup beside the silo to house all the hardware and
records. Figure 3 illustrates theschematic layout of thesystem
components. The excitation voltage, provided by a DC power
supply (HP 6284A), and the output voltage were periodically
monitored with the aid of a timer in the control unit. All periph
erals were controlled byadataacquisition program (AUTOST),
which also reduced and stored the data on magnetic tapes. This
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Figure 1. Cylindrical silo showing transducer locations.

information was later transferred on floppy diskettes to facili
tate the analysis of data on IBM PC.

Thesilowascentrally filledto a heightof about 17 m in June
1985withfirst-cutalfalfaat an averagemoisturecontentof 50%
(wet basis). It was filled to the top (21.9 m) with the second-
cut material in the 3rd week of July, and with the third-cut in
mid-September. The initial filling lasted for about a fortnight,
while each of the subsequent fillings took 6 d. To determine
the average density of haylage in the silo, all forage wagons
were weighed during thefilling process, anda batch mixer was
installed within the unloader system to monitor the amount of
feed removed per day. Haylage depths were also recorded at
weekly intervals.

RESULTS AND DISCUSSION

The temporal variation ofnormal force for the entire period of
storage isshown inFig. 4. The upper curve represents theaver
ages of three observations recorded at4-h intervals at the first
level, which was0.35 m above the silo base. Similar data for
level 3 (1.05 m above base) are depicted by the lower curve
which is also typical of levels 2 and 4. At level 5 theorder of
normal force values was analogous to levels 2, 3 or 4 but the
fluctuations were minimal (i.e. forces remained steady).

It is evident in Fig. 4 that the wallpressures were not only
considerably higher at level 1, butthey also increased steadily
for severalweeks after the initial filling. It seems that the arch
ing effect ofhaylage develops gradually asthe settlement takes
place under the mass offirst- and second-cut material. But when
the maximum density is reached and a cavity is formed, true
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TRANSDUCER FRAME
HSS 32X32X 1.6

Figure 2. Pressure transducer showing strain gage locations.

iction begins to operate and the normal force reaches a
^TBgh at the unloader level. Beyond a certain point in time

(November), the dome's support reaction and wall pressures
attenuate as the depth of storage is substantially reduced.

The experimental data for level 1 (Fig. 4) also indicate wide
oscillations of normal force with time, such as in September
andOctober. Since haylage is cohesive and not sufficiently free-
flowing material, it is capable of forming a self-supporting
obstruction to flow. When such an obstruction collapses under
the weight of overlying material, it imposes a sharp overpres

sure on the walls of the silo. This activity is confined to the
outlet level because there are characteristically less marked
fluctuations when the measurements are made above the
unloader region (levels 2 through 5).

The practical question at the present time is: what pressures
shouldthe silo walls be designed for? To provide an answerit
would be adequate to consider only that duration when the
recorded forces attained their high values. Accordingly, the
period from 23 Aug. to 31 Oct. (10 wk) waschosen by inspec
tion of the normal force versus time curve for level 1, because
the other levels did not exhibit any distinct periods of consis
tently higher loading. Also, the oscillations were most severe
during this period.

For each of the five depth levels, the mean values of lateral
pressure over the 10-wk period (23 Aug. - 31 Oct.) are plotted
in Fig. 5, alongwith one standard deviation displayed on either
side. It is seen that with the exception of level 1, the pressure
did not increase significantly below level 5, which was at an
elevation of 7 m from the base. In fact, there was a slight
decrease in the measured pressures at level 2, 0.7 m above the
silo floor, caused by looser material just above the dome and
around the periphery of the silo. It may be stated therefore that
the horizontal loading on the walls reached a limiting value
within the top two-thirds of the silo. However, the average pres
sure around the bottom unloader was much higher than this
limiting value. For instance, the peak pressure at level 1 was
almost six times greater than the maximum presure at level 2.
Further, the spread of the data for level 1 was of higher order
than that for any other level as shown in Fig. 5.

The distribution of normal force at level 1 is plotted in a
relative frequency histogram in Fig. 6. These data are slightly
skewed and there is evidence of humping or central tendency
with over two-thirds of the observations falling in the range of
3100-4000 N. To determine an empirical distribution for these
data, a method outlined in Hahn and Shapiro (1967) was
employed. Parameters representing the square of the standard
ized measure of skewness and the standardized measure of

peakedness were plotted on a chart. This point fell in a region
that is not covered by any of the various distributions indicated
on the chart.
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Figure 3. Schematic layout of system components.
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Figure 5. Comparison of design formulas with measured wall pres
sures in a bottom-unloading silo.

The lateral pressures predicted by some design formulas are
also shown in Fig. 5 together with the experimental data. The
design diagram recommended by Dickinson and Jofriet (1984)
was obtained from Eqs. 1 through 5. The International Silo
Association (1981) curve was calculated using the equations
and example properties of haylage provided in the American
standard for bottom unloading monolithic concrete farm silos.
The CFBC (1983) pressure—depth curve was determined from
the formula given in the document for a 6.1 x 21.9-m silo.

It is apparent from Fig. 5 that with the exception of the
unloader zone the measured pressures are lower than the pre
dicted values. The Canadian design code (Canadian Farm
Building Code 1983) does not have any provisions for bottom-
unloading silos and would therefore yield grossly inaccurate
results if used for these structures. The design diagram obtained
from the Dickinson-Jofriet method (1984) compares favorably
with the observed values up to a height of 0.7 m above the silo
floor. Below this height the method underestimates the wall
pressures. The same applies for the ISA curve except that it
provides a more realistic horizontal pressure distribution in the
unloader zone. However, the depth over which the localized
overpressures are distributed is somewhat exaggerated by both
methods. In passing, it is noted that the finite element method
results by Dickinson and Jofriet (1984) provided overpressures
in the unloader region that were 3 to 4 times those fiirther up.
But the experimental results (Fig. 5) indicate considerably
higher pressure at level 1. The most likely reason for this dis
crepancy is that the finite element method cannot deal with the
high gradients in stress that seem to occur around the unloader
zone unless a very dense mesh of elements is used.

Chebyshev's theorem guarantees that at least 3/4 of the data
will be found within two standard deviations of the mean

regardless of the distribution of data. Accordingly, if the upper
limit of this interval is chosen for design, at least 87.5% of the
experimental data will lie below the specified design pressure.
This value works out to 151.525 kPa for the unloader zone

260 NEGI, JOFRIET, QUAH, AND BELLMAN



180
30 50 70

LATERAL PRESSURE .
90 HO 130

T

kPa
150
"1—

170
—I—

150

en

z

- 120
I-
<
>
QC
UJ

CD

O

CC 60
UJ

ffi

25
3

Z
30-

SKEWNESS - 0.507

KURTOSIS 2.766

SPECIFIED DESIGN
PRESSURE

( X +2» )
0.25

- 0.20 >

z

UJ

3

a

0.15 W
QC

UJ

>

0.10

UJ

0.05

1000 1900 2800 3700

NORMAL FORCE , N

Figure 6. Distribution of normal force at the unloader level.

(level 1). Substituting this figure for/? in Eq. 5 along with the
ph value computed from Eq. 2 gives an overload factor of about
3. Further, as the overpressures can be distributed over a max
imum depth of 0.70 m (below level 2) or a minimum of
0.525 m (below midpoint of levels 1 and 2), an average of
0.61 m or D/10 may be used for design purposes.

From the foregoing data and description it may be inferred
that the orderof the wall pressureswhich will be developed by
alfalfahaylagein a bottom-unloading silo can be calculated by
the Dickinson-Jofriet method for the regions: 0 < z < H/2 and
HI2 <z < (//-D/10). But the design horizontal pressure in the
unloader region should be computed by:

= 3^
K

D ,
H \<z<H

10
(9)

CONCLUSIONS

(1)The sweep-arm bottom unloader creates a dome-shaped cav
ity which increases the wall pressures considerably near the
bottom of the silo where the support reaction of the dome
occurs. Wide oscillations also occur at this level because of the

impact imparted by intermittently falling material.
(2) The magnitude of haylage pressures in the unloader zone
increased steadily for almost 3 mo after the initial filling, but
during this time the second- and third-cut materials were also
added. The pressures then levelled off for about 2 mo before
beginninga steady decline for the remaining period of storage.
(3) During the 10-wk period when the loading was most severe,
the wall pressures at the unloader level were 5-6 times greater
than those recorded at higher levels in the silo.
(4) With the exception of the unloader region the normal force
did not vary significantly below the 7-m level. That is to say,
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the horizontal loading on the walls reached a limiting value
within the top two-thirds of the silo.
(5) The Dickinson-Jofriet method may be used for predicting
the distribution of pressure in bottom unloading silos with some
modifications. The design horizontal pressure on the lower part
(D/10) of the wall should be computed by Eq. 9, which has a
larger overpressure factor and a smaller depth region than those
given in the above formula.
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