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CHAPTER 1—GENERAL

R1.1—Introduction
Silo failures have derted design engineers to the danger of

designing silos for only static pressures due to stored material
at rest. Those failures have inspired wide-spread research into
thevariations of pressures and flow of materials. The research
thus far has established beyond doubt that pressures during
withdrawal may be significantly higher’ or significantly
lower than those present when the material is at rest. The ex-
cess (above dtatic pressure) is called “overpressure” and the
shortfall is called “ underpressure.” One of the causes of over-
pressure is the switch from active to passive conditions which
occurs during materia withdrawal 5 Underpressures may oc-
cur a aflow channel in contact with the wall and overpres-
sures may occur away from the flow channel a the same
level .58 Underpressures concurrent with overpressures cause
circumferentia bending inthewall. Impact during filling may
cause total pressure to exceed the static. While overpressures
and underpressures are generaly important in deeper silos,
impact is usualy critical only for shallow ones (bunkers) in
which large volumes are dumped suddenly.

Obvioudly, to design with disregard for either overpres-
sure, underpressure or impact could be dangerous.

R1.2—Definitions
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ever theterm “sl0” isused, it should be interpreted as meaning
asilo, bin or bunker of any proportion, shallow or deep.

Stave silos are used principally in agriculture for storing
chopped “silage,” but are finding increasing use in other in-
dustry for storing granular materials. This Standard covers
theindustrial stavesilo, but is not to be used as a standard for
farm silos. The methods of computing pressures due to gran-
ular material arethe samefor industrial stave silosasfor oth-
er silos (Chapter 4). However, design of stave silos relies
heavily on strength and stiffness tests; consequently, this
Standard includes several design requirementsthat are pecu-
liar to stave silos only.

R1.4—Drawings, specifications, and calculations

Silos and bunkers are unusual structures, and many engi-
neers are unfamiliar with computation of their design loads
and with other design and detail requirements. It isimportant
that the design and the preparation of project drawings and
project specificationsfor silos and bunkers be done under the
supervision of an engineer with specialized knowledge and
experience in design of such structures.

If possible, the properties of the stored materialsto be used
in the design should be obtained from tests of the actual ma-
terials to be stored or from records of tests of similar materi-
als previously stored. Properties assumed in the design
should be stated on the project drawings.

CHAPTER 2—MATERIALS

R2.2—Cements

Cement for exposed parts of silos or bunkers should be of
one particular type and brand if it is desired to prevent vari-
ationsin color of the concrete.

In general, the types of cement permitted by ACI 318 are
permitted under the recommended practice, except as noted.
Experience has shown that there can be somevariationin the
physical properties of each type of cement. Type | cement
that is very finely ground (a fineness modulus greater than
2000 on the Wagner scale) can act in the same manner as
Type Il and cause difficulties by accelerating the initial set
during a slipform operation.

Type IS and IP are not recommended for use in slipform
or jumpform concrete because of long initial setting time and
low strength at an early age.

R2.3—Aggregates

Aggregates for exposed parts of silos or bunkers should be
the sametype and sourceif it isdesired to avoid variationsin
appearance of the completed work.

R2.5—Admixtures

R2.5.1 The use of admixtures in concrete silo walls is a
common construction method of controlling theinitial set of
concrete and, therefore, the rate at which slipforms and/or
jumpforms may be raised. During the actual construction op-

eration, the amount of admixture may beﬁmm S
to suit the ambient conditions ard <c mai

of rise for the forms. Document Sharing Hub

The term “silo” used here includes both deep bins and shal-
low bins, the latter sometimes referred to as “bunkers.” Wher-
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Concrete which includes accelerators or retarders should
be placed in uniform depths in the dlipform or jumpformsto
maintain a consistent time of initial set at any wall elevation.

It should be recognized that while potlifes of up to 11/2
hours are avail able, some superplasticizer (high range water
reducer) admixtures have arelatively short useful life (30-35
minutes) after being added to a concrete mixture. This can
create problems during placement of stiff mixtures of high
strength concrete or mixtures using special cements such as
Type K, M and S of ASTM C 845.

CHAPTER 3—CONSTRUCTION REQUIREMENTS

R3.1—Notation
The following additional term is used in the Commentary
for Chapter 3, but is not used in the Standard.

foe = Required average compressive strength of concrete
R3.2—Concrete quality

R3.2.1 The committee recommends a statistical basis to
establish an average strength, f, , to assure attainment of the
design strength, .

ACI Committee 214 has noted that, with general construc-
tion having fair control standards, the required f . should be
attained in over 90 percent of field molded compression
specimens provided f, is not less than 4000 psi (28 MPa).
Fair control standards, indicating a 20 percent coefficient of
variation, were assumed to establish the relation between the
design and average strength.

It can be shown that lower coefficients of variation may re-
duce the average strength requirements and, consequently,
larger water-cement ratios than permitted in ACI 301 should
be possible. However, in theinterest of durability, ratioslarger
than the maximums given in ACI 301 should not be used.

It is important when determining slump for slipformed
concrete, that the proposed mix include the same proportions
of materials that will actually be used, including admixtures
such as accelerators, retarders, air-entraining agents and wa-
ter-reducing plasticizers.

Historically, concrete mixtures with a slump of 4 in. (100
mm) have been used successfully for construction of dlip-
formed concrete silo and stacking tube walls under a wide
variety of field conditions.

R3.2.2 Concrete is considered exposed to freezing and
thawing when, in a cold climate, the concrete is in almost
continuous contact with moisture prior to freezing.

Entrained air in concrete will provide some protection
against damage from freezing against the effects of de-icer
chemicals.

R3.3—Sampling and testing concrete

Non-destructive testing of in-place concrete may be used to
determine the approximate strength or quality, or to forecast
the approximate 28-day strength. Some of these methods of
testing are ultrasonic pulse, pulse echo, radioactive measure-
ment of the absorption or scatter of x-raysor gammaradiation,
and surface hardness (rebound or probe penetration).
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R3.3.2 ASTM C 684 describes three different procedures
for the accelerated curing of test cylinders: Warm Water
Method, Boiling Water Method and Autogenous Method.

The first two methods permit testing the cylinders at 24
and 281/2 hours respectively, while the third requires hours
(+15 min). ACI 214.1R Use of Accelerated Srength Testing
provides guidance for interpretation of these test results.

R3.4—Details and placement of reinforcement
R3.4.2 Bars not tied can be moved during vibration or

even initially mislocated in dipforming. Failures have oc-
curred because of incorrect spacing of horizontal steel. A
positive means of controlling location is essential.

Because no reinforcing bars can project beyond the face of
adipform silo wall, dowels that project into abutting walls,
dlabs or silo bottoms must frequently be field bent. See ACI
318-95 Commentary Section 7.3 for discussion on cold
bending and bending by preheating.

If reinforcing bars are to be welded or to have items at-
tached to them, it is essential to know the carbon content of
the barsin order to select the proper procedure and materials
for the weld.

R3.4.3 Designers should be cautious about sdlecting walls
thinner than 9 in. (230 mm) since such will not generally ac-
commodate two curtains of reinforcement. Two-face rein-
forcement substantially improves performance of the wall
when thewall is subjected to both tension and bending forces.

R3.4.4 In genera, the minimum cover for reinforcing bars
placed on the inside face of silo walls should be 1 in. Addi-
tional cover should be provided where conditions of wear,
chemical attack or moisture can occur.

R3.5—Forms
Slipform and/or jumpform systems should be designed,

constructed and operated by or under the supervision of per-
sons experienced in this type of construction. ACI Specia
Publication No. 4, Formwork for Concrete, and References
9 and 10 contain a general description of the vertical dlip-
form process.

The rate of advancement of the slipform system shall be
slow enough that concrete exposed below the bottom of the
forms will be capable of supporting itself and the concrete
placed above it, but rapid enough to prevent concrete from
bonding to the forms.

The advancement of the jumpform system shall be slow
enough that hardened concrete in contact with the forms is
capable of supporting the jumpform system, the construction
loads and the fresh concrete placed above it.

R3.6—Concrete placing and finishing
During the construction of dlipformed silo or stacking tube

walls, it is possible that the concrete placing operation must
be interrupted due to unforeseen or unavoidable field condi-
tions and an unplanned construction joint will occur. In this
event, the engineer should be notified and concrete place-
ment recommended only upon the engineer’s approval .

R3.7—Concrete protection and curir@o
R3.7.3 In many cases, atmo-phe ¢ conditions are such

that excess water from “bleeding” of conéré&e'asplabédhising Hub
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the forms is sufficient to keep the surface of the newly
formed walls moist for 5 days and no additional provisions
for curing need be made. Where deck forms or other enclo-
sures retain the atmosphere in a highly humid condition, no
additional curing measures are needed.

Where the above conditions cannot be met, a curing com-
pound may be used or a water spray or mist applied to keep
the wall surface continuously moist, the amount of water be-
ing carefully regulated to avoid damage by erosion. At no
time should the concrete be allowed to have adry surface un-
til it has reached an age of at least 5 days.

R3.7.5 Curing compound is undesirable on interior surfaces
which are to be in contact with the stored materia. Such com-
pound, if present, would modify the effect of the friction be-
tween theinterior surface and the stored material. Asthe curing
compound is abraded, it contaminates the stored material.

CHAPTER 4—DESIGN

R4.1—Notation
The following additional terms are used in the Commen-

tary for Chapter 4, but are not used in the Standard.

A's = compression steel area. See Fig. 4-F.

B = constant calculated from Eq. (4D)

K¢ = thermal resistance of wall. See Fig. 4-E.

My = required flexura strength per unit height of wall

T, = temperatureinside mass of stored material

T, = exterior dry-bulb temperature

d = effective depth of flexura member. See Fig. 4-F.

d,d’ = distancesfrom face of wall to center of reinforcement nearest
that face. See Fig. 4-F.

eee'=  eccentricities. SeeFig. 4-F.

n = constant calculated from Eq. (4B) or Eq. (4C).

B = constant calculated from Eq. (4E)

1 = effectiveangle of internal friction

B 6,=  angleof conical or plane flow hopper with vertical. See Fig. 4-C.

R4.2—General

R4.2.3 Walls thinner than 6 in. (150 mm) are difficult to
construct. When slipforming thinner walls, concrete can be
more easily “lifted,” causing horizontal and vertical planes
of weakness or actual separation. Thin walls are subject to
honeycomb.

R4.2.4 Load and Strength Reduction Factors

R4.2.4.1 The load factors of 1.7 for live load and 1.4
for dead load are consistent with ACI 318. ACI 318 requires
ahigher factor for live load than for dead load since live load
cannot normally be estimated or controlled as accurately as
dead load. In ordinary structures, a frequent cause of over-
load isincreased depth or decreased spacing of stored mate-
rials. In silos, this problem cannot occur, since design is
awaysfor afull silo, and extramaterial can never be added.
Pressuresinthesilo, however, are sensitive to minor changes
in the stored material’ s properties and overload may occur as
aresult of these changes. Thus, a live load factor of 1.7 is
specified. Larger variations in properties are possible be-
tween dry and wet stored materials. In such cases, use the
combination of properties that creates the highest pressures.

The weight per unit volume, y, can vary significantly even
for the same material. The purpose of the load factor isnot to
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materials are stored, consider each material, noting that one
material may control for lateral pressure, while another may
control for vertical pressure.

R4.2.4.2 The lower strength reduction factor for dlip-
formed concrete without continuous inspection recognizes
the greater difficulty of controlling reinforcement location.

R4.3—Details and placement of reinforcement

R4.3.1 Fig. 4-A and 4-B illustrate typical reinforcing pat-
terns at wall intersections, ring beams and wall openings.
Theillustrated details are not mandatory, but are examplesto
aid the designer.

R4.3.2 The designer should be aware that bending mo-
ments may occur in silos of any shape. Bending moments
will be present in walls of silo groups, especially when some
cells are full and some empty.ll'12 They may aso occur
when flow patterns change or when some cells are subjected
toinitia (filling) pressures while others are subjected to de-
sign (flow) pressures.t®

The walls of interstices and pocket bins will have axial
forces, bending moments and shear forces, and may cause
axia forces, bending moments and shear forces in the silo
walls to which they are attached.

Wall bending momentsin acircular silo are difficult to ac-
curately evaluate, but do exist. They result from non-uniform
pressures around the circumference during discharge, espe-
cialy eccentric discharge. They can also result from temper-
ature differential, from structural continuity and from
materials stored against the outside of the silo.

R4.3.3 Forces tending to separate silos of monolithically
cast silo groups may occur when some cellsare full and some
empty!? (such as four empty cells with a full interstice).
They may also result from non-uniform pressure around the
circumference, thermal expansion, seismic loading or differ-
ential foundation settlement.

R4.3.4 Horizontal hoop tension (or tension plus shear and
bending moment) does not cease abruptly at the bottom of
the pressure zone. The upper portion of the wall below has
strains and displacements compatible with those of the wall
above. Therefore, the pattern of main horizontal reinforce-
ment is continued downward from the bottom of the pressure
zone for adistance equal to four times the thickness h of the
wall above.

Sincethewall below the pressure zonefrequently hassize-
able openings, it is often necessary to design that wall (usu-
ally as a deep beam) to span those openings. In this case,
reinforcement areas must be adequate for deep beam action.

R4.3.5 Vertical reinforcement in silo wallshel psdistribute
lateral load irregularities vertically to successive layers of
horizontal reinforcement. In addition, it resists vertical bend-
ing and tension due to the following causes:

1. Temperature changes in the walls when the wall is re-
strained or not free to move in the vertical direction.

2. Wall restraint at roof, floor or foundation.

3. Eccentric loads, such as those from hopper edges or an-
cilliary structures.

4. Concentrated loads at the (rai is’tiorgeﬂlmam—ts

drical and converging sectioii of atlcw dhamenent Sharing Hub

permit asilo that is designed for one material to be used for
storing another (e.g. clean coal versus raw coal). If different
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Fig. 4-A—Reinforcement pattern at intersecting walls

5. Temperature differentials between inside and outside
wall surfaces or between silos.*

6. Splitting action from bond stresses at lapped splices of
hoop bars.

To provide access for concrete buggies in slipform con-
struction, vertical reinforcement may be spaced farther apart
at specified access locations. Reinforcement should not be
omitted for this purpose; only the spacing should be affected,
larger than normal at the access location and smaller than
normal on each side.

R4.3.7 The possibility of bond failure, with subsequent
splitting, is greater where bars are closely spaced, as at lap
splices.1® Staggering of lap splicesincreases the average bar
spacing. With adjacent splices, one splice failure can trigger
another. With staggered splices, thispossibility islesslikely.

R4.3.8 Reinforcement at Wall Openings

R4.3.8.1 Openingsin pressure zone

sist horizontal design pressures from the stored materials
should not be reduced by the opening. The 20 percent in-
crease is for stress concentrations next to the opening. Bar
spacing and clearances frequently become critical where
such extra reinforcement is added.*®

R4.3.8.2 Openings not in pressure zone

For narrow openings, this method provides a simple
rule of thumb by which to provide reinforcement for alintel-
type action above and below the openings. Reinforcement
for beam action below the opening is important since the
wall below will usually have vertical compressive stress. For
large openings, a deep beam analysis should be considered.

R4.3.8.3 All openings, bar extension

(@) The distance that reinforcement must be extended
to replace the strength that would otherwise be lost at the
opening depends not merely on bond strength, but also onthe

proportions of the opening. Horizontal ejﬁyﬁiq‘l ﬂﬁ
more for deep openings than for shaliow. Similarly; ver igpts

(a) This requirement for added horizontal reinforce- _
extension should be more for wide operingS' @k for Aarkdiar ing Hub

ment is based on the assumption that the silo strength to re-
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Fig. 4-B—Miscellaneous details

In each case, extension length depends on the opening di-
mension perpendicular to the bar direction.

R4.3.9 For walls, the suggested spacing of horizontal bars
isnot lessthan 4 in. (100 mm) for walls with two-layer rein-
forcing nor less than 3 in. (75 mm) for singly reinforced
walls. The use of lesser spacing makes it difficult to locate
and tie bars.

Since internal splitting of the concrete and compl ete loss
of bond or lap strength can be catastrophic inasilowall, itis
mandatory to select reinforcement patterns which will force
strength to be controlled by tensile failure of the horizontal
reinforcement rather than by splitting of the concrete.

The 5-bar diameter minimum spacing of horizontal bars
assures more concrete between bars and helps prevent brittle
bond failures.

R4.3.10 Additional lap length is specified for hoop barsin
walls of slipformed silos since bars may easily be misplaced
longitudinally, leading to less lap at one end of the bars and
more at the other. For rectangular or polygonal silos, where
the shape of the bar prevents longitudinal misplacement of
horizontal bars at a splice, the additional lap length may not
be required.

R4.3.11 Both horizonta and vertical thermal tensile stresses
will occur on the colder side of the wall. Where these stresses

Better crack width control on the outside face is possible
when the horizontal reinforcement is near the outer face. Al-
s0, since thisis frequently the colder face, reinforcement so
placed is in a better position to resist thermal stress. Care
should be taken to ensure adequate concrete cover over the
bars on the outside surface to prevent bond splitting failures.

Crack width control and concrete cover on the inside face
are also important to lessen the effects of abrasion dueto flow
and to reduce the possibility that any corrosive elements from
the stored material might damage the reinforcement.

R4.3.12 Singly-reinforced circular walls, with the rein-
forcement placed near the outside face may not effectively
resist bending moments which cause tension on the inside
face of the wall.

R4.4—Loads

R4.4.1.1 Material pressuresagainst silowallsand hop-
pers depend on theinitial (filling) conditions and on the flow
patterns which develop in the silo upon discharge. The pro-
cedure for pressure calculations requires definition of the
following terms:

(&) Filling—The process of loading the material by
gravity into the silo.

(b) Discharging—The rrocess of Qw&ﬁblmmts

rial by gravity from the silo. Document Sharing Hub

add significantly to those dueto stored materia pressures, addi-
tional reinforcement is required. (See Section 4.4.9.)
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