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This paper is concerned with the density-pressure relationship of whole-plant corn silage with moisture contents in
the range of 65-80%. Experiments were conducted during the fall of 1982 in which freshly harvested material was
ensiled under three vertical pressure levels and measurements of density were made over a 60-day period. In addition,
a series of tests was carried out to determine the product of the wall friction coefficient and the ratio of horizontal to
vertical pressure. The test results were used to produce a model for the dry density of corn silage in terms of vertical
pressure, loading time and moisture content. This model was then used to predict capacities of tower silos and lateral
pressures on the silo wall. The effects of wall friction and moisture content on the magnitude and distribution of silage
pressures were examined.

INTRODUCTION

Recently, the interest in ensiling corn at
low dry matter percentages has grown rap
idly due to the development of early ma
turing hybrids in Canada. Associated with
this has been research on the feasibility of
harvesting and ensiling corn when less
than fully mature for satisfactory livestock
feed. Since filling with high-moisture sil
age may result in excessive pressures on
the silo wall, it is also imperative to eval
uate the safety and adequacy of the exist
ing storage facilities. However, in North
America there are at present no standards
available for the structural design of tower
silos for silages with less than 30% dry
matter content. Thus, the present study
was undertaken with the following spe
cific objectives: (a) to determine pressure-
density relationship for whole-plant corn
silage of low dry matter content ensiled in
laboratory silos; and (b) to use this rela
tionship to predict silo capacities and lat
eral pressures on the silo wall. In previous
papers the results of similar tests on alfalfa
haylage (Jofriet et al. 1982), and on whole
shelled, ground shelled and ground ear
corn (Jofriet and Daynard 1982) were pub
lished.

THEORETICAL BASIS

Two cases have to be considered. In the

test environment silage is stressed verti
cally in a cylindrical vessel with a consid
erable stress applied to the top of the spec
imen. The silage density is virtually
uniform. In a 'real' silo, on the other hand,
there is normally no stress applied to the
top of the body of silage and the silage
density varies considerably from top to
bottom. The expressions for uniform den
sity to be used for the evaluation of the

test results will be derived first, followed
by those used to determine the capacities
and wall pressures of silos.

Consider a horizontal elemental slice of

thickness dy at depth y in a cylindrical silo
of diameter D. Equilibrium of forces in the
vertical (Y) direction yields a first-order
linear differential equation of the type

~dy
+ Pa = yg (1)

where a = vertical silage pressure; 7 =
mass density; g = gravitational constant;
P = 4|xAVZ); |jl = coefficient of friction
between silage and silo wall; K = ratio of
lateral to vertical pressure.

In the test situation solving Eq. 1 with
constant density and applying the bound
ary condition ct(0) = a0 (Jofriet and Day
nard 1982) one obtains

yg ^ / yg\
CT = +1 (T0 1

P V |3 /
(2)

in which a0 is the pressure applied at the
top of the cylinder. The average vertical
pressure is then obtained from

= £ J o* (3)

where H is the overall height of the spec
imen. The expression resulting from Eq.
3 is

<r0—2S
JR + i±_ ft —£~PH) (4)

The dry matter density-depth relation
ship of silage materials can be described
by an exponential function of the form
(Negi and Ogilvie 1977)
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y(y) = 7o + a{\ - e~by) (5)

in which 70 is the initial dry density at the
stress-free upper surface and a and b are
characteristic constants of the silage ma
terial.

The vertical pressure av in a tower silo
without a surcharge and variable density
is obtained by substituting Eq. 5 in Eq. 1
and solving for a with the initial condition
a(0) = 0 (Jofriet 1980):

(^°* + **>* (1 - e~») +

(6)

where 70* = 7o/(l - 0.01 M), a* = al
(1 -0.01 Af), and M = moisture content
in percent (wet basis). The lateral wall
pressure crh is then computed from

<rh K(TV (7)

The average bulk density 7av in a silo is
found by integrating Eq. 5 over the settled
depth of silage H and dividing by H
(Jofriet and Czajkowski 1980)

-n (7o+ *)*+!• «-«-£] <8>

In the cases of practical interest, the ex
ponential term is negligible, andEq. 8can
be written as

7av# = (7o + a)H (9)

Eq. 9 gives the dry matter capacity of a
silo per unit of cross-sectional area. The
actual capacity is determined simply by
multiplying the right-hand side of Eq. 9
by the area, substituting the material con
stants, and then dividing by (1 - 0.01 M).
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EXPERIMENTAL PROCEDURE
Whole-plant corn was harvested at ap

proximately weekly intervals during Sep
tember and October of 1982 from a field
of the corn hybrid TAG SX-111,' using
a forage harvester equipped with cutting
cylinder. Known quantities of the freshly
chopped material were loaded into 101.6-
mm-diameter cast acrylic cylinders and
subjected to three vertical pressure levels,
each replicated twice. The vertical pres
sure on top of the silage specimen was ap
plied through a simple lever arrangement
made of a steel channel and a cradle with
various weights of bricks and/or concrete
blocks. Measurements of silage bulk
densities were made in each cylinder pe
riodicallybetween 1 and 60 days after en
siling. Samples from each batch were also
taken for the determination of dry matter
contents by the toluene distillation pro
cedure.

A second series of tests was carried out
to determine the product of the friction be
tween the silage and the wall of the lab
oratory silo |x, and the ratio of horizontal
to vertical pressureK. Bigger cast acrylic
cylinders (203-mm diameter) were filled
at the same times and with the same whole-
plant cornsilage as in the previous exper
iment. The bottom of the cylinder con
sisted of a slightly smaller (200-mm di
ameter) plywood disc mounted on a load
cell, which was calibrated by plotting
pressureversus strain. The pressureon top
of the sample was appliedby means of the
aforementioned leverarrangement. Meas
urements of the load carried by the silo
base and the compressed height of the
specimen were taken at 24-h intervals over
a 5-day period.

RESULTS AND DISCUSSION
The experimental data on the variation

of silage density with pressure were uti
lized to produce a model equation of the
type

7 = 7o + c(l - e-t") (10)

where c and d are material constants. The
parameters c and d were determined by
submitting the computed values of aver
age pressures (Eq. 4) and dry matter dens
ities in a Fortran subroutine LEAST,
whichprovidesa least-squaresfit to a user-
defined model. The functional depend
ence of parameter c upon moisture content
M(percent) andloadduration T(days) was
then found using a stepwise regression
computer program. These operations led
to the following empirical expression:

7 = 120 + (-9860 - 45.4M +

3105.3 In M + 14.7 In T){\ - e-°02^) (11)
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where7 = drymatter density (kg/m3) and
a = vertical pressure (kPa). The R2 sta
tisticassociated withthisequationis 0.892
and a graphical comparison of predicted
and observed values of silage density is
depicted in Fig. 1. A reasonable validation
of thedensity model is shown in thefigure
as most of the points fall fairly close to the
equal value line.

Thedensitymodel (Eq. 11)is quitesen
sitive to changes in moisturecontent, time
and vertical pressure. For instance, the
densities increase with an increase in ver
tical pressure andasymptotically approach
the limitingvaluesat higherpressures.Li
kewise, the silage density increases with
time rather rapidly in the beginning but
quiteslowly later.Ascanbeexpected, the
dry matter density values increase with a
decrease in moisture content; e.g., a re
duction in M from 80 to 65% givesabout
11% greater value of 7 at T = 1 day and
a = 30 kPa.

Equation 11 applies to whole-plant corn
silage with moisture contents in the range
of 65-80%. In Fig. 2 the predictions of
Eq. 11 are compared to the results ob
tained using the methods of 't Hart et al.
(1979) and Nilsson (1982). Evidently the
proposed model gives the correct order of
density values for the moisture contents
reported by these investigators. A loading
period of T = 30 days was used for all
calculations since the settlement of silage
is essentially completed within this time.
It is also noticeable from Fig. 2 that all

8.
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Figure 1. Calculated and observed density values for corn silage.
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stress-densitycurves initially follow sim
ilar trends but the proposedcurves flatten
off at higher pressures, which is consistent
with the situation in an actual silage silo.

The product of the wall coefficient of
friction and the pressure-ratio, uJf, is re
quired for the calculation of average pres
sure (Eq. 4) in the foregoing data reduc
tion, as well as for the determination of
silo capacities discussed in the following
section. Since the variation of \lK with
moisture content did not exhibit a discern
ible trend, calculations were done using
average [lK values of 0.13, 0.17 and 0.22
for corn silage in acrylic, steel and con
crete silos, respectively. For a detailed de
scription of the indirect-friction test re
sults, the reader is directed to reference
Jofriet and Negi (1983).

Estimates of tower silo capacities for
whole-plant corn silage were obtained
from Eqs. 2 and 11. The numerical pro
cedure involved an iterative technique of
solving silage densities and pressures in
finite laminae, starting at the horizontal
stress-free upper surface. Computations
were carried out for a wide range of silo
sizes and moisture contents. In all in
stances T = 30 days was used in Eq. 11.
These results are summarized in Tables I
and II.

TableI showsthe capacities, in tonnes,
of concrete silos with friction coefficients
in the range of 0.4-0.5. As no information
is availablefor silageswithmorethan70%
moisture content, the predicted capacities

Equal Value Line

Silage Dens I"ties

350
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These equations apply to corn silage with
moisture contents in the range of 65-80%.

The effect of wall friction coefficient,
jul, on the magnitude and distribution of
lateral pressures, crh, is shown in Fig. 3.
The theoretical curves were calculated us

ing the following set of input parameters
in Eqs. 6 and 7: silo size = 6.1 x 18.3m,
M = 70%, 70 = 120kg/m3, a = 180 kg/
m3, b = 0.14 m_1, and A' = 0.5. As can
be expected, the lateral pressures atten
uate as the roughness of the wall in
creases. Also, as |x -> 0, the wall pres
sures approach a linear distribution. In
Fig. 3 the wall pressure diagram obtained
from the Canadian Farm Building Code
(CFBC 1977) is also shown for compari
son. This formula reads

ah = 4.8 + 0.58 yD055 (14)

Figure 2. Density-pressure relationship of whole-plant corn silage. in which ah is in kPa, y and D are in
metres. It can be seen that while the pre
dictions based on Eq. 14 may be some
what exaggerated near the top for a con
crete silo (|x = 0.45), they certainly
approach the proper values in the lower
portions of the silo. The CFBC recom
mended pressures, however, are not quite
safe for silos constructed in glass-lined
steel or other materials with friction coef

ficients below 0.35.

Figure 4 illustrates the influence of
moisture content on silo wall pressures.

cannot be compared at the 75 and 80%
levels. However, the capacities for 65 and
70% moisture contents are somewhat

lower than those suggested by the Ontario
Ministry of Agriculture and Food (1982).
The discrepancies decrease with an in
crease in silo diameter. For example,
while the difference is about 12 % for 3.7-

m-diameter silos at M = 70%, it is only
4% for 7.3-m-diameter silos. No ready ex
planation was found for these discrepan
cies except for the inherent error in ex
trapolation of model test results to full-
scale silos, especially if the similitude re
quirements have not been completely sat
isfied. In Table II the estimated capacities
of steel silos (|xAT = 0.17) are given. On
an average, these values are about 3%
greater than for concrete, owing to the
smoother walls of steel containers.

A comparison of the present capacity
results for corn silage with the published
information on alfalfa silage (Jofriet et al.
1982) indicates that corn silage is consid
erably lighter than grass at all moisture
levels. It seems that the packing of grass
is tighter than corn silage under the weight
of superimposed mass in a silo. This can
be expected because the constituents of
grass silage areofmore uniform shape and
size than those of corn silage, which con
tains parts of tassels, leaves, stem, cobs
and kernels.

In accordance with the functional rela

tion given by Eq. (9), the dry matter ca
pacities of all silos in Tables I and II were
used in a regression analysis to determine
the material parameters a and b. These
values were then substituted into Eq. 5 to
obtain the dry matter density-depth rela
tionships for concrete silos

7 = 120 + 175 (1 - e-°-l«) (12)

and for steel silos

7 = 120 4- 185 (1 - e~°"y) (13)

where 7 is the dry matter density in kg/m3
and v is the depth below top of silage in
metres. Equations 12 and 13 can be used
for calculating vertical and lateral pres
sures as elucidated in Jofriet et al. (1982).

TABLE I. ESTIMATED CONCRETE TOWER SILO CAPACITIES FOR CORN SILAGE

Silo size Capacity in tonnes (1000 kg) for moisture content of

(m) (ft) 65% 70% 75% 80%

3.7 x 9.1 12 X 30 47 58 72 91

3.7 x 12.2 12 X 40 66 82 102 128

3.7 x 15.2 12 X 50 85 106 132 165

4.3 x 12.2 14 X 40 92 115 143 178

4.3 x 15.2 14 X 50 120 150 186 231

4.3 x 16.8 14 X 55 134 168 208 258

4.9 x 15.2 16 X 50 161 201 249 308

4.9 x 18.3 16 X 60 200 250 309 381

4.9 x 19.8 16 X 65 219 275 339 417

5.5 x 15.2 18 X 50 208 260 321 396

5.5 x 18.3 18 X 60 259 324 399 490

5.5 x 21.3 18 X 70 311 389 478 584

6.1 x 18.3 20 X 60 326 407 501 613

6.1 x 21.3 20 X 70 392 490 601 731

6.1 x 24.4 20 X 80 459 573 702 851

7.3 x 18.3 24 X 60 484 615 738 898

7.3 x 21.3 24 X 70 583 726 887 1073

7.3 x 24.4 24 X 80 685 852 1037 1249

7.3 x 27.4 24 X 90 787 978 1187 1425

9.1 x 24.4 30 X 80 1107 1370 1657 1984

9.1 x 27.4 30 X 90 1274 1574 1898 2265

9.1 x 30.5 30 X 100 1443 1780 2141 2545

9.1 x 33.5 30 X 110 1613 1986 2383 2827
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TABLE II. ESTIMATED STEEL TOWER SILO CAPACITIES FOR CORN SILAGE

Silo size Capacity in tonnes (1000 kg) for moisture content of

(m) (ft) 65% 70% 75% 80%

3.7 x 9.1 12 X 30 49 60 75 94

3.7 x 12.2 12 X 40 69 86 106 133

3.7 x 15.2 12 X 50 90 112 139 173

4.3 x 12.2 14 X 40 96 120 148 184

4.3 x 15.2 14 X 50 126 157 194 240

4.3 x 16.8 14 X 55 141 177 218 268

4.9 x 15.2 16 X 50 168 210 259 318

4.9 x 18.3 16 X 60 210 262 322 394

4.9 x 19.8 16 X 65 231 289 354 432

5.5 x 15.2 18 X 50 216 270 332 407

5.5 x 18.3 18 X 60 270 338 414 504

5.5 x 21.3 18 X 70 327 407 497 602

6.1 x 18.3 20 X 60 339 423 517 628

6.1 x 21.3 20 X 70 410 510 621 750

6.1 x 24.4 20 X 80 482 598 726 873

7.3 x 18.3 24 X 60 500 621 757 916

7.3 x 21.3 24 X 70 605 750 910 1094

7.3 x 24.4 24 X 80 711 880 1064 1273
7.3 x 27.4 24 X 90 819 1011 1219 1452

9.1 x 24.4 30 X 80 1139 1403 1688 2011
9.1 x 27.4 30 X 90 1312 1612 1933 2294

9.1 x 30.5 30 X 100 1487 1823 2179 2577

9.1 x 33.5 30 X 110 1663 2034 2425 2861

The magnitude of horizontal pressure in
creases with an increase in moisture con
tent. Again the CFBC (1977) pressure
curve is plotted as a reference. It is ap
parent that the CFBC recommendation is
quite conservative for silages with less
than70%moisture content,providing that
the silo walls have friction coefficients
similar to concrete. However, the Cana

dian design code underestimates the hor
izontal loading on the walls of the silo if
the ensiled crop is much wetter than 70%
moisture.

CONCLUSIONS

The results of this study provide quan
titative information, hitherto scanty, on
tower silo capacities and lateral pressures

for whole-plant corn silage with less than
30% dry matter content. From the data and
description presented, the following may
be concluded:

(1) The proposed density model (Eq. 11)
can be used in conjunction with Eq. 2 to
estimate capacities of silage silos.
(2) Corn silage is significantly lighter than
grass silage at all moisture contents owing
to the relatively uniform particle size and
consequently a tighter packing of the latter
in a silo.

(3) The order of the pressures which will
be developed by corn silage in cylindrical
farm silos can be calculated using Eqs. 6
and 7.

(4) Horizontal pressure increases with
smoother walls and wetter crops. The de
sign pressure specified in the CFBC
(1977) is inadequate for silos constructed
in steel or other materials with |jl < 0.35,
as well as for silos filled with too wet a

crop (M > 70%).

ACKNOWLEDGMENT

The authors express their thanks to the Nat
ural Sciences and Engineering Research Coun
cil of Canada for a strategic grant which per
mitted this study.

REFERENCES

CANADIAN FARM BUILDING
CODE. 1977. Issued by the Associate
Committee on the National Building Code,
National Research Council of Canada,
NRCC No. 15564, Ottawa, Ontario.

't HART, C, A. H. BOSMA, and M. G.
TELLE. 1979. Physical properties of en
siled grass and corn, silo capacities and sil-

CnO ti

0 5 1a 15 20 25 30 35 40 45 50

LATERAL PRESSURE (kPa)

SILO SIZE=6.1X18.3 m; M=70X; K=0.5
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Figure 4. Effect of moisture contenton silo wall pressures.
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