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A performance survey has been carried out on 108 concrete tower silos founded on weak, compressible marine clays
east of Montreal in an area 150 x 60 km. A performance classification was developed based on the results of the
survey, the calculated factor of safety against a bearing capacity failure, measured settlement, and tilt. A factor of safety
equal to or greater than 2.5 provided a design that performed well. The presence of a deep, strong, desiccated crust
reduces settlement and tilt.

INTRODUCTION

The concrete tower silo has been a pop
ular and efficient structure for storing sil
age on Canadian farms for about four dec
ades. By the end of 1978 there were 9430
silos in Quebec alone (M. Fortier 1978,
pers. commun.). Large concrete tower
silos evolved over this time from the orig
inal, mainly wooden structures, but most
of the development went into the super
structure and mechanical plant for han
dling silage. The design of the foundations
with respect to bearing capacity of the sup
porting clay soils was largely ignored,
with the result that many of the structures
settled and tilted various amounts and

even overturned on occasion.

As the proportion of large tower silos
has grown over the past 10-15 yr, the
number of problems has increased alarm
ingly. Research work conducted in the
province of Ontario related many prob
lems such as excessive settling, tilting,
and bearing capacity failure to inadequate
foundations (Eden and Bozozuk 1962;
Bozozuk 1972, 1974, 1976, 1979a,b; Lo
and Becker 1979). In Quebec the Minis-
t£re de l'agriculture, in 1975, supported
a comprehensive study by the University
of Sherbrooke to determine the cause of

the problem. Gervais (1980) and Morin
and Gervais (1980) showed that most
foundations were constructed without
consideration of the supporting soil. The
complete survey covered 138 silos, of
which 108 were concrete tower silos con
structed on weak marine clays, and 30
were other silos and different soils. This

paper reviews the performance of the 108
concrete silos in relation to the bearing
capacity of the foundation clays.

GEOLOGY OF STUDY AREA

Most of the silos were located within an

area bounded by the St. Lawrence River
to the west and north, the towns of Ni-

colet, Drummondville and Granby to the
east, and the U.S. border to the south (Fig.
1). The area is approximately 150km long
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Figure 1. Study area and location of surveyed silos.

CANADIAN AGRICULTURAL ENGINEERING, VOL. 25, NO. 1, SUMMER 1983



The topography is relatively flat and
poorly drained, and has a high ground
water table. According to Gadd (1971),
La Salle (1963) and La Salle and Elson
(1962) the subsoils are mainly marine
clays deposited in the Champlain Sea
which covered the area 10 000 to 12 000

yr ago. Although these clays are fertile
(Lajoie 1975), they are weak structurally
and are generally unable to support large
surface loads without significant defor
mation or even failure.

Some areas are better drained than

others, and this has caused changes in the
physical properties of the soil. Where the
hard surface crust is relatively thin, i.e.
less than 1 m, the underlying clays are
normally very weak. Where the crust is
relatively thick (3-4 m) the clays are gen
erally much stronger and are better able to
support large tower silos.

In some areas the marine clay deposits
are buried by freshwater sediments that
now make up high and low sand terraces.
The presence of overlying freshwater de
posits may present special foundation con
ditions that must be considered where

large tower silos are contemplated.

PERFORMANCE SURVEY

In 1975 and 1976 a comprehensive sur
vey was taken of 95 farmers about the per
formance of their concrete tower silos (top
unloading). Their replies were docu
mented, along with detailed descriptions
of the structures: 52% of the silos were

cast-in-place and the remaining 48% were
made of precast concrete staves. They
were supported on concrete ring founda
tions with the silo wall placed near the in
ner diameter of the ring. All contained
drains for silage juices. The cast-in-place
concrete silos also had a thin concrete

floor slab independent of the ring foun
dation.

Footings were generally placed as near
the ground surface as possible (i.e. shal
low foundations) to benefit from the high
strength of the fissured crust. Frost heave
did not appear to be much of a problem;
only two farmers reported frost action.
Frost effects were not cumulative; they
disappeared during spring thaw, allowing
the structures to settle back into place.

Most farmers were satisfied if their silos
remained essentially vertical and experi
enced little settlement. They accepted
those with noticeable tilt or a fair amount
of settlement reluctantly, provided there
was no problem with the operation of the
unloaders. Where settlements and tilt sig
nificantly interfered with the operation of
the silos the farmers rejected them unan
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imously. These replies were useful in de
veloping the performance classification
for concrete tower silos presented in the
paper.

SOILS INVESTIGATIONS

Based upon the results of the question
naire, 79 sites were selected for subsoil
investigation. The Nilcon vane was used
to determine the shear strength profile,
with measurements made at 0.5-m inter

vals to a depth of 12 m. Morin and Gervais
(1980) observed a wide range of shear
strength profiles throughout the area (Fig.
2). Because the ultimate bearing capacity
of the soil is directly related to its shear
strength, it is apparent that there will also
be a wide range in bearing capacity over
the same area. It is impossible, therefore,
to determine a unique and realistic allow
able bearing capacity for the whole re
gion. Visual inspection of the silos and
identification of the soil profile were car
ried out at 64 of the sites on disturbed soil

samples obtained with a small-diameter
auger to supplement the vane strength
tests. Auger depths of 1-3 m were gen
erally sufficient to identify the thickness
of the desiccated crust and to establish the

depth of the groundwater table.

Detailed undisturbed soil sampling and
laboratory testing were carried out at the
remaining 15 sites. The tests included
measurements of water content, bulk den
sity of the soil, consolidation character
istics, and soil grain size distribution. Fig
ure 3 is a typical set of test results at one
location, showing the variations within
the soil formations, thickness of the de
siccated crust, depth of the groundwater
table, shear strength profile, preconsoli-
dation pressure profile, water content, soil
grain sizes, and vertical effective stress
with depth. This detailed information is
required to determine the bearing capacity
of the soil and to estimate the settlement

behavior of a silo with time. The complete
test results are reported elsewhere by
Morin and Gervais (1980).

BEARING CAPACITY OF

CLAY SOILS

The bearing capacity of a soil is a soil/
structure interaction problem. Primarily it
is a function of the shear strength of the
supporting soil, but it is also related to the
number of different formations in the soil

profile and to the size, shape, stiffness and
depth of the foundation. The analytical
methods of Button (1953), Mandel and
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Figure 2. Range of undrained shear strengths measured in situ with a Nilcon vane.
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Figure 3. Detailed soil profile and summary of test results.

Salengon (1969), and Skempton (1951)
were compared in the study. Of these, the
equations proposed by Skempton (1951)
were found to give the best estimates of
ultimate bearing capacity of the marine
clay, supporting the earlier conclusions of
Bozozuk (1972).

According to Skempton (1951), the ul
timate bearing capacity, qu,of the clay soil
is given by

q» = cNc + 7D (1)

where Nc = bearing capacity factor of
clay, depending upon shape and depth of
footing; c = average shear strength of soil
below the foundation to a depth equal to
two thirds the outside diameter of the

foundation; D = depth of foundation be
low ground surface; and 7 = bulk density
of soil to depth D.

The allowable bearing capacity of the
soil that is used for the design of a silo
foundation on clay is normally given by

?a = #c + ID (2)

where F = the design factor of safety

against a bearing capacity failure (usually
taken equal to 3.0 for engineering de
signs). The contribution of yD to the fac
tor of safety is normally very small in shal
low foundations and is often omitted in its

evaluation for practical purposes.
The adhesion between the side of the

foundation and the confining soil may in
crease the ultimate bearing capacity
(Skempton 1942; Meyerhof 1951) pro
vided that it is always fully developed.
Because tower silos may settle differen
tially and therefore tilt, this adhesion is
easily destroyed and should not be in
cluded in the determination of bearing
capacity.

Farmers will accept some tilt and set
tlement of their silos if there is no safety
hazard and no effect on operating proce
dures. The question is, therefore, what
minimum factor of safety, F, can be used
in the design of the foundation?

FACTOR OF SAFETY

The factor of safety against a bearing
capacity failure is defined by Eq. 2. The
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applied load consists of the combined
weight of the silo superstructure, the sil
age, and the foundation. In the present
study the weight of the silo and its foun
dation was based on the volume of con

crete used, and the weight of silage was
determined from the volume of silage
stored and the density-height relation in
troduced by Bozozuk (1972). (The den
sity-height relation was determined for
corn silage with 70% moisture). It was
assumed that total weight was distributed
uniformly over the whole areaenclosed by
the ring foundation and was applied to the
soil at the level of the footing. This as
sumption was found to be reasonable after
several cycles of loading and unloading
(Bozozuk 1979b).

The ultimate bearing capacity and the
net applied bearing pressure were deter
mined for each of the 28 sites listed in

Table I. The resulting factors of safety
varied from a minimum of 1.36 to more
than 5.0, providing a potentially wide
range in behavior from unacceptable to
excellent.
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TABLE I. DESCRIPTION, STABILITY AND PERFORMANCE OF CONCRETE TOWER SILOS

Silo

Foundation

Dimensions Average
dimensions (thickness x settlement Factor

Location no. (diam. xht.) Year outside diam.) (4 cycles) Tilt of Perf.

(see Fig. l)t (m) Type* built (m) Type§ (mm) (% height) safety (Table II)

1 5.5x18.3 CS 1975 0.6 x 8.2 ADN 155 0.27 2.16 C

21 6.1x18.3 CP 1976 0.6 x 8.8 BSFDE 27 0.05 2.62 A

3 6.1X18.3 CS 1975 0.6 x 9.4 ADN 27 0.38 3.61 B

4 6.1x18.3 CP 1975 0.6 x 7.6 BSFDE 67 0.05 2.50 B

5 6.1x18.3 CP 1975 0.6x10.7 BSFDN 408 0.37 1.68 D

6 5.5X14.6 CP 1975 0.9 x 9.1 HSFDN 70 0.47 2.36 B

7 4.9x17.1 CP 1975 0.5 x 7.9 BSFDN 52 0.35 3.04 B

8 5.5x15.8 CP 1975 0.6 x 9.4 BSFDE 259 1.16 1.80 D

92 5.5x18.3 CP 1974 l.lx 7.3 BSFDE 116 0.21 2.31 C

10 5.5x17.1 CP 1975 0.6 x 8.5 BSDCE 91 0.26 3.32 C

11 5.5x15.8 CP 1975 0.6 x 9.4 BSFDE 143 0.84 3.52 C

123 4.9x17.1 CP 1975 0.6 x 8.5 BSFDE 174 1.12 1.80 D

13 6.1X17.1 CP 1975 0.9x 9.4 BSFDN 351 2.42 1.73 E

14 6.1X18.3 CP 1975 0.8 x 8.5 BSFDE 195 0.14 2.42 D

15 6.1x21.9 CP 1975 0.6 x 9.0 BSFDE 55 0.62 2.29 B

16 6.1X16.8 CS 1975 0.6 x 7.9 ADN 3 0 4.03 A
1?4 6.1x18.3 CP 1974 0.6 x 9.1 BSFDE 300 1.20 2.59 D

185 6.1x18.3 CP 1976 0.6x12.2 BSFDN 442 0.43 1.61 E

19 4.9x18.3 CP 1975 0.6 x 7.6 BSFDN 219 0.41 1.73 D

20 4.9x19.5 CP 1975 0.8 x 6.4 BSFDE 24 0.29 3.28 B

216 6.1x15.2 CS 1975 0.6 x 8.2 BDN 402 1.77 1.84 E

22 5.5x16.8 CS 1975 0.6 x 8.1 ADN 21 0.05 5.22 A

23 6.1x15.2 CS 1975 0.6 x 9.1 ADCN 61 0.20 3.52 B

24 5.5x15.2 CS 1975 0.6 x 8.5 ASDN 43 0.27 3.40 B

25 7.3x24.4 CP 1975 0.6x11.0 BSFDN 30 0.08 2.78 B

267 7.3x23.2 CP 1975 0.6 x 9.4 BSFDE 168 1.04 1.36 E

27 5.5X18.3 CS 1975 1.2x 8.5 ADCN 168 1.03 1.58 D

28 4.9x15.2 CS 1975 0.9 x 6.7 ADN 18 0.24 2.54 B

t!Last observed settlement and tilt after first loading. Instrumentation destroyed October 1977.
Structure built in 1974, but full load applied after second year.
3According to owner, loads applied were only dead structural load in first year, increasing graduallyto maximum nominal load in fourth year. Factor of safety is
applied to last load.
Structure straightened after third loading.
5Last observed settlement and tilt before third loading; instrumentation destroyed November 1978.
6Last observed settlement and tilt before fourth loading; instrumentation destroyed November 1978.
7Last observed settlement and tilt on second loading; structure straightened afterwards.
tCS, precast concrete stave; CP, cast in-place concrete.
§A, annular foundation with small concrete wall at base of tower silo; B, plain annular foundation; H, modification of foundation of previous wooden silo; S, steel
reinforcement in footing; F, concrete floor at bottom of silo; D, drainage provided for silage juice; C, cracked foundation (visual observation); N, natural soil,
undisturbed; construction may or may not be on a small fill; E, excavationof top part of natural soil; excavation usually less than thickness of annular foundation.

SETTLEMENT AND INCLINATION

Settlement and inclination or tilt were

measured at the 28 sites listed in Table I.

Four marks were painted at 90-degree in
tervals around the outside circumference
of each silo, just above the foundation, to
provide reference marks for the level sur
veys. A deep benchmark consisting of a
long steel pipe with a foot attached at its
lower end and protected by a steel casing
(Bozozuk et al. 1962) was pushed to re
fusal through the clay to provide a stable
datum for the surveys.

Level surveys were performed on the
silos as soon as possible after construction
and again just before they were filled.
Subsequent surveys were carried out im
mediately after filling and later in the
springwhen they were empty. Typical set
tlement records for two silos are shown on
Fig. 4. At site 3, a concrete stave silo that
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had performed satisfactorily settled an av
erage of 27 mm after 3 yr (three cycles of
loading and unloading), and at site 13 a
cast-in-place concrete silo that had per
formed poorly settled an average of 351
mm for comparable loading and time. The
observed settlements for the 28 silos after

four cycles of loading are reported in
Table I.

No attempt was made to estimate ver
tical settlements. Such a study had been
performed by Lo and Becker (1980) on an
instrumented cast-in-place concrete silo
9.1 m in diameter and 21.9 m high,
founded on compressible soft clays near
Wallaceburg, Ontario. They reported that
the observed maximum settlement was

about 25% of the calculated ultimate, as
suming the silo was full all of the time.
Furthermore, maximum settlement oc
curred after about five complete cycles of
loading and unloading. Beyond this time,

settlements were essentially elastic in na
ture, in that additional settlement due to
loading was about equal to the vertical re
bound upon complete unloading. This be
havior was assumed to apply to the silos
on the marine clays included in this study.

Inclination or tilt is often caused by dif
ferential settlement of the foundation. It

can be calculated from the product of max
imum measured differential settlement

and the ratio of silo height to diameter,
both of which are known or can be meas

ured. This method was used to determine

the tilt of the 28 silos and is expressed as
percent of silo height in Table I. It varies
from a minimum of 0% for a concrete

stave silo that behaved well at site 16 to

a maximum of 2.42% for a cast-in-place
concrete silo that behaved poorly at site
13. The changes in tilt with time for the
silos at sites 3 and 13 are illustrated in Fig.
4.
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When total settlement and tilt exceeded

150 mm and 1.7%, respectively, serious
problems unacceptable to the farmers
were frequently reported. These silos
were rated D. Very serious problems, in
cluding some catastrophic bearing capac
ity failures, occurred when settlements
and tilt exceeded 300 mm and 2.5%, re
spectively, and dictated an E rating. Set
tlements between 75 and 150 mm and tilts

between 0.8 and 1.7% were often accept
able and these silos were rated C.

A general performance classification
for total settlement and tilt for concrete

silos on clay soils, based upon the above
guidelines, was proposed (Table II). It
was applied to the 28 silos in Table I, in
which it is possible to compare the factor
of safety with performance after four
cycles of loading and unloading. Of these,
three rated A, ten rated B, four rated C,
seven rated D, and four rated E. As ex
pected, silos with good performance rat
ings had the highest factors of safety. The
relation between factor of safety and set
tlement for the first loading cycle is shown
in Fig. 5. Performance classification is
also superimposed on the figure. For this
loading, silos with high factors of safety
had the smallest settlement and gave ex
cellent performance. Tilting in excess of
0.3% occurred in 14% of the structures.

The relation after the fourth cycle is
shown in Fig. 6. Compared to the first
cycle, the correlation curve is displaced in
the direction of increasing settlement, that
is, lower down the performance classifi
cation. The number of silos that tilted

more than 0.3% increased to about 50%.

Based on their laboratory tests and field
observations, Lo and Becker (1980) re
ported that settlements would reach a
maximum after about five cycles of load
ing and unloading. Observations in the
present study were, unfortunately, termi
nated after four cycles (4 yr). Changes in
silo performance for the four cycles are
illustrated in Fig. 7. It appears that a fifth
loading cycle would not provide signifi
cantly different correlation among factors
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Figure 4. Measured settlement and tilt for two tower silos from 1975 to 1978.

EVALUATION OF PERFORMANCE

A performance classification for con
crete tower silos on clay soils was devel
oped primarily from opinions on perform
ance recorded in the questionnaire
returned by the farmers. These were cor
related with reported or measured settle
ment and tilt from which five ratings rang
ing from excellent (A) to unsatisfactory
(E) were developed.

A silo with a foundation designed ac
cording to good engineering practice, i.e.,
with a factor of safety ^ 3 against a bear
ing capacity failure, should, in general,
settle less than 25 mm. Assuming that the
differential settlement would not exceed

75% of this total, a 6-m-diameter silo
would not tilt more than 0.3% of its

height. Performance of this type was con
sidered excellent by the farmers and was
rated A.

Many farmers were willing to accept
greater settlement and tilt provided there
was no interference with daily operation

and use of the silo. The limits for this ac

ceptance coincided with the 75-mm total
settlement for structures on clay given in
the Canadian Foundation Engineering
Manual (1978) and with a maximum in
clination or tilt of 0.8% of silo height (out-
of-plumb of 25 mm in 3.0 m), originally
given by the Ontario Silo Association
Standards (1980) and later changed to 25
mm in 4.5 m in 1980. Silos meeting this
performance were rated B.

TABLE II. PERFORMANCE CRITERIA FOR TOWER SILOS

Performance

Vertical

settlement

(mm)

Tilt

Rating Degrees % height

A Excellent Below 25 Below 0.2 0.3
B Good with

light problems 25-75 0.2-0.5 0.3-0.8
C Important

problems 75-150 0.5-1.0 0.8-1.7
D Serious

problems 150-300 1.0-1.5 1.7-2.5
E Very serious

problems Over 300 Over 1.5 Over 2.5
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of safety, settlement, and performance
from that indicatedby the fourth.

Assuming that the correlation from the
fourth cycle is reasonable, a foundation on
clay constructed with a minimum factor
of safetyof 2.5 should perform well, and
at less than 2.0 the expected performance
would be unacceptable. These criteria
were applied to 80 silos (other than the 28
where detailed studies were performed).
The factor of safety was determined from
in situ vane shear tests performed in the
vicinity of each silo. The expected per
formance determined on the basis of factor
of safety was as follows:
F ^ 3.0, excellent
F ^ 2.5, very good performance, silos
were acceptable
2.5 > F ^ 2.0, performance tolerated,
important problems could be expected
F < 2.0, performance generally unsatis
factory, serious problems could be ex
pected
Accordingto the replies from the silo sur
vey 55% of the farmers agreed with this
over-all performance rating; 30% toler
ated less settlement and tilt; and 15% tol
erated more settlement and tilt.

The detailed breakdown of support for
performance rating based on factor of
safety for the 80 silos is shown in Table

III. If borderline cases (broken founda
tions, silos to be straightened, foundations
built underthe crust)areeliminated, Table
24 of the report by Morin and Gervais
(1980) gives the following percentages,
which are consistent with the classifica
tion: 79% forF > 2.5, 71% for Fbetween
2.0 and 2.5 and 56% for F < 2.0. Factor
of safety is, therefore, an excellent indi
cator of performance. If a proposed silo
is to perform in amanner acceptable to the
farmer, it should be designed with a factor
of safety against abearing capacity failure
of > 2.5.

DISCUSSION
The support for the performance clas

sification incorporating the factor of safety
as presented above was good. Several
cases are known, however, where the fac

tor of safety was less than 2 and the per
formance was acceptable. In these in
stances the silos remained essentially
vertical and there were few operational
problems although the vertical settlements
were large. Such cases have occurred fre
quently enough, but other similar silos in
neighboring areas do not always perform
so well.

When silo foundations are constructed
on a deep, strong desiccated crust, as at
sites 6, 9, 15 and 28 (Morin and Gervais
1980; Lo andBecker 1980), the crust per
forms as a raft and spreads the applied
load over a large area. The vertical settle
ment and inclination are therefore re
duced, and the silo performs well in spite
of the fact that the factor of safety maybe
low. Factors of safety less than 2.5 can
therefore be used for design where a thick

TABLE III. DETAILED BREAKDOWN OF SUPPORT FOR PERFORMANCE RATING BASED
ON FACTOR OF SAFETY

Factor

of

safety

F^ 2.5

2.5 >F5* 2.0
F<2.0

In support of
classification

(%)

67

52

49

More

severe

(%)

33

48

15

Less

severe

(%)

0

0

36
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crust is present, but never without a de
tailed soils investigation and analysis.

The preceding discussion applies to sin
gle, or isolated, silos. When additional
silos are to be added adjacent to them, the
interaction of the pressure bulbs would in
crease the differential and total settle

ments and cause the silos to tilt. This ef

fect becomes more pronounced at the
lower factors of safety. Consequently, if
a farmer needs more than one silo, each
foundation may have to be designed with
a factor of safety greater than 2.5.

SUMMARY AND CONCLUSIONS

The performance over a 4-yr period be
tween 1975 and 1979 of 108 concrete cast-

in-place and precast stave silos con
structed on marine clays in Quebec varied
from a rating of A (excellent) to one of E
(poor, with very serious problems). De
tailed soil testing and analyses at 28 se
lected sites related performance to settle
ment, tilt, and factor of safety against a
bearing capacity failure. This correlation
was applied to 80 silos for which perform
ance was documented by means of a ques
tionnaire and the shear strength of the
clays was measured in situ with a field
vane. The study produced the following
conclusions: (1) The recommended factor
of safety for the design of foundations on
clay is 3.0 for concrete tower silos. (2)
The minimum factor of safety for the de
sign of concrete tower silo foundations on
clay with a desiccated crust should be
greater than 2.5. (3) Provided they remain
vertical, tower silos with low factors of
safety and large vertical settlement can
perform well. (4) The presence of a deep,
strong, desiccated crust spreads the ap
plied load over a large area, reducing set
tlement and tilt; consequently, factors of
safety lower than 2.5 can be used for foun
dation design in such cases.
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