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ABSTRACT

AN ANALYSIS OF SILAGE PRESSURES IN
CYLINDRICAL TOWER SIIOS

by Wel Wen Yu

Constant reports of silo structural fallure called
for an investlgation into condltions within fillled silos.
Horlzontal, vertical and frictlional sllage pressures were
measured froma 30 ft. silo 60 ft. high, for immediate ap-
plicatlon in sllo design.

In the past four years, straln-gage pressure cells,
pressure panels, alr pressure gages and two-way gages
were used to measure the pressures in a 30 x 60 ft. silo.
These pressures are affected by unit welght of sllage,
coefficient of friction between sllage and silo walls,
the ratlio of horizontal to vertlical pressures, molsture
contents and method of handling. The variation of unit
welght of sllage, coefficlent of friction and the ratlo
of horizontal to vertical pressure were measured and
formulated iIn terms of depth of silage.

Maximum horlzontal pressure was observed at an
elevation of 5 to 10 ft. from the bottom of the sllo,
each year. The frictional pressure on the silo wall
remalned almost constant when the sllage depth exceeded

4O ft. Vertical pressure on the floor had several high



Wel Wen Yu

pressure zones. Emplrical formlas were developed by
least square curve fitting and may be used as a refer-
ence for the design of 30 ft. dlameter silos.

An analytic investlgation was made to find satis-
factory formulas upon which to base sllage pressure
calculations. Horizontal, vertical and frictlonal pres-
sures were analyzed with and wilthout consldering arch
action 1in silage. The occurrence of maximum horlzontal
pressure before reaching the bottom of the sllo 1is
characteristic of the pressure distrlibutlon along the
depth when consldering arch actlion. No such occurrance
1s found when there 1s no arch action.

More experimental data are needed on density, coef-
flclent of friction between sillage and sllo walls, pres-
sures and the ratio of horizontal to vertical pressure
to verify the valldlty of the assumptions used .in this

study.
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CHAPTER I
INTRODUCTION

For over 80 years, silos have played an important
and necessary part in livestock farming. In earller
days horizontal plts were used for feed storage. Grad-
vally, cylindrical tower sllos became more common. The
number of silos made of wood and blocks decreased wilth
the 1ncrease in the size of silos required on farms. In
addition to monollithic concrete silos, stave silos have
become widely accepted. During the period 1940-1945,

a study of silage pressure was made by the Unlted States
Department of Agficulture. The pressure was measured

in full scale farm sllos of sizes up to 18 ft. dilameter,
45 ft. high. Empirical formulas for silage pressure
were the results of thils 1nvestigation. These formulas
have been used commonly slnce then for calculating silo
pressures.

Recently, following the advance and development of
field machines for harvesting, transportation of silage,
and mechanlization of feed handling, large silos have
become more and more desirable. However, the knowledge
of silage pressures 1in large sillos, unfortunately, still
was very limited. Builders designed silos according to
thelr own experlences or by the extrapolation of existing

1



information on sllage pressure. Numerous structural
fallures of large silos have demonstrated the need for

information on which to base designs.

ObJjective
The objectlve of thils study was to develop formulas

for computing silage pressure in cylindrical tower silos.



CHAPTER II

REVIEW OF LITERATURE

Silage
Silage has been defined in the dictionary as fodder,

elther green or mature, converted 1nto succurent winter
feed for livestock through the process of fermentation.

Silage whlich has been most common 1n livestock
farming 1s as follows:

1. Corn sllage: The corn crop 1s harvested and
fed 1n a wlde varilety of ways. The three most common
methods of harvesting corn silage are (a) the whole-
plant, (b) high moisture shelled corn, (c) high moilsture
ground ear corn. Sometimes the stalk 1s ensiled after
the ears have been pilcked. A farm operator can use all
three types of corn sllage and adjust the rations as
necessary because of changing needs 1n his livestock
program.,

2. Grass sllage: Alfalfa, legume, and clover are
very common. It is deflned as sllage made of uncured
hay or forage crops. Usually molsture contents of grass
silage are very high, at 75% or more. Excessive leakage
of soluble nutrient in the Julce 1s found as a result
of hlgh moisture contents of sllage enslled 1n the silo.

3



3. Grass haylage: To reduce the loss 1n nutrlents,
forage crops are wllted before ensiling. Thls process
results in higher storage capacity and less loss 1n

nutrient.

Density
Sllage pressure was indlrectly obtalned from denslty

by Otls and Pomroy (1957). They measured densities of
corn sllage by the layer method, the surface sampling
method and the horizontal core sampling method at various
elevations. The samples used for the denslty measurement
were placed in airtight plastic bags and reused 1n the
laboratory 1n pressure measurement. A portion of each
sample was placed in a cylinder and compressed to the
denslity in the sillo at the time the core sample was
taken. Comparlson of the pressure obtalned 1n the
laboratory and density measured at sampling showed

good agreement with high denslity materlal located in

high pressure area.

Perkins et al. (1953) found that both the stage of
growth of the ensiled material and the depth of silage
affect the silage density. They thought flneness of
cut was an 1lmportant factor affecting the density of
sllage, for both corn and alfalfa.

James et al. (1962) used a technique of passing
gamma rays through the silage and measured densitiles

by a gamma spectrometer, in a silo 12 ft. 1n diameter



and 25 ft. high. They found that alfalfa silage
denslty varled from 25 to 40 1lbs. per cu. ft. and the
density 1s not directly proportional to the depth of
silage.

Aldrich (1962) compiled apparent unit weight of
corn or grass sllage, wlith molsture contents of from
68 to 72% in tower silos. Data were obtained from
81los up to 20 ft. in diameter and up to 40 ft. high.

The curves were extrapolated beyond 40 ft.

Frictlon Coefficlent

Kleis and Okamura (1962), using laboratory scale
storage silos, measured frictlion of haylage on silos
made of concrete, vitrified clay, Permaglass and wood
staves. All test sllos were 15 in. 1n 1nside dla-
meter and 42 in. high, except the Permaglass unilts
which were 16 in. in diameter. They were similar
to conventlonal silos in effective cross section.
Vertical forces were measured wilth predetermined silage
welghts and densitles. PFrictlional forces were deter-
mined by extruding the total haylage mass from the
sllo unit. Statlcal and dynamical frictlon were meas-
ured. The results provide informatlion on the magnitude
of coefficlent and forces as related to silo materials,
surface treatment, denslitlies, molsture content tempera-

ture and crop type.



As a by-product of panel measurements by Boyd
and Yu (1963), frictional coefficient was obtained in
conjunction with the measured horizontal and frictional
forces. The frictional coefflclent for corn silage

was formulated 1n polynomial equation of silage depth.

Pressure

S1llo deterloration and fallures brought demands
from farmers for assistance and to meet thls demand an
Investligation was 1instigated at the New Jersey Agricul-
tural Experlment Statlion in 1937 wilith the cooperation
of the Bureau of Agricultural Chemistry and Englneering,
USDA, to measure the pressures exerted on silo walls by
grass sllage. Pressure was found to be influenced by
molsture content of silage, sllo size and fineness of
cut. Maximum values for grass silage varled from 159
1bs. per sq. ft. in a 12 ft. diameter silo with 64%
moisture silage, wet basls, at 25 ft. head to 1189
l1bs. per sg. ft. in an 18 ft. silo with 77% molsture
silage at 40 ft. head. This was a range of from ap-
proximately one-half to two and one-half times the
pressure commonly considered in silo design which
1s 12 1lbs. per sq. ft. per ft. of depth. The panel
used for pressure measurement averaged about 4 sq.

ft. in area. (Besley, 1941)



Panels were developed by McCalmont (1946) to measure
silage pressure. The pressure panel was bullt up of two
layers of 1 by 6 in. lumber as in an ordinary silo door.
To thils were attached two vertlcal pleces of 3 in. T-
section iron with 12 in. between the outside faces
to transfer the load to the calibrated steel bars. The
panel was supported on two 5/8 in. round alloy steel
bars that passed through the holes 1n the T-sectlon and
rested 1in corresponding holes 1n the channels along
each side of the doorway. The whole door panel was
used as the sensing element to measure pressure. Test
work began in 1936. During the following 6 years a
total of 8 separate tests were made with corn silage
and 17 wlth grass ;ilage. The size of sllos ranged
from 14 to 20 ft. in diameter and 25 to 40 ft. in
height. He found that corn sllage exerted less horil-
zontal pressure than grass sllage under comparable
molsture conditions, but high molsture corn sillage
caused much higher pressures than those for whlch
sllos had been deslgned. The 1ncrease 1n pressure
due to the l1lncrease 1n molsture contents 1ls greater
than that due to increase in dlameter. The frictlonal
pressure, measured by vertical deflection of the rod
in the pressure panel, was found not signiflcant com-
pared wlth the horizontal pressures. As the sllage

was fed out, the frictional pressure gradually decreased



untll they changed direction and actually exerted up-
1l1fting pressure on the silo walls.

One of the important developments assoclated with
the mechanization of cattle feeding has been the use
of larger diameter and higher silos. Thils increase in
size presented a problem for the silo industry. Boyd
and Yu (1960) developed a group of pressure cells, made
of four A-18 SR-4 strain gages attached to a stailnless
steel dlaphragm. The cells were 2 in. 1n dliameter
and embedded 1n the concrete staves so the surface of
the cell was flush with the wall. The staves were
placed 1n 4 quadrants at 6 elevations, 0, 2.5, 5, 10,
20, and 30 ft. from the ground in 60 ft. silo. Thirteen
cells were placed on the floor in 4 radial directions.
The highest horizontal pressure was found some dlstance
above the bottom of the silo. During the summer of
1960, with the cooperation of the USDA,a 30 x 60 ft.
sllo was equlpped with a column of pressure panels.
These panels were similar to those used earlier in New
Jersey and had an area of 5 sq. ft. per panel. Each
panel was supported by two 1/2 in. heat treated steel
rods mounted so that the rods were floating in a rigid
support on the silo. The horizontal and frictional

pressure was found from panel pressure measurement.



Pressure Formulas

In 1946, based on the panel pressure measurements
by McCalmont (1946) in the previous 6 years, formulas for
horizontal pressures were formulaced by him.

For sllos 14 ft. and less 1in dlameter

LD zl.l95

2.65

and for silos 16 ft. and more in diameter

H = Dzl.u5 (2)
5

where

H = horizontal design pressure 1n psf

z = depth of silage in ft.

o
I

diameter of silo in ft.

The formulas were recommended for the design of silos
up to 20 ft. x 45 ft. for both corn and grass silage
with moilsture contents below 74% wet basis.

Gurrey, et al. (1946) complled the ACI standard
for the construction of concrete farm silos in 1946.
The horizontal pressure adopted for the standard was
obtalned 1n a research study as described previously,
by USDA, ACI, NSA, etc. Because silos are bullt with

helghts greater than 40 ft. extrapolation became a



10

practlical necessity. Knowlng the danger of extra-
polation, Gurrey obtalned the curve of best fit by
least squares, disregarding moisture content. The

ACI horilzontal pressure formula then became,

H = 3.3 g1-44 (3)

in which

H = horizontal pressure in 1b./£t.°

N
Il

depth of sillage 1n ft.

The maximum moilsture was specified as 75%. The vertical
component, 1. e. frictlonal load, was also evaluated.
The curve of best fit for the data from the panel measure-

ment was found to be,

F=55 21.08 (4)

in which

2
F = frictional pressure in 1b./ft.

Zz = depth of silage in ft.

Newbauer (1960), using available data from ACI,
formulated the pressure function in terms of depth of
silage, dlameter of sllo, and molsture contents of stored
materlial. Since the avallable data are limited to prac-

tical exlsting conditions the suggested formula applies
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only within certaln ranges. He recommended that the

followling limits be used:

z = 5 to 75 ft.
d = 10 to 20 ft.
m = 60% to 90%

The propocsed equation for the horlzontal pressure was:
H=0.01332z (d - 6) (m - 50) (5)

in which
depth of silage in ft.

N
]

H = horizontal pressure 1n 1b./ft.°
d = dlameter of sllo in ft.

molsture contents 1n per cent

=
]

The most popular formula belng used by silo
industries is the formula by Janssen (1895). The
formula was derlved under the assumption that the
stored material 1s uniform along the depth of deep
bins under consilderation. Coefficient of friction,
molsture content of material, and the ratlo of hori-
zontal to vertical pressure are independent of the
depth. The first order differential equation was
derived from the equllibrium of a thin layer of ma-
terial in the sllo. The solution was obtalned as

follows.
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v="" (1-exp (- kun/R)) (6)
K _u
L = kV (7)

in which

V = vertical pressure of graln in lb./ft.2

I = horizontal pressure of grain in 1b./ft.°
w = unlt welght of graln 1lbs. per ft.3
U = clrcumference of bln 1n ft.

R = A/U = hydraulic radius of bin in ft.

u = coefficlent of frictlon between grailn
and bin wall

k = ratlo of L to V

h = depth of graln 1n ft.

Janssen's formula 1s applicable when the material
stored 1in the sllo 1s uniform. He did not consider the
variatlion of w, m and k along the depth and possible
arch actlion in bulk material. 1In silage pressure cal-
culation, as the density, coefficlent of friction be-
tween silage and sllo wall and the ratio k, vary wilth
the change 1n depth of silage, Janssen's formula 1s no
longer vallid. A new formula 1s deslred to include the
varlation of factors w, p and k along the depth of silage

and possible arch action.



CHAPTER III

INVESTIGATION

As tools for investigatlon for sllage pressures,
direct and 1ndirect methods have been used. The direct
method includes panel, transducer, pressure strip and
cell pressure measurements. The indirect method 1in-
cludes density measurement and the pressure 1s found
by reproducing the equlvalent density with applied force.

Most research workers found 1t extremely difficult
to obtaln the data on silage pressure for sllo design.
Silage pressure was affected by many factors such as
denslty, frictlion coefflcient between sllage and silo
wall, k, the ratio of horlzontal to vertical pressure,
maturity of silage, method of filling silos, and elapsed
time after filling. Among those factors, density,
coefflclent of friction and ratio k are more signifi-
cant and can be measured and controlled in the design

of the silo.

Silage Denslity

An important factor causing pressure 1ls silage
density. In the process of ensiling, forage, grass
and whole plant of corn are all chopped, and hauled by
wagon to the blower. Silos are filled by blowilng

13
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materlal to be ensiled 1n at the top of the silo. At
the bottom of the silo, silage 1s compressed by the
filled silage. Silage 1s usually cut 3/4 to 3/8 1in.
in length, but comparing with the fine grain material,
it 1s 1rregular in slze. The interlocking of leaves
and stalks causes the mass of silage to become spongy.
The additlional load of sillage causes the consolidation
of materlal, simlilar to clayey soll in nature. Liquid
in silage, then, 1s exuded and becomes free flowing
liquid.

From the observation of sllo failures in recent
years sllos falled most often ilmmedliately after filling
wlth excesslvely wet sllage. When silage under the
surcharge load arrives at the saturation limit, the
excesslive molsture wlll flow out from a draln or from
openings 1in silo walls. The denslty of saturated silage
may become very high. Even at the saturatlion polnt, the
density of silage may stlll be greater than that of water.
In general, due to the cavity and alr space in the sillage
mass, the upper 1limit of silage density may be consldered
as the unit welght of water. |

We may assume that density 1s directly proportional
to the increase 1n molsture content before saturatlon.
Choppers now available all have adjustable length of cut.
For forage crops, leaves and stalks do not vary much in

fineness of texture and relative structure and size. But
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for corn sllage, there are great.variations. With a
proper combinatlon of slzes extremely high density 1is
posslble. On the contrary, extremely low denslity 1s
also possible 1f only the 1light leaves accumulate at
the down wilnd side of the blower pipe. The fineness of
chopped silage thus may affect density.

During the f1lling operation, interruptions are
very common. The fl1lling operation may stop for several
hours or several days and thls unsteady rate of weight
increase affects the denslty 1ncrease.

Research workers have found 1t extremely difficult
to estimate density specifically from one sllage to
another. Several compllations of sllage density were
found, in Table 1. (Otis and Pomroy, 1957). For
calculating pressure by formula 1t 1s desirable to
express density as a functlon of depth, which can be
specifled definitely. Density can be defined as a
function of depth of sillage, molsture content, length
of cut, method of handling, rate of filling, maturity
of sllage crops and weather condition during the en-
siling operation. Depth of silage and molsture con-
tent can be expressed 1n numbers while the other fac-
tors are qualitative and not controllable. Experience
and 1nvestigation have shown that to avold spoilage
and keep the Jjulce loss at the minlmum the molsture

content of the silage should be held between 50 and..
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85%. When the moisture content 1s low, due to 1its
spongy property, the storage capacilty 1s reduced. At
the same time, silage spollage may increase. If the
molsture content of sllage is kept below 85% and above
50%, density can be specified 1n terms of depth of
silage only as shown 1n Figure 1.

Polynomial equatlons are derived by means of
least square curve filtting. Sets of polnts from Table
1l were fltted into least square polynomials of second
and third degree. Coefficients of the least squares
polynomials are tabulated in Table 2.

The second degree polynomial from data A in Table
2 1s most desirable 1n relating density and depth for
actual application. The equatlons recommended by author

for use are as follows:

£11 (z) = w = 40.519 + 0.434 z (8)
f£15 (z) = w = 34.779 + 1.121 z - 0.0104 z°
fi3 (z) = w = 30.051 + 2.076 z -0.0454 z2 + 0.000332 23

Frictlon Coeffilclent

Two types of coefficlent of friction arise in tower
silos, coefficlent of internal friction and coefficlent
of friction between silage and silo walls.

Coefflclient of internal friction 1s deflned as tan-
gent of the angle of repose of silage. From 1959 to 1962,

the angle of repose for corn silage was observed by author
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at two farms 1n Michigan. The measured angle of repose
for corn silage ranged from 31 degrees to 41 degrees,
which correspond to the coefficlent of internal friction
of 0.601 to 0.90.

Coefficlent of frictlion between sllage and sllo
walls was obtalned as a by-product of panel pressure
measurement. Panel measurements gilve horizontal (nor-
mal to the silo wall) pressure and frictional pressure.
By directly calculating the ratio of a horizontal pres-
sure to the corresponding frictional pressure, a coef-
ficlent of friction i1s obtalned. Uslng horizontal and
frictional pressures measured in 1962, the curves (Figure
2) were obtained by least square curve fitting.

The 1lst, 2nd and 3rd degree polynomials are:

»51(z) = n = 0.657 - 0.00482 z
f22( z) = = 0.698 - 0.00876 z + 0.0000706 z°
£53(z) =m0 = 0.636 - 0.00650 z - 0.0000275 z° + 0.00000115 z>
in which

z = depth of silage in ft.

The three curves show good agreement but the 2nd degree
curve 1s slightly higher 1n magnitude. Therefore, the
second degree curve 1s recommended for pressure calcula-

tion.
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Ratio k = H/V

The value k 1s defined as the ratlo of horizontal
to vertlcal pressure at any one point in the silo.

In a statical analysls of pressure exerted by bulk
material, gravitational force 1s the only significant
source of pressure. The analysis 1s generally made by
static equilibrium along the vertical directlion. Bulk
materlal differs from a solld materilal, and has a tend-
ency to settle and change 1ts physical properties along
the depth of material. The pressure exerted by sillage
in a horizontal dilrection 1s of prime interest here.
The load on a horizontal plane in a vertical direction
can be evaluated easlly by welghing. The horlzontal
pressure needs some modlification. Other than dilrect
measurement of pressure in horizontal direction, 1t
may be considered as a partial pressure caused by the
vertical pressure. Once thlis assumption 1s accepted,

a factor relating horizontal pressure to vertical pres-
sure can be selected.

From the Rankine theory, (Taylor, 1960), soil

pressure can be calculated by

1 -
P = wz Sin & (10)

l1 +Sin ¢

in which

P = unit lateral pressure 1in 1lbs. per sq. ft.
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w = unlt welght of soll in 1lbs. per cu. ft.
z = depth in ft.
@ = angle of repose of the soil
By taking,
k = (1 -Sin &)/(1 + Sin ¢&) (11)

the relation between horizontal and vertical pressure

can be defined. Thils will result 1n a constant k, for

a constant @g. In a non-homogeneous, semi-fluid material
like sllage, the ratio may be much more complicated. A
transducer was used to measure the pressure 1n two direc-
tions at a point. For a close approximation to pressure
at a polnt 1n silo, a pressure transducer was built. The
transducer has two dlaphragm gages, Bouffler 1.5 in. 4-ED,
45 ohm, (Saunders-Roe Foil Strain gages, 1960), cemented
to the backs of thin stalnless steel plates which were
firmly soldered on the steel cells. The cells were em-
bedded 1n two faces of a 2 in. cubic steel block, mutually
perpendicular to each other and flush wlth the face. The
transducer was callbrated with hydrostatic pressure and
mounted on a guilde inside the silo about 4 in. from

the wall surface. Pressures 1n both directlons were
measured simultaneously. The ratlo of measured horilzontal
to vertical pressures were calculated. Least square curve
fitting was applied to arrive at the polynomial equations
shown below. Flgure 3 shows thelr varlatlons with the

depth of silage.



Depth in Ft.

23

70

| ] ] ]
0 0.2 0.4 0.6 0.8
Ratio k = H/V

Figure 3. Ratlo of Horizontal to Vertical Pressure From
Two-Way Pressure Transducer



24

f31(z) = Kk = 0.463 + 0.434 2z (12)
f35(2) = k = 0.641 - 0.0149 z + 0.000238 2°
f33(2z) = k = 0.767 -0.0336 z + 0.000906 22 - 0.00000678 23

Experimental Study on Sllage Pressure

Frequent structural fallure in large silos prompted
the study of silage pressure 1in large dlameter sillos.
Early experiments resulted in the ACI Standard for farm
silos. Since then, very little work has been done on
silage pressure. In 1958, through the cooperation of
the Natlonal Silo Assoclation and USDA, pressure measure-
ments on full scale silos were again 1initlated.

In 1959 all pressure measurements were made by
Boyd and Yu (1960) with cells made of four A-18 SR-4
strain gages attached to a stalnless steel dlaphragm.
(Figures 4 and 5) The cells were embedded flush with
sllo walls at elevations of 0O, 2.5, 5, 10, 20, and 30
ft. from the bottom of a 30 x 60 ft. silo. The value
for horizontal pressure at the O ft. and 5 ft. levels
1s the average of two cells and the value for 10 ft.
1s the average of three cells. This curve 1indlcates
that the highest pressures might not be at the bottom
but some distance above the bottom, in thls case 5 ft.

The vertical pressures in Figure 5 show variatlons
which are caused by high density areas. A distributor
was used to fill thils silo, but even with uniform distri-

bution, variations 1n vertlical pressure are great.
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Owlng to the fact that the pressures are sensed
by very small areas, the resulting values do not follow
deflnlte patterns or a simple curve. By checking the
pressure on individual cells, areas of hilgh pressures
can be pointed out. There 1s a general trend 1ndicating
that the pressures at 60 ft. depth would be approximately
700 1bs./ft.°.

During the summer of 1960, wilth the cooperation of
the USDA, the 30 x 60 ft. silo was equipped with a
column of pressure panels. These panels were similar
to those used earller 1n New Jersey and had an area of
5 sq. ft. per panel. Each panel was supported by two
1/2 in. steel rods (heat treated to 120,000 psi),
mounted so that the rods were free to deflect in hori-
zontai and vertical directions in a rigid support on
the si1lo. The horizontal and frictlonal pressure were
measured by the deflections of rods in horizontal and
vertical directions. Deflection readlings were made
to the closest 0.0001 in., which represented a pressure
of 1 lb./ft.2 increment.

Measured horizontal pressure showed almost a
straight line increase (Figure 6) and was approxi-
mately 600 psf at 60 ft. depth, The frictional pres-
sure was slightly over 100 psf at 60 ft. depth. This

frictional pressure dild not change apprecilably when

the depth increased above 40 ft. The maximum pressure
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recorded 1n each panel was shown and the difference
between the settled and maximum recorded pressure on
each panel 1s nearly the same. The highest pressures
recorded belng on panels 2 and 4 which would be

2.5 and 7.5 ft. from the bottom of the sllo.

The shape of thls curve was very similar to that
plotted using cells, although the absolute values

for horizontal pressures here are much less. The
silage averaged 67.7% in moisture content. Following
silo filling, pressure was continuously observed.

The horlzontal pressure continued to lncrease as

the silage settled. Approximately 1 week after the
completion of filling, the pressure was relieved
(Figure 7) slightly. During the cold winter the
annual ring of silage in contact with the silo wall
was frozen about 8 1n. thick. The effect on the
pressure was not obtained due to the difflculties

in measurement and evaluation. During the emptying
of the 30 x 60 ft. silo, panel pressure measurement
was continued. Figure 8 shows the pressure during
filling and emptying, measured by the bottom 4 panels.
Clircles represent the filling pressures and dotted
points represent unloading pressures. The silo was
emptied at the rate of 2.5 ft. of depth per week. The
horizontal pressure at any polnt remalned constant at

the maximum value until the sllage surface was about 20
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ft. above the measuring point, from then untll the
sillage was removed the pressure dropped off to zero.
The vertical pressure, for the same 4 panels during
filling increased to 125 psf at 40 ft. depth, and did
not 1lncrease appreciably from 40 ft. to 60 ft. During
emptylng the vertical pressure dild follow very closely
the loadlng curve. When the sllage was 10 ft. deep
and less,a negative pressure of 30 to 40 psf was re-
corded. Thils may be due to the spongy action of the
silage.

In October, 1961, panel measurements were agailn
made 1n the 30x 60 ft. silo. Figure 9 shows the results
of horizontal and frictional pressures with average M.C.
of 67.7%. During filling the silo distributor did not
operate which caused the silage to pille up on the silo
wall opposlite the panels. Thils caused a loose fluffy
f11ling against the pressure panels. The distributor
was readjusted to correct its distribution when the
silage was 25 ft. deep. The maxlimum horizontal pres-
sure measured was U400 psf at 50 ft. depth and 300 psf
at 60 ft. depth at the end of fi1lling. Thls pressure
is much lower than that recorded in 1960, which was
obtalned under good distribution during filling. This
1s an indication that distributlon had an influence on
sllage pressure in tower silos. The distribution of

frictional pressure obtained in 1961 was simllar to
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that measured in 1960. The maximum frictlional pressure
was 150 lb./ft.e; however, a curve through those points
would be close to 100 1b./ft.2 from 40 ft. to 60 ft.,
which is slightly higher than that in 1960. This small
increase in frictlional pressure being assoclated with a
large decrease in horizontal pressure.

Followlng the procedure of the previous years' work,
pressure panels were used again in measuring pressures,
in October, 1962. The average moisture contents of corn
silage filled this year was 64.9% with a maximum 71.7%
and minimum 53.0%. Due to the 1lmproper alignment of the
distributor, the silage was piled up on the side opposite
to the panels up to about 20 ft. Manual leveling was
requlred, at the latter part of filling. The final maxl-
mum pressure distributlon was very similar to the past
3 years' results. At the depth of 58 ft., maximum
horizontal pressure was 640 1b./ft.2. The frictional
pressure also was slightly lower than the past 3 years'
results, but the distribution pattern was almost 1denti-
cal. A summary of panel pressure measurement from 1960
to 1962 are shown 1in Figure 10.

Twelve alr gages were bullt and installed during
the summer of 1961. To supply air pressure, the alir in
the supply line was allowed to react on the inside of
the shimstock dlaphragm to balance the pressure exerted
by the silage. As soon as the balance 1s correct air

will by-pass the gage and cause bubbles to appear in the
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water bath, into whlch the by-pass dlscharges. At this
time the air gage pressure will be the silage pressure.
Maximum horizontal pressure measured in 20 x 60 ft. and
30 x 60 ft. silos was 700 1b./ft.2 at 50 ft. and 620
1b./ft.2 at 50 ft. respectively. (Figure 7 and Figure 11)

In obtailning the ratlio k, both horizontal and
vertlcal pressure were measured by a two-way pressure
transducer. The measured vertical pressure here dif-
fers from frictional pressure of sllage on the wall,
as 1t 1s the pressure at an internal point in vertical
direction. The maximum horizontal pressure at 55 ft.
depth was 800 1b./ft.° and the maximum vertlcal pressure
was 1370 1b./ft.° at 55 ft. (Figure 12)

The horizontal and frictional pressures measured
from panels were grouped by a 10 ft. interval in silage
depth. Groups of data were analyzed by statistical
routine for Fortran 160 to test normality in a fre-
quency distribution and to calculate mean and standard
devliation. The average pressure was approximated by
least square curve fitting and the 1lst degree 1linear,
2nd and 3rd degree curvilinear polynomial equations
were found by programs K-3, L7-S at the computor center,
Michigan State University. Let the general equation of
horizontal and frictional pressure be

N N
Hy = = agz’ , Fy = £ byz” (13)
n=o0 n=o0o
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in which

n=o, l’ 2’ ooooo
N = l, 2, and 3.

HN= horizontal pressure 1n lb,/ft.2

Fy= frictional pressure in 1b./ft.°

Zz = depth of silage in ft.

The coefficlents of the equatlons are tabulated in Tables
3 and 4.

The pressure which may occur at 90% normal distri-
bution was calculated. Hence, empirical formulas were
obtalned by least square in 1lst and 2nd and 3rd degree
ploynomlials as shown in Filgure 13.

The polynomlal equations are as follows:

Horizontal pressures:

Hy = 11.844 + 11.531 z (14)
Hy = 23.320 + 9.379 z + 0.040 22
Hy = 16.115 + 13.258 z - 0.151 22 + 0.0023 23

Pressures measured by panels are agaln subdlvided by
5 ft. intervals. DMean pressure and standard deviatlion are

obtalned by program L1-O4. The results are shown in Figure
14,
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CHAPTER IV

ANALYTICAL INVESTIGATION

The problem of calculating the pressure of silage on
the silo walls 1s somewhat simllar to the problem of a
retalning wall. The theory of Rankine will apply in the
case of shallow bins with smooth walls where the plane
of rupture cuts the bulk materlal surface, but will not
apply to deeper bins or bins with rough surfaces. In
estimating silage pressures, more factors such as vari-
ation in unit welght along the depth, molsture content,
ratio of horizontal to vertical pressures and coefficilent
of friction between silage and silo walls should be con-
sldered.

Two solutlons to the problem of calculating pressures
in tower sllos are proposed:

1. Solution without considering arch action in the
silage.

2. Solution considering arch action 1n sllage.

Solution Without Considering Arch Action of Silage

From the previous 1lnvestigation, factors such as
unit welght, coefficient of friction between sllage and
silo wall, and the ratio of horizontal to vertical pres-
sure, were not constant along the depth of silage although

38
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Janssen assumed constant values throughout the silo.
When factors are assumed constant over a small increment
of the depth of silage, say 5 ft., then the following
derivation will be valid over a5 ft, interval.

In cylindrical tower silos, using assumptlons
similar to Janssen's, the equations for the vertical
and horizontal pressures were derived as follows.

Assume the equillibrium of the shown free body

——
VA
N H-
HUdz Awdz Jdz
L R .
HUtangdzT 4 ¢HUtan(Zfdz
(V +4dav)a
VA - (V +4dV) A + Awdz - HUtan ¢ dz = o (15)
and
av ( Ht Qlj)d
= (w - Htan@—)dz
A (16)
assuming H = kV, the solution 1s found equal to
V =wR (1 - exp(- k pu z/R))/(ku) (17)

Using the functions obtained from previous studiles for
w, u and k, let
f1o(z)
foo(2)
f32(z) =k

34.779 + 1.121 z - 0.0104 z°

il
=
li

0.698 - 0.00876 z + 0.0000706 z°

i
X
I

0.641 - 0.0149 z + 0.000238 22
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then
H= T12(2) R (1 | exp(-£35(2) £20(2z) 2/R) ) (18)
fopo(z)
and
V = H/f35(z) (19)
and
F = fy5(z) H (20)

can be obtailned.

In studylng the variation in horizontal pressure
along the silo wall the calculation was made in two d4dif-
ferent ways. Flrst, assume a variable w, pu, k at each
depth. The calculated pressure 1s approximated by least
square curve fitting, and Figure 15 shows the results.
Secoﬁdly by uslng the varlable w, Ju, k at each depth,
calculate the difference in successive two pressures of a
5 ft. interval. Then, the difference of pressures 1s
successively accumulated. The results are shown in

Figure 16.

Solution Considering Arch Actlon in Silage

Wet silage tends to settle faster than driler silage.
When the silo 1s relatively tall compared to its diameter,

the silage may not settle at a certaln depth. At this
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point the welght of silage 1s not directly transmitted
to adjacent sllage but to sillo walls. The silage tends
to form an arch which will hold the total or partial
welght of the surcharge of silage. The detalled varia-
tion of pressure 1n the silo i1s yet unknown. The ratilo
of horizontal to vertical pressure, k, 1s no longer a
constant. Modification should be made 1n the k-functlon
which will satisfy the boundary condition. When the arch
actlon occurs, the vertical pressure decreases to zero
at the lower boundary of the arch. The load on the arch
wlll be taken by the resisting pressure of silo walls.
Consequently, the ratio of horlzontal to vertical pressure
becomes very great near the bottom level of arch action.
At the top surface of the sllage, neilther vertical nor
horlzontal pressure exists. Therefore, the value of k
at the upper boundary where depth equals zero may be
assumed equal to zero. Let the ratio of depth z to the

hydraullc radius of sllo R equal n then,
n = z/R or z = nR (21)

Assume n = 10. Knowlng that the ratio k varles from zero
at zero depth to iInfinity at the depth of arch actlon, a

function of n can be assigned to the ratio k then,

k(n) = 10 n/(100 - ne) (22)
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From the differentlal relation derived in the previous

section, we have

av = (- VA gy (23)

R

By the change of variable the equation becomes

av = (w - k(n) V ) dz

R
AV 4+ 4 k(n)V = wR (24)
dn

Solving for a particular case assumlng

dv/V = -k(n) mu dn (25)
Assume F(n) =‘gn k(n) dn has been solved, then
In V= -u F(n) + Cq
V = Cp exp (- pF(n) ) (26)

In order to find a proper value for the constant C2 to
satisfy the boundary conditions, differentiate eq. (26)
wlith respect to n, by consildering C2 as a function of n.

dCo
dn

dv/dn =

exp(-uF(n) ) - Co, p k(n)exp(-p F(n) )
(27)

Using equation (24), (26), (27)

dcg/dn = w R exp(p F(n) ) (28)
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By solving equation (28)
C, = w R G(n) + C3 (29)

where G(n) = én exp(pm F(n) ) dn (30)

The solution of the vertical pressure becomes

V= (wRG(n) +Cy) exp( - p F(n) ) (31)

Apply the boundary condition n = 0, W = 0
C3 =0 (32)

Hence, the solution of differentlal equation becomes

V=wRG(n) exp(-u F(n) )
H=k(n)V
F=pmH
where
k(n) = 10 n/(100 - n?) (33)
F(n) = 5 1n(100/(100 - n°) )
G(n) = G(n-1) + exp(uF(n-1)) + 1/2[exp(-uF(n)) -exp(pF(n-1))]

This glves the pressure under the arch action.

In this derivation the unit weight of material and
coefficient of friction are considered constant. Superim-
posing the effect of varlations of unit welght and coef-
ficient of friction 1s done by using the functlons as pre-
viously defined. The resultsona 30 ft. silo are shown 1n

Figure 17.
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CHAPTER V
RESULTS AND DISCUSSION

The experimental study of silage pressure in'full—
scale sllos shows that the nature of the pressures 1s
much more complicated than has been anticlipated. The
least square approximation of the various factors was
obtalned from data collected over a perlod of 4 years.
Care, however, should be exerclsed in the general ap-
plication of these results. Under normal conditlons,
unlt welght of silage, frictlonal coefficient between
silage and concrete silo wall are readily applicable.
Equation (8) may be used both for grass and corn silage.
The coefficlent of frictlon given by equation (9) 1is
only applicable to corn silage. The ratio of horizontal
to vertical pressure was obtalned from one year's experi-
mental results. The mode of variation may be correct
but further experimental evlidence 1s needed to qualify
these results.

At this stage, the exact gquantltative function for
factors w, g and k have not been formed, this experimental
study offers additional information 1n an attempt to modify
the existing formulas for the calculation of sllage pres-
sures 1n tower sillos.
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Figure 10 summarized the results of average hori-
zontal and frictional pressure measured from 1960 to
1962. Grouping the data in 10 ft. intervals the hori-
zontal pressure appears to be a linear increase with
the increase 1n depth. The bulging of horlizontal pres-
sure was observed at the lower part of the silo when
grouped in 5 ft. intervals. This bulging phenomenon
has been observed each year in the panel pressure meas-
urements. This bulging phenomenon may explaln many
past sllo fallures.

In an analytic study of sllage pressures, two
hypothesls were made: first, the factors w, p, k vary
according to the observed results without arch action
of silage 1n the silo, and second, arch action does exist
which affects these factors. Filgure 16 shows hori-
zontal, vertical and frictional pressure vs depth of
silage when arch actlon 1s excluded 1n pressure cal-
culation. The dlstribution of horilzontal pressure 1s
very similar to the pressure measured by panels but
the magnitude 1s nearly 200 lbs. greater, at the depth
of 60 ft. 1t will be inadequate and dangerous to con-
clude that the empirical formulas from experimental data
are the final result. Qbservations and experiments
should be carried out over much longer perlods of time
to include possible extreme cases of pressure developed

in tower silos under different ensiling conditions.
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Figure 18 shows the horizontal pressure calculated
when dlsregarding the arch actlon of sllage 1n different
dlameters, and may be recommended as the pressure on
which farm sllos should be designed.

When the arch action of silage 1s considered, the
horizontal and vertical pressure were derived .and cal-
culated by assuming the ratio k as a functlon of n,
where n equals the ratlo of depth of silage to hydraulic
radius of the silo. For function of k = 10n/(100 - n¢),
the pressure dilstribution 1s shown in Figure 17. The
horlzontal pressure, calculated considering arch action
In sllage, 1s almost three times as large 1n magnitude
as that obtained from the panel pressure measurement but
1s 1identlcal in distribution pattern. The maximum pres-
sure is found about 1.0 R to 2.0 R from the bottom of
the silo.

In studylng the pressure distribution corresponding
to the change in k-function, let k = Yn/(100 - n2) and
vary the parameter<y. The horizontal pressure calculated
by varying &\ from 6 to 20 was shown in Figure 19. The
Increase in parameter c% causes a decrease 1n maximum
horizontal pressure and a rise in the position of the
actlon of maximum pressure. When c% is less than 6,
horizontal pressure increases with the depth having no
bulging effect. When &\ equals 20 the bulging effect

of horizontal pressure is only half what it is when Y = 6.
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Since the varlatlion of arch action of silage 1n silos
has not been well established, no criterion 1s given
at present as to which <% to use, but for Gﬂ = 10, the
results seem reasonably relliable and are simllar to the
results actually measured. The horizontal pressures
were calculated for silos of diameter 14, 18, 22, 26
and 30 ft. as shown in Figure 20.

The vertical and frictlonal pressure were cal-
culated together wlth the horizontal pressure and are

shown 1n Figure 21 and Figure 22.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

1. The factors affecting silage pressure were
evaluated. Variatlon of the densilty of silage, coef-
ficlent of friction and the ratio of horizontal to
vertlical pressure affect the pressure in silos.

2. The density, coefficient of friction, and
ratlo k were formulated as a function of a single vari-
able under the assumptlon that the molsture contents
of the sllage lies between 50 and 80%.

3. Pressure measured in a 30 x 60 ft. silo for
corn sllage over 4 years was analyzed. The bulglng
of pressure near the bottom of the silo was observed.
The accumulated pressure data from 1960 to 1962 were
grouped. The average and standard deviatlion was cal-
culated and empirical formula for the 30 x 60 ft. silo
for corn silage was formulated by estimating the pres-
sure at 90% normal distribution. Simple polynomial
equatlon of a single variable was obtained by least
square curve fitting.

4, Horizontal, vertical and frictional pressures
were analyzed with and without considering arch action
in silage.. Assuming the arch actlon exlsts, the pressure
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distribution 1s shown 1n Figure 17. The bulging of
maximum horilzontal pressure characterizes the pressure
distribution with arch action. If there 1is no arch
action of silage, pressure distribution 1s shown 1n
Figure 16. No bulging of maximum horilzontal pressure
1s found.

5. The formulas in equations (18, 19, 20) can
be used when the arch actlion of ensiled material may
be neglected. The formulas in equations (33) should

be used when possible arch actlon may occur.
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