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Haylage densities, pressures and capacities in tower silos.

This paper presents the results of 84 pressure-density experiments with alfalfa-haylage ranging from 40 to 70%
moisture content. The test results have been used to provide models for the dry matter density of the material in terms
of vertical pressure. This material model was used to numerically generate silo capacities for a wide range of silo sizes
as well as an empirical expression for the dry matter density of alfalfa haylage in terms of depth below top of silage in
a tower silo. Mathematical expressions for the vertical and lateral pressure in the haylage are derived and used for
generating wall pressure curves. The pressure curves are compared with those specified in the Canadian Farm Building
Code showing the latter to be adequate in most cases. Silo capacities show good agreement with those predicted for
steel silos by the manufacturer; comparison with experimental results for European grasses indicates that alfalfa haylage
is a less compressible material than grass.

INTRODUCTION

Grass and alfalfa are important crops
providing energy and protein for cattle.
Ensiling these materials in tower silos
minimizes energy losses during harvesting
and maximizes the degree to which feed-
ing systems can be mechanized (Zimmer
1979).

In Canada, the structural design of silos
often follows the guidelines of the Cana-
dian Farm Building Code (CFBC) (1977).
It provides formulae for the lateral pres-
sure and vertical load on the silo wall ex-
erted by whole-plant silage material. In
the United States, farm silo design is
guided by the International Silo Associa-
tion (ISA) standards (ISA 1982 a-d).
These standards use the well-known Jans-
sen (1895) formula for the determination
of wall pressures in top-unloading silos
and modifications thereof for bottom-un-
loading silos.

The primary objective of the research
described here was to improve our knowl-
edge of the structural design loads on
tower silo walls. The stored material con-
sidered in this paper is alfalfa haylage de-
fined here as silage ranging from 40 to
70% moisture content. Wall pressures in
asilo are, amongst other things, a function
of the density distribution of the silage
mass. Therefore, the research included a
number of pressure-density tests on alfalfa
haylage ensiled in model silos.

A secondary objective of this paper is
to report the silo capacities that were de-
termined numerically as part of the pro-
cedure for determining the structural de-
sign loads.

Specifically, presented herein are: 1.
the results of 84 pressure-density tests on
alfalfa haylage in the form of a model ex-

pressing dry matter density in terms of
vertical pressure, as well as moisture con-
tent and duration of loading; 2. tower silo
capacities determined by a number of nu-
merical laminae analyses based on the dry
matter density/vertical pressure material
model; 3. an empirical expression for the
dry matter density of alfalfa haylage
stored in a tower silo, in terms of depth
below top of silage; 4. expressions for the
vertical and lateral pressures in a tower
silo filled with alfalfa haylage, based on
the empirical dry matter density expres-
sion in (3); 5. a simplified bilinear lateral
pressure diagram suitable for possible
adoption in a building code.

NOMENCLATURE

a,b,r,q = material parameters

D = diameter of a silo (m)

e = base of natural logarithm

g = acceleration due to gravity (m/sec?)

H = total settled height of stored mate-
rial in a silo (m)

k = ratio of horizontal to vertical pres-
sure

M = moisture content (wet basis) (%)

Dh = horizontal pressure (Pa)

Dy = vertical pressure (Pa)

Do = initial value of vertical pressure
(Pa)

T = time (days)

z = vertical coordinate, measured from
top of silage (m)

B = 4uk/D (m~")

[ = coefficient of friction between
stored material and silo wall

Y = dry matter density (kg/m?)

Yo = dry matter density at p=0or z=0

Yav = average dry matter density for the

) whole silo (kg/m?)

Y = total (wet) density (kg/m?)

% = total (wet) density at p=0or z=0,

(kg/m?)
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PREVIOUS WORK

The behavior of grass silage was stud-
ied in depth by Wood (1971). Mahmoud
(1973) used Wood’s results to provide a
silo capacity chart for grass haylage for a
variety of silo sizes. Daynard (unpubl.
data) carried out some pressure-density
tests on haylage containing 75% alfalfa
and 25% timothy grass. ‘t Hart et al.
(1979) conducted model and full-scale
silo tests for 3 yr and developed a para-
bolic expression for the dry matter density
in terms of the settled height of silage, H,
(i.e. dry matter density = 147 + 12.5H
— 0.22 H?). ‘t Hart et al. (1979) also pub-
lished extensive test data concerning hor-
izontal and vertical wall pressures meas-
ured in the full-scale silo. Gordon et al.
(1974) published silo capacities deter-
mined using Wood’s lamina approach.

The various research results for silo ca-
pacities have been compiled in Fig. 1
where average dry-matter densities of
haylage multiplied by the settled height,
H, are plotted versus H. A reasonable fit
through these previous research data, ex-
cept those of Daynard (unpubl. data), is
given by the linear expression

vaoH = 370 H — 1300 0

in which vy,, = average dry-matter density
in kg/m? for the whole silo. Daynard’s re-
sults show lower average dry matter dens-
ities and would, therefore, give lower silo
capacities.

A general observation from work cited
is that the densities predicted for grass by
the European models (‘t Hart et al. 1979;
Mahmoud 1973) are greater than those
predicted for alfalfa by the North Ameri-
can models (Gordon et al. 1974; Daynard
(unpubl. data).
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Figure 1.

MATERIAL AND TEST METHOD

Vertical and lateral pressures in silos
are greatly affected by the degree of com-
paction of the silage. A rational approach
for determining these pressures must,
therefore, include a model that adequately
describes the variation in density of the
material with stress. To accomplish this,
84 tests were carried out on alfalfa haylage
in model silos under a constant vertical
load for a period of 30 days.

Experiments were carried out using
both first and second cut alfalfa. The first
cut material, harvested in June, contained
about 5% timothy grass; the second cut
was harvested in August and was practi-
cally 100% alfalfa. The alfalfa was cut in
swaths, left to wilt from 2 to 24 h to attain
the desired moisture content and then re-
moved from the field and cut by a self-
propelled harvester using standard field
practices. The cut length was 10 mm
throughout. The sampling was done from
the forage wagon. Four different moisture
contents were used in the tests of first cut

TABLE L.

Dry matter density of haylage from previous research.

material and three for the second cut
(Table I).

Freshly harvested material was re-
moved from the field and loaded in 203-
mm diameter p.v.c. model silos within 2
h of harvesting. After weighing and de-
termining initial density the samples were
subjected to a vertical loading supplied by
a simple lever arrangement made of a steel
channel and concrete blocks (Fig. 2). The
height of the samples was about 400 mm
before loading. The silage material of
each specimen was contained in a thin
polyethylene bag. Each specimen was
subjected to a constant load; the density
was measured before loading, immedi-
ately after loading, and after 1, 4, 10 and
31 days. There were three replications for
each test for a total of 48 tests for the first
cut and 36 for the second cut material
(Table I).

Each observation was used to provide
a density and a vertical pressure for pro-
ducing a density-vertical pressure rela-
tionship. The measured volume and the

SUMMARY OF PRESSURE-DENSITY TESTS

Ist cut alfalfa

2nd cut alfalfa

Four moisture contents (%)
39.6; 50.8; 57.4; 71.6

Four applied pressures (kPa)
4.0; 19.2; 41.5; 99.6

Three replications
Total 48 tests

Three moisture contents (%)
46.7; 56.2; 66.3

Four applied pressures (kPa)
4.0; 19.3; 41.4;99.8

Three replications
Total 36 tests
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mass of a specimen were used to calculate
the density. The vertical pressure varies
from top to bottom,; the pressure averaged
over the height of the test specimen was
selected for the model. It was calculated
using an expression (Jofriet and Daynard
1980) for the vertical pressure, p,, at
depth z:

P = e + Po — - epe (2)

(7))
where y = mass bulk density of the hay-
lage; p, = the value of pressure at the top
of the sample; B = 4wk/D; p = coeffi-
cient of friction between sample and con-
tainer; k = ratio of horizontal to vertical
pressure; D = silo diameter (model silo
in this case); and g = acceleration due to
gravity.

Equation 2 contains the product pk.
Daynard et al. (1978) and ‘t Hart et al.
(1979) used a value of 0.1 for this product.
Direct measurements by the authors in
five model silos with the haylage speci-
mens supported on load cells (Fig. 2)
yielded a value of 0.085 for the product
k. This value of 0.085 was used in the
reduction of the experimental data.

Most silages behave like a strain-hard-
ening material; the deformation that takes
place under stress increases the rigidity of
the material. If the initial ‘‘fluffy’’ dry-
matter density is +y,, and the dry-matter
density at very high stress approaches (y,
+ a), the dry-matter density, <y, can be
expressed in terms of the vertical pressure
by:

Y=Y + a(l—e™™) 3)

where vy, = initial dry-matter density at
zero vertical pressure, and a and b are
material constants. In the data reduction
of the experimental results dry matter
densities were used because they lend
themselves much better to a universal ma-
terial model than the total densities. The
results of the data reduction are:

vy =150 + (390 — 2.24M +

12.6 In T) (1 — e~0000025p ) 4)

and

Y = 100v/(100 — M) (4a)

where y = dry matter density; M = mois-
ture content in percent; T = load duration
in days; and p, = vertical pressure in Pa.

SILAGE DENSITY
Equations 2 and 4 can be solved simul-
taneously to find the density distribution
and the vertical pressures in a tower silo.
This involves a numerical procedure in
which vertical pressure and density are
solved in thin horizontal layers, starting
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Figure 2. General arrangement of pressure density tests.

at the top of the silage mass. The proce-
dure is based on the assumption that ver-
tical pressures are uniform in horizontal
planes. In each layer, the density is based
on the average vertical pressure over the
thickness of the layer, thus requiring four
or five iterations of vertical pressure and
density calculations. These numerical so-
lutions were carried out for most com-
monly used silo sizes ranging from 3.7 to
9.1 m diameter, and using moisture con-
tents (wet basis) of 40, 50, 60 and 70%.
Since consolidation becomes negligible
after 30 days, this value for 7 was used
in Eq. 4.

The numerical lamina approach for
solving Egs. 2 and 4 provides as a ‘‘by-
product’” the capacities of silos filled with
alfalfa haylage. This worthwhile infor-
mation is reported first before proceeding
with silage densities. Table II provides
silo capacities for haylage of 40, 50, 60
and 70% moisture content calculated with
a value for pk of 0.3. This value is esti-

mated to be representative for a silo with
concrete walls (‘t Hart et al. 1979; CFBC
1977).

Table 11 is identical to Table II with the
capacity values calculated for steel silo
walls using a value for wk of 0.2. This
value is based on an estimate of k = 0.5
(‘t Hart et al. 1979) and an average value
of w = 0.4 for the friction coefficient be-
tween haylage and steel (CFBC 1977).
The differences in capacities in Tables II
and III depend on the silo size and the
moisture content of the haylage. On the
average, the capacity of a steel silo is
about 8% greater because of the smaller
amount of friction.

The estimated silo capacities in Tables
II and III are based on fully settled mate-
rial and can probably only be achieved if
the silo is topped up after settlement, say
1 wk after filling. If not, the capacities
should be reduced to about 95% of those
shown. This reduction was determined in
a silo capacity analysis using 7" = 3 days

TABLE II. ESTIMATED CONCRETE TOWER SILO CAPACITIES FOR ALFALFA SILAGE
Silo size Capacity in tonne (1000 kg) for moisture content of
(m) (ft) 40% 50% 60% 70%
3.7 X 9.1 12 x 30 32 40 52 75
3.7 X 12.2 12 x 40 45 56 73 105
3.7 X 15.2 12 x50 57 71 94 136
4.3 %X 12.2 14 x 40 63 78 103 148
4.3 x 15.2 14 x 50 81 101 134 193
4.3 x 16.8 14 x 55 90 113 149 215
4.9 x 15.2 16 x 50 109 137 181 261
4.9 x 18.3 16 X 60 135 169 224 323
4.9 x 19.8 16 X 65 147 185 245 354
5.5 x 15.2 18 x 50 142 178 236 339
5.5 x 18.3 18 x 60 176 221 293 421
5.5 x21.3 18 x 70 211 264 351 504
6.1 x 18.3 20 x 60 224 281 372 533
6.1 x 21.3 20 x 70 268 337 446 639
6.1 X 24.4 20 x 80 314 394 522 746
7.3 X 18.3 24 x 60 338 423 559 796
7.3 x 213 24 x 70 407 511 674 956
7.3 X 244 24 x 80 479 600 790 1118
7.3 x 27.4 24 x 90 551 690 908 1281
9.1 X 24.4 30 x 80 796 993 1297 1813
9.1 x 27.4 30 X 90 920 1146 1494 2079
9.1 x 30.5 30 x 100 1046 1301 1692 2346
9.1 x 33.5 N % \WQ 1173 1457 1891 2614
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in lieu of 30 days as was the case in all
other analyses.

The silage dry matter density model of
Eq. 4 can be used for determining silage
pressures by the lamina approach dis-
cussed earlier. However, a closed-form
solution for pressure is much more desir-
able for structural design. This requires a
silage dry-matter density model in terms
of the depth, z, below the top of the silage
in a cylindrical tower silo. Jofriet (1980)
has shown that an expression for the ma-
terial density in terms of z can be used to
provide an explicit expression for the ver-
tical and horizontal pressure on a cylin-
drical silo wall, again assuming uniform
vertical pressure in horizontal planes. The
density-depth relationship used earlier by
Negi and Ogilvie (1977) was selected for
this purpose.

They suggested a dry matter density-
depth relationship of the form:

Y= +tr(l —e % (5)

in which r and g are dry matter material
constants. The initial dry matter density
Yo, of course, is the same as in Eq. 3; the
material constants r and ¢ need to be de-
termined. Given Eq. 5, the average dry
matter density in a cylindrical silo of
height H can be found by integration over
the total height A and then dividing by H

1 r r
w=-=1 (yo+ NH + — e — | (6)
v o - i

Equation 6 is approximately equal to the
simpler expression

r 1
Yav = [ (Yo + NH — E] H

From Eq. 7a it follows that a silo dry mat-
ter capacity per unit of horizontal area is
approximately

(7a)

voH = (v, + rH — % (7b)
a linear expression in H. Equation 7b is,
of course, the basis for the linear fit of the
cited research results in Fig. 1. The dry
matter capacities of all silos in Tables II
and III have been used for a linear regres-
sion analysis for vy,, H (dry matter only)
to find r and ¢. The initial dry matter den-
sity vy, at z = 0 was assumed to equal the
initial dry density at zero vertical pressure
used earlier (y, = 150 kg/m?). The result
of the regression analysis substituted into
Eq. 5 yields, for concrete silos

vy = 150 + 250 (1 — e 017 (8)

for steel silos

vy = 150 + 275 (1 — e 012 9
where z = depth below top of silage in
metres.
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TABLE IIIl. ESTIMATED STEEL TOWER SILO CAPACITIES FOR ALFALFA SILAGE
Silo size Capacity in tonne (1000 kg) for moisture content of
(m) (ft) 40% 50% 60% 70%
3.7 x 9.1 12 x 30 34 43 56 81
3.7 x 12.2 12 X 40 49 61 80 115
3.7 x 15.2 12 x 50 63 79 105 151
4.3 x 12.2 14 x 40 68 85 112 161
4.3 x 15.2 14 x 50 89 112 148 212
4.3 x 16.8 14 x 55 100 125 166 238
4.9 x 15.2 16 x 50 120 150 198 283
4.9 x 183 16 x 60 150 188 248 354
4.9 x 19.8 16 X 65 166 207 274 389
55 % 15.2 18 x S0 155 195 256 365
5.5 x 18.3 18 x 60 195 245 322 456
5.5 x 21.3 18 x 70 236 296 389 549
6.1 x 18.3 20 x 60 247 308 405 572
6.1 x 21.3 20 x 70 300 374 490 688
6.1 X 24.4 20 x 80 354 441 576 806
7.3 x 18.3 24 x 60 368 459 600 842
7.3 x 21.3 24 x 70 449 558 727 1013
7.3 X 24.4 24 x 80 532 660 857 1187
7.3 x 27.4 24 x 90 616 764 988 1361
9.1 x 24.4 30 x 80 867 1070 1379 1892
9.1 x 27.4 30 x 90 1007 1240 1590 2169
9.1 x 30.5 30 x 100 1150 1411 1803 2447
9.1 x 33.5 30 x 110 1294 1584 2017 2726

In summary, Eqs. 3 and 4 provide a dry
matter density/vertical pressure model for
alfalfa haylage based on consolidation
tests carried out under conditions of zero
lateral strain. This model can be used di-
rectly for determining vertical and lateral

pressures in a silo, and for silo capacities.
However, this requires a numerical (lam-
inae) procedure. Equations 5, 8 and 9 are
empirical expressions for the dry matter
density of alfalfa haylage of average mois-
ture content (50-60%) stored in cylindri-
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cal tower silos of average aspect ratio
(3—4), in terms of z, the depth below the
top of the silage. These expressions, al-
though much less general, are easier to use
for calculating vertical and lateral pres-
sures than Egs. 3 and 4.

The designer with ready access to a
minicomputer should use Egs. 3 and 4. A
sample program in BASIC is included in
Appendix A. Without a computer the em-
pirical expressions in Eqs. 8 and 9 are rec-
ommended. Their use is detailed further
in the section that follows.

SILO WALL PRESSURES
The expression for the vertical pressure
at depth z in a cylindrical silo filled with
a material that can be represented by the
density model of Eq. 5 is (Jofriet 1980)
poGrne

v

g @B - (10)
in which v, and 7 equal 100/(100—M)
times <y, and r, respectively. The lateral
wall pressure p, can then be calculated
from

pn = kp, (1

A number of examples of lateral wall
pressures from haylage calculated with
Eqgs. 10 and 11 are shown in Figs. 3, 4 and
5. It is of interest here to compare haylage
pressures with the CFBC (1977) to see if
its recommendation is sufficiently con-
servative for haylage. Wherever possible,
the CFBC recommended lateral pressures
of

pn = 4.8 + 0.58 HD%5 (12)

are included in the figures.

Figure 3 illustrates the effect of friction
coefficient on lateral wall pressures. They
are shown for p. = 0.4 and 0.6 in a 6.1
X 18.3-m silo filled with haylage of 70%
moisture content. Figure 4 shows the ef-
fect of moisture content on the lateral wall
pressures. The silo size is again 6.1 X
18.3-m, but haylage with moisture con-
tents of 40% and 70% in a concrete struc-
ture were used to demonstrate the differ-
ence.

Jofriet (1980) suggested that for struc-
tural design the curves in Eqs. 10 and 11
can be approximated by a bilinear wall-
loading curve using the well-known Jans-
sen (1895) formula

= B2 - e (3
Three points, namely p,=0 at the top of
the silo, and p, calculated with Eq. 13 at
mid height using the average bulk density,
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and at the bottom using 1.2 times the av-
erage bulk density for+y, result in a bilinear
wall-loading curve which approximates
Eqgs. 10 and 11 well. This may be seen in
Fig. 5 where the wall pressure curves by
Egs. 10 and 11 are shown in solid and the
bilinear approximations with chain-dotted
lines. The pressure diagrams are plotted
for a 6.1 X 24.4-m concrete silo filled
with 40% and 70% moisture content hay-
lage.

DISCUSSION OF RESULTS

In the reduction of the experimental
data and in the various simplifying steps
taken to reduce the complexity of the
problem to a manageable level, errors
were introduced. The haylage model (Eq.
4) in terms of moisture content, time and
vertical pressure is based on 420 data. The
error in this model expressed in terms of
r? is 0.821, the average absolute residual
of the dry matter density is 14.5 kg/m?,
the maximum absolute residual is 64.6 kg/
m?.

An error was introduced in the deter-
mination of r and g in Eq. 7 by the linear
regression analyses. These analyses are
based on 92 data (23 silo sizes, four mois-
ture contents) and the goodness of fit of
Y- expressed in terms of 72 is 0.968 for
the concrete silos (k = 0.3) and 0.980 for
the steel silos (k = 0.2). The major source
of error is that Eq. 7 does not account for
the extra consolidating vertical pressure
provided by the water in wetter silages.
For instance, fora 7.3 X 21.3-m concrete
silo, Table II indicates dry matter densities
of 272 kg/m? and 319 kg/m3 for M = 40%
and 70%, respectively; Eq. 7 gives a value
of 294 kg/m3.

Since Egs. 10 and 11 employ the same
material constants, r and g of Eq. 7, sim-
ilar comments made regarding silage
densities can be made for lateral pres-
sures. For very wet haylages (over 60%
moisture content) Eqs. 10 and 11 may pro-
vide lateral pressure estimates that are
low. To illustrate this, wall pressures in
a 6.1 X 18.3-m concrete silo determined
with Egs. 10 and 11 have been plotted in
Fig. 6, together with the pressures ob-
tained from the numerical lamina analyses
used to determine the silo capacities in
Table II. It is evident that for 40% mois-
ture content silage, Eqs. 10 and 11 provide
conservative values. For 70% moisture
content material, however, Eqs. 10and 11
predict pressures that are somewhat low.

In all analyses presented thus far, the
ratio of lateral to vertical pressure, k, was
assumed to be 0.5. Although there is con-
siderable literature regarding the value of
k for granular materials in bins, little in-
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Figure 6. Silo wall lateral pressure. Comparison of calculated values from Egs. 10 and 11 with
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formation is available for silages at this
time. Some work is in progress at the
University of Waterloo.

Fortunately, the exact value for & is not
too important for the lateral pressure de-
termination. This is illustrated in Fig. 7
where the lateral pressures for a 6.1 X
24.4-m steel silo (W = 0.4, M = 55%)
are shown for values of k = 0.4 and 0.6.
As may be seen, the difference in lateral
pressures is small. This is because the
50% increase in p, = kp, is offset by the
resulting increase in frictional force at the
wall which decreases p,, the vertical pres-
sure in the haylage. A comparison with
Figs. 3 and 4 shows that the friction coef-
ficient, w, and the haylage moisture con-
tent have a much greater effect on lateral
pressures than the value of k.

A comparison of lateral pressure curves
in Figs. 3, 4 and 5 shows that the estimates
by the authors are, in most cases, lower
in value than those of the CFBC (1977).
Only the unlikely combination of very wet
silage (M = 70%) and a low friction fac-
tor (u = 0.4) gave pressures greater than
those recommended for design in the
CFBC.

The authors’ results have also been
compared with data by others. In Table IV
dry matter alfalfa haylage capacities of
steel tower silos (Table III) are compared
with ‘‘Harvestore’’ capacity values (Gor-
don et al. 1974). The authors’ values, ob-
tained by interpolation in Table III, are
generally somewhat greater than those
from Gordon et al. (1974). However, the
agreement is generally good.

A further comparison was made with
field data obtained by ‘t Hart et al. (1979).
These data include measurements on a
6.7-m-diameter concrete stave silo and
two steel silos, one 6.2 m and the other
7.2 m in diameter. Silo capacities for the
reported settled silage heights were cal-
culated using the same approach used in
preparation of the capacity Tables II and
III, i.e. a layering analysis using the den-
sity model in Eq. 4. The comparable ca-

pacities are listed in Table V. Most esti-

TABLE IV. COMPARISON OF DRY
MATTER CAPACITIES FOR 45% ALFALFA
HAYLAGE WITH Gordon et al. (1974)

Silo size Gordon et al. Authors
(ft) (tonne) (tonne)
25.2 X 70.2 299 306
25.2 X 56.5 227 231
19.6 x 71.0 172 178
19.6 x 62.0 145 150
19.6 x 52.7 120 123
16.8 x 44.0 67 70
16.8 x 34.8 50 52
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TABLE V. COMPARISON OF DRY
MATTER CAPACITIES WITH 't Hart (1979)

Moisture

Silo size content 't Hart  Authors

(m) (%) (tonne) (tonne)
6.7 X 8.0 39.7 73.2 61
6.7 X 18.7 42.5 220.9 172
6.7 X 11.75 39.8 115.7 97
6.2 X 14.50 48.8 118.2 119
6.2 X 13.90 48.2 140.7 114
6.2 X 10.40 60.4 122.4 86
7.2 X 15.25 45.7 194.6 173
7.2 X 15.25 48.1 213.6 173
7.2 x 13.50 42.6 156.4 148
7.2 x 15.35 45.2 210.6 175

mated capacities are below those observed
by ‘t Hart et al. (1979); the average ratio
of estimated to observed capacities is
0.85. In comparing these results it must
be remembered that Eq. 4 is based on al-
falfa haylage whereas the observations by
‘t Hart et al. (1979) are for pure grass sil-
age. The latter is not as coarse as alfalfa
and less fibrous; this will probably lead to
higher densities of grass at comparable
pressures.

Average densities, density profiles and,
therefore, silo capacities and silo wall
pressures of alfalfa haylage appear very
comparable to those of corn silage. Hay-
lage packs somewhat denser and it would
be reasonable to state that 60% moisture
content haylage has densities and wall
pressure comparable in magnitude to
those of 65% moisture content corn silage.

As with corn silage, the storage of hay-
lage with moisture contents in excess of
60% in large tower silos can lead to sat-
uration of the silage mass, and as a result,
to hydrostatic pressures far greater than
those shown in Figs. 3-7. That is if the
silo construction does not allow immedi-
ate relief of the silage juice pressure
through the wall as with a concrete stave
silo. A method for determining the hydro-
static pressures was suggested by Wood
(1971). This method, used in conjunction
with a saturation density calculated on the
basis of 10% gas volume remaining, is
recommended by the authors (Jofriet
1980).

SUMMARY AND CONCLUSIONS

The results of a number of laboratory
pressure-density experiments of first and
second cut alfalfa haylage were used to
propose a density-vertical pressure model
for this type of silage. Using this model,
tower silo capacities were estimated for
both concrete and steel walls, and for
moisture contents ranging from 40 to
70%. These capacities appear to agree
well with capacity values for steel

‘‘Harvestore’’ silos. They are about 15%
lower than values measured in tower silos
in the Netherlands by ‘t Hart et al. (1979)
for grass silage.

The density-vertical pressure silage
model was simplified further to provide a
density-depth silage model for tower silos.
This model was used to provide expres-
sions for the vertical and horizontal pres-
sures at a silo wall (Eqs. 10 and 11). Some
sample wall pressure diagrams showed
that for concrete silos the loads are gen-
erally less than those specified by the
CFBC (1977). It should be pointed out
again that the pressure calculated with
Eqgs. 10 and 11 does not account for hy-
drostatic pressures that will occur below
the level of saturation. For moisture con-
tents over 65% a check should be made to
see if saturation might occur.

A method for determining a simplified
bilinear wall-load diagram to approximate
the curve of Eq. 11 was also presented.
Although simple to use, such parameters
as the wall friction coefficient, the ratio of
horizontal to vertical pressure and to some
extent the variation of the mass density of
the stored material are taken into account
in this design curve.
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APPENDIX A
100 INIT
110 PAGE
120 REM DM DENSITY =D1=D0+(C1 +C2*M.C. + C3*LN(M.C.) +
130 REM + C4*LN(TIME))*(1 — EXP(C5*PRESSURE))
140 REM DO=INITIAL DRY DENSITY IN KG/M3
150 REM C1,C2,C3,C4,C5 ARE MATERIAL CONSTANTS
160 REM D,H=DIAMETER, HEIGHT OF SILO IN M
170 REM M =MOISTURE CONTENT IN PERCENT, T=TIME IN DAYS
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180 REM U=FRICTION COEF., K =PRESSURE RATIO
190 INPUT D,HM,T,U.K

200 INPUT DO,C1,C2,C3,C4,C5

210 F=4*U*K/D

220 REM LAYER THICKNESS =ZINM

230 INPUT Z

240 T1=EXP (—F*Z)

250 H1=0

260 W1=0

270 D1=DO0

280 P0O=0

290 FORI=1TOS

300 D2=D1*100/(100 —M)

310 P1=9.81*D2/F + (P0—9.81*D2/F)/(F*Z)*(1 —T1)
320 DI1=D0+(C1+C2*M+ C3*LOG(M) + C4*LOG(T))*(1 — EXP(C5*P1)
330 NEXTI

340 WI1=WI1+D2*Z*0.7854*D*D

350 Hl=H1+Z

360 P2=9.81*D2/F+(P0—9.81*D2/F)*T1

370 P3=K*P2

380 REM H1=DEPTH FROM TOP OF SILAGE IN M
390 REM P2=VERT PRESSURE, P3=HORIZONTAL PRESSURE IN PA
400 PRINT @41:H1,P2,P3

410 H2=H-HI1

420 PO=P2

430 IF H2>Z THEN 290

440 Z=H2

450 IF H2>0 THEN 290

460 REM W1=TOTAL MASS OF SILAGE IN KG
470 PRINT @41:W1

480 END
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