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Negi, S.C.,Quah, S. and Jofriet, J.C. 1990. Experimental verification
of the proposed Canadian farm building code for bottom-unload
ing silos. Can. Agric. Eng. 32:309-313. A review of the proposed
Canadian Farm Building Code for bottom-unloading silos and the ISA
recommended practice for the design of these structures is presented.
Experimental results of haylage pressure measurements in a full-scale
concrete silo provide a comparison with the predictions of the above
design standards. Reasonable validation of the Canadian code is
shown. The design formulae in the proposed code also provide a
conservative estimate of the overpressures in the unloader region.
These overpressures seem to be concentrated over a relatively small
depth of 0.1 times the silo diameter. The magnitude of the pressure
peaks at the unloader arm can be as much as five or six times the
maximum wall pressure at higher levels in the silo.

INTRODUCTION

The present Canadian design standards for farm tower silos
(CFBC 1983) apply only to top-unloading concrete silos and a
narrow range of crops and filling conditions. Recent research
conducted with the aid of modern experimental and analytical
techniques has provided new information for a wider range of
silage crops, silo wall materials and unloading systems. As a
result of these findings, the Associate Committee on the National
Building Code of Canada has developed a comprehensive pro
cedure for finding the loads on these storage structures. The
proposed changes to the Canadian Farm Building Code are
currently under review by the public. If adopted, the revised
version is due to be published in 1990.

One of the major features of the new code is a section on the
design of atmosphere controlled (oxygen - limiting), bottom-
unloading tower silos. They are commonly used for storing
forages and silages having a maximum moisture content not
exceeding 65% (wet basis). Since the container must be rea
sonably airtight, it is usually built of either steel or
cast-in-place concrete. There has been a steadily increasing
demand for bottom unloaders in new silos because they pro
vide a fully automated feed handling system and there is no
need to climb the silo for unloader service. In addition, the first
in - first out feature is well suited for forage materials which
are cut at least two or three times during the growing season.

Two types of bottom unloaders are presently used in tower
silos, namely the flail and sweep-arm type. Most farm silos
have a rotating sweep-arm which runs on the floor. It moves
the silage through a central opening onto a conveyor which
delivers it to the feed bunk. This type of unloader tends to form
a dome-shaped cavity with a base diameter 100-200 mm less
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than the diameter of the silo (Dickinson and Jofriet 1984). The
presence of this cavity affects wall pressures near the bottom
of the silo where the support reaction of the dome occurs. The
superimposed mass is supported by a 100 to 300 mm wide ring
of silage that rests on the floor at the periphery of the dome.
The arching effect of silage around the dome greatly increases
the lateral wall pressure near the bottom of the silo. These
overpressures are distributed over a relatively small depth
equal to about one-sixth the silo diameter. Impact loads are
also imposed at this level when an arch collapses and a large
mass of silage falls, usually at discrete intervals.

The objectives of this paper are: (a) to present the proposed
changes to the Canadian Farm Building Code for bottom-un
loading tower silos; (b) to review the International Silo
Association Standard for bottom-unloading farm silos; (c) to
report the results from two years of tests in a concrete silo
equipped with a bottom unloader; and (d) to compare the
experimental results with the silo design standards in the
United States and the proposed Canadian code. The experi
mental data presented in this paper were obtained over two
consecutive years in an instrumented silo at a dairy barn
situated 55 km from the University of Guelph. In previous
work concerned with this silo (Negi et al. 1988) the wall
pressure data from the first year were published.

PROPOSED CANADIAN FARM BUILDING CODE

The provisions of the proposed code are applicable for high
moisture grains and whole plant silage in Class I silos. The
classification of silos is based on silage moisture content M
(% w.b.), wall height Hb (m) and silo diameter D (m), as

Class I: M < 80 - 0.5 (Hb + D)
Class II: M > 80 - 0.5 (Hb + D)

Since bottom-unloading silos are used for high dry matter
forage crops (M < 65%), they would generally fall under the
first category, i.e. Class I silos. In these cases the ensiled
material is not sufficiently wet to become saturated, and there
fore hydrostatic pressure is not taken into account in design
calculations. The distribution of lateral wall pressure L is
determined by the following formulae

Region One 0<H<Hm
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L = L0 + (Lm- L0) —
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Region Two Hm< H< (Hb - g)

L = Lm+ (1.25 Lb - Lm)
(H - Hm)
(Hb- Hm)

Region Three

L = \2Lb/K

where
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(Hb - —)<//< //*
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(1)

(2)

(3)

L0 = lateral pressure at top (4 kPa)
Lm = lateral pressure at depth Hm (kPa)
Lb = lateral pressure at bottom (kPa)
H = depth below silage/grain surface (m)
Hm = Hb/2 for whole plant silage, H\J3 for high moisture

grains (m)
K = ratio of lateral to vertical pressure

The lateral pressures at depths Hmand Hb are estimated with
the Janssen formula using the average density of silage at Hm
and 1.2 times the average density at Hb (Jofriet 1980).
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L>= L2 P«v *° [1- e"4^^/Z)]
where

(4)

(5)

pav = average mass density (kg/m)
g = gravitational constant (m/s2)
\i = coefficient of wall friction.

Sincetheaveragebulkdensitiesin wholeplant silageandhigh
moisture grains occur approximately at one-half and one-third
of the total depth, respectively, Lm values are calculated at
these depths for the two materials (Jofriet and Negi 1986).

In the 1990 edition of the CFBC, extensive data on the
design parameters are also included. Values of friction coeffi
cients are tabulated for a variety of structural materials, whole
plant silage and grains. The ratio of horizontal to vertical
pressure is provided for agricultural materials commonly
stored in silos. In addition, average bulk density values for
grains and silages are listed as a function of moisture content
and silo diameter. This is a considerable improvement over
other standards including the 1983 CFBC, since the effect of
moisture content would be of critical significance.

INTERNATIONAL SILO ASSOCIATION STANDARD

Farm silo design is guided in the United States by the provis
ions of the International Silo Association (ISA Standards
Committee 1981). Again, the Janssen equation forms the basis
for the American standard. Above the unloader zone the verti
cal stress q and lateral pressure L are computed by
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L = Kq

H _ e-^KH/D] (6)

(7)

The bulk density and the pressure ratio are specified as linear
functions of the vertical stress:

e = po (I + nq)

K = Ko(\+mq)

(8)

(9)

where p<?, K0,m and n are experimentally determined material-
dependent constants. Their values are given in the standard for
whole plant silage and high moisture grains.

In the unloader zone the lateral pressure is to be computed
by:

L = 0.054 qbD (Hb-l)<H<Hb (10)

where D and Hb are in feet, and qb is the vertical stress in psf
calculated atH = Hb from Eq. 6. The transition from Eq. 7 to
Eq. 10 is linear over a height from 1 ft to D/6 above the silo
floor.

EXPERIMENTAL DETAILS

Experiments were conducted in a 6.1 x 21.9 m oxygen -
limiting, bottom-unloading, concrete tower silo on a farm near
Baden,Ontario.Fifteen pressure transducers were placed sym
metrically aroundthecircumference (120°apart)at 0.35,0.70,
1.05, 1.40 and 7.0 m above the silo floor, providing three
measurements at each of the five levels. Each transducer con
sisted of an inverted L-shaped frame connected to a 200-mm
diameter concrete pad, which fitted in a hole provided in the
wall at the time of silo construction. Eight strain gages were
bonded to the frame to form four wheatstone half-bridge cir
cuits. The strain data were used in the elastic flexure formula
to determine the moment at each bridge location. These mo
ments were expressed in terms of the three unknown reaction
components (normal force, friction force and a couple acting
on the concrete pad), which were obtained by simultaneous
solution of the moment equations. The transducers were cali
brated in the laboratory by loading/unloading in the normal
and tangential directions and recording the strain output.

The silo was filled with 1st,2nd and 3rd - cut alfalfaduring
the growing season for two consecutive years. To determine
the average density of haylage in the silo, all forage wagons
were weighed during the filling process, and a batch mixer was
used to monitor the amount of feed removed per day. Haylage
depths were recorded at weekly intervals during the storage
period. Pressure measurements were taken every four hours by
means of a microcomputer controlled data acquisition system.
All peripherals were controlled by a data acquisition program,
which also reduced and stored the data on magnetic tapes. The
schematic layout of the measuring system components is
shown in Fig. 1.

COMPARISON WITH EXPERIMENTAL RESULTS

Figures 2 and 3 show the maximum, minimum, mean and
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Fig. 1. Layout of instruments.
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Fig. 2. Predicted lateral pressures compared to
experimental results (First year). Plotted points
at five levels of elevation represent mean,
minimum, maximum and mean plus/minus one
standard deviation.
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mean plus/minus one standard deviation (s) of measured hay
lage pressures at each level for the first and second year
respectively. It can be seen that with the exception of the
unloader level, 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 average value of
measured pressures at level 2, 0.7 m above the silo floor.
This is consistent with the finite element results reported by
Dickinson (1982), where the model shows a drop in lateral
pressure at the region just above the unloader arm. The atten
uation may be attributed to looser material sitting just above
the dome and around the periphery of the silo.

The lateral pressures predicted by the American standard
(ISA 1981) and the proposed Canadian code (CFBC 1990) are
also shown in Figs. 2 and 3 together with the experimental
data. It is evident that the lateral pressures calculated by the
ISA method are somewhat lower than those predicted by
CFBC or obtained experimentally. This is because the values
of haylagedensity, pressure ratio and friction coefficient sug
gested by ISA are lower than those reported in the literature.
For instance, ISA recommends a pressure ratio of 0.20 at the
top and 0.28 at the bottom for the present conditions, but the
published values of K for grasssilage including alfalfa range
from 0.40 to 0.60 (Wood 1971; *t Hart et al. 1979; LeLievre
andJofriet 1984). Also, according to ISAthe haylage density
at M = 59% varies from 416 to 591 kg/nr over the height of
thissilo.Jofrietet al. (1982) found thatalfalfa density at 60%
moisture content varies from 360 kg/m3 atthe stress-free upper
surface to930 kg/m3 at the bottom ofthe silo.

From a comparison of thedataat the unloader level (level 1)
in Figs. 2 and 3, it is noted that the overpressures recorded in
the second season, when the average moisture content of al
falfa was55%,werehigher than in the first season when Mav
wasabout40%. In bothyearsthe peakpressure at level 1 was
almost six times the maximum pressure at level 2. It is also
seen that the depth over which the localized overpressures
were distributed was around 0.6 m or D/10. This is signifi
cantly smaller than D/5, the value recommended byDickinson
and Jofriet (1984).

Although the overpressures recorded are much greater than
the predicted values, there is no danger of structural failure.
This is due to the ability of thin-walled silos to distribute
concentrated ring loads. In this context it has been stated
(Dickinson 1982): "Thebending strength of thin walled struc
tures such as silos is very small compared to their ability to
withstand high hoop stresses. But their ability to distribute
concentrated ring loads is significant enough to render an
'envelope of movable local overpressures' relatively useless
for structural design." Therefore if the total overpressure is
considered asa lateral force perunitofcircumference, then the
results inTable I provide a useful comparison ofexperimental
data with the predictionsof the Americanand Canadiancodes.
For these calculations the depths of overpressure region and
the corresponding pressure distributions were obtained from
the two codes. Asfor theobserved data, the lateral pressures
were assumed tobeconstant below level 1andtovary linearly
between levels 1 and 2.

The measured overpressures yield a mean lateral force of
56kN/m ofcircumference for year 1when the average mois
ture content was 40%, and a circumferential force of 67 kN/m
for year 2 when Mav was 55%. The overpressure predicted by
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the American standard works out to 49 kN/m of circumfer
ence. Thus the ISA curve underestimates the overpressures at
the unloader level, particularly when the moisture content of
the ensiled material exceeds 40%. If the experimental results
are regarded as the basis for comparison, the validity of the
predictions based on the proposed CFBC formulae is con
firmed in Table I and Figs. 2 and 3. This design curve covers
most of the recorded wall pressures and provides a reasonable
estimate of the overpressures in the unloader zone, predicted
54 kN/m versus observed 56 kN/m in the first year and pre
dicted 79 kN/m vs measured 67 kN/m in year 2. It also takes

Table I. Experimental and predicted overpressures in the
unloader region.

Lateral force per unit of circumference, F

(kN/m)

Yearl Year 2

Source M = 40% M = 55%

Expt Fav 56 67

Fav + S 63 76

Fmax 75 88

Code CFBC 54 79

ISA 49 49

into account themoisture variation of theensiled crop.

CONCLUSIONS

(1) The overpressures recorded at the unloader arm were sig
nificantly higher than those measured further up. Their
peaks were 5-6 times themaximum wallpressure observed
at higher levels in the silo. These overpressures occurred
overa relatively smallheightof0.6m(D/10) above thesilo
floor.

(2) The predictions based on the American standard compared
favorably with the measured values atalllevels except the
levelof the unloader. The designcurve underestimated the
overpressures in the unloaderzone, especiallyat moisture
contents above 40% (wet basis).

(3) The proposed Canadian Farm Building Code for bottom-
unloading silos provided a reasonable estimate of the
horizontal loading on the walls of the test silo. When the
overpressures in the unloader zone were expressed as a
lateral force per unit of circumference, theagreement be
tween the average of measured values and calculations
from theproposed CFBC formulae wasquiteclose.
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