
BEARING CAPACITY OF CLAYS FOR

TOWER SILOS

INTRODUCTION

Canadian farmers are building larger
and higher tower silos than they did in
the past, following the modern trend for
larger engineering structures. These large
tower silos represent a substantial expen
diture, and in an effort to reduce costs the
foundations are often compromised.
When silos were smaller there were

generally no problems. However, with
larger structures the applied loads often
approach the bearing capacity of the
foundation soils. This has led to excessive

settlements, dangerous tilting (Figure 1 a,
b, c), and frequently, complete failure
(Figure 2). Silos must have foundations
designed for the bearing capacity of the
soil and with an adequate factor of safety
if the structures are to perform as desired.
A method for determining the allowable
bearing capacity based on soil tests, and
some suggested improvements in the
design of foundations are given.

PRESSURE DISTRIBUTION UNDER

SILO FOUNDATIONS

Many tower silos are constructed on
doughnut-shaped foundations. The distri
bution of the pressures applied to the soil
by these structures — the combined
weight of the superstructure, operating
equipment, foundations, and silage3 —has
never been measured. In this analysis, it is
assumed that the total load is applied
uniformly over the whole area enclosed
by the circular foundation. For this
assumption, elastic theory (16) indicates
that a uniform pressure, q, applied over

a The density of corn silage measured during
filling of an 82-ft (25-m) high silo was
reported by Bozozuk (4). For other crops,
see McCalmont (12). The Canada Depart
ment of Agriculture or the Ontario Ministry
of Agriculture and Food may also be
consulted.
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an area of diameter, B, is distributed to
the supporting soil in the form of a
pressure bulb as shown in Figure 3. Its
size is related to the diameter of the

foundation, that is, the greater the
diameter the larger and deeper the bulb.
The maximum vertical pressure occurs
immediately below the footing and
diminishes to 10% of this value at a depth
equal to twice the diameter of the
foundation. If the applied stresses within
the bulb do not exceed the shear strength
of the soil, the structure will be stable.

If the silage is not placed uniformly,
the resultant load, W, will be off-centre
and the pressure bulb will be distorted as
shown in Figure 4a. The same effect can
result from strong winds acting on a tall
silo. This can cause local over-stressing of
the foundation clay which in turn may
lead to failure. If failure does not occur,
non-uniform settlements will take place,
causing the silo to lean from the vertical
(Figure \b). Unless this situation is re
medied, tilting due to non-uniform con
solidation of the soil will increase with

time. Eventually, the silo may tip over.

When two or more silos are construc

ted too close to each other, the pressure
bulbs overlap as illustrated in Figure 4b.
Because pressures are additive, the com
bined pressure bulb will be much larger
and deeper. The soil in the overlap zone
will be subjected to higher stresses and
the foundations over this region will settle
more, causing the silos to tilt towards
each other (Figure lc). Consequently, for
compressible clays loaded to the allow
able bearing capacity, the minimum
horizontal clearance, H, between silos
should not be less than the diameter, B,
of the foundations. If a smaller spacing is
desired, the silos should be constructed
on a common mat foundation adequately
reinformed to resist the applied bending
moments.

BEARING CAPACITY OF CLAY

The bearing capacity of the soil is
related to its shear strength and to the

©

Figure 1. Leaning silos due to non-uniform
foundation settlements. (Photos
(a) and (fi) Courtesy of Ontario
Ministry of Agriculture and Food.)

size, shape, and depth of the foundations.
Investigations of tower silo failures at
New Liskeard (7) and Vankleek Hill (4)
showed that adhesion or soil friction

between the rough sides of the founda
tion and the supporting soil did not
contribute to the bearing capacity. These
studies also supported Skempton's (15)

CANADIAN AGRICULTURAL ENGINEERING, VOL. 16, NO. 1, JUNE 1974



Figure 2. Failure of 70-ft (21-m) high, 20-ft (6-m) diameter silo on marine clay. Replacement
silo under construction in background.
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Figure 3. Pressure bulbsunderlarge and small roundfootings.

equation for the ultimate bearing capac
ity of the soil:

qu =cNc + P

where

(1)

qu = ultimate bearingcapacity;
c = average shear strength of the soil

to a depth below the footings
equal to 7)~!> oi the outer

diameter of the foundation;
6.6 = shape factor for a circular
foundation (For other shapes
see Skempton (15).); and
yD = overburden pressure at
footing level where: D = depth
of footing; and J = density of
the soil. Note: If the soil

adjacent to the silo is excavated
to the depth of the footing and
removed for landscaping, etc.,
this factor should be ignored.
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In engineering design a factor of
safety, F, against failure should be
included. This factor, which is applied to
the shear strength of the soil, gives the
following equation for allowable bearing
capacity.

1a=§Nc+P (2)

When a silo fails, the foundation soil
rotates along a circular arc as shown in
Figure 5. Consequently the direction of
the applied shear stress along the sliding
circle changes continuously from 0 to 90
from the vertical. For some soils the shear

strength is constant in all directions
(isotropic), whereas in others it varies
(anisotropic). At Vankleek Hill, the
strength changed about 21% with direc
tion as shown in Figure 6. Similar
observations showed orientation-

dependent strength reductions of 35-40%
in the marine clays at St. Louis and St.
Vallier in Quebec (11). It is imperative
therefore, that an adequate factor of
safety be used to allow for strength
anisotropy, non-uniform pressures ap
plied to the soil, overturning pressures
due to high winds, large eccentric loads,
and to guard against excessive settle
ments. Terzaghi and Peck (17) and
Skempton (15) suggest a minimum factor
of safety of F = 3 be used in bearing
capacity determinations.

SOIL TESTS

Because bearing capacity is related to
the engineering properties of soil at the
site, soil investigation should provide
information on the soil profile, location
of the groundwater table, index proper
ties, and shear strength. Settlements are
related to the compressibility of the soil.
The investigation should be carried out to
a depth below the footings equal to twice
the diameter of the foundation as shown
by the pressure bulb. For laboratory
strength and compressibility (consolida
tion) tests, good quality undisturbed soil
samples should be obtained using a
2-inch (5.07-cm) or larger piston tube
sampler similar to the apparatus described
by Bjerrum (5). A brief description of the
various soil tests that can be used to
provide the required information follows.
Further details may be obtained from the
references cited.

Shear Strength

The strength of soil may be measured
in situ at the site or in a laboratory on
undisturbed samples of the soil.

1. Field tests

(a) Field Vane (2). The basic apparatus
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Figure 5. Attitude of silo foundation after failure.

is a rectangular four-bladed steel vane
with fins mounted at 90° intervals around
a steel shaft. The complete unit consists
of a housing for the vane, steel
connecting rods, casing, and a measuring
head. The vane is pushed vertically to the
desired depth. The torque required to
rotate the vane is measured, thus giving
the shear strength of the clay. The test is
rapid and easy to perform. A complete
shear strength profile can be obtained in
1-2 days, depending upon the number of
tests. This apparatus is widely used in soft
clays in many parts of the world.

(b) Cone penetrometer (13, 14). A small
steel cone is pushed vertically into the

soil with a drill rig at a constant rate. The
penetration resistance is measured contin
uously, providing a detailed record of the
shearing resistance of the soil. This
apparatus is used in clays and sands.

(c) Pressuremeter (8, 9). The apparatus
consists of a metallic cylinder fitted with
expandable concentric rubber jackets. It
is lowered to the desired depth within a
borehole and the jackets are inflated until
the soil fails, providing a measure of its
shear strength. Although this test is more
time consuming than the vane, is
relatively expensive and difficult to
interpret, it nevertheless provides good
results and is being increasingly used in
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Figure 6. Effect of inclination of laboratory
vane on the measured shear

strength of the soil.

Canada. It has already been used in clays,
tills, permafrost, and bedrock.

(d) Plate bearing test (1). This test is
used to measure shear strength by loading
a 12- to 30-inch (30.5- to 76.2-cm) diam,
1-inch (2.54-cm) thick steel plate placed
on the soil at footing level. Because the
pressure bulb is small compared with that
below the silo (Figure 3), only the soil
immediately under the plate is tested. As
it gives no information about the strength
of the deeper soil, this test is not
recommended.

2. Laboratory tests (3, 10)

(a) Unconfined test. Also referred to as
the 'unconsolidated undrained test', this
test measures the compressive strength of
a cylinder of cohesive or clayey soil to
which no lateral' support is provided. It is
the easiest and quickest laboratory
method for measuring shear strength.

(b) Triaxial test. In the triaxial test a
trimmed cylindrical soil specimen is
supported laterally during loading. The
specimen is enveloped in a thin rubber
membrane and mounted within a closed
cell filled with water or other fluid. A
loading piston that penetrates the top of
the cell permits loading of the confined
cylinder of soil. By adjusting the fluid
pressures in the cell, either isotropic or
anisotropic stresses that existed in the soil
can be modeled.

Consolidation Test (1,10)

A small undisturbed soil specimen is
subjected to a series of predetermined
load increments under which it is allowed

to consolidate (settle) with time. It is
possible to predict from the test data how
much the silo will settle. The number of
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tests will depend upon the soil profile,
applied load, and size of the structure.

Classification Tests (1,10)

Water content and index tests are
simple routine laboratory tests for identi
fying the soil and determining its
plasticity index, Ip. The plasticity index
defines the range of water content over
which the soil exhibits plastic behaviour.
It is determined from Ip = wi~ wp,
where wi is the water content of the soil
(percent by weight of dry soil) at which it
loses its plasticity and starts behaving as a
fluid (liquid limit), and wp is the water
content at which the soil loses its plastici
ty and starts to crumble when rolled into
threads (plastic limit). These tests can be
performed on soil left over from trim
ming the triaxial test specimen, or on soil
obtained with an ordinary auger. Undis
turbed samples are not required.

COMMON FOUNDATION PROBLEMS

As with any structure, the tower silo is
no better than its foundations. To protect
his investment, the farmer should insist
on adequate foundations. The current
practice of constructing the footings just
by filling an excavated trench with
concrete (often of poor quality) should
not be followed. The following points
should be considered.

1. Reinforcement of Footings

The ring foundation is subject to the
same circumferential loads that exist in
the walls of the silo. Because concrete has
a low tensile strength, it cracks easily and
the monolithic behaviour of the ring
foundation is destroyed. The cracked
sections behave as independent footings
and are free to tilt and thus provide
non-uniform support. It is suggested that
the foundation be reinforced with the
same amount of circumferential steel as is
placed around the bottom 1 foot (30.5
cm) of the silo. Good quality concrete
should be used.

2. Centering Silo on Footings

It is sound engineering practice to
center load-bearing walls on footings so as
to apply the loads uniformly to the
supporting soil and thus permit full use of
its allowable bearing capacity. However,
this practice is not generally followed in
the construction of tower silos. The
foundations for these structures are
constructed in the form of circular rings
or washers having a large outer diameter
to provide maximum stability against
overturning. For reasons of economy, the
tower silo is erected on the inner edge of

this ring. The heavy wall loads imposed
upon the edge are therefore transmitted
unevenly to the underlying soil and lead
to local overstressing. Consequently, the
ring foundation may tip or twist, deform
and crack into individual sections, and
destroy the monolithic performance of
the unit. This situation can be remedied
in part with adequate reinforcing, but
better by extending the footing some
distance inside the silo. This would
redistribute the contact pressures more
uniformly and reduce the tendency of the
ring foundation to deform. The added
weight of the silage on this footing would
be minimal because most of this load has
already been transferred to the silo walls
through friction.

3. Silo Floor and Silage Juices

Many tower silos are constructed
without floors thus permitting the silage
juices to penetrate the foundation soil.
Driven by high hydrostatic pressures the
juices seep out from under the founda
tions, undermine the footings and weaken
the soil, thus impairing the stability of
the structure. An impermeable floor
should be installed to prevent silage juices
from penetrating the subsoil. The hydro
static pressures that develop in the silage
as the silo is filled can be dissipated
through drains discharging to the outside
placed on the impermeable floor around
the base of the tower. These drains
should be covered and protected with an
adequate filter material to prevent clog
ging.

bearing capacity and predict the behav
iour of the silo. An adequate factor of
safety is needed to prevent bearing
capacity failures, excessive settlements, or
tilting.

Silo foundations and their perfor
mance can be improved by using good
quality concrete, providing adequate steel
reinforcing, and projecting the footings
some distance inside the silo.

An impermeable floor should be
installed and drains provided to prevent
silage juices from penetrating the founda
tion soil and impairing the stability of the
structure.

REQUIRED RESEARCH

There are obviously many aspects in
the design and construction of tower silos
that require further study. In the author's
opinion, however, the two most impor
tant problems that merit immediate
attention are:

(1) Distribution of pressure applied
to the soil under the foundations of a
filled silo; and

(2) Relating the performance of
various existing tower silos con
structed on clay soils to the factor of
safety determined from strength tests
at particular sites. (Some details of
this are given in the Appendix.)

SUMMARY AND CONCLUSIONS

The bearing capacity of the soil is
related to its shear strength and to the
size, shape, and depth of the foundations.
Engineering soil tests should be per
formed to determine the allowable
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APPENDIX

Factor of Safety

It is difficult, on theoretical grounds, to esti
mate the reduction in strength that should be
applied in order to take account of anisotropy
of natural soils. In studying numerous bearing
capacity failures in all parts of the world,
Bjerrum (6) found that the percent reduction in
strength due to anisotropy was related to the

plasticity index (Ip) of the soil, an easily
determined soil parameter. This relation was
supported by the study at Vankleek Hill (4).
Consequently once the plasticity index is
known the most appropriate working strength
can be estimated.

By considering this relation between
measured shear strength and plasticity index,
the actual factor of safety can be determined
from:

Fa=F- 0.01 (Ip - 20), for Ip >20

where

F =

and

computed factor of safety against
bearing capacity failure, based on
measured shear strength of the soil

Ip = the plasticity index defined as the
difference between the liquid limit
wi and the plastic limit Wp of the
soil.
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