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ABSTRACT

Intze tanks are widely used in this country and other
parts of the world as'large - capacity overhead water-
reservoirs. From the point of view of structural efficiency
and economy the Intze .tanks are found to be preferable to
other types of water-towers for a wide spectrum of capa-
cities. Unfortunately, however, the design of such an
important structure have not yet been rationalised. In
fact, the conventional methoas of analysis of the Intz:
tanks and the supporting towers are so approximate and
in some cases so contradictory that designers often get
lost as to which method to follow. It was mainly to resolve
this problem that the author has been prompted to under-
take this research work. As part of the investigation,
therefore, the author studied the conueqtional ﬁethods,'
discussed them in some detail to bring out their differe=:- - —
HCes, illustrating each method witH a case study. The same
problems were then analysed by auailéble Finite Element
programs using axi~symmetric shell elements for the tank
and space frame elements fo: the tower. The results of
Finite Element analysis clearly indicate that the con-
ventional methods often lead to uneconomical designs in
some respects and what méy, in fact, be fatal to unsafe
designs in other resbects. Thus it is advisable that more
sophisticated methods, such as Finite Element analysis
should be adOpfed uheneuér possible, for the énalysis of

Intze tanks to make the design safe and economical,
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CHAPTER 1

INTRODUCTION

1.1 Introduction

_Reinforcéd concrete ocverhead water tanks are widely
uged as service reservoirs in water supply systems and for
other purposes requiring elevated sources of water. The size
- of the tank depends on the guantity of water to be stored,.
the height on the pressure-head reduired and the shape
generally on economy. Of course other considerations such
as architectural deménd or specific conditionslof a site

often influence the geometry.

Water towers are usually constructed in a wide variety

(1)

of shapes. Gray and Manning illustrate several types that
include‘cylindrical, conical,_polyéonal or rectangular tanks
having one or more compartments and supported on columns,
shafts -or a combination of both. The shdpe of the tank largely
affects the structurgl design énd the cdst of construction.
Therefore, to find out the-most economical design, the struc-
tural engineer may have to try a few alternatives within the
1atitUdéS“ of his choice. The final selection would then be
based on the estimated total cost comprising-tﬁe tosts af

concrete, reinforcement and shuttering for the different
alternatives.

The geometrical shape leading to the least surface-
area of the tank seldom gives the most econemical sclution,
but is always a useful guideline towards the best shapé. Also

the design of the tank generally affects the cost of the



supporting tower and the foundations. Thus the cheapest
tank may not necessarily result in the cheapest :complete
tower. However, as regards the preliminary choicé of shape,
an important observation is that different shapes prove toﬁ
be economical in different capacity ranges. For capacitieé
below 50,000 galleons, cylindrical or rectangular tapks with
flat bottom and roof seem to be economical, while the Int:ze
wtanks are found to be preferable for a wide spectrum of
capacities ranging from 50,000 to about 400,000 gallohs. For

capacities above that, prestressed concrete tanks or flat

floor rectangular tanks might be more economical.

1.2 The Intze Tank

As stated earlier, the Intze tanks are found to be
mare economical.than other types of overhead wafer tanks for
a wide range - of capacities. An.Intze tank essentially consists.
of several axi-symmetric shells namely, the top dome, the
cylindrical wall, the conical dome and the bottom spherical
dome with three ring beams inserted at the junctions as
shown in Fig. 1.1. The economy of the Intze tanks results
mainly from their efficient container shape as expiained

below.

It is found that, for storing.large volume of water,
an elevated circular tank witH a.Flat floor-slab supported
on a mesh of beams develops large bending moments in the
floor-slab calling for its excessive thickness, since ten-

sion cracks must be avoided to ensure a leak-proof design.
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Moreover, the complex arrangement of beams and columns raises
the cost of shuttering and makes the analysis difficult and
less accurate., Domes prove to be an economical alternative

in such circumstancés. Domes with small rise generally
adopted in such cases develop only compressive stresses in
them (except perhaps near the edges) and are thus water-tight.
The required thickness of the dome is small and this results
in considerable saving of material., A similar saving may also
be attained by making the bottom conical. The Intze tank,
which employs a combination of cone and dome as its flour,

ié a further improvement over the simﬁle domed-floor. It

is supposed to be so proportioned that the iﬁward'and.out-
ward horizaontal thrusts on the bottom circular beam at the
junction of the cone and the bottom dome approximately
balance-each other. In short the interaction between various
shells and ring beams of the Intze tank helpslproduce an
efficient structural shape that consumes less material and

thus makes the tank economical.

1.3 Apalysis aof Intze Tanks: Shortcamings of Conventional
Methods ' '

‘The fundamental philosophy of the Intze tank geometry
is to take advantage of the mehbrane éétion of shells to
resist a major proportion of the loads while keeping the
bending action within the threshold of insignificance. -
However, it is difficult to assess the actual emancipation
of the two actions méinly-due to the uncertain baoundary

conditions imposed by the ring beams and the inevitable

i



complications that ensue when compatibility is considered.
As such, for trouble-shooting, most of the conuentionalr
methods entirely rreglect the bending stresses and suggest
a pure membrane anal;sis for the shells while the ring
beams are designéd for hoop forces arising out of membrane
action of shells. The implications are guite significant.
The ring beams aﬁd component shells are in general over-
designed for membrane forces while inddeguate provision

of flexural reinforcements in the shells especially at
their edges tend to considerably reduce the factor of

(2)

safety. And the only conventional method thatISUQgésts

a secondary analysis faor the effects of continuity is

rarely followed by designers due to the complicated and
laborious procedure of the secondary analysis. Moreouer;

even if this endeavour is undertaken, fhere still remains
considerable pontrouerSyroﬁer the accuracy of -the analyéis. -
While deferring further and more elaborate discussion of

the conventional methods to Chapter 2, it may be stated here

that the conuentional'anélysis of Intze tanks results in -

underdesign somewhere and overdesign elsewhere.

As regards the analysis and design of the supporting
tower by conventional methods similar-obseruatidns hold good
as would be apparent from the -discussion presented in-
Chapter 3. In short it can be caid that although the Intze
tanks are more economical compared to other types of over-
head water tanks their econamy might be further imprdued

if the design is based on a more rational analysis.:



1.4 Objective of the Research

With the advent of modern. digital computers, Finite
Element method(z)’(q) using numerical integration has
emerged as a powerful tool doing real wonders in soiuing
highly complex problgmsfhwstructural engineering and other
fields with enormous speed and accuracy. Realising the
importance of optimum design of Intze tanks in the context
of their vast use in Bangladgsh, and considering the avail-

(5)

ability of a well-documented Finite Element program for

analysis of ‘axi-symmetric shell structures, a space-frame
program(s) for analysis of towers and lastly a powerful
IBM-370 computer in BUET, the author was inspired to under-
take this research project aimed at optimum design.of Intze
tanks and supporting towers. The objective of the research
is to rationalise the design of Intze'tahks and supporting

towers using Finite Element analysis, thereby making the

structure safe and economical.

1.5 Scope of the Research

As part of the literature survey, this work first
presents a brief outline of the conventional methods of
analysis of Intze tanks and supporting towers, illustrated
with apﬁropriate case studies, in the two chapters that
follow. Next, the results of Finite Element analysis of the
illustrated cases mentioned above are presented in graphical
form and then tabulated along with the results of'cqnuéntio—

nal analysis for direct comparison. The tank dimensions are



then suitably modified and then the new stress conditions
are also plotted for the modified sections to check the

adeguacy of the modified dimensions.

The towers illustrating conventional analysis are
similarly analysed by Finite Element method presenting
the results in graphical and tabular forms., Some parameters

affecting the .design of the tower are also studied.

Finally, on the basis of the results of this investi-
gation, conclusions are drawn and suggestions for improvement
in the design of the structural components of the tank and

the tower are made,



CHAPTER: 2

CONVENTIONAL ANALYSIS OF INTZE TANKS

2.1 Introduction

This chapter presents afbrief but comprehensive dis-
cussion of the conventional methods of analysislof Intze
tanks critically discussing the simplifying assumptions
made for the sake of analysis and identifying the points
of uncertainties and weaknesses. Three methods are consi-
dered for discussion here which are due to the follouwing:

authors:

(2)

1. Jai Krishna andg Jain

(1)

2. Gray and Manning

(7)

3. Sushil Kumar

The above methods are more or less complete by themselves.
It may be possible to conceive of some other methods for
analysis of the component shells of the Intze tank using
shell theories(a). However in any method, whatsocever, the
primary concern would be proper assumption of boundary
conditions for the shells, This poses a difficult problem,
. since the amount of restraint exerted by the stiffening
ring;beamS'at the junctions is anything but apparent.lﬂs

a CDﬁSEquence, it becomes necessary, for the séke of analysis,
to méke Cerfain simplifying assuﬁptions that may not be
fully justified..Néedless to say, the three methods, refe-
rred to above, are not free from such limitations. These

methods are, however, very popular among practitioners in

this and neighbouring countries. As such these three methods



have been selected as representative conventional methods
for discussion. Three case studies, one for each method,
are included at the end of this chapter. An additiocnal
design example (case study 4) is also included here in
order to reflect the important features of standard design

practice.

2.2 General Discussion of Conventional Methods of Analysis

The conventional methods of analysis of Intze tanks,
mentioned in the preceding article, can be divided into two

categories.

Methods belonging to the first category suggest a
simple membrane analysis for the component shells, the ring
beams being supposed to carry the thrusts arising out of
membrane actions of the shells (?ig. 2.1). Thesé.methods
do not consider the guestion of compatibility of.displace—
ments and rotatioms at the junctions and neglect the bending
stresses in the shells. The methods due to Sushil Kumar and
Gray and Manning fall under this category. In fact, these
'tmo methods are almost identical save and except one point
of discord regarding the meridional moment at the bottom of
the conical dome, While Sushil Kumar assumes that there is

no such moment at all (as would happen if pure mehbrane.

action prevailed), Gray and Manning recommend designing the

bottom of the conical dome for a restraint moment that would

occur at the bottom of a circular tank having the same dia-

meter as the bottom of the cone and the same height as fhe'
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depth of water at this level. In all DthEI.IESDECtS the

two methods are indistinguishable and although in some cases
the expressions for stress resultants may appear to be
different, simple trigonometrical transformations coupled
with consideration of geometry guickly reveal their eﬁui—

valence.

The other method due to Jal Krishna and Jain belong
to the second category Qhere the analysis of the Intze tank
-1s performed in two phases., In Phase-I a membrane analysis
is carried out using the same principle and formulae as the
methods of category 1, while, 1in ﬁhase-II, a secondary
analysis 1is proposed for the effects of continuity. In the
first phase actual loads are applied on the shells and
boundary conditions are applied in such a manner as to
ensure that only membrane stresses occur. Thesé stresses -
are obviously not the actual Qaluesrand also the boundary
displacements and rota?ions of the shells and ring beams
are incompatible (Fig. 2.2). Thus, the continuity analysis
is essential for establishing compatibility and to obtain
~correct stresses. for this.step it is essential to define
the relationships betuween edge loadings and resglting edge
displacements. These relationships are obtained on the basis'
of shell bending theories. Compatibility equationé'are then
set up for each.junction with the actual edge forces as
unknowns. These are linear simultaneous eguations and can
Ee solved to obtain the secondary stresses. For each junction

two equations are needed, One ensuring cqmpatibility of
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(Firm line) = Undeflected shape

-

_____ “~ (Dotted lihe) = Indeﬁendent shell deformation

fl

——— - —~~ (Chain line) = Deformation maintaining
} , continuity.

Fig. 2.2 Continuity ofﬁaisplacements.

rotation and the other that of horizontal displacément.
Continuity of vertical displacement is automatically satis-
fied, Solving these equations for annown‘edge forces, the
final stress resultants'such as the‘meridiﬁnal mament, hoop
tension and meridional thrust cén be calculated, It is
assumed that the shells are thin and the effect of one
junction does not propagate to the next junction. It is
also implied that the shells meet each other at the centres

of ring-beams. Unfortunately, however, the abave analysis



for effects of continuity involves tedious calculations

and hence, more or less, impracticable. Of course a computer

(8)

program developed for the purpose by Jain -and Singh might

praove to be useful.

It is réported that this method was further generalised

by Rrya(1o)

for.the case of axi-symmetric shell structures
by providing non-dimensional values in the form of numerical
t sbles for stiffnesses and membrane displacements. These
values are claimed to be more accurate anﬂ applicable to

(11}

shells with uniformly varying thickness as uwell

2,3 The Assumptions, Outline and Discussion of the

Membrane Analysls

A brief outline of the membrane analysis is now presen-
ted, to give a clear concept-of the procedure usually adopted
for the analysis of different _parts of thé Intze tank. The
assumptions made implicitly or explicitly to arrive at the
_morking formulae are stated and discussed to bring out the
drawbacks Df.analysing the Intze tanks by the membrane theory

of shells.

2.3.1 The Top Dome

Assumptions: (i) The dome is hinged along its edge A, £he
joint bétween the top dome and the tep ring beam, but is
restrained from radial displacement (Fig. 2.3).

(ii) Membrane action prevails in the shell and edgerdistﬂr--

-

bances are negligible.
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Referring to Fig. 2.3, let

R = Radius of top dome

b = Rise of the dome

D = Diameter of the tank

$ = Semi-central angle of the domé

w = Total vertical load per unit area of dome surface.

The expressions for meridional membrane force N¢ and
circumferential membrane force NB (hoop-force) in the daome,

as used by the three méthods, are presented below in tabular

form.
Method N¢ N8
: 2 Dosz¢+ Cos ¢ - 1 -

a) Sushil Kumar wR(1-Cos ¢)/5in"~ ¢ wh (= = )

, 1 + Los ¢ 4

. . , 1
b) Gray & Manning 27 Rhw/ (D 51n¢) wR{Cos ¢ - T"ﬁ“ﬁg§‘$)
c) Jai and Jain:~. JuwR/(1+Cos ¢) not determined in

membrane analysis.

L]

Discussion: The assumption that there is no rotational
restraint at joint A is incorrect. In fact, the Phase-II
analysis of Jai and Jain shouws the existance of_some sagging
moment at joint A tending to close the.angle A (tension on
outer face). The other assumption that radial displacement
is completely restrained is also far from being true. Thus,
although the above expressions give compressive values of

N for & < 51%48", continuity analysis shouws dBQElemEnt

0

of hoop tension near the edge of the dome. The actual stress

o 0



Fig. 2.3 | Fig. 2.4
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condition can be revealed only by a rational analysis such

as that of the Finite Element method.

2.3.2 The Top Ring Beam

Assumption: This ring

beam at joint A resists the

horizontal component of the meridional thrustiN¢ from the
top dome (Fig. 2.4) through hoop action.
Thus hoop force, Ty = HD/2; where H = N¢ Cos ¢ , and

D =.diameter of the tank.

Discussion: Tﬁe above formula clearly gives an Dﬁer-estimate
of fhe hoop force in the top fing beam, bécause in deriving
this Formula compatibility Df_diSp;acements at joint A has
not beenrconsidered. It is easy to guess that in the process
of maintaining cﬁntinuity of radial;disﬁlacement in the |
uicinity of joint.ﬂ, the adjacent portions of the top dome
and the cylindrical wall uﬁuld_carfy a considerable share

of the hoop Fo:ce.

2.3,3 The Cylindrical Wall

(i)

the vertical direction

Assumptions: The cylindrical wall is flexible in
and has no restraiht against rotation
or radial diSpiacement at either end., This aésumption dis;
misses the possibility of development of any restraint moment
at the base of the wall.

(ii) The fluid pressureagainst the wall is resisted entirely
. by hoop action, the Hoop tension at any level Df-the wall
being directly proportional to the hydrostatic pressure at

that level.

3
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Thus, at any depth h below water level (Fig, 2.5)
the hoop tension is given by Ny = YwhD/Z, where

D = diameter of tank, and Yy = density of water.

Discussion: The assumption that there is no restraint moment
at the.base of the cylindfical.wall needs céreful'inuesfiga—
tion. Because due to lack Df‘confidence in the above assump-
tiony. designers tend to provide enormous flexural reinforce-
ments for meridional moment calculated by Qsing Reissnér's(12)
theory for a cylindrical wall cantilevering off the base,
while providing for_hoop'teﬁsion given by the aboue-formula.
.It may be noted here that Reissner's theory,as simplified

by Carpenter, gives the following formulae for calculating

the bending moment at the base and the position and magnitude

of maximum circumferential tension (Fig. 2.6), where the

coefficients F and K are given in Table 2.1.

hY

Restraint moment, Mr = FYNH3,
Maximum hoop tension, N, = YwHD(1-K)/2, and
Position of maximum hoop tension, L = KH.

Obviously, the maximum hoop tension and maximum restraint
moment cannot occur simﬁitaneously at the base. In fact, Iif
the bottom were\Fréé, the hoop tension would be maximum with
zero restrainf moment; on the other hand, if the bottom were
fixed, the hoop tension would be zero with maximum resﬁraint
moment.sin case of a partial restraint, as appears to be the
situation at the base. of the cylindrical wall in an Intze
tank, the magnitude of the hoop tension and restraint moment

would depend on the actual effective restraint and could be
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TABLE 2.1

Coeffs, F K

H/E= 1 4g 20 30 40 10 | .20 30 40
H/D |

0.2 0.046 | 0.028 { G,022 {0,015 0.65 | 0,50 |[0.45 [0.40
0.3 0,032 0.0?9 0.014 | 0,010 0,55 10,43 10.38 |0,33
G.4 0,024 | 0.014 | 0,010 |0.0D7 0.50 | 0.39 {0.35 |D.30
0.5 o.0z20 { 0,012 | 0.008 (0,006 0,45 | 0,37 10,32 |[0.,27
.1.0 0.012 D;DDG D.GDS 0,003 0.37 | 0.28 | 0.24 {0.21
2,4 0.006 | 0.004 |\ 0.003 |0.002 0.30 0,22 | 0,19 J0.18

4.0 o.004 {0,002 ;0,007 0,001 0.27 [ 0.20 | 0.17 {0.14

determined only by a rational analysis such as that of the

Finite Element method.

2.3.4 The-Bottom Ring Beam

Assumption: This ring beam introduced at the juﬁctinn
of the cylindrical wall and the conical dome is supposed to
carry, in addition to the fluid pressure against its inner

surface, the entire horizontal component of the inclined
.meridional thrust of the conical dome below it through hoop

action.

Let T be the meridional thrust of the conical dome,
the vertical component of which must balance the total
vertical load (say P} at the tep of the cone, then ifs
horizoﬁtal component would be (Fig. 2.7), H{ = T 5in d" =P tan «a,

Alsg fluid pressure, H2 = Ywhd. Thus hoop tension in the

al



ring beam comes out to be Ty = HD/2, where H = H,+H,.
Discussion: Apparently the above procedure for calculating
the hoop force in the bottom ring beam seems to be reason-
able, but since thz exact stress distribution in the region

is not known,it would be wise to weit until a Finite Element

analysis reveals the mystery, before making & final comment,

Z2.3.5 The Conical wall

Assumptions: (i) There is no meridional moment -in
the wall.
(ii) The radial movement is unrestrained at either end of

the wall,

The above assumptions lead to the following formula
for hoop tensiDn'N_6 at any height h above the base of the

cone (Fig, 2.8).

Ng = (p/Cos® + g tan a) X Dh/2 , where,

Dh = diameter of the cone at any height h,

P = hydiostdtic pfessure at this level,

qQ = self-wt. of the wall per unit area, and

Q = inclination of .the wall with the vertical,

Discussion: The above formula giﬁes a fairly constanf
value of the hoop tension Ne.throughout the Cohé. This is
guite illogibal, since 1t violates the very noble design
concept of the truncated-cone-and-dome floor according to
which the inward and outward thrustson the Circulgr beam
at the junction of the cone and the bottom dome should

approximately balance. This would mean negligible radial
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movement of the circular bear and therefore considering
continuity of radial displacement, the hoop tension in the
cone should gradually vanishtowards its lower end. It may
be noted here that the Phase-II analysis of Jai and Jain

actuslly shows such a trend.

The other assumption that bending moment in the bone
is zero is also untrue. Because the weights of uafer over
. the cone andlthe bottom dome tend to cause rotations of
the circular beam, in opposite directions so that the
resultant rotation of the beam would be negligible in a
well-proporticrned design. As chh the circular beam may be
looked upon as a fixed supportlgiuing rise to restraint
moments on its either side i.e. bpth in the cone and in the
bottom dome. Perhaps induced by such a consideration, Gray
and Manning recommend désigﬁing the bottom of the conical
dome for a restraint moment that would occur at the base of
a circular tank having the same diameter as the bottom of
the cone and the same height as the depth of water at this
level and that can be calculated using Reissner's theory
(Art. 2.3.3). In fact, DU£ of the three methods mentioned
Ain Art. 2.1, only Sushil ‘Kumar completely neglecté this
restraint moment, while both Gray & Manning as well as
Jai & Jain take into account this moment calculated in.some
wvay or other. Jai and Jain obtains the restraint moment

from Phase-11 analysis for effects aof Cdntinuity.
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2.3,6 The Bottom Dome

Assumptions: (i) The dome is hinged along the periphery.

(ii) Pure membrane state of stress exists throughout.

Accordingly the meridional thrust N at the edge is

¢

given by a formula similar to the one for top dome,

N - W/ (27R 5in%0), uJ-h_elre,

W = total wt. of the dome and the water resting
directly above it.

R = Radius of the dome

¢ = Semi-central angle (Fig. 2.9).

Discussion: The assumption (i) neglects the meridional
restraint moment. But,as discussed in Art. 2.3.5, some
undetermined restraint moment exists at the edge. Phase-II

analysis of Jai and Jain gives similar indication.

The membrane analysis does not worry about the hoop
stress which is assumed to be compressive. But any outward
movement of the circular beam may cause tensile hoop stre-
sses near the edge of the bottom dome under ceftain condi-
tions. These points would be studied through Finite Element

analysis for a rational design.

Fig. 2.9
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2.3.7 The Bottom Circular Beam

The function, behaviour, and design concept of the
bottom circular beam are totally different froﬁ'thdse of
other parts of” the Intze tank, Instead of hauing‘a-conti—
nuous support, as is the case with ail other components,
the circular beam is supported .only at some discrete
points along its periphery by a numberlof eguidistant

columns (Fig. 2,10).

As such the circular beam is subjected to bending
moments, torsion and shear for which the following assump-

tions hold good:

(i) Shear force and torsion are zero at mid-span

(ii) Torsion is zero at supports.

4 = SBection of max. +ve I
B,C = Section of max. twisting mom.

P,Q = Section of max. ~ve B! and
: max. shear force.

Fig. 2.10



- Hence the beam is to be designed for
{i) Maximum shear force and -ve bending moments. at
| supports.
(ii) Maximum +ve bending moments -at mid-span and -

(1ii) Maximum torsion at points of contraflexure.

The formulae for finding out the maximum bending and

(7)

twisting moments are given below .

(i) Max. -ve BM at support = K wr?8 (0 in radians)

1

K WR®H o

{ii) Max. +ve BM at midspan 5

1l

(iii) Max. twisting moment ot
point of contraflexure = szﬁze - n
The values of the coefficients K1, KZ’ K3 and the angles

0 and B for different numbers of columns are given in

Table 2.2, and -

R = Radius of the circle of columns
W = Vertical -load {including .self-wts) -per unit

length of the periphery.

TABLE 2.2

No. of )
1cois 9 K, K, Ky 8
o —
. i
4 ag® 04137 0.070 0.021 197
- i . - ‘]IO )
5 72° 0.108 0.054 0.014 157
o 30
6 507 0.089 0.045 0.00¢ 123
' 3° | 39
7 515 0.077-| 0,037 0.007 105
7 4
' ) 0
8 45° 0.066 |- 0.030 0.005 -
) - 10
g 40 0.060 0.027 0.004 8
o
10 36° 0.054 | 0.023 | ©0.003 | 7%
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Discussion: The Finite Eiemept analysis of the Intze tank
using exi-symmetric thick-shell elements is unable to
provide any information. regarding the moments etc. in fhe
circular beam., This is a limitation of the use af axi-
‘symmetric shell elements. Hence no discussion of the above
analysis would be possible in the light of Finite Element
anszlysis, Houwever, the circular beam will be considered as
straight-bracings in the space frame analysis that mey
throw some iight on the maghitudes of the moments and

shears in the beam.
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2.4 Case S5tudies

Some four examples of Int:ze tank'design are presented

herz to illustrate the usual design practices so far dis-

“ .

cussed. The same tanks are analysed by the Finite Element
method using axi-symmetric shell elements program, the
results being presented in tabular/graphical -form in

Chapter 4.

Details of calculation of the design examples are
available in the corresponding references and hence émitted
here. Only the final stresses and reinforcements are guoted
here. The physical dimensions of thé tanks are shown in

figures.

2.,4.,1 Lase Study 1.

This design example is taken from "Plain and Rein-
forced Concrete™ by Jai-Krishna &"Jainiz).-Figures~here
are in FPS units but the source data were in S5SI units,

The analysis is carried out in two phases:

i) Phase-I, the Membrane Analysis

ii) Phase-II, the Continuity Analysis.

Mheneuer,thé results of Phase-lI and Phase-II happen
to be different, the values given in Phase-II are to be

conslidered for design.

Design Criteria:

Capacity of the tank = 118,200 gallons (Imperial)

Live load + coating on top dome = 23,20 psf
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YoM d t = 2,850 i
£ ( spp 9Trade concrete) , psi
f. (in compression) = 1,000 psi
fcs(in shear . = 100 psi
f_(direct tension) = 170 psi -
fct(flexural tension) = 240 psi
fs (in contact with water) = 14,000 psi
fq (in other places) = 18,000 psi
Maxm. nominal reinf. - 0.3%

Tank dimensions are shown in Fig. 2.17.

thations:

N¢= Meridional membrane force (lbs/ft}) (Tension = +ve)
N8= Circumferential membrane force " ( oo
Ty= Total hoopforce (1bs) in ring beams( " ")
M¢= Meridional moment(lb-ft/ft)} (Tension outside = +ve)
AS: Steel area in2/ft or in2

The stress-resultants are shown in Table 2.3.
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Fig. 2.11 Physical dimensions of the tank of
case study 1.

M. Psi

Jg5.4 psi—— 121.9 Ps

189,72 Psi

100 Ps!

.08 Midspan
Support , ) I"'LQ'B_:'J .

1-62 . .35
-t -

Fig. 2.12 Shear stress diagram for bottom circular beam.



TABLE 2.3

Stress-resultants of Case Study-1
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lLocation Stress- Phase=1I Phase-I1I AS
resultant -
Top dome edge NdJ -1,582,5 | -1,592,%6 0.144
Ng - 2,204,0 0,157
My 0.0 330, 7 0.10
Top Ting beam Te 27,645,5 8,258, 3 0.66
Top Ng 0.0 4,414,8 0.32
_ .
o My 0.0 327.4° 0.264
o :
H -
E Bottom N g 18,142.9 | 18,008.5 1.29
ot
— — .
>0 M 0.0 1,510.1 0.264
Sottom ring Tq B6,555.5 | 85,232,7 6.09
beam .
Top Ng 36,809,858 | 34,202,7 2.44
M 0.0 1, 366.8 0.50
— ¢
°
3 Bottom Ng -18,680.5| -18,680.5| 0.50
—
§ Ng 33,127.6 -151.,9 | 2,44
5 M 0.0 7,458, 1 0,50
[ .
Bottom dome N -13,370.0 | -13,372.0 0.264
-edge ! ¢
] Ne _——— -80,0 0,264
M 0.0 -5,216.0 | 0.45
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Bottom circular beam:

Vertical load on the beam, w = 19,138.1 lbs/ft.

-ve M = 215,271.6 ft-1bs ( at support)
+ve M = 108,135.8 " (at mid-span)
Twisting moment, M, = 16,384.2 ft-lbs (at B = 949)

Shear force, SF = 95,017.6 lbs {at column face)
-ve As = 5,58 in2 at tpp & bottom each
t ve AS - 5.58 in° at bottom

Stirrups are calculatea on the basis of the shear

stress diagram shown in Fig. 2.1%2.

Total guantity of material reguired is estimated as

follows:

Reinforcement volume, V

= 55,85 cft
s
= 12.13 tons
Concrete volume, UC = 3,669.4 cft

245,77 tons

"N.B. 20% may be added,for contingency,to the material

volumes estimated,
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2.4,2 Case Study 2

This design example illustrates the method suggested

by Cray & Manning(1).

Design Criteria:

Capacity of the tank = 250,000 gallons {40,000 cft)

LL + coating on- top dome = 40 psf‘

Weight of lantern = 3,000 lbs
fé' = 3,000 psi
FC (direct compression) = 1,000 psi
f (direct tension) = 200 psi

ct
fq {not in contact with water)=18,000 psi

fq (in contact with water)=14,000 psi
n {modular ratio) = 10

Nominal reinforcement = 0,3%
Notations used are as in case study-1

The physical dimensions are calculated on the basis

of Fig. 2.134 and shown in Fig. 2.14. The stress-resultants -

‘are shown in Table 2.4,
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TABLE 2.4

Stress resultants of Case study 2

Location stress resultants AS
Symbaols Values

Top dome edge Ny -2,595, 4 0.18
Ne -1,616.7 g.18

Top ring beam Te . 91,0481 3.65

- _

© Top N g 0.0 0.67

[

° Bottom N¢ -3,967.0 0.43

ot

g N g 28,187.,5 2.01

03|

Bottom Ting beam T8 153, 469.1 10.96

— Top N 48, 280.0 3.45

'_t 8

E

Bottom N -54,873,5 0,72

” ¢

o N 40,623.0 2.90

- € .

C

S M¢ -13,027.5 Dﬂ?2

Bottom dame Mg ©19,013.0 0,288

‘Botfom circular beam

Total vertical load on the beam , w = 52,445,0 lbs/ft,

- ve M

532,837,

+ ve MM 242,188,

Twisting mom. M, (at B

SF (at column face)

0

]

ft-lbs, - ve A_ = 13.2 in°
7

" + ve-A_ = 6,0 in
s :

94%) = 40,366.0 ft-1lbs.

282,831.0 1lbs.
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2.4,3 Case Study 3

This design example is gquoted from "Treasure of

R.C.C. Designs" by Sushil Kumar

(7)

. Figures mentioned

here have been obtained by unit conversion from SI to

FPS system;

Design Criteria:

Capacity = 225,600 gallons
LL + coating : o = 30.7 psf -
Fé (M200 grade concrete) = 2,850 psi
fe (compression) = 1,000 psi
Fct(difect'tension) = ﬁ?D psi
fy (flexure) ' = 240 psi
'fs = 14,000 psi
n {(modular ratio) = 13
Nominal reinforcement = 0,3% {(maximum)
j = 0.841
k = D0.476
R = 200 psi

The final physical dimensions of the tank are shouwn

in Fig. 2.16,

by the author

however, the relative dimensions suggested

(7)

s, in general, are as in Fig. 2.15.

The stress-rTesultants are shown in Table 2.5.
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LI noo
25.6x47 2>

'L 6.56"

Fig. 2.16 Physical

656'%_

dimensions of the tank of‘case'study 5



35

TABLE 2.5 .

Stress resultants of case study 3

)
Location Stress-resultants _ As
Symbols Values

Top dome edge N¢ ) -2,040,9 Nominal

N g -1,905.4 Nominal
Top ring beam Te 40,432.0 2.84
Top of cylindrical N¢ -1,208.4 Nominal
wall :
Bottom of N¢ : -3,454 .1 Naminal
cylindrical wall o

Ne 28,222,°2 2,02
Bottom rimg beam Te 168,210,0 12,02
Top of coenical ' Ny | -6,876.4 Nominal
wall |

Ng 51,223.0 _ 3.66
Bottom of N¢ -30,910.,0 Nominal
conical wall -

Ng 45,373.,9 3.66
. Bottom dome edge N¢ -22,040.0 -

N8 : -9473.0 -




2.4.4 Case Study 4

This is a practical design ekample. The design of
this tank has been cuilected from a consultancy report(12)
of the Civil Enginéering Department of BUET. To some extent
the design follows the method of Sushil Kumar''’ but at the
same time provides considerable flexural reinforcement for
apprehended. meridional moments in the shells, The objective
of including this design case 1s to shed light on the
precautionary measures usuélly adopted by designers of

Intze tanks to account for the uncertainties, since exact
behaviour ‘of the structure is yet to be established. THe
flexural reinforcements provided add considerably to the
cost of the structure and hence the utility of sdch
reinforcement should be investigated. In passing, it may

be mentioned here that it would be appérent from a rational
"analysis of the structure by Finite Element method (in
Chapteria) that while moderate flexural reinforcement is

a real need somewhere, it amounts to sheer wastage elsewhere.

Design Conditions:

Capacity of the tank = 151,700 gallons

Live load + coating on top dome = 20 psi
EDncfeté strength fé - 2,500 psi
feo (in contact with wgter) = 750 psi
fc_(elseuhere) = i,125 psi
fct(direct tension) = 150 psi

f_ (in contact with water) = 12,000 psi

S
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fq (elsewhere) = 18,000 psi

n {modular ratio) = 10

Nominal reinforcement = 0,25%

Height of tank above G.l. = 70!

Wind pressure : = 30 psf

Farthguake force : = 9% of total weight

The final physical dimensions of the tank are shoun

in Fig. 2.17. and the stress-resultants are shouwn in

Table 2.6,

v
n
— L&
L .
13-6 : ]6_'0"

Fig. 2.17 Physical dimensions of the tank
o of case study &.
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TABLE 2.6

Stress resultants of case study 4

Location Stress-resultants As
Symbols Values
Top dome edge N¢ -165,0 Nominal
Top ring beam . T, 30,012.0 1.67
Top of cylindrical . N¢ : -=947.6 - Nominal
wall -
Bottom of cylindrical Ny ~2,297.6 Nominal
wall ' ‘
Ng 9,865.0 " 0.822
My -2,915.0 0.51
Bottom=ring beam - Tq 87,038,0 7.25
Top of -conical wall N¢ . -4,048,0 - -
Ng 27,550.0 2.3
My -5,918.0 0.50
Bottom of conical N¢ -18,365.0 -
wall . -
. Ng 27,550.0 2.3
~ Me -5,998.0 0.50
Bottom dome edge Ny 1 -17,682.7 | Nomipal




CHAPTER 3

CONVENTIONAL ANALYSIS DOF THE SUPPORTING TOWER

3.1 Introduction

The most common foﬁm of the Intze tank staging consists
of a circle of columns connected by several layers of étraight
braéings monolithically cast with the CDluhns. The bottom .
circular beam of the tank atop the circle of columns trans-
mits the loads of the tank to the cﬁlumns and also acts as
the uppermost bracing of the tower. Usually the columns are
symmetrically placed along tHe circumference and are of the
same sectional area so that they receive equal shares of "the-
vertical load of the tank. However, the columns are also
subjected to lateral forces due to wind or éarthquake acting
oniboth the tank éhd the tower. These lateral forces induce
bending moments, shear and axial forces in the columns and
bracings. Sometimes the_ columns are slightly battered to

imprdue their efficiency in resisting lateral forces.

The whole problem is staticallf indeterminate and
calls for a space frane analysis of the tower that could be
performed only_yith the aid of a computer. However, to make
the analysis practicable in absence of computer facilities
a few conventional methods have been evolved by different
authors on the basis of certain assﬁhptions that allow a
short of plane frame analysis of the tower. Some of these
methods are discussed in this chapter and iliqstrated with
case studies. It will be seen that the conventional methods

differ considerably in their approach and give widely different.
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results, It is difficult to say which method is more rational
unless a rigorous investigation with computer aided space-
frame analysis reveals the mystery. And it isruery much
desirable to establish a rational and reliable method of

analysis to make the design safe and economical.

3.2 Conventional Methods of Analysis

Three methods of analysis of the tower are briefly
outlined in the following sub-articles. The methods are

due to the follouwing authors:

(2)

(1) Jai Krishna and Jain

(7)

(ii) Sushil Kumar

(1)

(iii) Gray and Manning

The assumptions made in each method are also mentioned

and each method is illustrated by a case-study.

3.2.1 Jai Krishna and Jain's Method

fa) Analysis of columns:

Assumptions: (i) The gravity load of the. tower including the
weight of water is equally distributed among all the columns,

(ii) The axial forces induced in the columns by the lateral

forces due. to wind or earthguake may be calculated by consiz

dering the whole tower to be a single vertical cantilever
beam with its section built up with the columns 'spaced apart.
(iii) The columns develop points of inflection at mid-heights

of each panel i.e. at points x,y,z in Fig. 3.1.

R
M r

D it

e i, Y
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Fig. 3.1 Deflection of tower under wind load.

Let there be m columns in a tower (n3» 6) located
symmetrically.on a circle of mean diaﬁeter D, Let the sectio-
nal area of each column bé a. The total sectional area of the
cantilever beam is thus nxa and the section can be considered
fo be a fing of mean diaheter D and equivalent thickness
t = na/(ﬂD) as shown in Fig. 3.2. Thus moment of inertia

~of the beam section is naDz/B.

If m be the bénding moment ih the cantilever beam,
then the axial force in 2 column C méking an angle © with
bending axis is 4mSin © /{AD). Thus axial force (due to wind)
on columns lying on the bending axis is zero, while that on
columns farthest from bending axis is 4m/{(nD) and ié tensile
on windward side and compressive on leemardvside. At the
bottom panel where m is maximum, this axial force is also

2

maximum. The shear force in column C is §F = 20 Cos“ ©/n,

where 0 is the total shear force at mid-~-height of any panel,
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Thus at columns farthest from bending axis S5F = 0. While

at columns on the bending axis shear force is maximum,

i.e. SF = 2Q/n.

The bending moment at the top and bottom of each panel
is given by BM = SF x h/2, where h is the-clear panel height.
Obviously BM is maximum at the bottom panel where SF is

maximum. Thus at panel zz in Fig. 3.1, 4 = P, ¢ 5p/B.

(P, + B5P/B) x 2/n,

Hence, SFmax ’

and BM SF x h/2.

max max

it

For maximum axial force, m = Pﬁ(d+2.5h) + B.5Ph/5.

{(b) Analysis of bracings:

At every jUnctiDn of chumns'and bracings, the columns
imbose—armoment on the joint. Fig. 3.3 shouws the. shear force
in columns on either side of a brace. The moment imposed at
joint 8 is S,h /2 + 5,h,/2, clockwise. This joint moment
has to he resisted by the two braces meeting at the joint.
Thus the braces are subjected to bending moment and tuwisting
moment at each joint, The bending moment in the brace about
‘the vertical axis of its section is almost zero and even the
~twisting moment is nEQligible; Thus the braces bear the
joint mbment ﬁostly by developing bending mqment about the
horizontal axis of its section. These moments in the braces
can be calculated by considering statical eguilibrium of

moments at the joint.
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Considering the joint B in Fig. 3.4 where the joint
moment is M, the hogging moments m, and m, set up in the
braces AB and BC meeting at B balance the joint moment.

Thus, from Fig. 3.4,
m1/Sin(e + n/n) = m,/Sin(g - n/n) = m/sin(24/n),

where M = (Q1h1+Q2h2)60528 /n, @ and h denoting the shear
force and height of panel for the panels above and belou
the brace.

IR UP)
1 7 n sinl2m/n)

On simplification,'m Cos®6 Sin(0 + m/n)

0,h,+Q-h
_ By rlinhy 2. .
My = TETHTITT) Cos“® Sin(® - n/n)

From théseexpressions value of 8 for maximum moment can be

calculated,

Shear force in brace AB of length a is given by

: Q,h,+05h, |
SFhrace = na 51n( ﬁ7—){ Cos®0 Sin(6 + ﬂ/n) Cos(9 - 2n/n)

x Sin(® - 3ﬁ/n)}

Fér maximum value of shear force, 0 = 7/n, i.e. wind blowing

parallel to the brace.

The tmisting moment in the braces may be taken as about

5% of the bending moment.

3.2.2. Sushil Kumar's Method

(a) Analysis of columns:

Hssumptions:r(i) The total vertical load of the tank and the

=y
4
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_tower is equally divided among the columns., Thus if U be
the total vertical load énd n be the numbef of columns,
then load per column P, = W/n.

(ii) The vertical force in any column due to lateral forces

of wind or earthquake is proportional to the distance of

the column from the neutral axis.

Thus P =M ¢/ Erz, where
W W
mw = moment ;due to wind at a given 1level,
r = distance of any column from neutral axis,
Er2 = sum of squares of the distances of all

the columns from neutral axis.

Thus axial force due to wind is zero in columns lying
on the neutral axis and maximum in columns farthest from
neutral axis, being tensile on windward side and compressive

on leeward side.

The maximum axial %DICB can also be Calcﬁlated by
the formula P = ZMN/(nH) = 4Mw/(nD),.the same formula
as in Jai and Jain's method. |
(iii) The shear Forcerin any column is egual to the total
horizontal force at the level consideréd divided by the
number of columns.’ | |
(iv) The points of inflection occur at mid-heights of the

panelé between bracings so that the maximum bending moment

in a column at the top or bottom of any panel is given by

BM = 1/2 x horizontal shear at that panel x panel

height-.
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»» shear force and bending moment obtained by this meihod
r columns on bending axis are only half of those obiain.d

Tl

by Jai & Jain's method.

(b) Rnalysis of bracing:
Assumptions: (i) Maximum bending moment occurs in a brace
R when wind‘biows perpendicular to the adjacent brace
PR, as in Fig. 3.5. -

o » . . _ 2 ' x moment
_(11) Shear force in bracing = length of bracing

3 Fig; L5

3.2.3 Gray and Mahning's Method
(a) Hnélysis of columns:

In reference (1), the authors éuggest;appfqgimate
methods of analysis of polygonal braced touwers for three
dif ferent cases, namely:'

(a) with columns hinged at the footings,

(b) with columns fixed at the footings, and
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(c) with columns braced horizontally and fixed
at the footings, the braces being chords of the circle

on which the columns are situated,

In case (a}, illustrated in Fig. 3.6(a), the wind
moment is equal to Bh and the axial load due to the wind
is Ur in the outermost column and is in direct proportion,

in the interior columns as follows:

Vy = V. x b/r, V_ = V_ x a/r, v =0

T a T

Since the columns are hinged at the footings the values
'of Ur etc., are obtained as follouws by equating Ph and the
moment of resistance, MR'

Bh = MR

2Ur-. T + 4 Ub . b+ 4 Ua . a

2v_/x (2 + 2% + 2a%)

In general terms when each column is considered
Ph = V_/r . Zaz; |
This expression gives the ualﬁe of Ur’ etc. The horizontal
shear: is assumed to be eqgually diuided between the columns,
The bendiqg‘moment at the top of each column = P/n._h1,
where n = the number of columns,

In case (b) with columns fixed at the footings,
as in Fig. 3.5(b), if1n’= the number of columns, the

resisting moment will include the sum of the moments at

the bases of the separate columns. The value of the latter is

n.P/n . h1/2 = Ph1/2.
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Then Ph = Ph1/2 + Ur/r . L a2, from which'Ur etc. are

found.,

In case (c), with horizontal braces introduced, as
in Fig. 3.6(c), the calculations are similar to those in
case (b), but 1., 1, etc. takes the place previously occu-

pies by hy, but the effectiveness of the braces must be

con: idered,

in each case, the columns must be designed for three

conditions:

(i) Direct load due to weighf of the structure and contents
of the container.

(ii) Direct load and bending moment due to wind combined
with direct load.as in conditicn (i).

(iii) Effects of wind as in condition (ii), combined with
direct load due to weight of structure only i.e. consi-

dering the tank empty.

"All columns must be designed for the most severe

conditions, since, the wind may blow from any direction.

(b) Effectiveness of braces:

The braces at columns Ur are practicaliy at right
"angles to the direction bf f%e wind force; therefore fhgir
resistance to bending is of no aid in stiffening these
columns, and the stiffpess of the winduard and leeward
columns UI will depend méinly upen the torsional stiffness
of the braces, which should, therefore, be provided with

suitable reinforcement. For the sheér to be divided equally
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among the columnéz the torsional resistance required of

gach of the tuwo bréces is guite large and an inadmissibly
large brace would be required to provide such resistahce.
Fﬁrther the torsional resistance available is 6nly differen-
tial since the tuwo columns adjacent to each column Ur are
also tendiné to twist the brace in the same direction as

is column Ur' Therefore the assumption of egual shear on.
each column is guite inadmissible in the case of tuwelve

or more or even eight columns,

In the case of six or four columns, bracesrbetween
adjacent columns are much more effective than is the case
with greater numbers and the candition of "egual sheér"
is more likely to be obtained. It can be shown that iﬁ
general the moment of resistance MB.required for the
brace is PI1/(2 Sin w/n .I I), where n is the number of
columns, If the columns are circular, octagonal or sguare, "~~~
_ then each column will have approximately the same moment
6? inertia about the plane of.bending and then the foregoging
expression becomes, Mg = P1/(2n Sin w/n). Thus if n = 6,

B

For n = 12, My = P1/6.22 which is about three times the

M., = P1/B, which is twice the bending moment on the column.

bending mqment on the column and an inordinately large

brace might be required. It may be notea that for n = 12,

the column Sheafs in column; Ur’ Ub, Ua and U0 may be assumed
to be in the ratio 1:4/3:5/3:2 = 3:4:5:6, Then maximum column
shear would be in column V_ and = p/g and'column'momegt

= p1/18. In general, however, the columns on bending axis
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may be regarded tuwice as effective as others so that for
n columns, the maximum column shear = 2p/(n+2} and maximum
column mament = P1/(n+2). For n = 12, column moment = P1/14,

for example.

(c) Columnsother than circular or polygonal:

It is not strictly legitimate to divide the bending
moment due to the wind between the columns in proportion
to their flexural rigidities (E1/1) or their moments of
inertia except when the latter are Calculatéd for each
column about an axis perpendicular to the direction of the.
wind. The method is only justified when the column sections
are circular and have the same moments of inertia about
all axes through the centre. An inspection of ?ig. 3.7
a_section'through a tower, will show how an error arises
if_the moment of inertia is calculated about an axis fhrough
the middle of column A and parallel to its short side and
if the same ualue.is taken for the moments of inertia of

columns B,C, etc.

(d) Inclined columns:

As a rule the columns are only slightly battered,
and itlis then suffi;iently accuraterto treat the-structure
~as if the columns were vertical as shown by dotted lines
in Fig. 3.8. The direct column load due to wind moment is
not greatly changed By the splay. However, a simple correc-

tion may be applied by increasing the column load by the
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factor Sec 6, where B is‘the angle which the column makes
with the vertical. The direct dead load etc., on the columns
must also include this factor, The bending moments on the
columns due to flexure will be identical with those obtained

for vertical columns,

(e) Greatly inclined columns:

Fig. 3.9 shows a water-tower supported on eight battered
columns, All the columns have the same batter and .if their
centre-lines are produced upwards they meet in a point Y.

In theory %he analysis of déflections, where the columns
vary in slope in any elevation and where the bracgs are

of differenf lengths and often inclined to the direction

.of the wind, becomes impracticably complicatecd. For simpli-
city, it is assumed that the points of cohfréflexure in

tHe columns Dccurrhalf-way between the braces. . It is also
assumed that the columns are circular or octagonal in
cross-section so that théy are eqgqually stiff in all direc-

tions; this is only approximately true if they are square.

The wind load on the tank is m1 and the wind lbads

on the legs and braces are m2 and m3 and are assumed to

be concentrated on the lines of the bracésg_lf D1,D2,D3
and D4 are the dirécﬁ'ﬁhrusts on the columns and F1,F2,F3
and F,-are:the Shéariag Forées,ﬁifhianbtipDSSiUlé}td“fiqd

b P, and D4 merely by taking moments about axis X as

17P2:P3
the shearing forces do not pass through axis X. But as the

lines of action of“P,,P,,P5, and P, all pass through Y,

taking moments about Y:
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) 1 =
w1h1 + u2h2 + w3h3 + Jah4 sum of moments of

FisFpsFg and Fy o= 2 (Fy 4 Tyt F3t Fuohy,

If the batter on the columns is not more than 1 in 6 it
may be assumed (although this is not strictly correct)
2 3 = Fye

values of P1 etc. vary direétly as their distances from

that F1 = F, = F It may also be assumed that the

axis X. With eight columns this makes P2 ggual to about

D.42 P etc. Since F,, Fs etc. are knoun, taking moments

1°

about X, the values of P1, P2 etc., can be determined. If
the columns are rectangular in cross-section and the depth
is equal to twice the breadth, it may be assumed that

F, = 4F

. > and F, = 4F

4 3°.
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3.3 Case Studies

The conventional methods of analysis of the SUppbrting
tower of Intze tanks diﬁcussed in the preceding article are
illustrated with design.exampies in the following sub-
articles., Details of calculation are omitted for fhe sake
of brevity. In some cases the figures guoted have been

obtained by unit conversion from MKS system to FPS system.

3.3.1 Case Study.1

This example quoted from reference (2) presents the
analysis and design of the supporting tower for the Intze
tank of case study-T in Chapter 2 and illustrates the

method of Jai Krishna and Jain,

Design Features:

Height of tower above G.L. 42.65' (Fig. 3.10)

Depth of foundation below G.L.= 2.465"
No, of columns _ = 8 |
No. of layers of bracings = 3
Diameter of ﬁolumn circle = 29.53'
Wt. of tank = 5,233%
Wt. of water : 1,216. 9
Effective mind pre55ure = 20,48 psf
Assumed column size | = j9.89" diameter

Assumed bracing section - = 9.84"x14.57"
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Fig. 3.10 Wind forces on the tower of
case study 1.
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Design of Columns:

The critical sections for design of columns are the

lower ends of the bottom panel.

Total horizontal force due to wind, Q = 29.0?1k

Moment of wind forces about the mid-height

of bottom panel W o= 1,187.28%

Axial force per column due to dead load and water

69.82% (for tank)

1

+ 152.125(for water)
+ 20.28k (for tower)

242,225

Leeward Column:

Axial force due to wind = 20.13k
. . Total axial force = 252.35k

Shear force and bending moment are zero.

Column on bending axis:

Axial force for wind = 0.0

. o 10tal axial force = 242.22k

Shear force (due to wind) = 7.265k

Bending mDment,( n LU 47.68k’

Assumed reinforcement = 23,20 in2
= 421.8 in2

Effective sectional area

Effective moment of inertia = 10,843 in4
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For leeward column: concrete stress = 621.,8 psi safe,

For column on bending axis:

Direct stress = 573.2 psi

Bending stress= 514,89 psi

Since 33%% overstressing is allowed when wind effect is

considered, therefore,

273°2 + 214'9 = 0,864 <1 . . safe.
EXQDD 3X1,DDD
Design of Bracings:
kl
Maximum moment = BB8,35

(For calculation procedure see Art. 3.2.1)

t
Maximum twisting moment = 3.42k.
Maximum shear force . = 13.27k
Assumed steel ratio . = 0,021 ,

With 33%% overstressing allowed, R = 240 psi
d = 13.1" D.K. Area of steel = 2,73 in2 at top

reqd
and bottom each

Shear stress = 119.5 psi

Torsional shear stress = 125.9 psi.
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3.3.2 Case Study 2

This example is taken from reference (1) to illustrate
the method of analysis of towers suggested by Gray and

Manning.

Design conditions:

Height of tower = 407 (Fig. 3.11)
No. of columpns = 12

1

No., of layers of bracings

Diameter of column circle = 407
‘Weight of water = 1,476k
Total horizontal wind force = 24k acting as shoun

in Fig. 3.711
Assumed column section = 18" square

Assumed bracing section = 12"x16"

Design of columns:

toad per column when tank 1s empty = 57

Load per column when tank is full = ‘]BDk

Maximum shear per column due to wind =

4
Maximum moment at column end = 34;3k

) | 1
For columns farthest from-NA.max. moment = %%x10 = ZDk

Axial force in column farthest from NA due to wind

= B.11
Assuming A_ = 4.9 in (4 # 10 bars),

equivalent area of column = 324+14x4.9 = 392.in°

and eguivalent section modulus = 1348 in3
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.+« Combined stresses are: when tank Full;

180,000 + 8,110 , 20.0x12,000

in leeward column = =55 t T, 348

- 480 + 178

-

= + 658 or + 302

in windward column = 1810232' 8,110 + 178

= 438 + 178 psi

= + 616 or + 260 psi

in columns on NA :‘lg%%%gg + 34-$X;3é000
b}
= 459 + 305

= + 764 or + 154 psi

When tank empty,

_ STD,DDUI +1 8,110

in leeward column R

+ 178

11

"+ 344 or -12 psi (NB:i-ve = tension)

. . 57,000 - 8,110
in wind u;rd column = T3

178

= + 303 or -53 psi

57,000

in_cdlumns or NA - = 5 305

=+ 450 or - 161 psi

« « All -the stresses are safe both in compression and

tensian (fct = ZUq psi)

Design of braces:

"Moment in brace is taken to be the same as the column

k'
mament i.e = 34.3
.*. Shear force in brace = 6,86 (assuming brace length=10")
Using 4 # 9 bars, stress in steel = %3638%3 = 15,900 psi

. . _ 5,860 - :
Shearing stress in brace = “T??UT@?TZTS = 144 psi
Use 3/8"¢ & 6" c/c.
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3.3.3 Case Study 3

This example is guoted from'reference(T) to illustrate
the method of Sushil Kumar for analysis of the supporting
tower of Intze tank. Heré the tank loads considered are

those of case study-3 of thapter-2,

Design features:

Height of the tower = 49.2' (Fig. 3.12)

No. of columns = 8

No. of layers of bracings = 3

Diameter of column circle = 32.8!
Diameter of tank - 45.93!
Weight of tank = 1,178.57%
Weight of water C = 2,3‘]3.49k
Effective wind preésure = 21.5 psf
Assumed column section = 25.B6" dia-

19.69"x19,69"

nw

Assumed bracing:sectiaon

Design of columns:

The columns are designed for the maximum axial force

and mament at the base of the columné. Total horizontal force

due to wind, 0 = 45.1k

Shear force per column = 5.6_38k

. T
Moment of wind forces about the base of the tower = 2,189.6k

4 .
Axial force per column due to dead load and water

- 147,325 (for wt. of tank)
+ 289.19% (for wt. of water)

+ 39.865

— ok (for wt. of columns and bracings)
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Fig. .12 Wind forces on the tower of case study 3.
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Leeward column:

Axial For;e due to wind = 33.3?k

Total maximum axial force = 509.?4k

. 1

Maximum BM in column = 31.83k

Columns on bending axis:

Axial force due to wind = 0.0

Total maximum axial force = 475.3?k
' ' ]
Maximum BM in column = 31.83k

The columns on bending axis are not critical for design.

For leeward column, assumed steel area = 89,87 in2

Equivalent area of column = 634 in2

Equivalent moment of inertia = 27,700 in4
Maximum stress in concrete:

Cue to direct load = BO03.6 psi.

176.4 psi

Il

Cue to bending

With 33% overstressing allowed while considering wind effect,

B03.6 . 175, 4
710x1.33 1,000x17.33

= 0.984 < 1, safe,

Besign of bracings:

-Naximum moment = 89;B3k’

Moment of resistance of bracing = 93;8k' 0.K.
Hrea-qf.steel reqd. = 3.44 in2 |

Area used = 3.8 in” on each face (top & bottom),

gince reversal of wind direction will reverse the
sign of BM,
"Maximum shear force = 14.3?k, Shear stress = 46.4 psi

Provide nominal stirrups (8 mm ¢ @ 35 mm c/c). f
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3,3.4 Case Study 4

The aesign of the supporting tower for the Intze tank
of case study-4 in Chapter 2 due to BRTC(12) is considered
in this case study. In addition to wind iaad this example
also considers earthquake ‘force on the tower.

Design features:

Height of tower = 70' (Fig. 3.13)

No, of columns = B
Size of column = 18"x30" "
No, of layers of bracings = 6

Size of bracing = 15"x31"

Columns battered in the ratio of 1:11

Diameter of column circle at bottom = 42,1
Wt. of tank = 724%
Wt. of water. = T,SDDk

Effective wind pressure = 24 psf on tank body

1 " "

Il

30 psf on tower.
Farthquake force = 9% of (wt. of tank +. 1/3rd wt, of tower)

at midheight of tank.
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Design of columns

Axial force per column due to
4] " " due tO

n " n duB tD

tower

Total axial force per column
Wind force = 72K (total)

Earthquake force = 0,08 (2224 + —x56

. "« Earthguake governs.

Horizontal shear per column 2?.25k

136.25

Moment in column = 27,25x5
éarthquake force is assumed to act a
78' from G.L.

Moment of earthquake force about the
Maxm. axial_force on farthest column

82k

For empty tank E.Q. force

. 1
Moment about base 6412k

Max. axial force on farthest column

Thus for tank full of water, P =

. col,
mc:c:l. B
FU? empty tahk 7 PCOl. =
. mcol. =
The most severe load case for design

k k!t
pcol; = 550 g mcol. = 136

Assumed reinforcement = 10 # 10 bars

D

0.2125 f' A+ 0.85 A_f._
C ] S 5.

0,2125x2,5x540+0,85x14.06x18
k.
’

502 > 348%; 0.K. for dead load.

67

tank = 9[]_.5k

water = 187.5°

wt.of = 71.0% "
k

349

8) = 218%572%

|_<I

t a height of

1
base of tower = 1?DD4k

= + 201k(from bending axis)

= + ?Bk

349 + 201 = 550 or 148%

H
136"
K
161.5 + 76 =237.5
or 85.5°
1
51

gives

+ 4 # 6 bars (Fig.3.14)
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T - ad
when earthguake acts: m = .BSFé = —BTx>.S - 18.82
_ 14,06 _
Py = “Eige = 0.025

S = I/C = 4978 in>
with 33% overstressing allowed when earthquake acts,

Fl.= 3325 psi, f§=23940 psi

F, = 0.34 (1 + pg m} f1 = 1.684 ksi
_ p 550 _ .
fa = Fg~ = 540 - 1,0185 ksi
_136x12 _ .
'Fb - -4-9'7'9'_“' = 00328 kSl.
. fa .o _1.0185  0.328
* * Fa r, ~ T.684 Lx1.496

= 0.605 + 0,218

= 0,824 <1 O.k.
Design of bracings:’

Col. moment

. 10
5in 22 =

Moment in bracing

136,25
1o

= 365%

Bracing shear (for top bracing) = 51"

189x15x27°

Resisting moment = TS000

1.33 (33% ovestressing allowed)

1
229"



_ k! _ k!
m, = 229", m, = 138
A = 4,89 in2
s1
d-d'/d .
) — —
,fs = 2 fs —r - 15000 psi
. 2 , . 2
A = 2,78 in", Total A_ = 7.67 in
s2 : 5. ,

Use 7 # 10 bars. Shear stress, v = 150,56 psi

VI

78 psi

Spacing = ﬂé%%%%ﬂﬂ = B" c/c

use 4 legged 3/8" ¢ stirrups @ 5.5" c/c.

150,6-55x1.33

68
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF THE INTZE TANK

4,1 Introduction

(5)

A Finite Element program for the analysis of
axi-symmetric shell strUQtures subjected to symmetric or
non-symmetric leoads has been adapted and used for the

analysis of Intze tanks for the follouwing load cases:

1) Gravity (self-wt.), considered symmetric
2) Hydrostatic pressure " symmetric

'3) Wind load : ' "o non-symmetric.

.The design examples presented in the case studies in
Chapter 2 have been ‘analysed by the Finite Element method,
first with the original dimensions and then with dimensions
modified on the basis of the stress conditions depicted in
the‘firét analysis. The results of both the cases are shoun
graphically in ATt. 4.4 for all the case studies. Direct
comparison of numerical values of stresses at critical
sections obtained by conventional and Finite Element analysis
are made ia Art, 4.5. The graphical plots include diéplaced
shape for original dimensions, meridional membrane force (Né)’
circumferential membrane force (NB) and meridional moment
(M¢) for gravity, hydrostatic pressure and combined effect
of gravity and hydrostatic pressure for original and modi-
fied dimensions;'In some cases individual plots for gravity
and hydrostatié pressure héue been Pmitted in view of the

fact that the desigh stresses are governed almost exclusively

by the combined effect.
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The effect of wind load on the tank body has been
studied for case study 4 only and the results are presented
and discussed towards the end of this chapter (Art. 4.7).

4.2 The Finite Element Program

Ahmad(5) dEUEleEd‘a very general Finite Element
computer program for analysis of axi-symmetric shell
structure. The author has adapted the same program with
conside£able'modifications‘and'édditions for analysis of
Intze tanks. The modificationswere made for the folloQing

Ireasons.

i) Due to its highly general hatufg'the original program
needed large uolumé of input data, the preparation and
punching of which was tedius, To ouercohe this difficulty
a subroutine was written to generate the necessary data
for Intze tanks with minimal input and feed them into the

main program as and when necessary.

ii) In the original program the output for stresses was
in global co-ordinates which could not be conveniently used
for design. As such modifications were made to obtain the

stress resultants N¢ . Ne and N¢ directly from the computer,

considering their direct use in design.

"iii) The original program required that gli the laad cases
have the same number of Fourier harmonics. Homeuer, as in

Intzé tanks, the gravity load and hydrostatic pressure are
symmetric they require only one karmonic (i.e. zero-eth

harmonic) for analysis; whereas the wind load being non-
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symmetric requires a number of Fourier harmonics for accu-
rate representation. Considering these facts the program
was modified in such a manner that the analysis is carried
out in a sihgle harmonic for gravity and hydreostatic
pressure while that for wind load is carried out in as
many harmonics as desired. The flexibility of the original
program had to be sacrificed to some extent fo attain this

specific goal.

The subroutine-FDr data generation is so written as
to allow for nonuniform thickness of the shells. The cylin-
drical shell and the conical dome are assumed to have thick-
nesses that vary linearly from top to bottom, while the
top and bottom domes may have thicknesses that vary from
‘element to element at.different rates. Slight modification
would be required if it is desired to use stepped variation
in thicknesé of the shells especially for the cylindrical

wall.

The output of the program is the‘nodal diSplaceﬁents
in the ascending order of the nodes for every right hand
side (load casej. However, it has been modified to offer
choice between ﬁoda} points and Gauss integrating points
for stress Calculations.-lt has,been observed that the
‘_strésses at Gauss points follow a ﬁore smbéth-curué than
those at nodal points do,AalthougH the overall trend and
magnitudes are practically the same. Hnother-flexibility
is that the user may opt for parabolic elements with Dﬁe
mid-side node or cubic elements with two mid-side modes

(Figs. 4.1 and 4.2). Using Fourier analysis the non-symmetric
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(a). Parabolic _ " (b) Cubic

Fig. 4.1 Geomeétry of Element.

-\ Tangentisal displacement,w -

Z

Fig. 4.2 Local coordinates and Nodal degfaes of freedon.
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load (due to wind) acting on the axisymmetric shell is
replaced by a set of harmonics
-and each harmonic is treated separately. Thus

the” loads are'prescribed circumferentially by:

-9 - -
R ZR_ Cos nt
n ’ .
z = 22 Cos ntG
“n
_T 1 _ETn Sin nb

where R, Z and T are the radial, axial and circumferential
components of loads respectively. The load amplitude Rn’ Zn
or Trl for the n-th harmonic is defined as the maximum

intensity per radian.

The displacements and stresses are calculated inde-
pendently for each harmonic and the résults are automatically
' superimposed to give the final effects of the loading at
every node., If they vary circumferentiall;, thé final
results are calculated at a épecified number of sections
along the circumferential direction and the resﬁlts afe
printed for every point,indicatéd by its angular distancé
from the reference diameter (8 = 0). As the results are
symmetric about this diameter only half of the shell needs

to be taken into consideration,

4,3 Finite Element Idealisation of the Intze Tank

For Finite Element analysis, the Intze tank is repre-
sented by a chain of unbranced axi-symmetric shell elements

placed end to end, In fact, a theoretical limitation D? the

.

&



5

above program is that it cannot deal with branching and, as
such, it becomes'nécessary to make some idealisations espe-
cially at the junctions where the shells meet the ring beams.

The following assumptions are made:

(i} The shells meet the ring-beams in such 'a manner that
the mid-surface of each shell coincides with that of the

ring-beam at the junction (Fig.4.3).

(ii) The ring-beams are treated as parts of shells with

large thickness,

(1ii) The bottom circular beam atop the circle of columns
is assumed to have zero vertical displacement_thrcughout

although it is supported only at the columns,

As regards the first assumption it may be noted here
 that even the cqnuentibnal methods make this assumption
either impl'icitly or explicitly. On the other hand the
conuenﬁional_methods aléo_utiliseuihe‘thirdmassumptidn for
_énalysis of the cone and the bottom dome above the bottom
circular beam, The~circdlar beam itself is, however,analysed
a%suming discrete SUpporfs. In the Finite Element énalysis,
using axi-symmefric shell elements, the assumhtion (i1i)
leaves no scope for calculating the moménts, shears efc.

in the circular beam, For the design Of.this beam, therefore,

recourse 1s taken to conventional analysis.

To examine the justifiability of assumption (i}, let
us consider the free body diagrams Df.jointlﬂ for actual

and idealised conditions (Fig. 4.4).

i
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(a) Actual shape

(b) Ideelised shape

_ lFig. 4.3 ldeslisation of Intze tank. ]
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Fig. 4.4 Free body diagrams of Joint A,

End nodes
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Smalt
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{b) Joint B )
Normal elements

Small elements

(c) Joint ¢

Fig. 4.5 Treatment of junctions.
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The top dome may exert a meridional force F1, a shear
force 51 and a moment M1 on the ring beam A at the point
where it meets the ring beam. Similarly, the reactions of
the cylindrical wall may be taken as F,, 5, and M, respec-
tively. The self-wt. W of the ring beam acts vertically
downwards through its C.G. and H is the radial force due to

hoop tension in the ring beam,

Summing forces in the vertical and horizontal direc-

tions we find in both the cases:

F2 = W + F1 Sin ©

H= {5, = 82) + F. Cos 8-

1 1
The uertical.forces causing compression on horizontal
sections of the ring;beam are df iittle concern. Whereas,
it is seen tHat the radial force H, which causés hoop ten-
sion in -the ring-beam and:is the main parameter in the
design of the ring-beam, remains practicaily the same in

both the cases, since shifting the position of the ring

beam laterally does not affect the magnitudes of FysS, oT S,

If the value of H remains unchanged in the two cases,
the hoop tension in the ring beam also remains praétically
thersame; because, the change of diameter of the ring bgam
due to the small lateral movement is negligible compared

to its actual diameter.

The rotational effect of the moments M1 and'M2 and

the shear forcesﬁ,I and 52

is .the same in both the cases. Houwever, the rotation caused

about the C.G., of the ring-beam -
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by tﬁe forces F1 and F2 about the 6 ~axis passing through
the c.g. of the ring beam is slightly different in the
two cases. Thé rotation of the ring beam is, however, of
little importancé so long as thé design of the ring beam
itself is concerned.'But the real effect will be in the

- value of Nz and this point needs clarification.

In Fig. 4.4a,-

M. = M Cos B)t - We

2 1
while in Fig. 4.4b,

+ H. t/2 - (ST + F1 , t F1 Sin 6 e,

My = My o+ H, t/2 - (51 + F1

Assuming that the values of m1, H, 51 and F1 remain the

Cos 0 )t

same in both the cases we get

AN2 = W.e, - (F1 Sin 8 )82

-

1
It can be seen that e, < < 91

while on the other .hand it can be guessed that F1 >> W,
As a result Amz_ténds to be negligible,

However, in some cases it may be that B, = 0, then

A, will be egual to UW. e, which may be regarded as the

net error in N2 due to idealisation,

Similarly the effect of idealisation at joints B and C

may be studied,

Finally, it is deemed necessary to present a little
discussion regarding the division of the structure into
elements and the special treatment of the junctions or kinks.

The program has some limitation in- dealing effectiﬁely with

L
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sharp kinks, It reguires that the.nadal normal, the
coordinate direction n, be approximately normal to the
middle surface., Near the junctions thé shapes of the Fle-
ments become odd due to la;k of continuity of slopes bf

the middle surfaces of the tyo elements on the two sides

of the junctioa.-Tq overcome this difficulty, the technigue
most commonly adopted 1is tp keep the elements near the
junction small ¢0mpared to other_normal elements (Fig. 4.5).
This limits the odd element behaviour to a small zone near
the kink which is then neglected during plotting the stresses
and the trend of the curves outside the odd element is conti-
nued upto the joint. However, in this regard it must be
noted here thét this technigue has been established to be
reasonable'by using ‘it in simplé caées where the actual
deflected éhape or stress pattern is known by exact théore-
tical anal?sis. This means that the behaviour of odd element
is contained in those elements and so long as those elements
are kept very small, their performance does not affect the
overall behaviour of the structure. Homeuef, a different
technique has been developed in eliminating the undesirable
_behaviour of the odd elements (Fig. 4.6). This new technigue
has been tested in simple'cases and is found to be in exce-
1lent Confo:mity with exact‘ualues; Both the technigues have
been applied to the Intze tank and it has béen observed that
the‘tmo methods practically coincide everywhere except near

the junctions.

The new technigue is illpstrated in Fig. 4.6 as applied

to joint A, Comparing Figs. 4.6(a) with 4.6{b), it is observed

~

”/ - l\\ .

[
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Small Abnormal
Eiement

Two Noda!
Nermals

-\,

7 Middle Surtaces

/ Middie |
Single — 1-‘/ Surtaces . L‘/

1

Nodal Normal I
e

I

|
:4}'

{a) Conventional Technique (b} New Technmque

Fig. 4.6 Idealisation of Jjoint 4 by two
different approaches.

19
20

22 '
23 32 B

2 N
29 0
267 | 129

27 2%

Blg. 4,7 Idealised section of the Intze tank
showing ‘division into 3> elements.
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that, in the new technigue, two nodal normals are erected
at the node i where the middle surfaces of the adjacent
elements have different slopes. This makes the nodal normal
of each element perpendicular to its ﬁiddle surface at the
node. This idealisation practically amounts to removing a
small'quantity of material from one side of the middle
surface and adding it to the other side so that the odd
shaped element now assumes a normal shape. At first sight,
this process may appear to be awkward and Unrealistic, but
consideration of strain energy for bending will reveal that
shifting a small gquantity of material from tension ‘side to
compression side or vice Uefsa does not change the total
guantity of strain energy so long as the behaviour of the
material is linearly elastic., Since the finite element
formulation is-based on the minimisation of strain energy,
the abouelidealisation Hoes not.aFFect the stiffness terms,

though it ensures a gentle behaviour of the element.

Fig. 4.7 shows the scheme followed in dividing the
Intze tank into 33 cubic elements. All the case studies

have been analysed using the same scheme.

i,
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4.4 Graphical Representation of Results

The Intze tanks, considered in case studies 1 to 4
in Chapter 2, have been analysed by Finite Element method;
-first, with the original dimensions of the tanks, and the
results are presented graphicélly in this article. Based
on the results of the Finite Element analysis the sections
of the various parts of the ﬁanks have been suitably
modified and then reanalysed. The results of reanalysis
for modified dimensions are also shown graphically for
each case study Followiné the results of analysis mith
original d‘imlensio:js. Fig. 4.8 to 4.28 represent the
results of analysis for case study-1, Figs., 4.29 to 4,37
for case study-2, Figs. 4,38 to 4,46 for case study-3

and Fig. 4.47 to 4,55 for case study-4,

0
)
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Scale: Dimension 1" = 64", Displacement 4" = 2xﬂ0&2 inch

¥ig, 4.8 Displaced shape for gravity. -
{Case study 1: original dimensions showr in Fig;?ﬂgf
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Scale: Dimension 1" = €4", Displacement 1";2x10'2

F¥ig, 4.9 Displaced shape for hydrostatic pressure.
(Case study 1: original dimensions)

inch

&
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Scale: 1" = 1000 1b/in.

{Tension = +ve)

Fig. 4,10 Hoop force for gravity.
{Case study 1: original dimension)

86



Fig. 4.1

Scale:1" = 1000 1b/ih.

+
+ (Tension = +ve)

Hoop force for hydrostatic pressure.
(Case study 1: original dimensions)

87
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>4 ,
+ Zé - - Deale: ’l"_ = 4000 1bv/in.
~(Tension = +ve)

Fig. #.12 Combined hoop force for gravity and
‘hydrostatic pressure.
(Case study 1: original dimensions)
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Scale:

Fig. 4,13

’

1" = 2000 1b-in/in. :
(Water face %tension = —ve)

Neridional moment Tor gravity.
-{Case ®tudy 1: original dimensions)
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Scale: 1" = 2000 1lb-in/in.
' {(Wgter face tension=-ve)

Fig. 4.14 Meridional momenrnt for hydrostatic pressure.
(Case study 1: original‘dimensiqnsg



Scale: 1Y = 2000 1b—1n/m.
(Wateér face tension = =ve)

Fige 4.15 Tombined meridional moment for gravity
#nd hydrostatic pressure.
(Case Etudy 1: original dimensions)

21
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Beale: 1" = 1000 1b/in.
(Compression = —ve)

Fig. 4.16 Meridional membrane force for
hydrostatic pressure.
{Case study 9: original dimensions)



Fig. 4.17

Fig. 4.18

Becale: 1" = 1000 1b/in.

{Compression = ~ve)

Meridional membrane force for gravity.
(Case study 1: original dimensions)

Scale: 1" = 1000 1b/in.
(Compression = -ve)

Combined meridional giembrane force for

hydrostatic preseure and gravity.
{Case study 1: original dimenslions)

93
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10llx1‘0" 51 .2"
47 ' + 5
1t 25_6_.2" =
1_87“
59"
! i< '
I—_ 59“ T jl??.zll

Scale: 1" = 64" _
(Capacity = 1.18, 200 gallons)

Fig. 4.19 Section showing modified dimensions.
( Case study ﬂ§



g5 Yt

Scale: 1" = 1000 1b/in.
(Tension = ¢ve)

Fig. 4.20 Hoop force for gravity.
(Case study 1: modified dimensions)

3
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Scale: 1" = 1000 1b/im.
(Tension = + ve)

5597.7

50?8-."8% ‘ : -

Fig. 4.21 Hoop force for hydrostetic pressure.
(Case study 1: modified dimensions)

R .
El




97

Scale:1" = 1000 1b/in.
(Tension = +ve)

3720.9

L

m - T

7777 «¢

Fig. 4.22 Combined hoop force for gravity and
hydrostatic pressure.
{Case study 1: modified dimensions)
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Scale: 1" = 2000 1b-in/in.
{Water face tensiom & —-ve)

Fig. 4.23 tieridionsl moment for gravity.
(Case study 1: modified dimensions)
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Scale: 1" = 2'000 lb-in/in.

(Water face tension = -ve) , .
- 1
!

Fig. #.24 Meridional momehnt for hfdrostatic gressure.
{Case study 1: modified dimemsions

£
N

hy
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Scale: 1" = 2000 1b-in/in. '
) {Water face tension = ~ve)

Fig. 4.25 Combined meridional moment for gravity
and hydrostatic pressure,
{Case study 1: modified dimensioms)
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Scale: 1" = 1000 1b/in.
{Temrsion = + ve)

' Fig. 4.26 Meridional membrane force for gravity.
(Case study 1: modified dimensions)

(i
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L . .

Bcale: 1" = 1000 1b/i=n.
(Tension = +ve)

Fig. 4,27 Meridional membrane force for
Hydrostatic pressure.
{Case study “1: modified dimensions)
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Scale: 4" = 1000 1b/in.
{Tension = #ve)

Fig. 4.28 Combined meridional membrane force
for gravity and hydrostatic pressure.
(Case study 1: modified dimersionmrs)
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Dmmen51on 1 = 100"
Displacement A"=2x10 2.111.

Fig. 4.29 D:Lsplaced ﬁhape for hydrostatlc pressure.
(Case study '2: origimal dimeneions jvide
Fig. 2.14)
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Scale: o
Dimension ‘1 = 100 iné
—ca y i

Displacement 1¥=2x10 “in. 1 \
| isp ; K_‘ “//

Flg. 4.30 Displaced shape for gravity.
(Case study 2: orlglnal dimensions)

Scale: 1" = 1000 1b/in.
(Tepsion = +ve)

Fig., 4:31 OQombined meridional Membrane force for
gravity and hydrostat:.c prassure. '
{Case study 2: 6riginal dimensions) L
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Scale: 1" = 1000 1b/ie.
(Temnsion = +ve)
) _
+ .
B368 .1
S
+

Fig. 4.32 Combined hoop force for gravity =md
hydrostatic pressure. , o
{Case study 2: original dinérsiocns)
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Scgle: 1"=2000 1b-in/in.}
(Water face tension=-ve)

Fig. 4.3% Combized meridiomal moment for gravity and
hydrostatic pressure. )
{Case study 2: original dimensions)
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’68 . w5ll
264" ]
n3nxAgy 11045"
L—-f B [ N
2ol
. 7%
96“ ﬂ6 n’ . ? "
"1 2 " 60 n
i B
‘24 [} x45 (1]
L.
[ 9-6" ) I /I 68 4]
Scale: 1" = 100"

it

(Capacity = 250,0 00 gallons)

Fig. 4,54 Sect1on shmung :modlfled dlmens:-mns.
{Case study 2)
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Scgle: 1" = 1000 1b/in:
(Tension = #ve)

Fig. #.35 Combined meridionel membrzme force
for gravity ard hydrostatic pressure.
(Case study 2: modified ‘dimensions)



8609.3

S )

B338,1 -

Scale: 1" = 1000 1b/in.

(Tension = +ve)

Fig. 4.%6 Combined hoop force for gravity and

‘hydrostatic pressure.
{Case study 2.,modlrled dlmens1ons)

2%




Scale: 41" = 2000 1b-in/in.
(Water face tensiom = —ve)

Fig. 4.37 Combined ﬁme“r-i.dib_n_al moment for gravity and
fpzdrostaticipressure. .
{Case study 2: #hodified dimemsions)
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'
‘Scale:
Dimemsion 1" = 100"
Displacement ﬂ“==‘2xﬂ0'2 inch.

Fig. 4.38 Displaced shapé for hydrostatic pressure.
{Case study %: origimnal dimemsions vige
Fig. 2.16) -



Beale:
Dimersion 1"=100"
Displacement 1"= 2x10™

Fig. 4#.%9 Displaced shape for gravity.
{Case Btudy 3: original diménsions)

Beale: 1" « 1000 1b/im.
( Temsion = *ve)

Fig. #.40 Combimed meridiomal mémbrame force for
?rav:l.ty amd hydrostatic pressure.
Case Btuldy 3: original dimenpions)

P \‘-,f
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- 5571.,9

Scale: 4™ = 1000 1b/in.
(Tension = +ve)

Fig. 4.41 €Combimed hoop force for gravity .and
hydrostatic pressure.
{Cese study %: original dimensions)
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Scale: 1" = 4000 1b-in/in.
(Water face tension = ~ve)

Fig., 4,42 ‘Comblned meridional moment for graV1ty
and hydrostatic pressure,
(Case study 3: nrlglnal dilmensions)
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3494" Suniform) I
70.'8“ ?}iﬁ'
ququﬂ J fi'
. . ~. I
Scale: 1" = 400" . \\\‘ ;
{Capacity=22%,600 gallons) ) 275.5" .
236.3"
Z6"x24" | 11"
C 4 ¥
4 ‘19“ . 'B“ll &
66.1" N\ \36" 12" - 63"
Ry , . A
25.6"xu47.2"
L
I78.7" | 196,87
Fig. 4.4% —Bection shéwiag ﬁodl—f—xed -dimensions,
{Case study 3)
Scale: 1" = 1000 1b/in.
(Tensior = +ve)
Fig. #.44 Combined meéridional @mémbrané force for
%ravrl:y and hydrostatlc pressure.
Case stndy - modifiéd dimerskons)
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6611.1

Scale: 1" = 1000 1b/in.
(Tension = + ve)

|
Fip. 4.45 Combirmed hoop force for grav1ty

and hydrostatic pressure.
{Case study 3: modified d1mens;0ns)

LT

. L .
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Ay ‘



Scale: 41" = 4000 lb-in/in.
(Water face temsion = -ve)

Fig, #.46 Combined seridional moment for
1%-ravity And hydrostatic pressure.
LG

ase stwdy 3: modified dimensions)

qg:-_—-h-.:
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Scale: .
--Dimension 1" = 64"

£ispiac¢méﬁf—ﬁﬂ~?faxﬁdtg-iﬂph e

Fig. 4,47 Displaced shape for gravity.
(Case study #: origipal dimensions
vide Fig., 2.17)
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- Scales o
Dimension 1" = 4"

- Displacement 4% = 2x10”

2

Fig. #.48 Displaced shape for hydrostatic pressure.
-- {Case study 4: original dimensions)
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© Seale: 4" = 2000 1b/in.
(Tefision = #vé) .
>
g2 ,2
1 —
X ' - L !
1 T
4
Fig. 4.49 .Gombimed hoop force for hydrostatic
pressure and gravity. _
{Case study 4: original dimensions)
fe
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Scale: 1" = 2000 1b-in/in.
{Water face tension = -ve)

Fig. %#.50 Combined Meridional moment for gravity
#nd ‘hydrostatic pressure. ]
(Cese Btudy 4: original dimensiohs)

A



Fig., 4.51

123

Scale: 1" = 1000 1b/in.
{Tension = +ve)

Combined meridional membrane Torce
for gravity and hydrostatic pressure.
{Case study %: {/original dimemsions) -

Pa
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4" (uniform) §
62"
10"x10" '
——
4%

'2 N

30“_x.18“ [“8“ o

,51 "

B
-

" ! 180"

64 13}
1,51,700 gallons)

R
¥

Scale: 4"
{Capacity

Fig. 4,52 Section showing modified dimensioms.
‘{Case study %)

s
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Scale: 1" = 1000 1b/in.
{Tension = #ve)

Fig.74.55‘ Gombined‘hbop force for gravity and
hydrostatic pressure.
{Case study 4: modified dimensions)
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Scale: 1" = 2000 1b-in/in.
{(Water face tepsiom = sve)

Fig, 4.54 Combi'aed meridional moment for
gravity aad hydrostatic pressure.
{Case study 4: modified dimensions)
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Scale: 1" = 1000 1b/in.
{Tersion = #+ve)

Fig. 4.55 Combined meridional membrane force
for grevity amd hydrostatic pressure.
{Case study #: modified dimensions)
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4,5 Comparison of Design Stress Obtained by Conventional
Methods and Finite Element Method at Critical Sections

In this article the results of Finite Element
analysis of the Intze tanks considered in the caée studies
are tabulated alongside the results of conventional analysis
for direct comparison of numerical ualﬁes. The stresses
are tabulated for the sections that are critical for
design. The units and-sign.conuentions used for the stress

resultants are as follouws:

Unit Sign cornvention
¢ 1lbs/ft - Tension = +ve

Meridional membrane force, N

Tangential membrane force Ny lbs/ft Tension = +ve
or Hoop force, .

Hoop force in ring beams, Te‘ lbs Tension = +ve
Meridional moment, ) m¢ ft-1bs/ft Water face

tension = -ve



TABLE 4.1

Stress resultants of Case study 1
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‘Finite E£lement Analysis

- 8275.4

Stress Jai Krishna
- - - - '
Section zﬁiglt -2“2132%2 s Original | Modified
nalysi Dimen- dimensions
sions

N -1592.5 -1132.8 ~1022.4
1;.Tep-Deme-Edge Ne 2204,0 3307,2 4296,0
330.7 513.5 569.5
2. Top Ring Beam 'Té 9259, 3 12351, 2 . 8822.0
3. Top of Cylin-| N, - 9537 - 966.0. -871.2
drical Wall Ng 44148 5144, 4 4189,72
M 327.4 -223.,7 110.8
4. Bottom of ~2308.0 -2448,0 -2235.6
Lylindrical \ 18008, 5 17780. 4 29145.6

wall B -
1510, 1 2855. 8 2754, 7
5. Bottom Ring T, 85232, 7 65507.1 55988, 1

Beam “
6. Top of -4718.3 47748 -4746,0
Conical wall 342027 27543,6 25370,0
1366.8 4537,3 44733
7. Bottom of N, -18680.5 -10131.6 -10026.0
Conical wall Ng - 151.9 -10635.6 | -7252.8
My - 7458.1 _ 7810.4 | -B312.6
8. Bottom Dome Ny -13372.,0 - 9103.2 ~8037.2
Edge Ng _  80.0 _ 89G87.6 | -6926.4
My - 5216.0 -6443,2




TABLE 4,2

Stress resultants of Case study 2
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Section Stress Drayrandﬂ. Fiqi?e Element ﬁnglysis
X Result-| Manning's Original Modified

- ants Analysis Dimensions{ Dimensions
1. Top Dome Edge N¢ -2585,4 -1664,4 -1569.6
Ng -1616.7 4704,0 5648, 4
My - 872,0 933, 1

2. Top Ring Beam| T, 51D48.1 18750.1 17626.9

3. Top of Cylin-} N, -1442.83 - 1510.8 -1441,2
drical wall Ng - 6403, 2 5355, B

M - - 157.6 38.0
¢ .

4, Bottom of No -3967.0 ~4100.4 -3476.4
Cylindrical N 281€7.5 27903.6 25129, 2
wall 0

My - 1343.6 1446, 2

5. Bottom Ring Ty 153469, 1 148837,2 152472.3
Beam

6. Top of No -6750.4 -7381.2 -6690.0
conical wall Ng 48280.0 45390.0 46201.2

M - 5542.0 3886. 4

7. Bottom of N¢ ~-54B873,5 -28926.0 -26929,72

conical wall | . | 40623.0 -18223,2 | -13832.4
M -13027.5 -6973.0 - 8280.0

8. Bottom Tg -344416.5 _92686.6 -86B848.6

" circular beam . .

9. Bottom dome Ny -18013.0 -15646.8 -15458. 4
edge Ny - - 8118.0 _11383.2

My - - 6924,9 - 7757.2

L



TABLE 4.3

Stress resultants of
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Case study 3

|

Sectio Stress |Sushil Finite Element Analysis
gection Result-{Kumar's . .
. Original Modifed
ants Anmalysis 03 . . .
: imensions | Dimensions
1. Top dome Ng -2040.9 -1396.8 -1340. 4
edge Ng -1905. 4 3945, 6 45480
Mg 0.0 561.2 598.0
2. Top ring_ beam T8 40432.0 16712.2 -
3., Top of . N -1209.4 -1221.6 -1183.2
cylindrical Ng , 6710. 4 5388.0
My 0.0 - 217.8 49,6
4. Bottom of ~3454,1 | -3726.0 -3032.4
cylindrical 28222.2 26534, 4 24336.0 .
wall
My 0.0 3382, 3 1477.3
5, Bottom ring Ty 168210.0 | 139907.9 150814,8
beam
6. Top of N _6876.4 ~7080.8 -6409, 2
conical wall Ng 51223.0 36378, 0 37308.,0
Mo 0.0 9415,2 6795.6
7. Bottom of Nd> -30810.,0 -198027.2 -17834.,4
conical wall Ng 45373,9] -2958.0 - 1386.0
0.0 -16605.9 -14600,9
a.'Bottom.circu;a;Te -93695.0| -2282368.4 | -10619.5
lar beam . ' : ,
9. Bottom dome N¢ -22040.,0 -15535,2 -15288.0
edge Ng -9473.0 | -1648.8 - 973.2
My - -8566. 1 -7997.6




TABLE 4.4

Stress resultants of Case study 4
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Section Stress Rh;lys?S Finite Element Analysis
Result-| ‘sby ¢« Oriainal Modified
ants BRTC Tlglne QC1V1E

, dimensions dimensions

1. Top dome édge Ny - 165.0 - 956.4 _ B58.8

Ng - 2582, 4 3585,6
M, - 272.6 428, 3
" 2. Top ring beam Ty 30012.0 9309.6 7543,0
3. Cylindrical N, - 947.5 - 862.8 - 778.8
wall - 4711, 2 37140
M - - 131, 75.6
5 131.1 75
4, Bottom of ~2297.6 -2220.0 21B56.4
cylindrical 9865.0 15778.8 15938.4
wall
: -2915,0 575,73 -8.4
5. Bottom ring - T 57039.0 86676.3 90302, 1
_beam :
6. Top conical N¢ -4048.,8 -4162.8 -388.0
wall Ny 27550,0 | 26232.0 26091.6
my -5918.0 2842,2 2063.5
7. Bottom of N -18365,0 | -12698,4 -12007.2
conical wall 27550.0 3105.6 3165.6
My - 5918.0 | -6756.0 -5420.8
8. Bottom dome 5 -17682,7 | -12196.8 ~12070.8
edge Ny - 2530.8 . 3553,2
My - _6477.5 - 6055.8

(’M#"
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4,6 Economy of Designs Based on Finite Element Analysis

The requirement of materials and cost for desgins
based on conventional as well as Finite Element methods
are estimated for each case study for comparison. The

unit costs used are as follows:

Concrete = Tk, 60,00/cft

Steel Tk, 15000.00/ton

Approximate calculation indicates that, for
designs based on Finite Element analysis, the saving in
cbst attainable in different case studies are about 13%
in case study 1, 14% in case study 2, 14% in case study
~and 23% in case study 4, over ﬁhe CdIIESpDnding'chuen-

tional methods.
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4.7 Rnalysis for Wind Load

while.the conventional methods do not provide with
any means of analysing Intze tanks for wind loads, the
Finite Element program is capable of dealing with the non-=
symhetrically applied wind load represented approximately
- by a number of Fourier harmonics. The analysis 1is cafried
out sepafately for each harmonic and the results are

automatically superimposed to give the total effect.

The study for the effect of wind load on the Intze
tank has been limited.to case study A only. It is apparent
ffom the results presented in this article that the effect
of wind pressure on the Intze tank is guite insignificant
compared to the stresses caused by gravity éﬁd hydrostatic
pressure. The results presented here are based on a wind
pressure of q = 30 psf ( = 110 mph approx.) on a surface
normal to-the direction of wind. Sinde the main body of
the tank 1is cylindrical, the pressure distribution around
the circumference depends on the Reynold's number. The

distribution assumed here is taken from Reference (13)

by Ahmad et al and is shown in Fig. 4.56.

It has been ‘found that about. seven fourier harmonics
represent the above distribution guite accurately. The
Fecurier coefficients used ére shown in Table 4.5. In case
of a'diffefent'diétribution around the circumference, the
Fourier coefficients mill have to be recalculated.rThe
assumed pressure distribution over the top dome is diffe-

rent. Since the rise of the dome is small ‘and the maximum

e
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~

Pressure Coefticient p(8)

Ly
0
-4
-y i 1 : i 1 1
0 30 60 50 120 150 180

& n degrees

Fig. 4.5 Variation of wind pressure along
the circumference of cylindrical tank.

i

Table 4,5 _Yurier Coefficients _for the_pressure . .

distribution of fig. 4.56. .

-

J.Harmon%és A;;V ' Coefficients
0 0.24706
d 0,31587
2 0.58765
3 0.42215%
A 0.02466
5 -0.11481
& -0.00451
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inclination of a meridional section with the horizontal
does not exceed 30%°; a uniform suction of 0.7g has been

assumed all over the surface of the top dome.

The displacements and stresses have been calculated
at 13 points along the semi-circle i.e. at an interval

o o o} . R . .
of 15° (from 6 = 0" .to 8 = 180" ), since the distribution
is symmetrical about the diameter parallel to the direc-
tion of wind. The distortion of the horizontal section

is shown at four different levels and the displaced shape

o} o

of the vertical section is shown for 6 = 0" and 6 = 75 .
The meridional moment and the hoop-force are also plotted
along these two vertical 'sections and are observed to be
VEeTY insignificanf. The tangential moment has been plotted
\for-e = 0° only., From the distorted shape of the horizdn—
tal seétioné we may easily apprehend that the stresses

at other séctions would be further smallér and thus the

plotting is unnecessary,

The results of analysis for wind load are shown in

Figs. 4.57 to 4,65,

‘_-lg_____‘,._\.?
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90° - E
"||h ‘llll’ -
At node 31 '\ s
(7 '
‘-‘ : 4
Wwind  0° [ ° _ - 180°
110 mphr ] \ B
(q = 30 psf) . |
At node G55 ‘\\\ ) ’g/’,
Scale: - ‘
Dimension 1"-100" g0°

Visplacement ﬂ"*=5x10r3 inch,

Fig, 4.57 Distortion

of horizontal sections

due to wind load.
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S -
Wind 0° \; |
110 mph" - '
(q=30 psf)
' l
At node 24
Scale:
Dimension 1"= 100" : 90°

Visplacement ‘1"-=5JI’10""3 incéh.

Fig, 4.58 Distortion of horizontal sections
due to wind. ,
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E, Scale;
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Fig. #.59 Displaced shape for wind load
at @ = 0°,
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Scale:
Dimension: 1" = e4"
Displacement: 1"=2x10'2 inch

Fig., 4.60 Displaced shape for wind load
at 6 = 75°,



.Bcale: 1" = 200 1b/in.

(Tension = +ve)

Fig. 4,61

Hoop force for wind load
at © = 09,

141
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Scale: 1" = 500 1b-in/in.

(Water face tension =-ve)

& _

Fig. 4.62 Meridional moment for wind load
. at B = -Oo;
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Scale: 1" = 50 1b=in/in.

{(Water face tension = =ve)

Fig. #.,63 Tangential moment for wind

.at & = 0°.
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_Scale: 1" = 200 1v/in.

(Tension = +ve)

Fig. 4.64 Hoop force for wind load
at @ = 75°,
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Scale: 1" = 500 1b-in/in

{Water face tension = =ve)

Fig. 4.65 ﬁeridioha% moment for wind load
at9=75.



146

#8 Discussion -

%8.1 The Top Dome

1

The deflected shape and the stress pattern of the
bp dome indicate that membrane behaviour prevails almost
iﬁiaughout the shell as asswmed in conventional analysis.
:ﬁweuer; a marked deviation from membrane behaviour is
Hserved near the edge. Excepting a small peripheral ring
Tto 5 ft wide ( = D/10) both the meridional and circum-
'érential stresses are compressive in nature and are well
:ﬁlom the allowable cdmpressiue stress in concrete. This
%ans that a shell of nominal thickness provided with
.Qminal meridional and circumferential reinforcements
g@ld be sufficient for the top dome except for a peri-
t%eral ring near the support. The outward radial movement
%ﬁthe top ring beam induces circumferential tension in
;éis peripheral ring and calls for.prouision of adequate
frcumferential reinforcement to take care of the tension.
ﬁ?the other hand the partial restraint exerted by the
ihg beam on the dome edge develops mild meridional moment
:éusing tension on the top face. As a result some additional
tﬁiidionai reinforcement should be provided near the edge
%ﬁthe dome for a length of about D/10 on the top face, In
;he cases slight thickening of the top dome near the edge

ﬁy be advisable.

It may be noted that the stresses in the top dome

P g e

#e caused almost exclusively by its self-weight and surface
W

ﬁ@d. The hydrostatic :pressure against the cylindrical wall

"
4
3

S

i e
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has little effect on the stresses in the top dome. Also
the effect of a moderate lantérn load at the crown is
negligible. Eueﬁ the local stresses under the lantern do
not warrant any-special measure such as thickening of the

shell near the crown.

4,B.2 The Top Ring Beam

‘This ring~beam is provided to take Eare of the hoop
tension arising out of the inclined meridional thfust of
the top dome. A study of the tables in Art. 4.5 shows that
the actual hdob tension (Te)'as obtained by Finite Element

method is oniy 30 to 40 percent of that obtained by con-
Iuentibﬁal methods; However, the value obtained by Jai and
Jain's‘ﬁethod (Phase II) appears to be even less than the
Finite Element value ( = 75%). Thus, the top rihg-beam’
may be. designed ﬁdr a hoob force not exceeding 40% of that
obtained by conventional method, In this respect, an impor-
tant ocbservation is that if the size of the ring-beam is
reduced it develaps a still smailer hoop force, as seen
from the results with modified dimehsions.‘This is due to
the redistribution of stresses, whereby the adjoining
parts of the top dome and the cylindrical wall carry a

larger share of the hoop force in the region.

4.8.,3 The Cylindrical Wall
It appears from the stress resultants tabulated in -

Art. 4.5 for different case studies that in the design of
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the cylindrical wall the prime concern is the circumferen-
tial tension (Ne). The restraint moment (m¢) at the base
of the wall figures in' secondary consideration only. The
'direc£ compression due to N¢ is of little concern other -
than the fact that it has a rather beneficial effect .when
considered in conjunction with the flexural stresses in as

much as it acts as a sort of prestress to reduce the

tension caused by flexure.

As regards_the circumferential tension it is observed
from the tables referred to above that the value of NB at
the bottom of the wall obtained by Finite Element analysis
“is slightly less than (about 94 to 99% of) the values
obt ained by conventional methods, This aésertion, however,
is not true for case study 4 uwhere N8 has been calculated
by Reissner's theory assuming a cylindrical wall fixed at

the base which appears to be unécceptable in view of the

results af Finite Element analysis,

It may be recalled that all the three conventional
methods due to Gray & Manning, Sushil Kumar and Jai & -
Jain assume that the circumferential tension in the
cylindrical wall is caused solely by the hydrostatic
pressure against the wall and varies linearly from.zero
at the tdp to a haximum value at the bottom. The diagramé
for hoop tension (NB) in Art, 4.4 obtained by FE analysis‘
show marked deviations from,the.aboue assumption, firStly,
the maximum hoop tension occurs not exactly at the bottom
but a small diétaﬁce above the bottom, Secondly, Ny is not

zero at the top of the wall where it actually assumes some
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tensile value due té the radially outward displacement of
the top ring-beam caused mainly by the meridional thrust
of the top dome. Thirdly, the Qariation of Ng along the

" depth is anything but linear. In fact, the hoop tension

in the wall is caused not only by the hydrostatic pressure
but also by the gravity loads of the tank and the combined
,Ne curve happens to look not like a straight line but

more or less like the outline of a wide-mouth, flat-bottom

pitcher.

Thus, it is guite apparent from the Ne aiégrams that
it is needless and hencé useless to provide a uniform
thickness of the wall throughout, It is seen that a.nominal
‘wall thicknéss of 4" or 5" is sufficient at the top and
it may be increased linearly (or inm stéps) to the required
‘maximum thickness at the bottom. The maximum thickness
required at the bottom may very well be estimated on the
basis of the maximum h60p tension calculated by conven-
ﬁibnal method. Since the:cylindrical wall is a major
component of the Intze tank, use of a taperéd section
(frapezium) insfead of a rectangular section would result
in a considerable saving of concrete. This will have a

beneficial effect on the design of the underlying parts

due to reduction of dead load,

. The meridional moment (M$ ) in the wall is found
to be within the threshold of insignificance except at the
bottom. But the striking fact is that, contréry to common

ideas, the meridional moment at the base in most of the
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cases iz such as to causg'compressibn on the water face
although restraint moments would have just the opposité
effect., As a matter of fact, the distorted shape due to
hydrostatiq pressure éhoms that the angle at the junction
of the cylindrical wall and the cone tends to close,
thereby developing compression on water face., Fortunately,
however, the magnitudé of the moment is rather smali to
_cause much worry. Calculations show that ﬁominal vertical
reinfarcéments distributed Equaily on inner and outer
faces suffice for the entire cylindrical wall except near
the bottom, where a little additienal reinforéement should

be provided on the outer face.

4,8.4 The Bottom Ring Beam

It is observed that, in case studies 2 & 4, the hoop
force in the bottom rihg—beam, calculated by conventional

methods, is in excellent agreement with that obtained by

Finite Element analysis. On the other hand, in case studies

1 and 3, the Finite Element value is somewhat less than
the conventional value (about 75 to 85%), This différence
may be dﬁe to the effect of inclination of the conicél
dome. In case studies 1 & 3, the angle of inclinétion of
the conical mallrwith the horizontal is less than 450,
whereas, in the other tuwo cases, the angle is 45°. Thus
the conuentional calculation seems to give fairly reason-
able value of the hoop force in the bottom ring beam for
450 inclination of the conical wall, but for smaller

inclination the values are a 1ittle higher.

(.



151

4,8.5 The Conical: Wall

It may be recalled that fhe'conuentional membrane
analysis gives more or less a constant value of hoop
tension in the conical wall from top to bottom. However,
the Phase II analysis of Jai & Jain reveals a different
situation showing that the hoop force gradually vanishes
towards the bottom of the conical wall and may even become
compressive at the bottom as in case study-1. The hoop .
force diagrams drawn on the basis of Finite Element analysis
indeed exhibit such a trend, although the magnitudes are
‘not guite in agreement. According tD_FE analysis the com-
bined hoop force (Ne) for gravity and hydrostatic pressure
at the bottom of the conical wall is comppessiue in case
studies 1, 2 and 3 but tensile in case study-4, the magni-
tude being small’homeuer. Thus, it is needless to provide
the same amoun£ of hoop'reiﬁforcement towards the bottoE
of the conical wall'as at the top. And it would be apharent.
from the analyses for modified dimensions of all thé cases

that even the thickness of the conical wall may be somewhat.

reduced tdwards the bottom to save concrete,

As regards bending moments in, the conical wall, the
FE analysis showé-that considerable bending moments do
develop at the bottom of the conical wall due to rotational
restraint at the joint. The moment towards the top of the
wall is howeﬁer.of opposite sign causing tension on outer
face, the magnitude being of the. order of 40% to BD%Vof

the moments at the bottom.
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4,8.6 The Bottom Circular Beam

The Finite Element analysis using axi-symmetric
-shell elements 1s not capable of providing any usefui
information regarding the stresé condition of the bottom r
circular beam. Conventionally this beam is designed for
positive and negative bending moments, twisting moments
and shear. None of these guantities are available from
the FE program. In fact £he program has no scope to deal
with discrete supports as provided by the columns. Rather
it assumes an idealised support condition wherein the
beam is supposed to have a contipuous support along the
whole length of its periphery which is necéséary for the

sake of analysis using axi-symmetric shell elements.

Due t0 the éﬁoue inherent limitation of the program
it ié~n0t possible to suggest -any- improvement in the -design
of the bottom circular beém. The conventional method of
analyéis and design is,therefore, recommended for this

part of the structure.

4.8.7 The Bottom [Dome

As in the top dome, membrane behaviour prevails in
the bottom dome as well except at the edge. Meridional
bending mﬁmgnt of moderate intensity develope.at the edge
due to end effect. To take care of this moment flexural
reinforcements must be provided on the top surféce of the

dome near the junctioh with the bottom circular beam. It
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may be desirable to thicken the dome near the edge. In
some cases circumferential tension may develop in a small
peripheral ring if the bottom circular beam is in hoop
tension. These points need to be considered during the

design of the bottom dome.

o



CHERTER 5 1

SPACE FRAME ANA ¥SIS 0O THE TUOWLR ’

5.1 Introduction

As stated in Chapter 3, the supporting tower pf Intze

D!

tanks calls for a space frame lveis for ractiopnal d

o

S

i
12

M.

To assess the degree of justifiabiliity of the conventionel
methods of analysis which vary wicely in theilxr spproach. the

LS AN

t=te

towers designed on the basis of conventionzl analys

Chapter 3, have been subjected to computer znalysis using

(6) L. .

a space-frame program due to Rahman . In & bid to rstion-

—~

alise the design of the touwer, the effect of & few basic

]

_parameters have been studied to scms ext:nt. The results

of this study are prejented and discusscd in the last few
articles of this chapter. Some imporiant cbeervalions have
been made from ths investigation.

5.2 The Space-Frame Program

(5)

A general space-frame progriam developed by Rehman
has been adapted with some modifications foex Lhe analyeis
of water towers. The original program bsing gencxal in
nature, rEquiréd a considerablé voelume of input data‘auch
as the joint co-ordinates; member-icind connectivity, appliod
joint loads, material p;operties, fixity conditions stc.
~In order to reduce the volume of i, put dota, @ cubroutine
was written to generate the bulk of the date From s nomingt
input such as the height of tower, inci;héﬁiun cf rmolumss,

+
i

v o
oo

no. of columns and bracings etc. The wompleies puognéan

listed in a separate report with -user inoiruchions,

P
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{a) Beference axes v

(b) Nodal displacements

Epd 4 .

(c) Forces &nd moments
Fig. 5¢1 Bpace frame member ylémept.

I R . e i e v e————— e et aa s o 1e v o - L



The space frame member element usecd in the finite
element formulation is shown in Fig. 5.1(a), in whirh the
direction of the p-axis is always from end 1 (lower joint)
to end 2{higher joint). Each end of the member can héué
three.trahslations and three rotations as shown in Fig.5.1(b)i
The eight possible member forces and moments are shown I1n
Fig. 5.1{(c). These are the axial force P_, two shear forces

S, and § torque T and the moment at the two ends about q-

‘R Q’
and © axes Nu1, NQE’ MR1 and mR2' The computer output gives

the above eight quantities for each member directly.

5.3 Case Studies

The results of finite element analysis (using space
frame member elements) of the water tank tcwers designed
in Chapter. 3, are presented 1in graphical/tébular form in

the following sub-articles:

5.3.1 Case Study 1

fig. 5.2 shows the geometrical features of the tower
‘and the joint loads applied at the top. The vertical loads

v V. etc. at the column tops are the combined forces due

1* "2
to

a) the weight of the tank (and water) above ant
b.) the~uertical forces induced at the column togps

by the wind acting on the tanik,

BN
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Columns =19,69" dia.
B,! = 15.7":26 6"

Y4 Dla.or col.circle
H = 29.53%'
1 4 'E-,—, 2

5 1

2 1
=t | -
) 1

/

1

Rl

L R o

AT

¥ig. 5.2 4Assumed distribution of wind load and dead load
at column tops. Joint léads due to wind and: dead-1loead
of members applied .at other joints not shown.

C-ﬂ

X
X
) X
Fig. 5.3 Fositive sense °f\HQ end Mg. Fig.ﬁ.“ Pogitve Bense of
yﬂq's fioment about radial sxis. & . M and ¥_,

Yy

My - Honent about taugential axis,
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The horizontal forcés H1, H2 étc. are the shares of the
total horizontal wind force acting on the tank attributed
to the columns., The joint loads acting af other joints
due to the wéight of thé columns and bracings, and the wind
acting on their surface are computed inside the program and

therefore not shown in the diagram.

Fig. 5.3 shows.the ﬁositiue sense of the column end
moments MQ and MR with respeét to member axés that are
obtained as direct outputs from the computer. These may be
regrganised m;th necessary conversion of signs and magnitudes

to give the column end moments as Mx and My (Fig. 5.4) in

global coordinates if desired.

The towér in case-study-1 has been analysed for two
different distributions of the horizontal forces H,,H, etc.
at the column toﬁs,'the sum of the forces remaining'the
same in both the cases..In Case 1{a) H1 - H2 = H3 i.e,

:H

1:1:1, while in Case 1{(b) H,:H

H :HZ:H 1 >

1 3z 3=
The diagrams for column moments MQ and MR for the two
cases are shown in Figs. 5.5 through 5.8 which reveal some

important features:

(i) The column moments remain virtually the same
whether the horizontal wind force acting on the tank is
distributed equally or unequally amohg the columns 'at their

top.

(ii) The extreme winduward and leeward columns (columns

A & £) develop large M, but negligible My, while for the

Dl
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Lase "(a)
Vertical loeds Lrteral loafis Geometry es shown
) . - in EMQ 5v
¥, = 217.705 &ips 8, = 2,38 kips
Wy = 298,944 g, = 2,38 "
Vy = 221.936 Hy = 2,38
Vu = 224,527 " i.e. H"l -H = 1 1:1
Vs « 226,166 " ‘ )
’ . k“ ; :k‘.
Scale: 1" = 4600 = B3,3%
4 1
15.0% 15.0°
A P C D B
+
+
1
+
+
) k: ‘ b _ R Qo §
83.3 59.8% s8.6% g4 1E

¥ig. 5.5 Column moment 1, {+ve sense of -“MB shown in Fig. 5.3)



160

+ |+

‘ M ) 1,
£0.8% 85.7F 60.8%
Fig. 5.6 Column moment .MQ {+ve mense of MQ Shown in Fig.S;‘ﬁ};:)h



Vertical 3ocads _ dgteral loede
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H, = 2.38 "

H3 = 4,76
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Fig. 5.7 Column moment .
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columns lying on the bending axis (columns C and C') the

case is just the reverse, Moreover, the values of NH in

columns A and E are nearly equal in magnitude at any level -

of the tower., While at the base of the tower the moment MR

in column A or E alsoc approximately equals the moment MQ in

{

values but interestingly their resultant is of the same

column C or C'., In other columns M_ and NR have intermediate

lorder as MR in column A or mu_in column C.

(iii) Points of .contraflexure do not occur at the
midheights of the column panels as has been assumed in the
conventicnal analysis., This means that the bracings used
in the design are not sufficiently stiff compared to the
columns (KBr: K

coi = 1:3.1), to force the columns develop

points of contraflexure at the mid-heights of their panels.
(iv) The bracings are most effective (although not

sufficiently)} for columns lying.on_the bending axis-and.-

least effective for the extreme windward and leeward columns

as evident from the jumps in the moment diagrams of the

columns at the joints.

(v) The twisting moments in the bracings are negligible.

In view of the Dbseruation (ii) aboué, it appears that
if the column moments My and Mg (Fig. 5.3) are replaced by
M, and Pﬂy“(Fig_. 5.4) then it would be sufficient to plot
only the column moment Ny-For all the columns in single
diagrams as in Figs. 5.9 and 5.10 for Cases 1(a) and 1{(b)
respectively. The bracing moments (MB) are also plotted
on the same diagrams. In addition the axial forces in the

columns at the bottom are shown as reactions, The bracing$

f

A
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Case 1{b)

¢
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Fig. 5.10 Column moment Hy ax.xd bracing moment Mg.
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which develop the maximum bending moment MB and the maximum
twisting moment MT are identified in the diagrams by uwriting

the values of MB and MT in the corresponding braces.

It will be observed that complete moment diagrams
have not been drawn.for the intermediate columns B and D.
This has been done advertently because M for these columns

have to be calculated manually from MQ and MR whereas it

appears to be of little use for design purposes.

The values of My, MB’ MT and the axial forces in the
columns (AF) atAcriticaI locations are tabulated in Table 5.1
for both the Cases 1(a) & 1{(b) alongside the corresponding
values calculated by thé conventional method due to Jai and

Jain for direct comparison.

TABLE 5.1
N_tases C 1(a) 1(b) Jai & Jains
Forces & Maments :
Column A AF (kips) 225.64 225.95 222.08
(Bottom) my(K') 83.3 82.2 ' 0.0
Column E AF (kips)} 252,92 252,61 262.35
(Bottom) My(K') 84,1 83.0 0.0
Column C AF(kips) 239,28 239,28 242,22
(Bottom) My(Kl) B5.7 85.9 _ 47,7
Bracing Mg (K") B.3 8.4 58,35
Mo (k") 0.014 0,05 3.42
SF(kips) 1.64 1.66 13.27
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5.3.2 Case Study .2

In the light of observation (i) of Case study-1,
the tower.in case stud? 2 is analysed only for equal
distribution of horizontal wind load at the column tops
as shown in Fig. 5.11. The resulting bending moments
my aﬁd MB inrthe columns and bracings, thg.maximum
 tuistiﬁg moment Mo in the bracing as well as the
uerticalAreactions at the bases of the coiumns ére
shown in Fig. 5.12 aﬁd the critical values tabulated

in Table 5.2. The following points are observed in this

case study:

_(i) The maoments (Ny) in the cclumns A, 8, C and.D
are iﬁ the ratiﬁ of 1:1.11:1.,33:1.44 at the bottom ends
znd 1:1.43:2.27:2,70 at the top ends. It is worthuhile
to note that the ratio assumed by.Gray-& Manning is

3:4:5:6 (Art. 3.2.3) which is equivalent to 1:1,33:1.67:2.0.

(ii) The bracings appear to be more or less adequate
in this case in restraining the columns (Kbr: K = 1:1.1).
(iii) The twisting moment (MT) in the bracings is of -

the order of 4% of the bending moment (MB).
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TABLE 5.2

Cases .
: 2 Gray &
Forces & MDments,\\\\\\ Manning
Column A AF 169.4 171.89
(Bottom) m 22,2 20,0
Column G AF 184.0 188, 1
(Bottom) m 22,7 20.0
Column D AF 176.7 180.0
(Bottom) my 32,0 34,3
Bracing Mg 27.3 34.3
Mt 1,03 0.0
SF 5.17 6.86
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The space frame énalysis of the tower in this case

(Fig. 5.13) also has been carried out assuming the wind

load on the tank to be distributed equally to the eight

joints at -the top of the tower. Just as in case -study 2,

the results are shouwn diagrémmétically in Fig.5,14 and

tabulated in Table 5.3. The salient features in this

case are as follouws:

(i) The proportion of the moments at the bottom

of the columns A, B and C is about 1:1.02:1.05.

(ii) The bracings do not seem to have adequate

stiffness compared to that of the columns (KbrsK¢01f1:1.?2).

(iii) The tuisting moments in the bracings are

negligible.

TABLE 5.3
\\\\ Cases .

3 Sushil

Forces & Moments Kumar

Column A ' AF 437,34 443,10
(Bottom) ' i 127.4 31.83
.Column E " AF 512,25 508, 74
(Bottom) , my, 129.8- 31.83
Column C AF 474,73 47637
(8ottom) M, 133.8 31.83
2 .
Bracing My 20.6 89.83

My 0.05 0.0
SF 3.27 14,37
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Xe;ogds Geometry

B, = 3.720 kips Height tower = 49.2 ft.

H, = 3.720 " biameter = 52.B ft.

53 = 5.?20 " Column size = 25.6" dia.
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wsp ¥ uup.28®  a7e.79F 501,035 512.25% "

Fig. 5.14 Column moment. My and bracing moment NB.
Scale: 1" = 166.67 |
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5.,3.4 Case Study 4

Fig.-5.15 shows the toméf and the loads applied
at the top. This tower is analysed for an earthguake
force of 218K (vide Art. 3.3.4) assumed to act at a
.height 78! from ground level i.e; 8! above the top of $
the tower. The joint loads H1,H2.... U1,U2 etc. are f
accordingly calculated taking into consideration the |
dead loads as well, As in Case study-1, this tower 1is
also analysed for two different distributions of the
lateral forces H1, H2 etc., to the column tops. In case

4(a) HytHytHy = 1:1:1 while in Case 4(b) HytHyiHg = D31:2,

3
dtﬁer conditions are the same for both the cases. It may
be noted here that the geometry of this tower has some
basic differeﬁces with that of the other cases. Tﬁe
culumns of this tower are:battered at an approximate

ratio of 1 horizontal to 11.55 vertical. In addition,the
cection of the columns is rectangular with”the sides

£Q = 30" ip the radial direction and CR = 18" 1in the
Langentiél direction with respect to the circle of columns
(Fig. 5.18). The results of analysis for the twoc cases,
4(3)-and 4(b), are shoun in‘Figs. 5,17 and 5.18 respec-
tively and tabulated in Table 5.4 along with thé results
of conventional analysis. The following points are obsrved

in. this case study:

(i) Equal or uneqgual distribution of the horizosntal
forces H1, H2.... etc., at the column tops does

not affect the results significantly,
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_ | : 2y
Z-lopds at to X-loads st top Geometry Vo
V, = 243.180 Kips ~  H, = 27.25 kips Height of tower = 70.0" “{
Va = 253,379 * 1:12 = 27.25 " Dismeter = 30.0" at tep )l
V3 = 278,000 * - 53 = _2?;.25 " and 42.1' at bottom / '
V4 = 302.629 " i.e H1:H23H3-=‘1:1:1 Batter of columns<1:11 55
VS = 312,821 " Column 51ze=GR=1B“,GﬁTt. 30" é
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Case 4(b)

Z-loads mt top:
X-loade at top:

i.e.

B,

Ha

= 0.0
= 27.25 "

as in case 4(a).
kips »

= S4.50 °

H‘1 Ha

B

3.

= 0:1:2
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Geometry

Bame &5 in case 4(a)

115.3

T
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Fig. 5.18 Oplumn moment I and braclng moment My
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a) 4(b) BRTC
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(11)

(i31)

The bracings are quite effective in cons-

cop = 185:1).

treining the columns (Kbr:K
The moments (My) in the columns A, B and C
zre in the ratio of about 1:0.8:0.6 at the

bettom, 1:1.2:1.4 at the top and 1:2,3:3.6

~at intermediate panel ends.

(iv)

(v)

The celumn moments=zat intermediate panels -

L

are considerably lower than those at tap

or bottom penels for &ll columns except

those on bending axis for which the moments

~

are more or less uniform from top to bottom.

The twisting moments (MT) in the bracings

are of the order of 4% of the bending moments

(M) in the brecings.

Excepting top and | attom panels, in general,

Y

axic {(eocl. C or C') for +hich Iy is smallest,

whereas My is smellest for celumns lying on

the extreme windward or leeward side for

which Iv.is largest.

M is largest for column: lying on the bending
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5.4 Study of Parameters

The parameters studied to some extent to determine
the response of the tower to variations of the parameters

are as follows:

(i) distribution of horizontal force to the columns

at their top,

(ii) the orientation of column section w.r. to the

circle of columns,
(iii) the inclination or batter of columns, and
(iv) the stiffness of braces, -

In addition to considering the results of the fore-
going case studiés, the tower of case study-4 is specially

considefed,For further analysis for the sake of investi-

gation. The touwer is supposed to.be acted upun by a .bori- .zu=

zontal force,.-FEQ = 218

x-direction-at a height of 8,0' from the-top of the-tower. -

due to earthquake in-the positive --

This horizontal force may conuventionally be distributed
to thercolumn tops in various ﬁroportions, maintaining
symmetry about x-axis, the axial force induced in any
column is assumed to be proportional to its distance from
‘the axis of bending. This force is added algebraically

to the column loads due to dead load of the tank -. water.
The joint loads and fixed-end-moments due to the weight
of bracings and_columns‘are computed and appliud at the
joints by the data generation sub-routine. These are not
shown in Fig. 5.15. The results of the investigation of
the harametersare presented and discussed one by one in

the Folloming-sub-articleé.



columes Lope due to the effect of the wind or earvhguake

seting on the tenk has no appreciable offcct on the '
= = 5

bending woments etce in the columns or bracings, so long

@z the losds spplied in. say x-dipection sre symmetrical
shbout x-exis. This meens that the celumn moments etc,

Ere act&ally governed by the totel magnitude of the hari-
zontal force and are vinmtually u
in which the fForce is assumed to be distributed to tﬁe
column tops. As & result subseqguent anzlyses re based

oy eouaeld distc 'buiicﬁ af the lztersl Toroce to the columns,
g:

5.4,2 Ovienteticn of Column Sectic:

g

T+ hos been ecbserved thaet most of ol conventional

3

methods Gizeotiy or indirectly recommend the use of column

1)
£
v

scctions that have more &0 less eguel moments of

4.

ebout 211 axes thiough th- ceptre such s ciyeular, Octa-

! LS L

A" + =
regular) Gr sguare cecticns. Howsver, iv might be

o

'gonal
roticed that in case und -4, & rectsnguler column section
(189%20%) has been sed with ite lengey side in the radial
direction and shorter side im the tanoential direction
coltmne, i.,e. CR = 18%

end -CQ = 30% Fig. 5.16). The cclumn scction could also
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heve heen alioned the other way meking CR = 0% end
GO = 8%, In order to determine which orientaticn is
preferable Frém the point of view of efficisgncy and
honoce aconomy; thr&cﬁcaSGs have been considered 4(c),
4{g) #:d 4{e}. In all these cases the sectionzl area
¥ the column ss also the other Coﬁditions have been

kept the same, while the relative values cf CR and CO

have been changed as Tollows:

4(c) CR = 18", CQ = 30"
4(d) €R = 23.24", CQ = 23,24% {sguare section)
4(e) CR = 30%, €CQ = 18"

Th: deflectec shape of the towern (coﬁsidaring x and z
displacements only) forjthe three cases are shown in
Figs. 5.19, 5.20 and 5,2Hf:re5pécfiuely wvhile the bending
momonts etc. in the-columns'énd—bracings'are shown- in

Figs. B.22, 5.23-ard 5.24 respectively. If the x-cisplace-

ment of the tep of the tower Ar be considered as an

N
M

index of the stiffrness of the tower a&s & whole, then it

woule be apperent Tzom the deflected shapes that the
)

[

stiffrizss increases in the order 4(c) » 4(d) + 4{e
3ecreases in that order Ffum 1.05" -+ D°877“ + 0.759",
.This-may bé explained as follows, The horizuntal force
epplied parallel to the x-axis develops benaing-moméhts

in the columns aboﬁt y~axis (My), the moments about x-axié.
being negligible. In restraining the columns agéinst My,
“te brecings are most effectiue for columns C ancd CY lying

on the bending axis and least effective for columns A & B
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Cage 4{c) |
Loads as in case 4(a).
Geometry elso as in case 4(a) except: batter of columns = 1:11
Column sigze : CR = 18", CQ = 30"
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Cage 4(d) -

Loads as in case 4(a)

Geometry also as in case A(a) except: batter of columns = 1311
and Col. size CR =23 24",
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Case 4

Loads as in case 4(a) |

Geometry alse as in case 4(a) except: batter of columns = 1:11
end Gol. size: CR = 30", CQ = 418"

Ax=0,759"
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c _‘#fc
Lb'ads_ as in case 4(a).

Gaonietry alsg as in case 4(a) except: batter of columng = 1:11
‘ ' column size: CR = 18", CQ = 30",

7
/

vy v Vvyy
AWAVAVA .

|

_‘A _ 1:;%% ‘\\\\\; D 128.2 .
A \>§ \\ \
MMB=222.6""\ \
s. SN

-
N
sg-\\ -
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JIE=

|

N 3

185.4 18,6

0.0 [w2.5 | 176.8

164.56F  220.77F  356.53%  492,32F  sus.61F
Fig. 5.22 Column moment M end bracing moment My

Voo
Scale: 1" = 416,67%



. 186

loade as in case 4(8) .

Geonetry alsé as in case u(a) accept: batter of columns = 1:11
and column eizes23, 24"x23 249

92.1 87.4

NN
Mazeﬂa.4'*K\S:\:§$%§§§Sg§\f\\\\\
Es\ \§§\

130.1 T‘iSO 1 127 0 %3.9
220,055 . 356,585 593.3%  su9.71F

Flg. 5.23 Column moment ¥ and bracing moment Mn.
Scale: ﬂ" = 416: 67
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Loads a8 in case 4(a) A |
Geometry elsc &s in case 4{a) except : batter of columns «1:411
and column size & 30"x18"

-62f9 \ Vm.o

LA

%0.2 1127.6  Jow.7 126.4\}%}8.4

ne3.78K 220,245 356.58%  492.95F  549.46°

Fig. 5.24 Column moin_'exﬂlt' I‘iy anc'i dbracing moment I“IB.
| Beale: 1" = 416,67"

.
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lying farthest away from the bending axis. As a result
columns C & C! develop larger My than columns A or E.
Therefore, it is quité logical that if the:columns that
develop larger My are provided with larger section. modu-
lus (Sy) or moment of inértia (Iy), tﬁe structure would
withstand the load more effectiuély and undergo lesser
deflection. Therorientation of column section in case 4(e)
conform with this requirement and hence the deflection

Ax is least in this case. Fig. 5.22 shows that with the
column orientation of case 4(c), the bending moments

My at the base of cblumns A or E are very nearly equal.
to the bending moment (My) at the top of column C{or C').
But the moment of inertia I of column C(or C!') is much
less than that of column A(or Ej. If column. A is just
safe for a given My, then obviously column C will not

be safg for the same My. No@ taking into.account._the

very fact that My for columns A‘and L are more or less
egual, one may be tempted to provide a square section
that would give the same Iy for both A & C as in Case 4(d).
However, an inspection of column moments as portféyed
in Fig. 5.23.f0r Case 4(d) aneils a new dimension of

the problem, It is observed thét the moment'my in column
C is now about tuwice as much as that in column A. This

is not unexpected however, Because by making the columns .
square, the stiffness (about y-axis) of column C has been

increased while that of column A has been decreased.

As a result column C nouw draws a larger share (about

15% more in this case) of the moment while column A draws
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a smaller share compared to Case 4(c), Thus it is evident
that square sections (CQ=CR) are more desirable than rec-
tangular sections with CQ> CR. In fact it may be more
rational to use a rectangular section with its longer

side in the tangential direction (CR>CQ) as in case 4(e).
This makes ﬁolumn C(or C') even stiffer (because of larger
Iy) and hence it draws an even larger moment (% 15%) as
evident from Fig, 5.24, But considering the column moments
in the three cases 4(c), 4(d) and 4(&) the orientation in
Case 4(e) seems. to be more reasonable than in the other
two cases., As is obuiuus, ﬁomguer, an iterative process
would have to be performed in order to arrive at the'Opti-
mum ratio of CR to CQ that.might result. in the most-econo-

mical design.

5.4.3 Batter -of Columns

The effect of batter of columns on the column momeﬁts
and Forcés.may be noticed in Figs. 5.25, 5.23 and_5.28' |
{cases 4(f), 4(d) and 4(g) respectively}. In these three
cases, the column and bracing sections'as well as the
loads (at top) afe_the sémg. Only the inclination (or

batter) of columns has been changed as follows:

Case Inclination

4(F) ' 1.5:22
4(d) ' 2,0:22
4(g) _ 2.5:22

It is observed from the corresponding figures that, ‘as the
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Loads as in case 4(a)

1390

Geometry aigo_as_in case 4(a) except; batter of columns = 1,5:22

7 iie. 1 =qa.67

énd column size = 23,24"x23,24" .
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Fig. 5.25 Column moment My and bracing moment M.
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Loads as in case 4{a).
Column size = 23.24"x2%.24"

Batter of columns = 2.5:22 i.e. 1:8.8

\
97.2 Q* -

- =20%\M¥5}0 =
tmn

L b
L\

4 ’1223 -wééé‘ | "ﬂéé&
101.8 121.8 40.6 117.5 95 8
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. Pige 5.26 Column moment M and bracing moment MB
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'S
batteerf columns increases, the sum of the moments in the
columﬁs slowly‘decreéses but the sum of the axial forces
of the columns increases. This increase of axial force is
due to the-increaéed lengths of bracings and columns, It
is therefore apgarent that increasing the splay of columns
beyond some optimum value would turn out to be uneconomical;
because the gain a£tainable in the design of column section
due to reduction of moment will be offset by the increased
volume of material due to increasealléngths of the bracings
and.cdlﬁmns. The inc;ease in the lengths of the bracings
due to the splay of columns may be quite considerable for
tall towers., However, slight battering of columns {of thé
order of 1:15) are found to be ecaonomical, because with
graduél increase of splay beginninglfrom zero, the column
moments at first decreasé rapidly and then the trend gra-
‘dually flattérnsgdoun_.(Fig. 5.27). But.it appears that
the 1:11 inclination ﬁf the columns as used by BRTLC is

‘slightly excessive.

5.4.4 Stiffness of Braces . . ="

The effectivenss or for that matter the stiffness of
the bracings is a factor of primary importance. The asgump-.'
tion that points of contraflexure occur at the mia—héights
of column-panelS~would be void if the bracingsnaré not
effective enough, It is observed from the moment diagrams
that the performance of the bracings in case studies 1,'-

and 3 is highly unsatisfactory as reflected in Figs. 5.9
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(or 5.10) and 5,14, though in case study-2 the situation
is slightly better (Fig. 5.12). In all the case studies
it is,howeuer,obserued that the biacings are more. effec-
tive for columns lyiﬁg on or near the bending axis and
far less effective for extreme windward and leeward

columns.

It is, therefore, aﬁparent that in order that the.
br acings may stand up to their purpose they must be made
much more stiff than the? have been in the above thrg?
cases. The reguired stiffness of the bracings mould_oéui—
ously be influenced by the stiffness of the columns; the
stiffer the columns are, the stiffer must the bracings
be. In case studyQA the bracingsappeaf to be strong enough
ta sténd up to theif‘purpqse as displayed in Figs. 5.17
‘or 5.18. It will be observed from these figures that due
to desirable performance-of the bracings .the columns .do.
develop points of contraflexure at about midheights of
.the panels.excepting the bottom and topmost panels.'It
may be observed that in the bottom panel the points of 3.
contraflexure move upwar@s especially for the columns
A & E. This is due to total fixity of the columns at the
base and ineffectiveness of the bracings for columns A & E.
Similar effect is.obserued in the uppermost panel due to
high stiffness of the top bracing which is substituted
for the bottom circularrbéam of the tank atop the coluqns.
1t -is observed that the restiaint'moment.l‘fly in columnsﬁﬂ

or E in top and bottom panels is about twice as much as
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the end moments in the columns in other (intermediate)
panels. In column C however the moment Ny remains almost

the same from top panel'to bottom panel;



CHAPTER 6.

CONCLUSION

6.1 Findings from the Investigation

6.1.7 Introduction

The conventional methods of analysis of Intze tanks
and the éUppnrting~towers differ so widely ih their approach
that designers find-it difficult to determine which method
is more rational and as such which oné to follow. The
differences between the various methods have been investi-
gated, pointed out and reflected through appropriate case
studies in the early stage (Chapter 2 andr3) of this resear-
chwork. In the se;ond phasé the same problems as considered
in the case studies have been analysed by sophisticated
Finite flement programs using axi-symmetric shell elements
for the tank itself and-space frame elements for the suppor-
ting tower. The results of this computer analysis have been
presented in ﬁhapter§4 and 5 for the tank and thetower
respectively. This investigation clearly indicates that the
conventicnal methods often lead. to uneconomical designs in
certain respects and what may_in fact,be fatal, to unsafe
designs in other respects. This would be clear when the
' findings of this research as summarised below_aré compared
with the assumptinné of the conventional methods, Thg con-
clusions arrived at on the basis of the éomputer analysis
of the tank and the tower are presented in the Follnwing. ,

two articles.’
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5.1.2 Copclusions from the Analysis of the Tank

—
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ne stemming from the results of Finite
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'
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»1y=ie of the Intze tank sre as follows:

(5) Membicne snalysis holds good for the top and

holicm domes cxcept for e smasll peripheral ring (about-
Gre-Ti4th ¢f the radit: of the vorresponding dome). This

periphesrzl »ing needs to be designed for bending moment

in both top and bottom domes and for hoop tensioﬁ in the

top come. Sometimes hoop tension may also develop in the
peripheral ring of the bottom dumé depending on the. relative

geemetricel proportions of the cone and the bottom dome.

.(ii) The hoop force in the top ring beam is about 30

to 40 percent of that obtszined by conventional method.

(1ii) The cylindricsl wall is to be designed primarily
fuz huep tension which bhappens to be meximum &t or near the
bottom., Tekino into account the veriation ef hoop force in
the voriicasl direction, considerable saving of material can
be cohieved by making the section of the wall taperedltouards
tha lop. Thé bending mement in the wall remains so small that
practically no flexurél_reinforcement is necessafy except

far the mild éégging moment at the base of the wall,

(iv) The.deéign of the 5ottom ring beam bf_cgnwentional
methed appears to be quité reasonable. The hoop force in this
vino bueoanm s calculated By conventional method ié'in fair
sgarecirent with that obtezined by Finite Element analysis;

(v) The conical well musi be designed for both hoop

»

st meridional mement. Tho hoop force is maximum at

¢t
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nt decreases almost linearly to & small positive

ive velue at the lomer.endaof the 'conical wall,

o}
i)
a
C

3

-
[

Poradexicaily, ther: fore, the conical wall msy be made
Lhinnc: tovernds the bottom as the hoop tension almost
vaniche s ¢ the botitom. The thickness eof the weall is 1in
fect govewnod by soop tensicn at the tbﬁ end and meridional

Bl 2

moment ot tLho bot .om end,

vi) Firmite Element analysis using axi-symmetric shell
zlemciits cives no idea about the stress conditions in the
beliom circelear beam: as such conventional methbns méy be
fnllnwed.fu1 iﬁs analysis’dhich_appear to be guite conser-

EE I
VL2 Vi

‘vii) Bs regards the effect of wind load on the r.tank
body 31 is obiserved that the stresses caused by wind are
ver small compared to thovse due to gravity or hydrostatic
picastne, In view of the fas£ that 33% DuerStressing is
cllowsd whcn he effect of wind is considered, the mind

ciresses may |2 neplected during design.

£,.1.2 Conclusions from thg Anslysis of the Tewer

The conclusions.arrived at on the basis of the space

frame analysitc of the supporting tower are as follows:

f3) The bracinas are most effective for columns lying
‘wr thee bendino exis spnd least effecvive fer thos: lying on
f{he «~treme widwsrd and leeward columns, The tersional .

rsizn e of the breacings is negligible.
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(1i) Due to the abave behaviour of the bracings the
columns on the bending axis develop much larger moments

sl~sn the extreme windward and leeward columns do, As such

i

4=

rectangular column sections with the longer side in the
iznpential direction are found to be more effective and

cconomical .o

(14i) For tall towers slight battering of columns

{Gf the order 1:15) results in economy.

(iv) Effectiveness of the bracings is very essential
to ensure that points of contraflexure in the columns occur
st about the midheights of the panels between layers of
brecings. The bracings are found to be more or less effec-
tive when the flexural stiffness of the bracing about
harizental axis of the section is nearly the same as that

of the column asbout the radial axis of its section.

{v) Due td total fixity of the columns at the base,
the point of contraflexure in the bottom panel tends to
HoVE upuards especially for the columns lying away from
‘{he bendipng axis. Similar effect 1is observed in the top
prnel es well whare the point of cuntréflexure_moues'domn—
ward, Th.s point must be borne in mind while designing tHe

colUmss.

for Further Research

i rosearchwork hes been limited to the study of.
4. sloecus conditions in the various parts of the Intze

ok i the supperting towerzr. No effort could have been
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made towerds preportioning the bompbnent pérts of the
ITntze tenk for optimum desion. Attempis may be made to
gov: op charts/tebles giving coefficients for calculating
mommnt, ‘hoop tension, meridionsl stress etc. in the compo-
nent sheils/ring beams. ThE‘height/diameterrratio of the

i ca) partion of the tank, depth and inclination of

La's
t i

cylind

the conical well, thickness of the various shells and size

¢7 the ring beems may be considered as parameters in deve-
1oping such charts. As regards the supporting touwer, it
pihog : 9 Q9

would ho very useful if the bending moments in the columns
shout either axis could be related to the column sections
and orientétion, stiffness and spacing of bracings etc.
giving empiricel relations to aid designs without going
=

ar computer snalysis.

ikt o b
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