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Cylindrical concrete tanks are commonly used in wastewater treatment plants. These are
usually clarifier tanks. Design codes of practice provide methods to calculate design forces in
the wall and raft of such tanks. These methods neglect self-weight of tank material and
assume extreme, namely ‘fixed” and ‘hinged’ conditions for the wall bottom. However, when
founded on deformable soil, the actual condition at the wall bottom is neither fixed nor
hinged. Further, the self-weight of the tank wall does affect the design forces. Thus, it is
required to offer better insight of the combined effect of deformable soil and bottom raft
stiffness on the design forces induced in such cylindrical concrete tanks. A systematic
analytical method based on fundamental equations of shells is presented in this paper.
Important observations on variation of design forces across the wall and the raft with
different soil conditions are given. Set of commonly used tanks, are analysed using equations
developed in the paper and are appended at the end.

Keywords: clarifier, circular concrete tanks, elastic foundation, soil-structure interaction,
structural design

1. Introduction

Clarifier tank is one of the important components of wastewater treatment plant (Arceivala,
1998). Clarifier tank in most cases is a cylindrical concrete tank. Its function is to facilitate
settlement of solids. The founding level of treatment units in the wastewater treatment plant is
dictated by the overall hydraulics. The clarifiers are usually required to be founded near grade
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level. At grade level, firm foundation may not be available, and thus in most cases the clarifier
tank rests on deformable soils.

The design tables available in, say, the Portland Cement Association publication (PCA, 1993) or
Indian Standard Publication (IS: 3370, part IV — 2004) are popular references for the design of
cylindrical concrete tanks. In these tables, and in most other design handbooks, the analysis is
simplified by taking ideal boundary conditions at the base of the wall. It is a common practice to
analyze the tank wall assuming a fixed base and a hinged base for calculating vertical moment
and hoop tension, respectively. The effects of the base raft and its interaction with the underlying
soil, are usually neglected to limit complexity of the analysis. Further, self-weight of the tank is
also neglected. Such approximations often lead the designers to be excessively conservative, and
in some cases, may lead to inadequate designs.

Many standard books and researchers have worked on the issues related to circular water tanks
and flexible nature of soil. Timoshenko and Krieger (1987) solved the problem of circular plate
on elastic foundation, Kelkar and Sewell (1987) presented analytical solution for a circular tank
in which flexibility of tank raft is considered. Melerski (1991) presented a computer program for
elastic analysis of axisymmetric cylindrical storage tanks. Kukreti, et al. (1993) proposed
analytical procedure by using energy methods to predict the behavior of liquid storage tank
resting on elastic soil medium, which is modeled as elastic isotropic half space. Kukreti and
Siddiqi (1997) presented analysis of fluid storage tanks including foundation-superstructure
interaction using quadrature method. El Mezzaini (2006) presented effects of soil-structure
interaction on the analysis of cylindrical tanks using computer software. The method given by
him brought out the importance of sub grade interaction on design forces and settlement of such
tanks. Effect of self-weight, which is usually neglected, was also considered in his method. Ziari
and Kianoush (2008) investigated effect of direct tension on crack width in reinforced concrete
members and pointed out that exceeding the direct tension beyond permissible limit can cause
leakage.

This paper provides a systematic and simplified analytical treatment for analysis of cylindrical
tanks, which rest on deformable soil. Here, we have combined results given by Timoshenko and
Krieger (1987), which give complete solution for the circular plate on elastic foundation with
results provided by Kelkar and Sewell (1987), which incorporates flexibility of raft into
calculation of design forces for a circular water tank. The results obtained from analytical
solution are compared with corresponding computer simulation using ABAQUS 6.8 for a typical
tank resting on deformable soil. Further, design forces for large number of tanks, which form a
set of clarifier tanks of commonly used dimensions, are presented in Appendix — I for ready
reference. Based on the results, observations are presented, which are hoped to be useful for
design engineers.
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2. Problem Definition and Modeling

In this Section, the systematic outline of the analysis is provided.

2.1. Modeling

Following Timoshenko and Krieger (1987), we model the soil as Winkler’s foundation with
stiffness k. Since soil is a highly non-homogeneous and non-linear material, it is difficult to arrive
at precise value of & for a given site. It is presumed that the acceptable value of & is available. The
tank is modeled as an elastic cylindrical tank of radius a, height A and thickness z. The Young’s
modulus, density and Poisson’s ratio of the tank material are E, y., and v, respectively. The
density of liquid contained in the tank is y. The problem is axi-symmetric and the scope is limited
to tanks resting at grade level only.

2.2. Loads

As the tank is considered to be resting at grade level, there is no uplift force on bottom raft due to
ground water. Walls are subjected to hydraulic load from inner side of the tank. The vertical load
of the water body and self-weight of the base slab of the tank are balanced by the reaction from
soil and thus do not create any moment, shear or tension force. Only the hydrostatic load and
self-weight of the tank wall contribute to the design forces.

2.3. Analysis Methodology

For analysis purpose, the tank is disassembled as combination of the cylindrical part, and bottom
raft resting on an elastic foundation as shown in Figure la. To find the interaction forces and
moments between the cylinder and the raft portion we use a flexibility approach wherein the
displacements and rotations are made compatible.

For finalizing the thickness and reinforcement of wall and raft, three design forces, namely 1)
moment along the wall, ii) hoop tension in the wall, and ii1) moment across the raft are required.
The design method suggested by various codes of practice assumes two extreme conditions,
namely, ‘fixity’ and ‘hinged’ at wall bottom for calculating these design forces. The codes
assume that the raft rests on firm foundation. In practice, however, as the tank rests on
deformable soil, the bottom condition for the wall, is neither fixed nor hinged, due to flexibility
of raft (Kelkar and Sewell, 1987) as well as elastic stiffness of soil. This paper provides a
systematic and simplified analytical method to calculate bending moment and shear force at
bottom edge of the circular wall incorporating both these effects. With knowledge of these
values, bending moment and tension at any point in the wall and bending moment across the raft
can easily be calculated.
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The tension in the raft, corresponds to shear at the bottom of the wall. Moment in the raft is
calculated from the edge moment induced at the bottom of the wall. The results obtained by
analytical method are compared with the simulation results obtained by using ABAQUS 6.8.
Interaction forces between of the wall and raft are shown in Figure 1a. The deflected shape of the
wall is shown in Figure 1b.

(a) (b)

Figure 1. a) Interaction forces between wall and raft; b) Deflected shape of tank

To satisfy the compatibility condition, horizontal displacement and rotation at the wall-raft joint
induced must be equal to the horizontal displacement and rotation induced due to extension and
bending of the raft.

3. Calculation of Design Forces

Initially, rotation dy at wall-raft joint due to bending of raft, and horizontal displacement ¢ due to
radial extension of raft are calculated. Next, horizontal displacement and rotation at the bottom
edge of circular wall due to hydraulic load and self-weight of wall are calculated. Then, applying
compatibility condition at the wall-raft joint, shear force /' and moment M at the joint are
calculated. Finally, hoop tension and wall moment as well as base raft moment are calculated.

3.1. Calculation for Rotation oy at Wall-Raft Joint due to Bending of Raft

For a circular plate on elastic foundation, the fundamental Equation for deflection w is
(Timoshenko and Krieger, 1987):

SO CE)%

where, r is radial distance from centre of the raft, w is vertical deflection of the plate and g is

intensity of continuously distributed load, & is stiffness of soil, and D is flexural rigidity as given

2
in Table 2. Introducing, A = d >+ 14 and K = i4 , for ¢ =—kw, Equation (1) becomes:
dr r )\ dr D I

72 | IJASE: Vol. 2, No. 1, July 2010



An Analytical Solution for Cylindrical Concrete Tank on Deformable Soil

AAw+w =0 2

Here, edge moment induced from hydrostatic load and vertical force induced by the self-weight
of the wall are acting along the circumference of the tank as shown in Figure 2. Hence, the
boundary conditions are:

(1) At r = a , radial moment is , M ( calculated in Section 3.3).
(i1) At » = a , Shear Force/ unit length, Q ( self-weight of the wall/unit length).
(ii1) Vertical deflection w, at the centre of the raft (» = 0) is finite.

(iv) Sum of shearing forces distributed over an infinitesimal circular cylinder cut out of the raft
at its center is zero (Timoshenko and Krieger, 1987). 7 =a

Q

Figure 2. Circular plate on elastic foundation with edge moment and shear

Applying boundary conditions (iii) and (iv) (Timoshenko and Krieger, 1987), and using modified
Bessel functions (Mathematica, 6.0), the solution for w is given by:

w=ber(r)4, +4bei(r)4, (3)
conditions (i) and (ii). Condition (i) can be re-written as:

d*w 1@ M

+V——=— (atr= 4
dr’ Vrdr D(ar 9 @
Using Equations (3) and (4):
Voeil[aj bei{aj—bei(aj vberl(a)
4 [ N / / N /
" V2a 21 V2a
(5)
Wobei | 4| 2v2ber| 4| 2 ber(aj—ber{aj
/ [ [ / M
+ 4, - + =—
a a [ D
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Condition (i1) can be re-written as:

d d2w+1dwj 0 atr=a) §
— — (atr=a
dr\ dr* rdr D ©)

Using Equations (3) and (6):

vl ) o)) aln()oil7]) o

22 22 D

By solving Equations (5) and (7) simultaneously, values of 4; and A4, obtained are:

{2t b0 )

[f‘{be{ Joei( - b"“(zn*b“(z]("‘”1(?J*beil(ﬂ]}—w—l{berl[;‘]z+beil(7]2]] ®)

(J‘ 2(20v - Ma)aerl( j lQabel( j+f 2(Ma+ 12 Qv)oezl( ] lQabell(lj]

Tl ool ol ()

By substituting these values of 4; and 4, in Equation (3) and differentiating with respect to r
angle 5, is obtained at wall-raft joint due to bending of raft as:

4, =

Azz

dw
dr

L R O O R O R S DR O
d[“be{?j(be“ (4o oo oo v 4] - 1{@(7]2 e [JB

(atr=a)

59 =

3.2. Calculation for Horizontal Displacement 6 of Wall-Raft Joint due to Radial Extension of
Raft

Radial extension for circular plate by radial force per unit length of magnitude F is given by
(Roark, 1975):
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5= L=v)aF _Evt)aF (11)

3.3. Calculation of Horizontal Displacement and Rotation at the Bottom Edge of Circular Wall

Let, 019 and &y be membrane displacement and rotation of primary structure due to hydrostatic
load. Let, Jjosw and Sosw be membrane displacement and rotation of primary structure due to self-
weight of wall. Let for unit value of shear force (F), 611 and &) be the corresponding horizontal
displacement and rotation. Similarly, for unit value of moment (M) let, 61 and & be the
horizontal displacement and rotation. All &’s are at the bottom edge of the wall and are
considered positive in accordance with the assumed positive conventions for " and M.

Applying compatibility condition at wall-raft joint:

Fo11+M6i2+ 619+ O1osw= -0 (12)

Foy1+ M6+ 620+ Oap0w=-% (13)

where, expressions for 0’s are (Kelkar and Sewell, 1987) given in Table 1.

Table 1. Expressions for d

Sio :% (14) o =% (15)
12 —% (16) 10w = VVCEC.IH (17)
S =% (18) 551 :% (19)
Oy = Da 7 (20) Oroem = % 1)
A is as defined in Table 2.

3.4. Calculation of Shear Force and Bending Moment at the Wall-Raft Joint

Compatibility Equations given in Section 3.3 are used to calculate shear force F' and bending
moment M at wall-raft joint. Substituting Equation (11) and Equations (14)-(17) in Equation (12):

a’ —-a’ M+—ya2H+vycaH:—(1—v)aF

F+ (22)
2D}} 2D)? Et E Et

Substituting Equation (10) and Equations (18) - (21) in Equation (13):
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R G P e ) e O R C DR O
o o) o)) o)t 1 )

The values of M and F' at the wall-raft joint are obtained by uing Equations (22) and (23). The
expression for M and F are given in Appendix — II. These values are worked out for a numerical

example in Section 4.

3.5. Calculation for Hoop Tension and Wall Moment

Using these values of M and F, values of hoop tension N, and vertical moment M, at any point on
the wall can be determined (Kelkar and Sewell, 1987).

—xx _ 2 o
N _ =-2FZe “ cos(£j+me “ sin(ﬂ—£j+(H—x)><;/xa (24)
X a a a 4
—Ax A
M :—&e “ sin A +~/2Me “ sin Mz (25)
X A a a 4

3.6. Calculation for Base Raft Moment

To calculate moment at any point across the base raft, first, value of moment at wall raft junction
is calculated using Equations (22) and (23). Then, 4; and A, which are given in Equations (8)
and (9) are evaluated. With known values of 4; and A4, using Equation (4) raft moment at any
value of radius » can be calculated. Numerical example given in Section 4.1 illustrates this
process.

4. Numerical Example

Expressions derived in Section 3, are evaluated in this Section, and compared with simulation
results using finite element software ABAQUS 6.8.

4.1. Calculation of Design Forces Using Equations Presented in the Paper

In order to illustrate the comparison between analytical and finite element solution, tank whose
configuration is shown in Figure 3 and numerical data given in Table 2 is considered.
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T
5 4 Ft=0.175m
o
I
I
|
d=13m
Figure 3. Tank configuration used for result validation
Table 2. Numerical data of tank used for validation
Diameter, d =13 m Height, H=3.5m
Stiffness of soil, Modulus of elasticity,
k=100,000 kN/m’ E =2x 10" kN/m* (concrete)
Poisson’s ratio for concrete, v = 0.2 Density of liquid, = 10 kN/m’
Radius, @ = 6.59 m Thickness, t=0.175m
Flexural rigidity , A=0G1- V) )P =8
D =Et*/12(1-1) =9304.5 kN-m
Self-weight of the wall, Characteristic length,
0=0.175 x3.5x25 = 15.3 kN/m [=(D/k)**=0.552 m
a/l=11.94m % =25 kN/m’
Substituting this data in Equations (5) and (7):
A =3.11x107-1.40x107" M kN-m,
A, =-338x107+2.27x10° M kN-m,
and J, works out to:
0, = Z—W = (8.68 x 10°M — 517 x 10'4) radians
r
Using Equation (11):
8 =0.15 x 10°F m as radial extension of raft.
Using Equations (22) and (23):
-0.365M + 0.32F =423 (27)
1.75M - 0.365F =-6.4 (28)
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Thus, the required values of M and F are at the wall-raft joint are,

M=-1.1 kN-m F =123 kN

The values of design forces N, and M, along the wall are calculated from Equations (24) and (25)
and are plotted along the height of the wall in Figure 5 and Figure 6 respectively. Moment across
raft is calculated by solving Equation (3) for following boundary conditions,

(1) Edge moment = 1.1 kN-m (obtained from Equations (27) and (28)),
(i1) Vertical Edge load = 15.1 kN (weight of the wall per unit length)
In this case using mentioned data:
A,=1.64x10""kN-m, A, =-314x107 kN-m
The values of moment across the base raft are, calculated from Equation (4) and plotted across

the raft in Figure 7.

4.2. Validation Using ABAQUS 6.8

The tank of 13m diameter, 3.5m height and 0.175m thickness whose components were analyzed
above, was simulated with a 3-node axi-symmetric thin shell element using finite element
software ABAQUS 6.8. The loading and output of ABAQUS simulation is shown in Figure 4.

3yITY i
Figure 4. Hydrostatic loading along with self-weight
(Moment value at the base is 1.1 kN-m and shear value at base is 12 .48 kN)

The simulation results for hoop tension, vertical moment and moment across the base raft are also
plotted in Figures 5, 6, and 7, respectively. Simulation results are in agreement with theoretical
plots.
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Figure 5. Variation of moment along the height of wall
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Figure 6. Variation of hoop tension along the height of wall

5. Results and Conclusions

Soil stiffness of 25,000 kN/m’® , 50,000 kN/m’® , and 100,000 kN/m3, represent soft, medium, and
stiff soil, respectively (CPCI, 1996). Using this general guideline as a reference, value of k& from
20,000 kKN/m® to 2,00,000 kN/m® is considered to be representative range for the values of
stiffness that soil will offer in any common practical situation. The tank, whose data was used for
validation, was further analyzed using equations presented in this paper as well as ABAQUS
simulation for k values from 20,000 kN/m’ to 200,000 kN/m® in steps of 20,000 kN/m>. The
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results are plotted in Figures 8 to 10. As can be seen, the equations presented have yielded results
which are in agreement with simulation results.

4

+ Simulation
3 ;.

—Theory

2

Moment (kN-m)

"l‘ T LI T T 1 rrrrr1rTT1T T 1T 71571 15T 15 LI LI T

0 05 1 15 2 25 3 35 4 45 5 55 6 65

Distance from centre (m)

Figure 7. Variation of moment across the base raft

Figure 8 shows a plot of maximum moment in the wall for the range of the k£ values. It is
observed that, actual value of maximum moment in the wall is 5.72 kN-m. With increase in &
value the maximum moment further reduces, whereas value of maximum moment assuming
‘fixed’ base is 8.98 kN-m. In absence of convenient analytical method the moment recommended
by any of the design codes like IS3370 or PCA tables is 8.98 kN-m. This value is more than 50%
of the actual value. Thus, the method proposed may lead to a better design.

Figure 9 shows a plot of maximum hoop tension in the wall for the range of the k£ values. It is
observed that, actual maximum hoop tension in the wall, is 166 kN. The value calculated by
assuming hinged condition (which is the normal recommendation of design codes) is 117.8 kN.
With decrease in k£ value the maximum hoop tension value further increases. Thus, ignoring the
soil stiffness can lead to tension cracks in the wall (Ziari, 2008). The method given in this paper,
gives actual value of maximum hoop tension induced in the wall and may help in obtaining a
safer design.

Figure 10 shows a plot of maximum moment in the raft for the range of & values. It is observed,
that the variation of raft moment with stiffness is marginal, however, the value of maximum
moment in the raft is 3.5 kN-m, which is close to 40% of moment obtained from ‘fixed’ base
condition for wall, which is 8.98 kN-m. The design codes do not give methodology to calculate
values of moment across the raft. The proposed method will thus be useful for this purpose. Thus,
from Figures 8 to 10, it can be observed that for entire range of & values the design forces are
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different than suggested by design codes. This is because, the soil however firm or soft, is not
able to give ‘complete fixity’ or ‘hinge’ condition at the wall bottom as assumed in design codes.
However, from the nature of the graph it can be seen that the design forces are not very sensitive
to minor changes in value of k. This is because, as shown in the analytical method given in this
paper, k influences through its 4™ root. Precise determination of & in any case is difficult, but this,
as can be seen does not significantly come in a way, in assessing the realistic design forces.

To conclude, we have presented a consistent, simplified analytical procedure to obtain various
design forces for the design of cylindrical tank on Winkler type elastic foundation. We obtained
analytical expressions which can be conveniently used and will yield quick results. It is our hope
that the results obtained are not only of academic interest, but also of use to practicing engineers.
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Figure 8. Variation of maximum moment in wall with varying soil stiffness for 13 m @ x 3.5 m tank
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Figure 9. Variation of maximum hoop tension in wall with varying soil stiffness for 13 m @ x 3.5 m tank
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Figure 10. Variation of maximum moment in raft with varying soil stiffness for 13 m @ x 3.5 m tank
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Appendix I: Base Moment and Shear for Set of Tanks with Commonly Used Dimensions

The Moment and Shear values at the wall-raft joint for 42 tanks for k varying from 20000 kN/m’
to 200000 kN/m’ are given in this appendix. The analysis method presented is applicable for
tanks where bottom raft and wall are monolithic and act together for resisting load. Cylindrical
tank of any dimension and height can be analyzed using this method. However, as the diameter of
the tank increases, this approach of analysis may lead to uneconomical design. In fact, for larger
diameter tanks, wall foundation is usually an annular strip and remaining part of the raft is
designed as a grade slab. After analyzing large number of tanks, it is concluded that the analysis
method presented here, will be practically more useful for tanks of diameter below 13 m. Here,
the attempt is made to cover full range of clarifier tanks, which fall under 13 m diameter.
Clarifier mechanism requires tank depth in the range of 2.5 m to 3.5 m. Therefore, tanks of height
ranging from 2.5 m to 3.5 m and diameter ranging from 6.0 m to 13m are considered. The 42
tanks analyzed here cover exhaustive ranges of clarifier type tanks. The chosen range of tank
given here will cater to treatment capacity from 500 m’/day to 3700 m’/day. The values
calculated using equations developed in Section 3.4 are tabulated in Table 3 to 11. From these
values, using expression for N, and M, given by Equations (24) and (25), respectively, complete
solution for design forces for any of the tanks from tabulated set can be conveniently obtained.
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Table 3. Diameter 6 m to 8.5 m, height 2.5 m

Diameter 6m 7 m 7.5m 8m 8.5m

k Shear Mom Shear Mom  Shear Mom  Shear Mom  Shear Mom

kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m

20000 006 -336 122 -321 175 314 225 306 272 299

40000 146 -257 255 241 305 233 352 224 396  -2.17

60000 2319 216 324 -199 372 -191 418 -1.82 461 -1.74

80000 267 -1.89 370 -1.72 417  -1.63 461  -154 504  -1.46

100000 302 -1.70 403 -152 449 -143 493  -134 535  -125

120000 329  -154 429 -136 475 -127 519 -1.18 560  -1.09

140000 351  -142 450 -123 496 -1.14 539  -1.05 580  -0.96

160000 370 -131 468 -1.12 513  -1.03 556 -094 597 -0.84

180000 386 -122 484 -1.03 529 094 571 -084 612 -0.75

200000 401  -1.14 497 -095 542 -085 584 -0.76 624  -0.66

Table 4. Diameter 9 m to 11 m, height 2.5 m
Diameter 9m 95m 10 m 10.5m I11m

k Shear Mom Shear Mom Shear Mom Shear Mom Shear Mom
kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m
20000 316 -291 3.59 -2.84 4.00 277 422 311 462 -3.03
40000 439 2,09 4.79 -2.01 5.18 -1.93 5.47 217 585  -2.09
60000 502 -1.66 5.42 -1.57 5.80 -1.49 6.12 -1.68 649  -1.59
80000 545 -137 5.84 -1.28 6.21 -1.20 6.55 -136 691 -1.27
100000 576 -1.16 6.14 -1.07 6.51 -0.99 6.87 112 722 -1.03
120000 6.00  -1.00 6.38 -0.91 6.75 -0.82 7.11 093 747  -0.84
140000 620  -0.86 6.57 -0.77 6.94 -0.68 731 078 766  -0.69
160000 636  -0.75 6.74 -0.66 7.10 -0.57 7.49 065 783  -0.56
180000 6.51 -0.65 6.88 -0.56 7.24 -0.47 7.63 -0.54 798  -045
200000 6.63 -0.57 7.00 -0.48 7.36 -0.38 776  -045 810  -035
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Table 5. Diameter 11.5 m to 13 m, height 2.5 m

Diameter 11.5m 12 m 12.5m 13 m

k Shear Mom Shear Mom Shear Mom Shear Mom
kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m
20000 5.00 -2.95 5.36 -2.88 572 -2.80 5.89 -3.37
40000 6.21 -2.00 6.56 -1.92 6.90 -1.84 7.16 -2.25
60000 6.84 -1.50 7.18 -1.42 7.51 -1.34 7.83 -1.67
80000 7.26 -1.18 7.60 -1.10 791 -1.01 8.27 -1.29
100000 7.57 -0.94 7.89 -0.85 8.22 -0.76 8.59 -1.01
120000 7.81 -0.75 8.14 -0.66 8.45 -0.57 8.85 -0.79
140000 8.00 -0.60 8.33 -0.50 8.65 -0.41 9.05 -0.61
160000 8.17 -0.47 8.49 -0.37 8.81 -0.28 9.23 -0.46
180000 8.31 -0.35 8.63 -0.26 8.95 -0.17 9.38 -0.33
200000 8.44 -0.26 8.75 -0.16 9.07 -0.07 9.51 -0.21

Table 6. Diameter 6 m to 8.5 m, height 3 m

Diameter 6m 7m 7.5m 8m 8.5m

k Shear Mom  Shear Mom Shear Mom Shear Mom Shear Mom

kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m

20000 .10  -401 152 382 216 373 277 -3.63 334 353

40000 181  -3.06 3.13 285 373 275 430 -2.64 484 254

60000 269 256 397 235 455 224 510 213 563  -2.02

80000 327 224 451 202 509 -191 563 -1.79 6.15  -1.68

100000 369 200 492 -1.77 548 -1.66 6.02 -154 654  -1.43

120000 402 -181 523 -158 579 -147 632 -135 683  -1.23

140000 429  .166 549 -143 605 -131 657 -1.19 707  -1.07

160000 451  -154 571 -130 626 -1.18 678 -1.06 728  -0.94

180000 471 -143 590 -1.18 644 -1.06 696 -094 746  -0.82

200000 488 -133 606 -1.08 660 -096 7.2 -084 761  -0.72
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Table 7. Diameter 9 m to 11 m, height 3 m

Diameter 9m 9.5m 10 m 10.5m 11m
k Shear Mom  Shear Mom Shear Mom  Shear Mom  Shear Mom
kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m
20000 388 344 44 335 490 325 518 364 566 -3.55
40000 536 244 586 234 633 223 669 251 715  -2.40
60000 614 -192 662 -1.80 7.08 -170 748 -191 793  -1.80
80000 665 -157 7.2  -146 758  -135 800 -1.52 845  -1.40
100000 702  -132 749 120 795 -1.09 839 -123 883  -1.10
120000 732 -.112 778  -1.00 823 -0.88 869 -1.00 9.12  -0.88
140000 756  .095 802 -0.84 847 -072 894 -082 937  -0.70
160000 776  .082 822 -070 866 -0.58 9.4  -0.66 957  -0.54
180000 794  .070 839 -058 883 -046 932 -053 975  -0.40
200000 809  -0.60 854 -047 898 -035 948 -041 990  -028
Table 8. Diameter 11.5 m to 13 m, height 3 m
Diameter 11.5m 12m 12.5m 13m
Shear Mom Shear Mom Shear Mom Shear Mom
kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m
20000 6.12  -3.45 6.57 -3.35 700 325 722 -3.90
40000 759 229 8.02 2.18 844 207 878  -2.54
60000 837  -1.69 8.78 -1.57 919  -146 959  -1.83
80000 887  -1.29 9.29 -1.17 969  -1.06 10.13  -1.37
100000 925  -0.99 9.66 -0.87 1005  -0.76 1053  -1.02
120000 954 076  9.95 064 1034  -052 10.84 -0.75
140000 978 057  10.19  -0.45 1058  -033  11.09  -0.53
160000 999  .042 1039  -029 1078  -0.17 1131  -0.34
180000 10.16 -028 1056  -0.15 1095  -0.03 1149  -0.18
200000 1031  -0.16 1071  -0.03 11.10 009  11.65 -0.04
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Table 9. Diameter 6 m to 8.5 m, height 3.5 m

Diameter 6 m 7 m 7.5m 8 m 8.5m

k Shear Mom Shear Mom  Shear Mom  Shear Mom  Shear Mom

kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m

20000 0.18 -466 1.82 -443 258  -431 329 420 396 -4.08

40000 216 354 371 329 442 317 509 3.04 572 292

60000 319 296 469 270 538 257 603 244 665 231

80000 387 258 533 231 601 218 665 204 726 -191

100000 436 230 581 203 647 -1.89 711  -1.75 771  -1.61

120000 475 208 618 -180 684 -1.66 746 -152 806  -1.38

140000 506 -191 648 -162 7.3 -148 776  -133 835  -1.19

160000 533 176 673 -147 738 -132 800 -1.17 859  -1.03

180000 556 -163 695 -133 760 -1.19 821 -1.04 880  -0.89

200000 576 152 7.5 -122 779 -1.07 840 -092 898  -0.77

Table 10. Diameter 9 m to 11 m, height 3.5 m

Diameter 9m 95m 10 m 10.5m 11m

k Shear Mom Shear Mom Shear Mom Shear Mom Shear Mom

kN/m3 kN kN-m kN kN-m kN kN-m kN kN-m kN kN-m

20000 460 397 521 385 580 -373 613 418 670  -4.06

40000 634 279 692 266 748 254 791 285 846  -2.71

60000 725 218 7.82 204 837 -191 884 215 937  -2.01

80000 785  -177 841  -1.63 895 -1.50 946  -1.68 998  -1.54

100000 829  _147 885 -133 938 -1.19 991  -134 1043 -1.19

120000 864  -124 919 -1.09 972 -095 1027 -1.07 1078  -0.92

140000 892  _1.04 947 -090 10.00 -0.75 1056 -0.86 11.07 -0.70

160000 916 -088 970 -0.74 1023 -0.59 10.80 -0.67 1131 -0.52

180000 936  -0.74 991  -059 1043 -045 11.02 -0.51 11.52 -0.36

200000 954 062 1008 -047 1062 -032 1120 -037 11.70 -0.22
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Table 11. Diameter 11.5 m to 13 m, height 3.5 m

Diameter 115m 12m 125m 13m

k Shear Mom Shear Mom Shear Mom Shear Mom
kN/m3 kN KN-m kN KN-m kN KN-m kN KN-m
20000 7.25 -3.94 7.78 -3.81 8.29 -3.69 8.56 -4.43
40000 8.98 -2.58 9.49 -2.44 9.98 -2.31 10.40 -2.83
60000 9.89 -1.87 10.39 -1.73 10.87 -1.59 11.36 -2.00
80000 10.49 -1.39 10.98 -1.25 11.45 -1.11 11.99 -1.44
100000 10.93 -1.05 11.42 -0.90 11.89 -0.76 12.29 -1.09
120000 11.28 -0.77 11.76 -0.63 12.23 -0.48 12.83 -0.72
140000 11.56 -0.55 12.04 -0.40 12.51 -0.25 13.13 -0.45
160000 11.80 -0.36 12.28 -0.21 12.74 -0.06 13.38 -0.23
180000 12.01 -0.20 12.48 -0.05 12.95 0.11 13.60 -0.04
200000 12.19 -0.06 12.66 0.10 13.12 0.25 13.80 0.13

In all cases, the raft and wall of same thickness are considered. This thickness for diameters
ranging from 6 m to 10 mis 0.15 m, for 10.5 mto 12.5 mis 0.16 m and for 13 m it is 0.175 m.

Appendix II:

Expressions for shear force F and moment M at wall-raft joint:

F = (Qou+yao+yas)l ou, Where,

= 2212 \2ert <be1( ) <(e + 1)bei; (D 2ber; G)) + 2ber G) (be11 + ber1 )

/Zl(—vr +r+2hi(A+v— 1))bei1 (r) +V2r(r - Zd/lhz)bel be11 l)\
a, = 2drA? | —2r(r — 2h/1)ber( )bel1 (l) + 2l( vr+71r+2hA(A+v— 1))ber1 ) J

+2r(r — 2h/1)be1( )ber1 ( ) +V2r(r — 2h/1)ber( ber1
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( —21(r(v = 1) + 2hA(A + v — 1))bei, ( ) —2r(r + 2h/1)ber( ) beiy (:) w
as = 2dtv? +V2rbei (5 )((dr + 2h2)bei, ( )+ ( + 2hA)ber, (;))

+ber; ( ) (\/_r(r + ZhA)ber( ) + 2l(=vr + 7 = 2RA(A + v — 1))bery (;)))

21(er?t(2A +v — 1) — 4dA3(v — 1)(A + v — 1) )bei, (g)2 +

Var(er?t — 44*2(v = 1))ber () beiy (3)
@, = —\/fr(erzt —4d33 (v — 1))be1( ) <b611 (l) + ber; C)) +

8dIiA3(v—1)(et(A+v—1)r?2—21—v —1)ber, (f)
ber; (Z) r !
! —V2r(er?t — 4d3A3(v — 1))ber (7)

M = (Qpu+ St 1:/3)! Bi, Where,

B
(er?t —2dA3(v — 1))bei G) (be11 G) — ber, G))
- (er?t —2d323(v — 1))bei, (t) + (er?t —2dA3(v — 1))ber (t)
+ber; (7) : r :
= _| VZel2ta —(er?t —2d323(v — 1))ber, (7)
. (er?t — 2d23(v — 1))bei, ( ) (er?t—2dA3(v — 1))ber( )
~bel (l) +(er?t — 2d323(v — 1))ber, (T)
2d(v — 1)23 + ert(hA — r)bei, G) ber G) r?
) d(d?r2te* — drPrtde® — 223(v — 1))beir1 (3)+ .
(ert(r — hA) — 2d23(v — 1))ber (7)
B, =—| 2d1| V2 2

+2(2dlr (v — 123 + elr?t(hd — Ir)) (v — Dbei, (;)

A ( V2(ert(r — hA) — 2dA3(v — 1) ber G) r2 )
)

+ber; (— r
+2(2dlr(v — 1)23 + elr?t(hA — Ir)) (v — 1)bery (—

l

IJASE: Vol. 2, No. 1, July 2010/ 89



S. Vichare et al.

—V2r?(e(r + hA) — 2drtA* (v = 1))beiy (7) ber (7) ¢

l
T
V2r2bei (- (d?re? + hie — 2drtA3(v — 1))bei, (7) 2
r“bei (—) Y
! +(e(r + hA) — 2drtA3(v — 1) )ber, (7)
Pz =—| 2dvi 2

—2(e(hAlrt? + Ir?t?) — 2d1tA3(v — 1)) (v — Dbei, G)

tber, (f) ( V2r2t?(e(r + hA) — 2drtA3(v — 1))ber G) ))

Y\ =2(ehatre? + 1r7e%) - 2d1e2*v = D) = Dber, (7

20(4dB3 (v = DA +v — 1) — er2t(2A + v — 1))bei (g)2
—V2r(er?t — 4dA*(v — 1))ber G) bei; G)

B, = et +V2r(er?t — 4d2%(v — 1))bei G) <bei1 G) + ber, G))

) V2r(er?t —4d23(v — 1))ber G)
) )

+ber; (T r
—20(4d(v— 1A +v—1) + er?c(24 + v — 1))bery (7
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