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Jofriet, J., Zhang, Y., Johnson, J.W. and Bird, N. 1995. Structural
design of liquid manure tanks. Can. Agric. Eng. 38:045-052. Liq
uid manure is commonly stored in reinforced concrete cylindrical
tanks when land application is not possible. The structural design of
liquid manure tanks requires a consideration of alI loads and of
appropriate support conditions. The most important loads for which
a cylindrical liquid manure tank must be designed are reviewed. The
selection of an appropriate support condition at the bottom of the
tank wall is discussed. The assumption of a radial spring is recom
mended for tanks in which floor and walI are not monolithic. The
determination of the intemal hoop forces in the wall of a cylindrical
liquid manure tank is difficult if the boundary support at the bottom
of the wall is other than sliding or hinged. Design curves are provided
to aid designers to determine the hoop tension in the wall and in the
footing. As well, the radial displacements can be determined using
the same design curves. Friction 'and passive earth pressure can be
considered to provide the horizontal support at the wall footing. The
frictional resistance is easy to calculate; the passive earth pressure
can only be estimated. An example analysis of the hoop tension in a
liquid manure tank is provided in the Appendix.

Le lisier est habituellement stocke dans des reservoirs cylindri
ques en beton arme quand l'epandage sur les champs n'est pas
possible. La conception de la structure des reservoirs a lisier de
mande de prendre en consideration toutes les charges et les
conditions adequates de soutien. Les charges les plus importantes
pour lesquelles un reservoir cylindrique alisier doit etre conc;u sont
repertoriees. La selection d'une structure de support appropriee en
bas du mur du reservoir est discutee. L'hypothese d'une elasticite
radiale est recommendee pour les reservoirs dont Ie sol et la paroi
sont de nature differente. La determination des forces circulaires
intemes dans la paroi d'un reservoir cylindrique alisier est difficile
si la condition de support au bas de la paroi est autre que coulissante
ou pivotante. Les courbes de conception sont foumies afin d'aider les
concepteurs adeterminer les tensions circulaires intemes au mur et
dans Ie pied du mur. De meme, les deplacements radiaux peuvent etre
determines en utilisant les memes courbes de conception. La friction
et la pression passive de la terre peuvent etre considerees pour foumir
la resistance horizontale au pied du mur. La resistance frictionnelIe
est facile it calculer; la pression passive de la terre peut seulement ctre
estimee. Un exemple d'analyse de la tension circulaire dans un
reservoir alisier est donne en annexe.

INTRODUCTION

Many farm operators use a manure storage facility to be able
to apply manure to the land mainly during the vegetative
season. Many of these storage facilities are built of reinforced
concrete and are large enough to store the manure produced
over six to ten months. Steel tanks, although common in
Europe, have not been used extensively in North America.
The determination of tank size is described in detail in the
Canadian Farm Buildings Handbook (Anonymous 1988).

Liquid manure tanks must be designed to adequately with-

stand all loads. As well, a serviceable tank should be water
tight to prevent the pollution of groundwater and the
corrosion of the reinforcing steel. In Canada, the National
Building Code (NBC) (CCBFC 1995b) and the Canadian
Farm Building Code (CFBC) (CCBFC 1995a) have provi
sions that are relevant to the design and construction of farm
manure storage structures. Some provinces, such as Ontario,
have their own building code in place of the NBC (e.g. OBC
1993) but all provincial building codes are virtually identical
to the NBC where structural design is concerned (Le. Part 4).

Most free-standing liquid manure tanks are cylindrical in
shape because evenly distributed loads on a cylindrical wall
create almost no bending moments as compared to rectangu
lar walls. A straight wall subjected to the same load is more
expensive to build and may require buttresses at regular
intervals for stability. A rectangular tank can serve as the
foundation for a building with slatted floors. In this circum
stance, concrete cross-beams or a floor will serve as support
for the wall and replace the buttresses.

In most circular liquid manure tanks, the major structural
component is the tank wall which, with its footing, is often
constructed separately from the tank floor. Thus, the bottom
of the wall can move out radially under the effect of the
internal pressure and create a mostly undetermined support
condition at the bottom of the wall.

The objective of this paper is to review the various loads
that a cylindrical tank wall must be able to resist and to
address the question of support condition that might be ap
propriate at the bottom of the wall. A design aid for
determining hoop tensions is presented and an example is
included to illustrate its use.

TANK WALL LOADS

The following are the loads, other than dead load, that must
be considered in the design of a liquid manure tank wall.
They are specified in the 1995 CFBC (CCFBC 1995a) and/or
Part 4 of the 1995 NBC (CCFBC 1995b). It has been assumed
that the tank wall is vertical:

1. Outward horizontal liquid pressure from the manure at
an equivalent fluid density of 10 kN/m3. The tank
should be assumed filled to the top of the wall unless
there is a positive overflow device preventing this from
happening.

2. Inward horizontal soil pressures based on the equivalent
fluid densities listed in Table I. Below the assumed
watertable, the equivalent fluid density for the first
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Table I: Equivalent fluid density for different soil types
(CCBFC 1995a)

three materials in Table I may be taken as 50% of those
shown. Of course, the water pressure (see point 3)
below the watertable must be added to the soil pressure.
The equivalent fluid density of poorly drained soft silts
and clays includes the groundwater pressure.

3. Inward hydraulic pressure from groundwater increasing
with depth below the highest known watertable at the
rate of9.8 kN/m2 per metre depth. If there is uncertainty
about the highest watertable, it is prudent to assume it
to be at the level of the local undisturbed ground level
(exclusive of any berming). This could be reduced if
granular backfill and a perimeter drainage system is
used.

4. Uplift on all parts of a tank below the assumed design
watertable. If a manure tank can be emptied during
periods of high watertable, it is necessary to provide
some means of relieving the water pressure. This can
best be accomplished by providing a compacted granu
lar fill base for the floor and a sub-floor drainage system
tied to a perimeter drain. As an added measure of safety,
a pressure relief plug can be built in the tank floor. If
this plug does pop up, care should be taken to ensure
that the plug has been properly reseated or replaced
before the tank is put back into service.

5. The NBC and the CFBC indicate that where the backfill
may be subject to vehicular loads within 1.5 m of a
manure tank wall, such as manure tankers or trucks, the
walls must be designed for a horizontal surcharge load
of 5 kPa applied uniformly below ground level.

6. Weight of the manure on the footing and/or floor (den
sity 10 kN/m3).

7. Uniform snow and rain loads if the liquid manure tank
is covered. Snow and rain loads will depend on location
(CCBFC 1995b).1f a storage tank cover is not exposed
to vehicular traffic it must be designed for the dead plus
snow loads, or dead load plus 2.0 kPa, whichever is
greater (CCBFC 1995b). If the tank cover may receive
vehicular traffic, the minimum uniformly distributed
live load for farm machinery traffic is 7.0 kPa (CCBFC
1995a). Where it is anticipated that the cover will be
occupied by either loaded trailers, trucks, or farm trac
tors having a mass in excess of 6000 kg (including the
mass of mounted equipment), the live load must not be
less than 10 kPa (CCBFC 1995a). Alternatively, a con
centrated wheel load of 23 kN per wheel, applied over
an area of 750 mm by 750 mm located so as to cause

Soil type

Clean sand and gravel, well drained
Sand and gravel with fines, restricted permeability
Silt, residual silts, and clays
Soft silts and clays, poorly drained

Equivalent
fluid

(kN/m3
)

4.7
5.7
7.0

16.0

maximum effects must be considered. Where a tank
cover serves as a place for processing or for loading or
unloading of vehicles, live loads must be increased by
50% to allow for impact or vibration of the machinery
or equipment (CCBFC 1995a).

8. Forces caused by expansion of ice that may form on the
surface of the manure. Although the 1995 CFBC speci
fies that ice loading must be designed for in areas of the
country where ice forms in liquid manure tanks, there is
little guidance as to the magnitude of loading except for
climates similar to that of the Quebec City area (CCBFC
1995a; lofriet et al. 1996).

9. Temperature gradients in the tank wall and creep and
shrinkage of the concrete.

LOAD COMBINATIONS

When designing a tank wall, the following major live load
combinations must be considered:

1. Outward pressure of the manure on the wall plus ice
pressure. The inward soil loading on the wall may not
be used to offset the manure pressure unless thoroughly
compacted granular backfill is used (CCBFC 1995a).
Cohesive soils when used for backfill tend to shrink
away from the wall making their support of the manure
pressure for the life of the structure uncertain. If com
pacted granular backfill is used, the maximum
resistance that should be subtracted from the manure
pressure is a low estimate of the active pressure. Inward
groundwater pressure should never be used to offset
manure pressure.

2. Inward pressure on an empty tank resulting from a
combination of groundwater pressure, the soil backfill,
and the surcharge due to vehicles travelling within 1.5 m
of the wall.

In both load combinations 1. and 2., other loads must be
considered such as dead loads, live load reactions on the wall
from a possible tank cover, temperature variations in the
structure and structural components, creep, and shrinkage of
the concrete. In load combination 2., uneven levels of backfill
must be taken into account. This is very difficult to analyze
and the authors recommend that backfill levels be kept the
same all around a cylindrical tank both during construction
and afterwards.

INTERNAL FORCE ANALYSIS

The inward soil pressure from the backfill and the groundwa
ter pressure will cause a circumferential compression in a
cylindrical tank wall. Providing these loads are uniform
around the tank perimeter, the hoop (circumferential) com
pression will be uniform. For concrete tanks these hoop
compression forces and the resulting hoop compressive
stresses are small compared to the compressive strength of
concrete. For instance, for a 50 m diameter, 2.5 m deep tank
backfilled with a poorly drained soft silt or clay, the maxi
mum compressive stress will be about 2 MPa. For a wall
made of 30 MPa concrete this is not excessive providing the
inward pressure is approximately uniform around the circum-
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Fig. 2. Cross seclion of liquid manure lank wall
independent from 1100r slab.
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2. The footing at the bottom of the wall is larger and hence
slilTer than the wall providing additional resistance to
free radial displacement.

An assumption Ihat the joint is hinged with zero radial
displacemenl, on the other hand. is not realistic either if the
construction procedure is as indicated in Fig. 2 or if the noor
in Fig. I is not reinforced and likely to crack. The "real"
boundary condition therefore lies somewhere between a
hinged joint and a perfectly sliding support.

The horizontal reaction from friction is a function of the
vertical force in the wall from the dead load and the down
ward friction from the backfill. The radial reaction may be as
high as 50 10 75% of the venical force.

The effect of the footing stiffness exceeding that of the
wall is equivalent to a radial spring support at the bOllom of
the wall (see Fig. 2). Assuming that there is a radial reaction
force. F,. (N/m), at the wail-fooling interface (see Fig. 3), the
hoop tension in lhe footing. Tf. is:

ference of the tank. If not. the wall may buckle much like a
column or similar compression member.

In the case where a lank wall is supported at the top by a
cover as well as at the bottom by the floor. the wall will
function mainly as a vertical beam spanning between roof
and footing. The hoop tension will be negligible. The deter
mination of the bending moments from the outward manure
pressure and the inward soil/groundwater pressure is simple
and does not deserve further discussion.

The majority of tanks do not have a cover and these need
to be considered in more detail. The outward Illanure pressure
causes circumferential tension in the cylindrical wall which
creates stress in reinforcing steel bars and to a certain extent
in the concrete (Jofriet et al. 1987). An accurate estimate of
the hoop tension in the wall and its distribution over the
hcight is essential. Once the hoop tcnsion is detennincd. the
hoop rcinforcing stcel and the wall thickness can be deter
mined (Jofriel el al. 1992).

The hoop tension is a function of lhe oUlward pressure on
the wall and the support at the bOllom. If lhe noor of the tank
and the wall footing form a homogeneous unit as is commOI1
praclice in Quebec (Fig. I), and if Ihe 1100r is suilably rein
forced to withstand the radial reaction from the wall. a hinged
support can be assumed. The hoop tension resulting from the
manure prcssure can then be determined with the <lid of the
appropriale lable in peA (1993).

Fig. 1. Cross section of liquid manure tank wall inlegral
wilh 1100r slab.

CROSS SECTION THROUGH TA~~ WALL /--(JOEL OF

TA"'''( WALL in which D is the tank diamclcr. The hoop tensile stress in the
footing can be obtained by dividing the hoop tensile force by
the footing area, Aj. and the hoop strain in the footing, th, can
be calculated, assuming lincar elastic behaviour. as:

If the footing is representcd by a lincar spring with stiff
ness k' (N/m per III circumference), then a radial reaction F,.
would rcsult in a radial displacemcnr:

where £c is Young's modulus of concrete. The radial dis
placement. fiR, of the footing. and of the boltom of the wall.
due to F,. alone is the hoop strain multiplied by the tank radius
or:

A common construction method in Ontario uses a joint
between the wall and its footing and the tank noor allowing
these to separate (Fig. 2). This type of conslTllction allows the
construction of lhe noor after lhe wall and unforeseen uplift
pressures undernealh the lank only affect lhe noor rather than
the entire tank.

Some (e.g. Mullen 1981) have assumed thaI the wall can
slide freely at lhe bOllom so that the hoop tension at each
level in the wall equals the pressure <II that level multiplied
by the tank mdius and the radial reaction al the bottom of the
wall is zero. This ,lssumplion is not accurate because:

1. There is always some horizontal reaction at the bottom
of the footing from friction.

(2)

(3)
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Liquid manure tank wall

(7)k

the tank wall. This provides a footing with a cross sectional
area of 4.5t. Substitution of this value into Eq. 6 provides a
spring stiffness k:

181tEc t2

D

In the finite element analyses, the value for k was deter
mined from Eq. 7 as well as values one half, twice, and four
times that in Eq. 7. These four spring stiffnesses provided a
good coverage between the sliding and hinged assumptions.

Figure 4 shows plots of the hoop tension versus distance
from the bottom of a wall with a sliding base Ck=O), a hinged
base (k=oo), and with the bottom of the wall supported ra
dially by springs with stiffnesses specified earlier. The hoop
tension is non-dimensionalized with respect to the product
wHR, where R is the tank radius. The tank geometry, H2/CDt),
is 0.4. For the sliding base, the non-dimensionalized hoop
tension varies linearly from 1.0 at the bottom to 0 at the top
of the wall. For the hinged boundary, the hoop tension is 0 at
the bottom increasing non-linearly to about 0.48 at the top.
The hoop tensions for the walls supported at the bottom by a
spring lie somewhere between these two extremes.

(4)
FrM=
k'

Fig. 3. Reaction force at wall-footing interface and
resulting tension in footing.

A k =0) (hinged base)

x k = 181TE~/0 kN/m

- k = 721TE~/O kN/1II

iii -.

20 30 40 50 60 70 80 90 100
Relative height fro-m bottom (%)

10
o

o

0.1 -

0.2

0.3

1I' ·k = 0 (sliding base)
0.9 - .. + k = 9TrEt2/D kN/m

0.8 _ I k = 361TEt'/0 kN/m

0.7 ......

~0.61 .......

~ 0.5

"I- 0.4

Fig. 4. Hoop tension in the wall of tank with geometry
ratio H2/Dt =0.4.

Figures 5 to 13 have similar curves for tank geometry
values H2/CDt) of 0.8, 1.2, 1.6, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0.
As tanks become taller relative to their diameter, the effect of
the boundary condition at the bottom of the wall on the upper
part of the cylinder becomes less. For instance, in Fig. 13 the
hoop tension in the upper half of the wall is virtually equal to
that in a wall with sliding base.

The hoop tension curves in Figs. 4 to 13 will permit
designers of cylindrical liquid manure tanks to determine the
hoop force at any level in the wall, for any tank geometry now
commonly used on farms. With this information and a set of
design criteria appropriate for the design of a watertight tank,
the wall thickness and the reinforcing steel can be determined
(Jofriet et al. 1987).

The radial reaction at the bottom of the wall, Fr, causes
meridional bending moments, M(x), in the cylindrical shell.

(6)

(5)

k

.To get a representative expression for the value of spring
stIffness for the footing, the radial displacements in Eqs. 3
and 4 are set equal. This yields:

k' =4 AfEc

D2

Radial springs with stiffness k' N/m per metre of circum
ference (Eq. 5) must be applied uniformly around the
perimeter of the tank wall at the bottom. The total spring
stiffness, k, is determined by multiplying k' by the circumfer
ence of the tank, pO:

41tAfEc

D

The hoop tension in a wall with height H supported at the
bottom by a radial spring was determined by means of a
number of linear elastic axisymmetric finite element analy
ses. The wall was subjected to a triangular hydraulic load
(liquid weight w kN/m3) increasing from zero at the top of the
wall to wH kN/m2 at the bottom. For each tank geometry,
four spring stiffnesses were considered.

In all tanks, except those with a sliding base, the magni
tude and distribution of the hoop tension is based on tank
geometry. The tank geometry can be expressed by the non
dimensional geometry ratio H 2/(Dt), where t is the uniform
thickness of the wall. Large diameter shallow tanks have a
small H2/(Dt) ratio. The smallest value considered was 0.4
(e.g. a 50 m diameter by 2.45 m deep tank with a 300 mm
thick wall). Deep tanks with a relatively small diameter have
a large value of H2/(Dt); in this study 8.0 was the largest
value used (e.g a 10 m diameter tank, 4.5 m deep with a 250
mm thick wall). Intermediate values were 0.8, 1.2, 1.6, 2.0,
4.0, and 6.0.

The standard tank designs provided by the Ontario Minis
try of Agriculture, Food and Rural Affairs (Jofriet 1992) have
1.5t mm thick footings that project t mm beyond the faces of
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They can be determined from (Roark and Young 1975):

(

O')b') 03 b3 b l )
M(x) =Fr o:~ - 20 1 A - 2A (8)

in which:

01 = sinh20Jl) - sin 2eAH)

02 = cosh(AH) sinh(AH) - cos(AH) sin(AH)

03 = sinh2(AH) + sin2(AH)

bl =COSh(AX) sin(Ax) + sinh(AX) COS(A.X)

b2 = sinh(AX) sin(Ax)

b3 = COSh(AX) sin(AX) - sinh(AX) cos(A.r)
x =distance from bottom of wall, and

Table II: Values of (0.5· a) for various wall geometries
and bottom supports

H2/(Dt) Spring stiffness, k (1tEct2/D N/m)

0 9 18 36 72

0.4 0 0.128 0.168 0.199 0.221 0.245
0.8 0 0.115 0.154 0.186 0.208 0.235
1.2 0 0.100 0.138 0.170 0.192 0.221
1.6 0 0.088 0.124 0.154 0.176 0.205
2.0 0 0.087 0.120 0.148 0.169 0.195
3.0 0 0.072 0.100 0.124 0.141 0.163
4.0 0 0.067 0.091 0.111 0.124 0.142
5.0 0 0.064 0.086 0.103 0.114 0.129
6.0 0 0.060 0.079 0.094 0.103 0.115
8.0 0 0.055 0.071 0.082 0.089 0.099

FOOTING DESIGN

The radial reaction, Fr, at the bottom of the wall must be
carried by the wall footing as a radial force. The radial force.
F,., can be resisted by friction between the bottom of the
footing and the soil, by passive soil pressure against the
vertical side of the footing, by placing the footing against
undisturbed ground, or by reinforcing the footing with hoop
steel to resist the resulting hoop tension (Eq. I), or a combi
nation of these. The hoop force, Tf, resulting from the radial
force is simply the difference between the total hoop tension
in the wall for the case being considered and that assuming a
perfectly sliding base. In the latter case the force. Fr. and
hence the footing hoop tension, Tf, is zero.

The total hoop force in a wall with geometry, H 2/(Dt), and
spring support, k, at the bottom can be found easily by
integrating the hoop forces plotted in Figs. 4 to 13 over the
height of the wall, i.e. by finding the area, a, under the curves
in Figs. 4 to 13. Since the hoop force plots are non-dimen
sional, the areas so found have to be multiplied by wRH2 thus
providing a hoop force of awRH2. Since the total hoop force

in a wall with a sliding base is 0.5wRH2, the hoop force
transferred from the wall to the footing by shear is:

(9)

Table II lists values of (0.5 - a) for all wall geometries and
all spring stiffnesses provided in Figs. 4 to 13.

The hoop force in Eq. 9 assumes that the entire force, Fr,

is resisted by hoop tension (or compression if the load is
radially inward). The reduction of this force by friction at the
bottom of the footing is easy to estimate assuming a conser
vatively small coefficient of friction of say 0.4 to 0.5. The
reduction from a passive soil pressure along the side of the
footing is more difficult to estimate. It will be a function of
the radial displacement and the type of soil. Of course, for
any passive pressure to develop, the soil must be undisturbed
and the footing concrete must be placed directly in contact
with the undisturbed soil.

An upper estimate of the passive soil pressure, Pp, may be
obtained from:

• k = 0 (sliding base) 0 k = 00 (hinged base)
+ k = 91TEt'/D kN/m x k'" 181TEt'/D kN/m

A k = 361TEt'/D kN/m - k = 721TEt'/D kN/m

--,,--=-
80 90 100

1 ""1..0.9 .....
0.8 I ...
0.7 i .....

Fig. 5. Hoop tension in the wall of tank with geometry
ratio H 2/Dt = 0.8.

Fig. 6. Hoop tension in the wall of tank with geometry
ratio H 2/Dt = 1.2.
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• k = 0 (sliding base) 0 k =.. (hinged base)

+ k = 9TTEr/D kN/m x k = 18'lTEr/D kN/m

A k = 361rEr/D kN/m - k = 72'lTEr/D kN/m

i , ' i -~,--=-

10 20 30 40 50 60 70 80 90 100
Relative height from bottom (%)

o
o

0.1

0.3

0.7 .

a:: 0.6
:I:

~ 0.5
"-
.... 0.4 .

0.2

• k = 0 (sliding base) 0 k =.. (hinged base)
+ k = 9TTErID kN/m x k = 18'lTErlD kN/m

A k =361rErlD kN/m - k =72'lTErlD kN/m

0.1

0.3

0.2

0.8

0.9

0.7

a:: 0.6'
J: +-HH-+++-o-........-. .

~ 0.5
"-
.... 0.4

od1=---.---....--~-.---r'--,-,--.-,.--.---.---==-.
o 10 20 30 40 50 60 70 80 90 100

Relalive height from bollam (%)

Fig. 7. Hoop tension in the wall of tank with geometry
ratio H 2/Dt =1.6.

Fig. 9. Hoop tension in the wall of tank with geometry
ratio H 2/Dt = 3.0.

o k =.. (hinged base)

x k = 181TEr/D kNlm
k = 72'lTEr/D kN/m

• k = 0 (sliding base)

+ k = 9TTEtZ/D kN/m

A k = 361rErlD kN/m

Iii iii i

10 20 30 40 50 60 70 80 90 100
Relative height from ballam (%)

0.3

0.2

0.1

0.9

0.8 .

0.7

a:: 0.6
:I:

lO.5
"-
.... 0.4

o k =.. (hinged base)

x k = 18'lTErlD kN/m

- k = 72'lTEr/D kN/m

• k = 0 (sliding base)

+ k = 9TTErlD kN/m

A k = 361rErlD kN/m

0.1

0.3

0.2

0.7

0.9

0.8

a:: 0.6
:I: .J...-.4H-++-+-+-+-+-.........~ .

~ 0.5
"
.... 0.4

oH1=--'r,--r-,--r-,--r-,--r-,--r--
o 10 20 30 40 50 60 70 80 90 100

Relative height from bottom (%)

Fig. 8. Hoop tension in the wall of tank with geometry
ratio H 2/Dt =2.0.

Fig. 10. Hoop tension in the wall of tank with geometry
ratio H2/Dt =4.0.

(10)

(11)

where:
Pp =passive pressure,
Kp = pressure ratio under fully passive conditions,
Ws =weight density of the backfill material, and
H s =the height of the backfill above the footing.

The passive pressure ratio, Kp, may be estimated from:

K = I + sincp
p I - sincp

where cp = internal angle of friction. This angle of friction
should be estimated conservatively low.

To develop the full passive pressure, there has to be con
siderable radial displacement of the footing. The precise
relationship between radial displacement and passive soil

pressure is very difficult to determine. This means that the
design of hoop steel in the footing is extremely difficult and
the conservative designer may well neglect the resistance
from the soil completely.

To provide some guidance in this difficult task it may help
to be able to estimate the radial displacement of the bottom
of the tank wall given a known radial spring support. The
radial displacement of the wall at any level is a linear func
tion of the hoop strain, and therefore hoop stress, at that level
providing the applied force is uniform or linearly varying.
Thus the curves showing the variation of hoop force in Figs.
4 to 13 also depict the deformed shape of the wall, to some
scale. Referring to Eq. 3 and replacing the radial force by
2T/D (see Eq. I) and considering that for a unit height on the
wall the area is It, the radial displacement at any level can be
written as:
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o k = 00 (hinged base)

I k = 187TErZ/D kNlm
- k = 721TEr/D kNlm

• k = 0 (sliding base)

+ k = 97rErlD kN/m

~ k = 367TErZ/D kN/m

-f~--T~--'---'---'----'----'----".

10 20 30 40 50 60 70 80 90 100
Relative height from bottom (%)

o
o

0.1

0.2

0.3

0.7·

0.8

Q: 0.6
:I:

~ 0.5·
"
~ 0.4·

---,--,.,--,.,- --.---r-
10 20 30 40 50 60 70 80 90 100

Relative height from boltom (%)

o
o

0.1

1 T-. • k = 0 (sliding base) 0 k '" 00 (hinged base)

0.9 i -... + k = 97rErZlD kN/m x k'" 187TEI2/D kN/m

.....
~ k = 367TEt2/D kN/m - k = 727TEt2/D kN/m

0.8·

0.7

Q: 0.6·
:I:

~ 0.5
"
~ 0.4

0.3·

0.2·

Fig. 11. Hoop tension in the wall of tank with geometry
ratio H2/Dt = 5.0.

Fig. 13. Hoop tension in the wall of tank with geometry
ratio H2/Dt = 8.0.
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SUMMARY

The most important forces for which the wall of a cylindrical
liquid manure tank must be designed were reviewed. The

determination of the internal hoop forces in the wall of a
cylindrical liquid manure tank is difficult if the boundary
support at the bottom of the wall is other than sliding or
hinged. Figures 4 to 13 provide an aid to designers who want
to consider a more realistic boundary condition. This paper
also provides the designer with sufficient information to
calculate the horizontal shear force transferred from the wall
to the footing given certain boundary conditions at the bot
tom of the wall. As well, the radial displacements can be
determined. Friction and passive earth pressure can provide
horizontal reactions at the wall footing; the frictional resis
tance is easy to calculate; the passive earth pressure can only
be estimated as being less than the upper bound value. The
net radial force equals the horizontal shear force minus the
reactive forces; it must be resisted by the footing ring and will
result in hoop tension to be resisted by reinforcing steel.

An example analysis of the hoop tension in a tank is in the
Appendix.

ACKNOWLEDGEMENT

The authors appreciate the financial support by the Ontario
Ministry of Agriculture, Food and Rural Affairs (OMAFRA)
provided under the University of Guelph/OMAFRA Agree
ment.

REFERENCES

Anonymous. 1988. Canadian Farm Building Handbook.
Publication 1822E. Agriculture Canada, Research
Branch, Ottawa, ON.

CCBFC. 1995a. Canadian Farm Building Code. Canadian
Commission on Building and Fire Codes, NRCC 38732.
National Research Council Canada, Ottawa, ON.

CCBFC. 1995b. National Building Code of Canada.
Canadian Commission on Building and Fire Codes,
NRCC 38726. National Research Council Canada,
Ottawa, ON.

Jofriet, J.C. 1992. Structural components/or conrete manure
storage tanks. Ref. ERU92-01. A Report submitted to

(13)

(12)

• k = 0 (sliding base) 0 k = 00 (hinged base)

+ k = 97rErZ/D kN/m x k = 187TEI2/D kN/m

~ k '" 367TEr/D kN/m - k = 727TEt'/D kN/m

0.3

0.1

0.2·

0.8

0.7 .

0.9

Q: 0.6·
:I:

~ 0.5
"-
~ 0.4

Fig. 12. Hoop tension in the wall of tank with geometry
ratio H2/Dt = 6.0.

!iR= TD
2Ee t

From Figs. 4 to 13, y = T/wHR can be read off. Substitution
into Eq. 12 and replacing D with 2R yields:

ywHR2
!iR=-----

Eet

in which y is read off the vertical axis in Figs. 4 to 13 for the
appropriate wall geometry and spring support stiffness. For a
sliding base, for instance, y is always 1 and thus the radial
displacement is (wHR2)/(Ect). For a 40 m diameter tank with
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APPENDIX

Example analysis

A liquid manure tank has to have a capacity of 500 m3. A
diameter of 16.0 m was selected. Thus a wall height H = 2.50 m
provides the required storage. Estimate a wall thickness of
200 mm. The tank's non-dimensional geometry ratio,
H2/(Dt), then is 1.95. Fig. 8 (H2/(Dt) = 2.0) can be used to
provide hoop tension forces.

Assume a footing with 200 mm (= t) projections beyond
the wall and a 300 mm (= 1.5t) thickness. This stiffer ring
with a cross-sectional area, Af, of 4.5t2 can be modelled by a
spring support at the bottom of the wall using Eq. 5.

K =41C AfEc/D = 181C Ec r2/D

From Fig. 8 the hoop tensions from the liquid manure are:

Height from T/wHR T(kN/m)
bottom (m)

a 0.375 75

0.25 0.425 85

0.50 0.455 91

0.75 0.470 94
1.00 0.465 93
1.25 0.430 86

1.50 0.400 80
1.75 0.350 70

2.00 0.280 56

2.25 0.215 43

2.50 0.145 29

52

The total tensile force, Trot> obtained by integrating the
tensile forces per unit of height in column 3 of the above
table, is 187.5 kN; a in Eq. 8 is 0.375. The hoop tension in
the footing, if other resistances to the radial base shear trans
ferred to the footing are neglected, is:

Tf= (0.5 - a) w R H2 = (0.5 - 0.375) x 10 x 8 x 2.52

= 62.5kN

The radial displacement at the bottom of the wall, if Tf is
the only resisting force, is:

ywHR2
!iR=..:...----

Eet

=0.12mm

The radial shear force transferred from wall to footing to
cause this radial displacement is:

Fr = Tf/R = 62.5/8.0 = 7.81 kN/m

If full passive soil resistance against the side of the footing
were generated and if the angle of internal friction of the soil
were estimated low, say <I> = 20°, and if the wall were
backfilled to within 0.5 m of the top of the wall with soil
weighing 20 kN/m3 then by Eq. 10:

I + sin 20° x 20 x 2.0 = 81.6 kN/m2

1 - sin 20°

Since the footing is 0.3 m thick, the passive resistance of
the soil would be a maximum of 24.5 kN/m. A more conser
vative estimate of the soil resistance would be to assume an
"at-rest" (zero strain) condition with a Ko of about 0.5. In this
case the resistance would be 20 kN/m2, or 6 kN/m over the
height of the footing.

As well, the friction resistance at the bottom of the footing
can be considerable in this case. The wall and footing to
gether weigh 16 kN/m. A conservative friction coefficient of
0.4 would provide a friction reaction with a maximum value
of 6.4 kN/m.

With the information available, the designer has to make a
judgment regarding the amount of hoop reinforcement in the
footing. The choices are:

I. Reinforce for the full 62.5 kN hoop tension.

2. Reinforce for part of the 62.5 kN hoop tension.

3. Assume that the entire radial force of 7.81 kN/m is
resisted by friction and soil resistance.

Any of these three approaches can be defended as being
reasonable.

The maximum value of meridional bending moment by

Eq. 7 is 2.33 kN em per metre for a base reaction of 7.81
kN/m, occurring 0.7 m above the base. Assuming an un
cracked section, this would cause a maximum bending stress
of 0.35 MPa tension on the outside face, compression on the
inside.

JOFRIET, ZHANG, JOHNSON and BIRD
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