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Hoops of stave silos have two main functions. They resist the internal wall pressure exerted by the contents of the silo and
provide integrity to thestructure.Thissecondfunctionrequires the hoopsto betensionedsuchthat enoughstressremainsafterall
losses from friction, elastic shortening, creep and shrinkage to maintain an integral stave assembly. Otherwise, hoops become
loose and the silo may fail when subjected to high wind loading or asymmetric silage pressures. Tests were carried out on a stave
silo to determine its structural behavior when subjected to the prestressing operation and to quantify the various prestress losses.
Each of the losses is discussed in detail and suggested design values are provided. Recommendations are made for tensioning
hoops to a predetermined value by means of the rotation angle of the lugs.

INTRODUCTION

The concrete stave farm silo is a

prestressed concrete structure in which the
hoops are tensioned to precompress the
stave wall circumferentially. However,
current construction procedures, the
building code (Canadian Farm Building
Code 1977), and other standards (Ontario
Silo Association 1974, National Silo

Association) governing the design of these
structures do not adequately treat the stave
silo as a prestressed concrete structure. In
similar prestressed concrete structures such
as standpipes, much greater emphasis is
placed on ensuring that proper tension exists
in the steel prestressing tendons during the
expected service life of the structure, and on
minimizing the inevitable tension losses. It is
believed that several wind-induced failures

of concrete stave farm silos can be attributed

to improper regard of initial hoop tension
requirements and the ensuing hoop tension
losses.

The subject of hoop tension and hoop
tension losses has been examined

perfunctorily by only a few investigators
since the first concrete stave silo was built

circa 1910. The American Concrete Institute

(ACI) Committee 714 (1946) suggested that
silo hoops should be tensioned in three steps:
(I) the hoops were to be uniformly tightened
to 50% of the design stress, (2) after joint
grouting the hoops were to be tensioned
further to full stress; and (3) the hoops of the
lower two thirds of the silo were to be

retightened prior to filling the silo. Johnson
et. al. (1971) instrumented a number of
hoops on a newly erected 6.1-m diameter
silo. They determined that after tightening,
the tensions in six 14.3-mm diameter hoops
ranged between 9.4 and 21.4 kN, and
averaged 12.9 kN. This constitutes a tensile
stress of only 80 MPa. Sadler (1972) states
that only 10-40%of the capacity of the hoop
is developed when kinking at the lug occurs.
Kinking refers to the formation of a plastic
hinge in a hoop at the lug during tensioning.
Many contractors apply only sufficient
tension for this kinking to commence.

Sadler (1972) also discusses briefly the
importance of hoop tension losses caused by
friction, elastic shortening, creep and

Figure 1. The fully instrumented test silo prior to experimentation.

shrinkage, and by temperature differences
between the concrete staves and steel

hooping. ACI Committee 313 (1977)
provides regulations for concrete stave
industrial silos used in the storage of
granular bulk material, but not silage. It
recommends that 90% of the drying
shrinkage must take place in a stave before it
can be used in a finished silo structure. With

regard to tensioning of the hoops, it requires
that "stave silo hoops shall be tensioned such
that enough stress remains after all losses
from shrinkage, creep, elastic shortening,
and temperature changes to maintain the
required vertical and circular strength and
stiffness of the stave assembly." The ACI
standard also presents test procedures for
determining the vertical and horizontal
stiffness of stave silo walls.

Kleywegt (1978) carried out a
comprehensive structural investigation of a
4.9-m diameter concrete stave farm silo

situated in a laboratory. This paper presents
those findings that provide necessary data
for an engineered hoop tensioning system.
Specifically, the relationship between hoop
tension and the torque applied at the lug is
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TABLE I. COMPARISON OF HOOP TEN

SIONS AFTER APPLYING AN

EQUAL TORQUE OF 100 N-m

Tension in Tension in

exp. 1 exp. 11
Hoop station kN kN

3-32 7.98 27.72

4-32 6.64 30.94

5-32 5.88 22.99

6-32 12.39 40.90

7-32 6.18 32.15

8-32 9.29 19.59

9-32 5.34 35.52

10-32 13.07 29.34

11-32 7.24 32.95

examined. A correlation is shown to exist

between the hoop tension at the lug at the
time of tensioning, and the lug rotation
angle. Experimentally observed hoop
tension losses resulting from friction, elastic
shortening, and creep and shrinkage are
analyzed. Recommendations for deter
mining and minimizing hoop tension losses
are provided.
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TEST SILO

A 4.9 m x 3.8 m high (five stave lengths)
concrete stave farm silo was constructed in

the Research and Development Laboratory,
School of Engineering, University of
Guelph. The staves were layed up with a
three-step-break. Fifteen 14.3-mm diameter
galvanized steel hoops were evenly spaced at
254 mm, corresponding to the horizontal
joints of the staves. The hooping was
determined by test to have a yield strength of
292 MPa. The hoop segments were coupled
by a standard lug with a length of 84 mm and
an eccentricity of 32 mm. At the time of
construction the hoops were tensioned only
nominally.

Nine of the hoops were instrumented
with electrical resistance strain gauges. The
strain gauge circuitry and positioning was
designed to minimize the effect of bending
strains in the hoops. All strain gauge
locations were aligned with a vertical
column of staves. Similarly, all hoops were
adjusted to have one lug on each hoop
aligned a distance of four stave widths from
the strain gauge locations. Hoop no. 7
(counted from the bottom) had 15 strain
gauge stations spaced around half its
circumference so that the effect of friction

losses could be monitored. Figure 1 shows a
view of the instrumented test silo.

In all experiments, the hoops were
tightened sequentially starting from the
bottom. All lugs were tightened on each
hoop before proceeding to the next one.
Only the upper nut of each lug was used for
tensioning. The lug nuts on the 15.9-mm
raised rolled thread of the hoop ends were
uniformly torqued to 110 N-m. This torque
was considered to be a practical upper limit
for actual construction practice. Hoop
tensioning was accomplished without the
benefit of lubrication on the hoop end
threads, except in the last test.

TORQUE AT THE LUG
AND HOOP TENSION

The hoops were tensioned on the
assumption that a reasonable relationship
would exist between torque applied to the
nut and hoop tension. The correlation of
these two parameters was examined for
unlubricated and lubricated threads. The
hoop tensions were those achieved
immediately after the first lug (the lug
nearest the hoop instrumentation) of the
hoop under consideration was fully
tensioned to a torque of 110 N-m. The
results of the two tests (nos. 1 and 11) are
recorded in Table 1.

In the first test, the nine instrumented
hoops were found to have tensions ranging
from 5.34 to 13.1 kN. After lubricating with
a machine oil and retensioning the hoops,
the hoop tensions varied between 19.6 and
40.9 kN. It is evident that the torque applied
to tension the hoop is a poor indicator of
hoop tension. It is further evident that
lubrication of the hoop threads allowed a
significant increase in hoop tension for the
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Figure 2. Kinking of a hoop at the lug.
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Figure 3. Hoop tensionat the lugversus lugrotation angle. Comparisonofexperimentaland analytical
results.
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same applied torque. However, it did not
improve the poor correlation between
torque and hoop tension.

It is not well understood why there was
such a large variance in hoop tensions for
identical torques, despite the carefully
controlled laboratory conditions. Poor
uniformity of the raised rolled threads of the
hoops is suspected to be a contributing
factor. Friction between the lug and the
hoop may also be a factor.

LUG ROTATION ANGLE AND

HOOP TENSION

The eccentric method of coupling the
hoop segments causes the lug to rotate as the
hoop is tensioned. At a certain angle of
rotation, the combined bending and tension
stresses in the hoop causes local plastic
yielding of the hoop steel where the hoop
exits from the lug. This yielding is observed

as a kink in the hoop at the lug (Fig. 2).
Hoop kinking at the lug is frequently

used by the silo contractors as an indication
of sufficient tension in the hoop. Hence, an
experimental investigation was performed
to determine a relationship between the lug
rotational angle (measured from the
horizontal) and the hoop tension at the lug.
It was ensured that hoop kinking occurred
only in the non-threaded portion of the rod.
The results for all instrumented hoops are
presented in Fig. 3.

At zero hoop tension the lug rotation
angle is about two degrees. This is because
the holes in a lug are slightly larger than the
nominal hoop diameter. The small scatter of
the results suggests that the lug rotation
angle is a reliable indicator of hoop tension.
Hoop kinking at the lug initially occurred
after the lug rotation angle exceeded about
6°, at a hoop tension of about 7 kN. This
observation is in agreement with the findings
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Figure 4. Hoop tension histories showing elastic shortening loss of tension. Comparison of
experimental and analytical results.

of Sadler (1972).
An analytical model was developed for

the relationship between the lug rotation
angle and hoop tension (Kleywegt 1978).
The analytical results are compared with the
experimental data in Figure 3. Good
agreement between the experimental and
analytical results is evident for the range of
lug rotation angles between 7° and 18°. For
angles less than 7° there is no agreement
because the analytical model does not
account for elastic bending of the hoop.

A parametric study was conducted with
the analytical model to determine the
relative effect of the parameters involved.

This study showed that:
1. increasing the yield strength of the hoop

steel leads to an increase in hoop
tension per unit of angle,

2. increasing the lug length does not
significantly alter the hoop tension at
the onset of hoop kinking, but does
decrease the total angle a lug can bend;
longer lug lengths would probably
make it easier to tighten the hoops to
higher tensions because less work is
required in plastic bending of the hoop
at the lug,

3. decreasing the eccentricity of the lug
postpones the onset of hoop kinking
and reduces the total angle the lug can
turn; it is desirable to keep the
eccentricity small.

Judging from field observations of lug
rotational angles on concrete stave silos with
hoops and lugs similar to that of the test silo,
it is evident that very few silos are
constructed with hoop tensions exceeding 14
kN. This tension is only about 30% of the

hoop's yield strength for 290 MPa yield
stress steel. The Canadian Farm Building
Code (1977) requires that hoops be
tensioned to 60% of their yield strength.

PRESTRESS LOSSES

The tension in the hoops applied at the
time of construction will reduce with time.

This results in a loss of circumferential

precompression in the stave wall. In some
cases the prestress losses are sufficiently
large to cause completely slack hoops within
a year of constructing the silo. The major
losses of hoop tension are from:
1. friction between hoops and staves,
2. elastic shortening of the concrete stave

wall,

3. creep and shrinkage of the staves.
Each of these three categories of losses will
be examined separately.

Friction Losses

It is well established that friction between

the hooping and staves of the silo decreases
hoop tension along the circumference of the
hoop, away from the point of tightening.
This unequal distribution of stress in the
hoops disappears almost entirely within a
couple of months. The resulting average
stress in the hoop is less than the initial
tension at the lug. Friction, therefore, must
be considered as one of the causes of loss of
prestress.

The relationship between tension at the
point of tightening (T0) and the tension (7)
at some point Q rad from the point of
tightening, may be given by an equation of
the form:

T(d) =T0e-Ve (1)
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TABLE II. AVERAGE HOOP TENSION

LOSS DUE TO FRICTION?

No. lugsj %loss§ T/T0

1 35.3 0.647

2 20.3 0.797

3 14.2 0.858

4 10.9 0.891

5 8.9 0.911

6 7.5 0.925

7 6.4 0.936

8 5.7 0.943

t For a coefficient of friction of 0.3.
I Number of lugs equally spaced around silo.
§ Loss refers to the tension at the lug, when all

lugs are tightened to a uniform tension.

where e is the base of natural logarithm and
jU is the coefficient of friction. The coefficient
of friction was determined by monitoring
the tension gradient in the fully
instrumented hoop (no. 7) of the test silo. A
friction coefficient of 0.3 was found for hoop
tensions under 20 kN. At higher hoop
tensions, local plastic yielding of the hoop
steel at the vertical joints between staves
caused an apparent friction coefficient of 1.1
(Kleywegt 1978). _

The average tension (7) in a hoop after
friction losses can be given in terms of the
tension in the hoop applied equally at each
lug, and the number (TV) of equally spaced
lugs per hoop:

r=^(l_e-^a);a =7r/TV
Ida

.(2)

Average tensions for values of TV from 1 to 8
are tabulated in Table II. With four lugs per
hoop equally spaced, the average tension in
the hoop is 0.89 T0 for a coefficient of
friction of 0.3. Note that the diameter of the

silo does not affect the friction losses.

Elastic Shortening Losses
Elastic shortening is defined here as the

effect the tensioning of a hoop has on the
tension in adjacent hoops of the silo because
of the resulting radial deflection of the silo
wall. Elastic shortening was monitored
experimentally for three cases of hoop
spacing; 254, 508 and 762 mm.

Figure 4 shows the tension histories of
several hoops as the test silo was prestressed.
The hoop spacing was 254 mm. The first
point of each curve denotes the initial
tension in the hoop. Each subsequent point
indicates the tension after the next hoop is
tightened. All curves have a similar shape.
At 254-mm hoop spacing, the cumulative
elastic shortening loss was 11 - 35% of the
initial average hoop tension. At 508-mm
hoop spacing this loss ranged between 4 and
14%, and at 762-mm hoop spacing the loss
was of the order of 1 - 5%.

A model was developed, based on the
assumption that the behavior of the jointed
stave structure would be similar to a linear

elastic homogeneous cylindrical shell.
Figure 5 shows the elastic curve of a
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Figure 5. Deflection profile and bending moment diagram for an axisymmetric ring-loaded
cylindrical shell.

TABLE III. ELASTIC SHORTENING LOSS OF HOOP TENSION IN PERCENT OF INITIAL
TENSION+

Hoop

Elastic shortening loss in percent of initial tension

Hoop Initial hoop ension Initial hoop ension

diam spacing 10 kN 25 kN

(mm) (mm)

Silo diam Silo diam Silo diam Silo diam

5 m 7 m 5 m 7 m

10.0 100 21.2 18.9 18.8 16.8

10.0 250 9.1 8.1 8.0 7.1

10.0 500 3.5 3.1 3.1 2.7

10.0 750 1.3 1.2 1.2 1.0

14.3 100 100.0 47.0 45.5 31.9

14.3 250 15.9 14.4 14.3 12.8

14.3 500 6.5 5.8 5.4 5.1

14.3 750 2.5 2.2 2.2 1.9

t Based on an analytical model for the elastic shortening loss of prestress in the hoops of the testsilo.

•( T)
2x 101

(4)

cylindrical shell subjected to a ring load
(Timoshenko and Woinowsky-Krieger
1959). The shape of the elastic curve is,
among other things, a function of a
geometric parameter, /?. It is defined by:

(3)

in which v is Poisson's ratio, r is the mean
radius of the cylinder and l is the thickness of
the cylindrical shell.

The shape of the bending moment curve
due to the radial loading is also a function
of /? (see Fig. 5). The first point of zero
moment is 0.25 7t/j3, and the second
1.25 7T//3 from the ring load position.

where o is the average circumferential stress
in the stave wall in Pa.

In a vertical column of staves there is no

continuity between adjacent staves although
there is some continuity through adjacent
columns of staves because the horizontal

joints are at different levels. There appears
to be a tendency for the shape of the moment
curve to be influenced by the horizontal joint
locations. Working on the assumption that
this will tend to decrease (5 such that
0.25 Tl/P equals one-half stave length, the
modified cylindrical shell model predicts the
experimentally found elastic shortening
losses very well.

Elastic shortening histories from model
analyses have been included in Fig. 4 for
comparison with experimental observa
tions. Since the computer model proved to
be satisfactory it was used to generate typical
elastic shortening losses for two silos, one 5
and the other 7 m in diameter, hooped with
10-mm and 14.3-mm diameter rods, and
tightened to an average tension of 10 and 25
kN. Four hoop spacings are examined: 100,
250, 500 and 750 mm. The losses expressed
in percent of the initial tension are listed in
Table 111. The results indicate that:
1. elastic shortening loss in terms of force

can be reduced significantly by using
higher stressed, smaller diameter
hoops,

2. elastic shortening loss is not very
sensitive to silo diameter,

3. elastic shortening loss may be 100% of
the original hoop tension at hoop
spacings less than 100 mm,

4. higher hoop tensions lead to a slightly
lower elastic shortening loss,

5. elastic shortening loss is less than 3% of
the initial average hoop tension at hoop
spacings greater than 750 mm.

The model can predict the effect of
multipass tensioning on elastic shortening
loss. By sequentially re-tightening the hoops
to their design tension in a second pass, the
elastic shortening loss can be reduced to less
than 3% for hoop spacings greater than 250
mm.

CREEP AND SHRINKAGE LOSSES

The time-dependent deformation of
concrete in the direction of a sustained stress

is referred to as creep. The concrete staves of
a silo are susceptible to creep caused by the
circumferential compressive stress in the silo
wall. The resulting creep strain causes a
gradual loss of hoop tension. The creep
strain is generally given as a multiple of the
initial elastic strain of the material. For
concrete, the total creep strains may be 1.3 -
4.2 times the instantaneous elastic strain. An
average value for the ultimate creep strain
coefficient is 2.35 (ACI Committee 209
1971).

Shrinkage of concrete is also a time-
dependent deformation. It is caused by the
gradual release of excess water from the

A stave silo is not a homogeneous
structure. This causes two deviations from
the behavior of a homogeneous cylindrical
shell. The first relates to the presence of
many vertical joints, the second to the
discontinuities caused by the staggered
horizontal joints.

The vertical joints were assumed to close
in a non-linear elastic way with increasing
circumferential stress, thus adding to the
linear elastic deformation of the concrete

between joints. An empirical expression for
the additional circumferential deformation
per vertical joint was derived from the
experimental results. It expresses the
circumferential displacement x (in m) as:
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creep calculation. Creep in the strain gauge
cement could also have been a contributing
factor. It is evident that further investigation
of these creep losses is warranted. Until
further research is conducted, it is
recommended that a creep coefficient of 4.0
be used to estimate hoop tension losses due
to creep. Based on this recommendation, the
creep strain loss can be determined from:

Ar>cr

s2>0ToAs (5)
st

Figure 6. Average shrinkage strain remaining in staves versus time after casting.

in which Tcr - creep loss, As - cross
sectional area of a hoop, s = hoop spacing
and t - stave thickeness.

The shrinkage strain loss may be
calculated using the remaining shrinkage
strain for the age of the stave (Fig. 6).

CONCLUSIONS AND

RECOMMENDATIONS

Hoops of stave silos have to be tensioned
sufficiently to provide an integral cylindrical
structure. It has been shown by experiment
and by analysis that friction between staves
and hoops, elastic shortening of the staves
during tensioning, and creep and shrinkage
of the concrete staves reduce the tension in

the hoops. To provide a structurally sound
structure it is necessary (a) to design the
required hoop tension after all losses, (b) to
estimate fairly accurately the total loss of
prestress that will take place during the life
of the structure, and (c) to be able to build a
stave silo with the required initial hoop
tension.

Results from the various tensioning tests
carried out on the test silo have shown that

the angle of rotation of the lugs is the best
available indicator in the field for the initial

hoop tension at the lug. Figure 3 provides
the relationship between angle of rotation
and initial hoop tension for 14.3-mm
diameter hoops, a yield strength of 290 MPa
and 83-mm lugs with 32 mm eccentricity.
Kleywegt (1978) provides similar relation
ships for other values of hoop diameter,
yield strength and lugs.

In general, tension losses in the hoops of
a stave silo are large when viewed relative to
the initial hoop tension, because of the low
yield strength of the hooping steel and
the jointed nature of the concrete stave
structure. This paper provides the necessary
information to estimate the various losses of

hoop tension.
In view of the high percentage of hoop

tension it is recommended that they be
minimized as much as possible. Shrinkage
losses can be reduced drastically by using
staves that are 1 yr old. Creep losses are
reduced also if this recommendation is

followed. Elastic shortening losses can be
almost eliminated by multipass tensioning.
The use of smaller diameter higher stressed
hoops will reduce the percentage loss.

Even if these recommendations are

followed, the total loss of hoop tension may
be calculated to be in the order of 23 - 26%
for one 14.3-mm diameter hoop per stave,
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Figure 7. Time-dependent hoop tension loss over 59-day period versus initial hoop tension.

concrete. Average total shrinkage strains are
800 x 10~ 6for moist cured concrete and 730
x 10~6 for steam-cured concrete (ACI
Committee 209 1971). The approximate
relationship between remaining shrinkage
and time for a typical concrete stave is
plotted in Fig. 6. About 80% of the total
shrinkage strain takes place within about 6
mo after the concrete is cast and cured;
about 90% takes places within a year. The
shrinkage strain is partially recovered when
the concrete absorbs water.

Hoop strains in the test silo were
monitored over a 59-day period. At the
beginning of the 59-day test period the
hoops were tensioned to an average tension
of 24 kN. In terms of stress this is 150 MPa,
just over 50% of the measured yield strength
of the hoop steel. At the end of the period an
average hoop tension loss of 5.3 kN was
recorded. In Fig. 7 the hoop tension losses
for the 59-day test period measured at all
strain gauge locations are plotted versus the
initial hoop tension. The experimental

results show a considerable scatter but there

is an upward trend with increase in hoop
tension. This might be expected because the
creep strain component is a function of the
stress level of the concrete.

The observed creep and shrinkage losses
were compared to those predicted by the
empirical methods suggested by ACI
Committee 209 (1971). It was estimated that
the average hoop tension loss over the 59-
day period due to creep should have been
1.26 kN, assuming an average value of 2.35
for the creep coefficient and an average hoop
tension of 24 kN. The hoop tension loss due
to shrinkage in the staves was estimated at
0.67 kN. This estimated loss is about one

third of the average observed loss and is less
than the minimum recorded loss of 2.7 kN.

The discrepancy between the observed
and calculated hoop tension losses due to
creep and shrinkage was attributed to high
contact stresses in the vertical joints between
the staves of the silo. These contact stresses
could, of course, not be accounted for in the
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about 38% for three hoops per stave and
about 62% when there are six hoops per
stave.
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