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This paper uses results from a large number ofpressure-density tests of whole shelled, ground shelled and ground ear
corn toanalyze thebehaviour ofthese materials when stored intower silos. The paper contains formulae that can beused to
estimate the vertical static stress in the high moisture cornas wellas the static pressuresexerted on the silo wall. Various
example wall pressure curves show that they are inmost cases less than those specified in the Canadian Farm Building
Code and in the standards of the InternationalSilo Association. A simplebilinear design load curve has been included. The
effect of cavities formed by bottom unloading equipment has not been considered.

INTRODUCTION

The ensiling of high moisture grains for
use as on-farm feed continues to increase

for several reasons, one of the more im
portant being the high energy costs of arti
ficial drying. Published information on the
design-loads appropriate for high moisture
grain storage structures is scanty. The au
thors know of some designers who use
greater loads than those assumed for
whole-plant corn silage and others who
use identical designs for whole-plant sil
age and high moisture corn.

Standards for the structural design of
tower farm silos in Canada are published
in the Canadian Farm Building Code
(CFBC) (1977). In the United States, farm
silo design is governed mainly by the In
ternational Silo Association (ISA)

Standards for concrete stave silos (1974)

and monolithic poured-in-place silos
(1978). These codes and standards deal
primarily with the storage of whole-plant
silages. There appears to be a lack of gui
dance for other materials. The CFBC

(1977) states that "concrete tower silos
designed from this formula (lateral press
ure formula for whole-plant corn silage not
over 70% moisture content) are reasonably
safe for normal shelled corn pressures."

Jofriet and Czajkowski (1980) investi
gated analytically and numerically the dis
tribution of pressures in corn silage. Jofriet
(1980) used these to suggest a rational
procedure for estimating structural loads
on the wall of a cylindrical silo. The
method is an adaptation of the well-known
Janssen (1895) formula using a density-
depth relationship based on density-
pressure tests. Such tests have now also
been carried out for whole shelled corn,

ground shelled corn and ground ear corn of
the 1978 and 1979 harvests (Jofriet and

Daynard 1980). The objective of this pre
sentation is to use results of these tests to

predict the static horizontal pressures

caused by high moisture corn in cylindric
al tower silos.

MATERIALS AND METHODS

The pressure-density tests were carried
out in 1978 and 1979 using the method
developed by Daynard et al. (1978) and
used also by 't Hart et al. (1979). Plant
material was collected on three dates dur

ing September and October of 1978 and
1979 from a field seeded with the dent

corn hybrid PAG SX111 using standard
cultural techniques. At each date, grain
samples were harvested with a conven
tional combine operated at the minimum
cylinder speed and maximum concave
clearance ensuring removal of at least 98%
of kernels from the cobs (95% for grain
above 35% moisture). Grain as harvested
was used directly for consolidation tests of
whole shelled corn. To produce ground
shelled corn, combine-harvested grain
was passed through a 'Kools' grinder-
blower equipped with a 29-mm recutter
screen. For ground ear corn, ears (minus
husks) were collected from the field on
each of the dates indicated above, and

passed through the Kools grinder-blower
with a 29-mm recutter screen.

Freshly harvested material was re
moved from the field and loaded in 200-

mm diameter P. V.C. model silos within 2

h of harvesting. After weighing, moisture
and initial density determination, the sam
ples were subjected to a vertical loading
supplied by a simple lever arrangement
made of a steel channel and concrete

blocks (Fig. 1). The samples were about
400 mm high before loading and the mate
rial was contained in a thin polyethylene
bag. Each specimen was subject to a con
stant loading; the density was measured
before loading, immediately after loading
and subsequently at days 1,3, 10 and 30.
A summary of the various tests under dis
cussion is provided in Table I. There were
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two replications for each test for a total of
54 tests in 1978 and 72 tests in 1979.

The measured volumes, together with
the masses of the specimens, were used to
calculate the densities at 1,3, 10 and 30
days. The average vertical pressure in the
specimens was calculated using an ex
pression for the vertical pressure, pv. simi
lar to Eq. 4 to be presented later (Jofriet
1980). In this, a measured average value
of pl\ the product of the coefficient of
friction p, and the horizontal to vertical
pressure ratio k, of 0.07 was used.

Most silages behave like a strain-
hardening material; the deformations that
take place under stress increase the rigidity
of the material. The resulting density-
stress, or in this case the density-vertical
pressure relationship can in general be ex
pressed by:

y(Pv) = ["Vo + a (1
100

(1)
(100 - M)

where 70 is the dry matter density at zero
pressure, a and b are dry matter material
constants, and M is the moisture content in
percent (wet basis). The experimental re
sults for the three types of high moisture
corn were used to calculate dry matter
densities and then to find the best-fit

values for the initial dry density 7 and the
dry matter material constants a and b. The
results of this data reduction operation are
shown in Table II.

Assuming that the mass density, 7, of a
cylindrical lamina of the stored material is
uniform and that the vertical pressure, pv,
is dependent on the vertical coordinate z
only (Jofriet 1980) then

djK
dz

Pp, yg (2)

in which B = 4|xA7D, D = silo diameter,
and g = acceleration of gravity.

Equation 1 into Eq. 2 can be solved
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Figure 1. General arrangement of pressure-density tests.
numerically for a specific silo size and a
specific set of material constants. This is
cumbersome and unsuitable in most cases
for purposes of design. However, if a den
sity-depth relationship can be obtained,
thena closed form solution to Eq. 2 can be
obtained. Such relationships were obtain
ed for whole shelled, ground shelled and
ground ear corn by using Eqs. 1 and 2 for
solving densities and pressures in a wide
range of silo sizes and for moisture con
tents ranging from 25 to 35% for whole
and ground shelled corn and 30 to 40% for
ground ear corn (Jofriet and Daynard
1980). The results of this investigation can
be summarized in the density-depth ex
pression

y(z) = [y„ + p(\ - e-"1) 100

(100

in which 70 is again the initial dry density
and p and q are new dry matter material

TABLE I. SUMMARY OF 116 PRESSURE-

DENSITY TESTS

Series

Moisture content (wet basis) (%)

Year WSCt GSCt GF.C+

1978+

1979!)

1

2

3

1

2

3

31 37 41

31 31 35

21 21 22

40.1 40.4 42.7

32.8 32.9 34.5

24.4 24.9 28.6

*WSC = wholeshelledcorn;GSC = groundshelled
corn: GEC = ground ear corn.
t-Each moisture content was tested at three applied
pressures (4.5. 19 and 103 kPa).
s-Each moisture content was tested at four applied
pressures (4.5. 21. 65 and 110 kPa).

constants. Values for/? and q are provided
in Table III.

WALL LOADS IN SILOS

The density model of Eq. 3 can be sub
stituted in the differential equation, Eq. 2,
and then solved for the vertical pressurepv

H = iy"' +//)s (I -**) +

PJ_ (e Ita 34 e V)
0"?

(4)

in which 7,/ and// equal 100/(100 - M)
times 70 and/;, respectively. It is assumed
in this solution thatp{0) = 0. The lateral
wall pressures can be obtained from Eq. 4
by multiplying pv by the pressure coeffi
cient k i.e..

P„ = k P, (5)

Jofriet (1980) has shown that Eq. 3 can
also be incorporated in the solution of the
vertical wall load from friction. At a

depth, h, below the top of the silage the
total friction force, F, carried by the wall
above that level can be shown to be:

F = u1ttD[3 'g(y0' + p') [h - (3"1 ") +

p'g($ - <?)"' (P"1 + q'e^ - 0 Vs" -</')]
(6)

This friction force is a fraction of the total

weight of the material above the level at
depth h which is

W 0.25irD2g [/?<-y(/ + p') + p'q ' U'1 1) 1(7)

The CFBC (1977) specifies for the
horizontal load on the wall of a concrete
farm silo:

TABLE II. MATERIAL CONSTANTS FOR DETERMINING DRY MATTER DENSITY WITH
Eq. 1

Year

1978

1979

Material

WSC

GSC

GEC

WSC

GSC

GEC

(kg/m')

500

500

400

500

500

400

'M = moisture content in percent (wet basis)
%T = duration of loadinc in days.

A

(kg/m3)

65.2 + 2.32 Mi" + 16.2 InTt
-3.52 + 5.62 M + 20.7 InT
-43.5 + 6.40 M + 8.89 InT

11.3 + 4.05 M + 18.9 InT

-52.0 + 7.43 M + 16.8 InT

-194 + 11.6 M + 13.9 InT

B

(kPa

0.027

0.044

0.043

0.050

0.050

0.040

Ph 0.55 h D" (8)

in which ph is in kN/m2; h is depth below
the top of silage in metres; andD is the silo
diameter in metres. The horizontal loads
by Eqs. 4 and 5 have been determined for a
number of different loading situations and
compared with those calculated with Eq. 8
in Figs. 2 to 8 inclusive.

Figures 2 and 3 show the loads for
whole and ground shelled corn of 25, 30
and 35% moisture contents in a 6.1 x
24.4-m concrete silo; Fig. 4 presents the
same loads for ground ear corn of 30, 35
and 40% moisture contents. The value for
k was assumed to be 0.5 in all cases (LeLi-
evre et al. 1980); the friction coefficient p,
was assumed to be 0.6. The CFBC (1977)
design formula provides wall pressures
that are very close to those calculated by
Eqs. 4 and 5 in the upper half of the silo. In
the lower half it appears to be very con
servative for all types of high moisture
corn.

Figure 5 presents the loading diagrams
for a 6.1 x 24.4-m concrete silo for 30%
moisture content whole and ground shel
led corn, and groundear corn in one plot.
Comparison of the three loading curves
shows that there is not a great amount of
difference between the behaviour of the

TABLE III. MATERIAL CONSTANTS FOR
DETERMINING DRY MATTER DENSITY

WITH Eq. 3

Material

WSC

GSC

GEC

7o

(kg/m3)

500

500

400

P

(kg/m')

180

240

240

(m ')

0.17

0.19

0.16

25 38 35 48 45 58

LATERAL PRESSURES CkPa)

SILO SIZE=6.1X24.4; U=0.6; K=0.5

Figure 2. Lateral wall pressures for whole
shelled corn; moisture contents

25%, 30% and 35%; comparison
with CFBC (1977).
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25 38 35 48 45 58

LATERAL PRESSURES CkPo)

SILO SIZE=6.1X24.4; |>0.6; K=0.S

Figure 3. Lateral wall pressures for ground
shelled corn; moisture contents
25%, 30% and 35%; comparison
with CFBC (1977).

three types of high moisture corn. Ground
shelled corn pressures are about 10% grea
ter than those from whole shelled corn

which agrees with earlier findings that silo
capacities are 5-10% greater for ground
shelled corn. Ground ear corn, on the other
hand, exhibits wall loads 10% less than

does whole shelled corn.

The 6.1 x 24.4-m silo has an aspect
(height to diameter) ratio of four. The
effect of aspect ratio was pointed out
earlier by Jofriet and Czajkowski (1980).
Smaller aspect ratios lead to larger press
ures. To demonstrate that Eqs. 4 and 5
take account of this effect, Fig. 6 shows
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Figure 4. Lateral wall pressures for ground
ear corn; moisture contents 30%,
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CFBC (1977).
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Figure 5. Comparison of lateral wall press
ure for ground ear, ground shelled
and whole shelled corn; 30% mo

isture content.

loading diagrams for 3.7 X 15.2-m, 4.9
x 15.2-m and 6.1 x 15.2-m silos with

aspect ratios 2.5, 3.1 and 4.2, respective
ly. The material in Fig. 6 is ground shelled
corn with 30% moisture content. The

pressures for the aspect ratio of 2.5 are
about 50% greater than those for the 4.2
ratio.

All estimated loads in Figs. 2 to 6 were
based on the assumption that the produc
tion [ik equals 0.3. This assumption is
probably a good estimate for concrete
silos. The friction coefficient for steel silos

is less than for concrete ones and to indi

cate how this influences the magnitude of
wall loads some analyses were made with
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Figure 7. Lateral pressure curves from Eqs.
4 and 5, and the bilinear
approximation for whole shelled
corn; wall friction coefficients 0.6

and 0.4; moisture content 30%.

(x^ equals 0.2, a more appropriate value
for steel surfaces, especially if a smooth
hard coating is present. Figure 7 compares
whole shelled corn with 30% moisture

content in a 6.1 x 24.4-m silo fur \x.k =
0.2 and p.*; = 0.3. The load diagrams in
Fig. 8 are the same but for a 6.1 x 24.4-m
silo containing 35% ground shelled corn.

A comparison of the present wall press
ure results with earlier work on whole-

plant corn silage (Jofriet 1980) shows that
in similar silos high moisture corn exerts
less pressure than 70% moisture content
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Figure 6. Effect of silo height-to-diameter
ratio on lateral pressures for
eround shelled corn.
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Figure 8. Lateral pressure curves from Eqs.
4 and 5. and the bilinear

approximation for ground shelled
corn: wall friction coefficients 0.6

and 0.4; moisture content 35%.
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whole-plant corn silage even when possi
ble hydrostatic pressures are neglected.
Top-unloading silos designed for 70%
whole-plant corn silage are therefore quite
safe for the storage of high moisture corn.

WALL DESIGN LOADS

Equations 4 and 5, and the resulting
curved loading diagram, can be used
directly for the structural design of tower
silo walls. Alternatively, Jofriet (1980)
suggested a bilinear approximation to the
curved loading diagram from Eqs. 4 and 5
using the well-inown Janssen formula pro
viding an even simpler design curve, that
is:

=7Dg,, _
Ph '-) (9)

4».

For whole-plant corn silage Jofriet (1980)
proposed that this bilinear approximation
be formed by using ph = 0 at the top. a
mid-height horizontal pressure calculated
with Eq. 9 by using the average bulk den
sity for 7 and a bottom pressure calculated
again with Eq. 9, but using 1.2 times the
average bulk density for 7.

A similar scheme is suggested for high
moisture corn, but with the difference that
the middle point of the bilinear approxima
tion be calculated at a depth equal to one-
third of the total silo height. This is to take
account of the fact that the average bulk
density in high moisture corn occurs at
about one-third of the total depth whereas
with whole-plant silage this point occurs at
about mid-height.

Figures 7 and 8 show the bilinear
approximation as a chain-dotted line. In all
cases the bilinear loading diagram is very
similar to the curved loading curve and
would be an adequate approximation to it
for design.

*t Hart et al. (1979) estimated that
whole-plant corn silage becomes saturated
(i.e. effluent begins to be forced out) when
the material is consolidated to a point
where only 10% gas volume remains.
LeLievre et al. (1980) found in triaxial
tests that ground shelled corn became satu
rated at 7.5% gas volume. They also mea
sured the plant material density to be 1575
kg/m3. The latter test results can be ex
pressed in terms of density at saturation as

1434
(10)

1 + 0.0055 M

At a moisture content of 35% this would

mean a density at saturation of about 1200
kg/m3, a densitynot likelyto be reached in
a silo containing high moisture corn.
Hydrostatic pressures, in addition to those
discussed earlier, are therefore not a prob
lem in designing for lateral pressures for
high moisture corn.
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High moisture corn is often stored in a
bottom-unloading silo. Depending on the
type of unloading equipment used there
will be horizontal wall loads in addition to

the simple static loads discussed earlier in
this section. There may at times be some
dynamic loads due to the moving material
although most of the materials discussed
herein cannot be classed as free flowing.
Probably of more significance are the
additional and abnormal horizontal wall

loads resulting from the arching over the
cavities formed by the unloading equip
ment and from "rat-holing." These
additional wall loads are presently under
study at the University of Guelph.

SUMMARY AND CONCLUSION

The results of a large number of labora
tory pressure-density tests of whole shel
led, ground shelled and ground ear corn
were used to produce a density-vertical
pressure model for this material when
stored in a tower silo. A further analysis
yielded a density-depth relationship as
well. The latter model has been used to

provide expressions for the vertical and
horizontal pressures in the stored material
(Eqs. 4 and 5).

The pressures estimated with Eqs. 4 and
5 are in most cases less than those

specified by the Canadian Farm Building
Code (1977). The CFBC lateral pressure
formula in turn is less conservative than

those provided by the standards of the In
ternational Silo Association. The high
moisture corn wall pressures are in all
cases less than those caused by 70% mois
ture content whole-plant silage, even with
out taking account of the hydrostatic pres
sures that often occur with whole-plant
silage. Thus the statement in the CFBC
(1977) that a silo designed for 70% mois
ture content whole-plant corn silage is
adequate for normal shelled corn pressures
is conservative.

This paper also presents a simplified
method for determining wall loads of a
tower silo containing high moisture corn.
The loading diagram is a bilinear curve
approximating the typical exponentially
decaying load curve. This simplified
method is ideally suited for incorporation
in a building code or standard.

NOMENCLATURE

a,b,p,q, = material parameters
D = diameter of a silo (m)
e = base of natural logarithm
F = total friction force (N)
g = accleration of gravity (m/s2)
h = depth below top of stored ma

terial in a silo, (m)
k = ratio of horizontal to vertical

pressure

M

Ph

Pv

T

z

W

0

7

70

moisture content (wet basis)

(%)
horizontal pressure (Pa)
vertical pressure (Pa)
initial value of vertical pres
sure (Pa)
time (days)
vertical coordinate, mea
sured from top (m)
total weight of stored ma
terial (N)

4 |xk/D (irf1)
coefficient of friction bet

ween stored material and silo

wall

mass density (kg/m3)
mass density at p = 0 or at z
= 0 (kg/m.3)
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