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A DESIGN RATIONALE FOR CIRCULAR SILOS BASED ON
FINITE ELEMENT ANALYSIS

Sohrabuddin Ahmad!, Md. Alauddin!, and Zia Wadud!

ABSTRACT: The current practice of silo analysis is based on several
assumptions and idealisations. Analysis of silos by finite element methods
and comparison of the results with corresponding values obtained from
conventional methods reveal that the conventional methods cannot predict
all the stress resultants required for the silo design. Traditional methods also
cannot efficiently incorporate effects of lateral loads due to wind. On the
other hand, axisymmetric shell finite elements can easily analyse circular
silos to determine all the design forces and moments for various load
combinations including wind forces. The authors have carried out an
extensive parametric study based on finite element analysis of the structure.
The investigation revealed the need for incorporating various other stress
resultants, hitherto neglected, in the design process. On the basis of the
parametric study, a design rationale has been proposed. The proposed
procedure gives all possible forces and moments required for the design of
the silo and considers various support systems and loading conditions,
including the wind effect. The proposed method will be able to reduce the
amount of rigorous calculation required in the conventional methods. The
method also considers the variation of the design parameters along the
height of the silo and results in an economic design.

KEY WORDS: Silo, finite element methods, meridional force/moment,
circumferential force/moment

INTRODUCTION

Bins (silos and bunkers) have been used for ages to store coal,
cement, food grains and other granular materials. Reinforced concrete
silos have almost replaced the steel storage bins because of some
advantages. Concrete silos and bunkers may be single or multiple and
of various plans. The most common shape is circular, as the circular
vertical wall is under tension with no bending moment because of
uniform lateral pressure of the material stored inside. A flat bottom
may create problem during unloading of the storage material; the
conical hopper, offering a self-cleaning mechanism, is therefore used
extensively as the outlet. Vertical wall and conical hopper of the silo
may be monolithically constructed and supported on columns or
continuous circular vertical wall. In some cases the vertical wall and
the conical hopper may be supported separately. This paper deals with
circular silos with conical hoppers and three different types of support
systems (Fig. 1).
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Fig. 1. Types of silos depending on ring beam support
{a) Ring beam supported by columns,
(b) Ring beam supported by monolithic continuous wall, and
{c) Ring beam supported by separate columns.

CONVENTIONAL METHODS VS FINITE ELEMENT METHODS
Circular silos are generally analysed as single silos. Interaction
among silos of a group, if present, is then considered and necessary
modifications are made. Analytical methods normally give the static
pressures only. The design pressure can be estimated by modifying the
computed static pressure to account for material flow, eccentric
discharge and other conditions. Methods available to compute the
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static pressure are due to Janssen (1895), Airy (1897), and Reimbert
and Reimbert (1976). All these methods can deal with only
axisymmetric loading. Silos, being tall structures, are subject to lateral
loads induced by wind and earthquake. The conventional methods
cannot incorporate the effect of lateral loads in the design process
properly. The traditional approach cannot predict any type of moments
at all, but moments may have important localized effect on behaviour
of the structure.

With this background, Alauddin (1994), Alauddin and Ahmad
(1995), and Ahmad et al. (2001) modeled and analyzed a circular silo
by the finite element method using axisymmetric shell elements
(Ahmad et al.,, 1968) and compared the results found from finite
element method and Janssen’s method. This study revealed that the
assumption that the vertical wall and conical hopper are separate
structures and are subjected to membrane action only is not valid.
Negative and positive meridional moments occur at the bottom of the
vertical wall because of the partial fixity provided by the ring beam.
Meridional moments, both positive and negative, developed in the
conical hopper are also appreciable. Finite element analysis.-has shown
that considerable negative hoop force develops at the bottom of the
vertical wall due to the stored material pressure. The location of
maximum hoop force has also been found to be different from that
found from conventional approach. The finite element method can also
deal efficiently with wind and earthquake forces. Wind forces induce
both tensile and compressive meridional forces and circumferential
moment in the vertical wall. Conventional methods of analysis are
completely unable to predict such moments,

PARAMETRIC STUDY

With a view to understanding the behaviour of circular silo, an
extensive parametric study has been performed considering various
geometric properties of the structure (Fig. 2) and properties of the
material stored. Three different support conditions as stated above
have been considered. The input parameters and their range of
variation are shown in Table 1. Four stress resultants: meridional
force, hoop force, meridional moment and circumferential moment
have been taken as the output parameters. Again, these four
resultants have been considered separately for the vertical wall and the
conical hopper. Since silo is an elevated structure, the values of these
stress resultants vary along the height. Evidently, force and moment at
any location is a function of its height and maximum value. Therefore,
the parametric study has considered the sensitivity of the maximum
stress resultants. Three load cases have been considered:

1. Self weight, considered axisymmetric,

2. Stored material pressure, considered axisymmetric, and
3. Wind load, considered non-symmetric.
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Fig. 2. Various dimensions of a circular silo
Table 1. Parameters Considered in the Parametric Study

Name of the parameters Range
Height of vertical wall, H 40’ - 8¢
Internal diameter of silo, D 10’ - 100/
Thickness of vertical wall at bottom, Tbottom 6” - 13"
Thickness of conical hopper at top, top 6” - 13"
Depth of ring beam, d 24” - 96”
Inclination of conical hopper with horizontal, a 40° -75°
Height of hopper bottom (opening) above floor level, h’ 8’ - 2%
Unit weight, v 35 pcf-160 pcf
Angle of internal friction, p 15° -50°
Coefficient of wall friction, y’ 0.2-0.7
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DESIGN RATIONALE

On the basis of the parametric study, it has been found that the
meridional and circumferential moments have significant values and it
is suggested that these be considered in design. Presence of negative
hoop forces is also significant. The extensive parametric investigation
based on finite element analysis has led tc a number of equations to
determine various stress resultants. These equations incorporate ail
stress resultants in the design of the silo.

The proposed design philosophy is very simple. At first the
maximum of any of the stress resultants is found from the table. Then,
to account for the vertical variation of the design forces and moments,
charts are used to determine the value of the stress resultants at
various heights. The design procedure follows the following four steps:

Determination of Type of Silo

The first step is to determine the type of silo. Depending on the
support condition of the ring beam, the silo type is determined with the
help of Fig 1. Two sets of design formulas and charts are provided: one
for either of Type 1 or 2 and the other for Type 3. Only circular silos are
under consideration.

Determination of Maximum Stress Resultants

Tables 2 to 9 give the maximum values of the four stress resultants
for three different load cases and two different structural components
(vertical wall and conical hopper). First four tables (Tables 2 to 5) refer
to Type 1 or Type 2 silos, whereas Tables 6 to 9 refer to Type 3 silos. All
the equations in the table (the exceptions are duly noted) are presented
in the form:

Maximum stress resultant (per foot of the element) = tk.fi1.fof3 fafs.....fn

Here, k is numeric constant and fi, f2, fs........ fn are multiplying
factors, each corresponding to a definite input parameter. Each of k,
and fi, f2, f3........ fn is different for different stress resultants, structural
components and load cases. A positive force sign means tension, while
a negative sign refers to compression. A positive moment means water-
retaining curvature. It must be remembered that k, f1, f2, f3, ........ n are
empirical constants and refer to Imperial units only; i.e. units for forces
are pound and that for moments are pound-feet. Concrete unit weight
of 150 pcf has been assumed and the formulas are produced
accordingly.
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Variation of Stress Resultants in Vertical Direction

To account for the variation of the stress resultants along vertical
direction and to incorporate design economy Fig 3 to 23 are produced.
With the maximum stress value from step 2, and appropriate curve
from these figures, the designer gets the value of that stress resultant
at various horizontal sections at different heights. Curves for only those
resultants are produced which vary considerably in the vertical
direction. In other cases, the maximum value is to be used all through.

Design Pressure

To get the design pressure, appropriate ‘overpressure’ factor is to
be used with the stress resultants found from step 3. Suggestions
made by the ACI-313-77 (1983} is widely used and recommended to
determine the overpressure factor.

Table 5. Maximum Forces in the Vertical Wall and Conical Hopper
due to Self-Weight for Type 1 and Type 2 Silos

Vertical wall Conical hopper
Meridional  Hoop force (compressive) Merid. Hoop force (tensile)
force Force
K -868 169.5
£ % 1+0.0061(H-39.6)0968 1-0.00303(H-39.6)0-744
f2 = 1+0.0204(D-10}i-220 = 1+0.1477(D-10)1.137
£ &8 1-0.0140(a-40)0.794 5 1-0.026(at-40)0914
fi %A 1+0.0393(T 0p-4)1.002 Q 1+0. 1034 (tuoy-6)0-986
f 50 1+0.0145(Toron-6)0811 S 140.0288(toouen-4)1137
f % 1+0.0375(tip-6)0972 3 0.95+0.000363{|d-54 |}1.65
f7 = 1+0.01609(tbottom-4)1-004 1
fe 0.9638+0.000223{| d-36 | J1.658 S|

Table 6. Maximum Forces in the Vertical Wall and Conical Hopper
due to Self-Weight for Type 3 Silos

Vertical wall Conical hopper
Meridional Hoop force Meridional Hoop force (tensile)
force (compressive) force
k -890 168
fi g 1+0.0126(H-39.6)0.99 1
2 = 1+0.0099(D- 10j0-918 = 1+0.2711(D-10j126
Bt =}
i & § 1+0.00083(0t-40)1-452 g 1+8x10-7(0-40)3-38
2 %o 1+0.0737(T0p-4) Q 1+0.0898(t10p~6)0-867
S 3
f5 59 1+0.0797(T bottom-6)0-9% 3 1+0.02 13t bottom-4)1 939
fs £ 1+0.0375(tiop-6)0-972 = 1-0.287({d-24)0-11
f 5 1+0.01609 (tsottom-4)1-00¢ 1
fo 1 ' 1
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Table 9. Maximum forces in the vertical wall due to wind for Type

3 silos

vHoop
force

Merid. Merid. Merid. Circum. Circum.

force
(neg)

Merid.
force

Moment

moment moment
(nege}

{neg)

moment

(positive)
29.4

(positive)
234

(positive)
1260

(positive)
5900
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VALIDITY OF THE PROPOSED GUIDELINE

The proposed equations to determine the forces and moments in a
silo cover a wide range of geometric parameters and material
properties. However, the equations are valid only for circular shaped
concrete silos. They can handle three separate load cases i.e., self-
weight, material pressure and wind load. The equations are empirical
in nature and valid only for Imperial system of units. The acceptability
of the proposed equations has been checked by comparing results from
these equations with those from the direct finite element analysis. Few
such comparisons are presented in tables 10 to 13.

Table 10. Data for five examples

H D (73 Twp  Thoom  tiop  toortom Y p [T d q

SR T T T pa Ca—
1 100 30 60 5 10 8 5 60 30 040 48 36.86
2 130 30 60 6 11 9 7 50 35 0.50 42 50.18
3 130 25 55 7 9 9 6 80 40 045 36 2560
4 180 35 65 7 12 11 4 70 30 0.50 54 57.60
5 160 40 60 6 9 10 5 65 25 0.60 60 43.26
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Table 11. Maximum Forces due to Self Weight (Type 1 & Type 2)

Vertical Wall Conical Hopper

No. Meridional force  Hoop force  Meridional force  Hoop force
FE* PE*# FE* PE# FE* PE# FE* PE#

1 -10168 10375 -2014 -2018 1320 1224 595 613
2 -14605 14812 -2525 -2489 1582 1485 678 705
3 -13565 13843 -2245  -2240 1110 1074 591 620
4 -22440 22531 -3355 -3475 2188 2032 743 728
5 -16377 16313 -3455 -3600 2117 1962 1002 1009
* Finite element analysis # Proposed equation solution

Table 12. Maximum Forces and Moments due to Wind Load in
vertical Wall (Type 1 &, Type 2)

Meridional Meridional Circumferential
Hoop force
force moment moment

No.
S

FE* PE*# FE* PE*# FE* PE*# FE* PE*#

+ve 16827 15452 602 824 807 808 1363 1274

-ve 11396 11508 810 - 564 - 1597 1651
2 +ve 22106 22309 627 760 942 1114 2371 2353
-ve 11525 8618 1117 - 610 - 2765 2763
3 +ve 9773 10944 534 560 412 486 936 912
-ve 4084 6949 548 - 230 - 1090 1446
4 +ve 33692 33910 948 909 1226 1482 3887 4108
-ve 15192 18592 1589 - 895 - 4529 4076
s +ve 25449 31253 1689 2035 1308 1254 1704 3193
-ve 17826 18076 1437 - 960 - 2002 2681
* Finite element analysis * Proposed equation solution
CONCLUSION

Conventional methods available for the analysis of silos fail to
predict some of the localized stress resultants, which may have
significant effect on the design of the structure. It has been found that
moments and negative hoop forces, hitherto ignored, should be
considered in the design process. An elaborate but simple design
procedure based on extensive parametric investigation by the finite
element method has been suggested.
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Table 13. Maximum Forces and Moments due to Stored Material
' Pressure in Vertical Wall in Pressure Zone (Type 3)

Meridional Hoop force Meridional Circumferential
S @ force moment moment
zZ wu FE* PE* FE* PE*# FE* PE* FE* PE*
+ve 0.0 0.0 24755 25315 793 787 88 -
1 -ve 27891 28162 0.0 0.0 56 - 86 -
+ve 0.0 0.0 18739 18985 690 631 57 -
2 -ve 33191 33731 0.0 0.0 40 - 91 -
+ve 0.0 0.0 22519 22656 728 680 57 -
8 -ve 41835 42757 0.0 0.0 55 - 108 -
+ve 0.0 0.0 38678 38710 1555 1473 128 -
4 -ve 83699 85338 0.0 0.0 128 - 223 -
+ve 0.0 0.0 39945 39813 1235 1032 153 -
5 -ve 81983 83086 0.0 0.0 56 - 120 -
* Finite element analysis # Proposed equation solution

Proposed equations and charts will give all significant stress
resultants at various locations along the height of the structure,
together with the location and value of maximum stress resultants.
This will incorporate economy in design by allowing curtailment of
reinforcements. The tables and charts can easily be incorporated into a
computer coding, relieving the designer from rigorous calculations or
cumbersome computer modeling of the structure.
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