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Abstract

A computer program has been generated to calculate the optimum dimensions and the amount of
reinforcements for open reinforced concrete circular cylindrical tanks rest on ground. The design is based on
limit state method for both ultimate and serviceability limit states in accordance with the British Standards B.S.
8110 and B.S. 5337. The cost of concrete, steel, and formwork are considered. The procedure is based on the
interior penalty method to find the optimum solution for the non-linear programming problem. The tank consists
of cylindrical wall and circular base and the joint between them was considered as partially fixed. The design
variables consist of tank geometric variables in addition to steel content in seven positions. The effect of the
design capacity of the tank, bearing capacity of the soil, unit price of steel and concrete, and finally unit cost of
formwork was studied. It is found that the reduction of the bearing capacity of the soil linearly increases the cost
of the tank. The increase of concrete and steel unit costs leads to increasing the tank height while the increase of
formwork unit cost enhances the tank diameter, to reach the optimal design.
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INTRODUCTION
Tanks are made from different materials

(single or composite) in many shapes and
sizes for different purposes. In general,
reinforced concrete water tanks can be
classified into tanks resting on ground,
elevated tanks, and underground tanks. A
familiar type of tanks is the open circular
cylindrical reinforced concrete tank resting on
ground. This type is widely used in different
branches of civil engineering, it consists of
cylindrical wall and circular base and the joint
between them was considered as partially
fixed [1]. It has less number of joints, and the
placement of steel reinforcement and
manufacturing of formwork are easier than
other types. The cost of tank consists of cost
of the wall and cost of the base.

The cost optimum design of various
reinforced concrete structures is receiving
more and more attention from the researchers.
Traum [2] in 1962 presented a method for the
economical design of slabs. Chou [3] in 1977
discussed the optimum design of reinforced
concrete T-beam sections. Kirsch [4] in 1984
developed the multilevel approach in the
optimum structural design for buildings.
Azmy and Eid [5] in 1999 gave an
optimization procedure for the shear design of
rectangular beams.

This paper deals with the optimum
design of open reinforced concrete circular
cylindrical tanks in accordance with British
standards B.S. 8110 [6] and B.S. 5337 [7]
using the limit state method for both ultimate
and serviceability requirements. The effects of
many parameters, including the design
capacity of the tank, the bearing capacity of
the soil, the unit cost of steel, concrete, and
formwork are investigated.

Method of Analysis
The tank consists of cylindrical wall

and circular base connected together at the
junction joint that is considered partially
fixed. Since the present problem is
axi-symmetrical problem for both geometry
and loading then the analysis is considered
for unit length of wall perimeter at the mean
diameter and a part of the base connected to it.
The analysis of tank is carried out for two
load cases; the first is when the tank is full
and the second when it is empty. The
deflected shape of the wall is shown in Fig.
(1), only a rotation is allowed at the common
joint while no translation for both wall and
base occurs.

The compatibility and equilibrium
requirements are [8]:
1-The rotations of wall and base are the same
at the junction joint.
2-The moments in wall and base are the
same at the junction joint.

A

<— Iniatial shape

—Deflected shape

Wall and base rotation

Fig.1 The wall deformation of
partilly fixed joint
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The analytical method [1] is used for the
analysis of wall combined with the differential
equation of base [8] while the limit state
method is used in the design [6, 7]. The forces
that are considered in the analysis and design
include bending moments, shear forces and
direct tension for ultimate limit state and a
check is made for crack widths and steel stress
in serviceability limit state.

For the first load case, when the tank is
full with water, the hydrostatic pressure is
resisted by two actions, hoop tension and
bending (cantilever action) of wall. Also at
any section, at depth X below the water
surface, the deformation y due to hoop
tension will be equal to the displacement y,
due to cantilever action. The sum of loads
transferred due to both cantilever action and
hoop tension is equal to intensity of water
pressure at that section [1]. Hence

pc+pr:px:7W'X """""""""""""" (1)
where 7, : weight of water per unit volume;
For compatibility Y. =Y, =Y - (2)

where P, :load transferred due to cantilever

action (pressure per unit area) or horizontal
shear i.e.

d'y
pc = EI (dx4) """""""""""""""" (3)
P, : load carried by ring tension (pressure per
unit area) i.e.
4xT, xExy,
P = T @

p,: hydrostatic pressure and equals to
Y weX
Y : change in radius at depth X,

D : inner diameter of the tank;
E : modulus of elasticity of concrete;

T1 - wall thickness;

Substituting p, and p, from Esg. 3 and 4
into EQ. 1 results in:
4
| d 3/ N 4T, >; E
dx D

The applied forces on wall at junction joint

(bending moment and shear force) are

determined from the following equations

[8,9]:

M, =—4a’El x A (cosa.H sinha.H —e ™" sina.H)
+A, (4a’Elsina.Hsinha.H)----------- (6)

E

V, = —4Ela*{A (cosaH cosh aH —sinaH sinhaH —
e " (sinaH +cosaH)) — A, (sin aH cosh aH
+cosaH sinhaH)}------------------ @)

2
T=2EL w8 A in aH sinhaH —e )
D ‘8Ela’ «

A
—cosaH (coshaH —e ™) + 2]+ —%
(24

(sinaH cosh aH + cosaH sinhaH —1)}— —(8)

Tl
IxD? )
H : height of water without free board (F.B);
| : moment of inertia of wall per unit length
T
12x(1- ,uz)]
u - Poisson’s ratio for concrete = 0.17;

where a* =

and equals to [| =

A and A, are constants to be determined
from the conditions that no translation
occurs at the joint and the compatibility of
rotations and equilibrium of moments at
junction joint, also they are depending on
the load case.

For this load case, there are three unknowns

Al,Ag, and M | thus three equations are

needed. The first is obtained from the
condition:

y=0 at x=H which results in:
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a,A +a,A, =-b leadto
A1 = (bl - alez) / = il (10)

The second equation is achieved from
moment condition at the joint (Eq.6), i.e.

M =a5 A +a5,A,
The third equation is also obtained from the
condition at X =H that the rotations (¢) are

equal of the wall(¢, ) and the base (¢,) [8,9],
l.e.

d
¢w :d_i:a21A1+a22A2+b2 """""" 12)

b= oM )T q - 13)

where DS - flexural rigidity of base

D, = {M} x E
To12(- p?)
T, : Base thickness.
b,, : average width of base sector that treated
as a beam of length (L) i.e.

bav =1- =
D+T.

Mf
L=2|— ,and q=y,.H
q

since ¢ =¢,, =@, , then equating Egs. 12

and 13 results in:

(a, A +a,A, +b,)x (3D, xb,,/q) =(M )" -~(15)
Substituting b,, and M, values from

Eq. 11 and Eq. 14 into Eq. 15 results in:

2\/-(C.A, +C,)
3D,./q(C,A, +C,)x (1 CYSANG
= (~(CaAy +C)) P -mmmmmmm oo (16)

Solving this equation for Az and then the
other unknowns may be found while C, and

a; ; are constants that given in references
[8.9].

For empty tank, no hydrostatic pressure
exists and there is only reaction of ground
on the base. This reaction results from the
weight of the cylindrical wall only and
distributed over the entire area of base as
uniformly distributed load. The deflected
shape of the tank is shown in Fig. (2), in
which q,, is the reaction of ground to base

per unit area and equal to:
_AD+T)xH xT xy,
(D +2T,)?

Qua

where H,: height of tank and equal to height of
water (H) and free board distance (F.B);
7. . weight of concrete per unit volume;

The bending moment at the base center is
found from the following equation [11]:

9w xB+u)x(D +T,)°
64

where M. : the moment at junction joint for

both base and wall which may be determined

from solving the following equations where

the constants a, ; are same for the first load

Mc =M, - (18)

case.

a,; 4, 0 A1 0
. (D+T) _| Gu(@+T)’
272 25+ u)D, |2 64 x (1+ 1) D,
ay Ay -1 e 0
|1
/
Original shape

Deflected shape

Wall rotation

/ Base rotation

I
"y
|
l
\
¥

———— —_———_—
-

-

-—(19)

S — e e —— T

(D+T1)

Fig. 2 The deflected shape of cylindrical tank at mean diameter for empty case.
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Statement of The Problem

The aim of this paper is to obtain the
tank optimum dimensions and the amount of
reinforcements so that the cost of tank is
minimum. During optimization process some
parameters are considered as constants while
the others are as the design variables. The
constant parameters should be given at the
start of optimization operation, these include
the required design volume of tank (Vreq),

the adequate free board (F.B), the bearing
capacity of soil (q,, ), specification for both

concrete and steel reinforcement and unit cost
for concrete, steel, and framework.

The Design Variables
The design variables are the geometric

dimensions and the different steel
reinforcement  areas.  The  geometric
dimensions include:
1- H : Height of water without adequate free
board,;
2- D : Inner diameter of tank;
3-T,: Thickness of cylindrical wall;
4- T,: Thickness of circular base;

In addition, the types of steel reinforcement
include:
1- Ash : total area of horizontal tension steel
reinforcement in cylindrical wall (two layers, one in
each face);

2- Asl: area of continuous vertical steel
reinforcement at outer face of cylindrical wall
per unit length;

3- A2 : area of continuous vertical steel

reinforcement at inner face of cylindrical wall
per unit length;

4- Asvp : area of curtailed vertical steel
reinforcement at outer face of cylindrical wall per
unit length;

5 Asvn : area of curtailed vertical steel

reinforcement at inner face of cylindrical wall per
unit length;

6- Ast : area of steel reinforcement at top of
base per unit length;
7- Asb : area of steel reinforcement at bottom
of base per unit length.

The details of these design variables
are illustrated in Fig. 3 where L1 and L2 are
lengths of Asvp and Asvn measured from

the top of the base; and:
L, =Bx(D+T)*and

1 16M
_ == S — 20
/ \/4 Gua 3+ 1)(D +T,)* 0)

The Objective Function

The objective function is defined as the
total cost of tank (material and labor) for both
the wall and the base. This includes the
followings:
1-Cost of concrete including cost of materials,
mixing, placing and curing.
2-Cost of various steel reinforcement in tank.
This cost includes the material and labor
costs.
3-Cost of formwork.

The cost of the wall is obtained by

multiplying the circumference of tank cross
section {estimated on the basis of mean
diameter as #(D+T,)} by the cost of unit
length of the wall (Wuc). The details of wall
components for a unit width are shown in Fig.
(3.a). The cost of wall per unit length is given
as:
Wuc=H, xT, xCc+{Ash+ (H, +T,)(Asl+ As2) +
Asvpx (L1+T,) + Asvnx (L2+T,)}Cs + 2H, xCf (21)
Therefore, the cost of wall (WC) is given as:
WC =z(D+T,)x[H, xT, xCc+{Ash+ (H,

+T,)(Asl+ As2) + Asvp.(L1+T,) +

Asvn.(L2+T,)}Cs+2H, xCf]----- (22)
The cost of base (BC) is determined from the
following equation:
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BC=7x(D/2+T,)*xT,xCc+2x
{(D/2+T,+T,/2)* x(Ast + Ash) -
(Bx(D+T,)/2)* x(Asb— A, . /2)}x
Cs+2zx{(D/2+T,)xT,xCf (23)

Then the objective function F can be written
after rearrangement as follows:

F={(D+T,)(H,xT,) +(D/2+T,)? xT,}x
Cc+ z{[Ash+ (H, +T,)(Asl+ As2) +
Asvp(L1+T,)+ Asvn(L2+T,)]x(D+T),)
+2(D/2+T,+T,/2)* x(Ast + Ash) —
2x(Bx(D+T,)12)% x (Asb— A, .. / 2)}x
Cs+27{H,x(D+T,)+(D/2+T,)xT,}xCf (24)
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Design Constraints
1- General constraints
The first constraint ensures that the
required design capacity is satisfied by
available volume provided by design
variables as shown below:
Vreq—D*H /4 < 0 -mmmmmmmemmm e (25)
The second constraint makes sure
that the maximum tank pressure on ground
(q,) is less than allowable bearing capacity

of soil (q,,), i.e.

0y — Qa SO (26)
The third constraint ensures that all the

design variables (except T, and T,) must be

positive value, i.e.

X, <0, =12, -m-mmmmmmmmmmeeee- (27.a)

For T, and T, the following constraints
must be satisfied:
T —T.<0, i=12---m--mmmmmmmmmmme- (27.b)

where T, : Minimum thickness specified
by code requirement and equal to 200 mm.

2- Ultimate Limit State Constraints

For the flexural behavior constraints,
the moments of resistance per unit length at
the critical sections (M) should not be less

than the bending moments per unit length due
to the ultimate loads ( M ). These are
represented by:

M <M - (28)

where

M, =(0.87f,)x ASx Z ~----n-mmmmmmmmmee- (29)

z=0- 1'11:—VAS) d ----mmeemeeee- (30)
f.bd

b :is the width of the section;
d : is the effective depth of tension
reinforcement;

As: s the area of tension reinforcement for
bending resistance;

z: is the lever arm, which is not greater than
0.95d;

f., . Is the characteristic cube strength of the

concrete;

f, :is the characteristic strength of the

reinforcement.
This constraint is applied to both the wall
and the base at junction joint and at the
center of the base.

Another constraint is employed to
specify that the tension reinforcement of the

section (A,;) is not less than the minimum
area (A,,,,) required by the code, i.e.

A, =0.003xbxt for deformed bars
(f, =410 MPa)

T : the thickness of the section. This
constraint is applied to all sections of tank.

In addition, the maximum bar spacing
must be less than the permissible value

(SmaX) given by the code, i.e.,
S (32)

1 max
Srax =3xh where h is member thickness,

this constraint is applied to the wall and to
the base.
For shear behavior constraints, the section

shear resistance V, should be greater than
the applied shear forceV , i.e.:

where V is determined from equation (2) for
wall and for base from the following
equation [8]:

V =0, (D+T,)/4---mmmmmmmmmmmmmmeeeeee (34)

V, =V, xbxd e (35)
v_: the allowable shear stress of section

C
according to BS 8110 . This constraint is
applied to the wall and the base at junction
joint.

For direct tension in the wall, the ultimate
direct tension force T should be less than the
section capacity in tension produced by steel
reinforcement only T, i.e.

T ST, -mmmmmmmmmmmmmmmmsmmsmmsoooocooooeoe (36)
where
T, = Ashx (0.87 f ) ==---m=nmmmmmmmmmmmmmoeee (37)
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3- Serviceability Limit State
Constraints
These constraints ensure that the

maximum crack widths YV and steel stress
f, do not exceed the allowable permissible

values (W, , f,, respectively), i.e.

where W, = W, = 0.1mm for inner faces of

tank and = W, = 0.3mm for outer faces of
tank;
f,, = f,=100 MPa for inner faces of tank and

= f,, = 140 MPa for outer faces of tank.

This constraint is applied to the wall and the
base at junction joint and at the center of the
base.

Normalization of The Constraints
The above constraints should be
normalized to give efficient coverage [11],
therefore the normalized constraints become:
Vreq

@My 4o
;4; 1 Qe (41)
T_fr“—i““—TiSO, T S (42)
le_lgo --------------------------------- (43)
% IR (44)
Si—iax—lso -------------------------------- (45)
\\//—u—lsO ---------------------------------- (46)
Tl—1so .................................. @7)

Method of Solution

The present problem has been solved
using interior penalty function method. There
are several reasons for choosing interior
penalty function method in solving the
constrained optimization problem, one main
reason is that the sequential nature of the
method allows gradual approach to the
criticality of the constraint, in addition, the
sequential process permits a graded
approximation to be used in the analysis of
the system.

For resulted non-constrained problem,
the computation of required derivatives of
the objective function is very difficult,
therefore the univariate algorithm, which is
one of search methods, with quadratic
interpolation technique for one-dimensional
optimization has been adopted for the
solution of this problem [11]. A computer
program has been generated using Fortran
language to get the required solution.

Results and Discussion

Table 1 shows the values of the basic
parameters and Table 2 gives the optimal
tank dimensions and the amount of steel
reinforcements for design capacities equal to

(100, 200, 300, 400, 500, 600)m?. It has
been observed from Table 2 that the
optimum diameter and optimum height of
tank simultaneously increase as the design
capacity increases. The relation between
optimum height and optimum diameter is
given in Fig. (4). Also the design capacity of
tank has no effect on the optimum wall
thickness that is controlled by the minimum
requirement specified by

increasing the design capacity [Table 2].
The distances L1 and L2 have a short length
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compared with tank height. This result can be
explained as the wall moments (positive or
negative) have a maximum value at wall-base
joint but after a short distance the moment
values become so small that minimum steel
areas are enough to resist these moments.

The steel content (kg /m?®), which is defined

as a ratio between the weight of
reinforcement steel for entire tank in
kilogram to the volume of concrete for entire
tank in cubic meter, increases with increasing
design capacity of tank. The relation between
the total cost and the design capacity is
shown in Fig. (5). It is approximately a linear
relationship. In addition, from Table 2 the
value of aH is less than 5 which indicate an
important rule that the optimum tank type is a
short tank where [12]:
Tl 0.25
aH_(IXDZ) H (50)
The effect of reducing bearing capacity

is shown in Figs. (6) and (7) which reveal that
reducing bearing capacity of soil causes a
reduction in the optimal height because the
main problem with bearing capacity of soil is
to limit the applied pressure. Consequently the
optimum height must be adjusted to satisfy the
bearing capacity constraint when the applied
pressure exceeds the allowable. This also
causes the tank diameter to increase. In
addition, it is observed that the total cost
increases as the bearing capacity of soil
decreases. A linear relationship is obtained
between the design capacity and total cost.

The effect of variation of unit cost of
concrete on optimum solution is depicted in
Tables 2 and 3 and Fig. (8). It is clear that
increasing concrete unit cost has highly
influenced the optimum solution by
increasing the optimum height and decreasing
the optimum diameter. The base thickness
behaves like the wall thickness, in that they
are controlled by the minimum value specified
by code. This effect may be attributed to that
the optimum design moves towards
decreasing concrete quantity in tank when

concrete unit cost is increased. This effect
causes higher value of steel content
(kg / m®).

From Table 4 and Fig. (9), it can also be
seen that increasing steel unit cost affects the
optimum height - optimum diameter
relationship by increasing the optimum
height and decreasing the optimum diameter.
The base thickness is increases, the wall
thickness remains unchanged, and the steel

content (kg /m?®) is reduced with increasing

steel unit cost. The above results can be
attributed to that the optimum designs are
varied in the direction of minimizing the steel
quantity in the entire tank. Due to the
increase of both concrete and steel unit cost
the horizontal steel area in the wall is
increased, because it is mainly proportional
to the tank height.

Increasing formwork unit cost C, has a

considerable effect on the optimum height
and optimum diameter and their relationship
are illustrated in Fig. (10). Increasing C,

value causes an increase of tank diameter and
a decrease of tank height.

Conclusions

It is found from the conducted study
that:

1- The optimum tank is the one with walls of
small height.

2-The total cost of tank is linearly increased
with increase of the design capacity of tank.

3- Reducing bearing capacity of soil leads to
increasing the diameter of tank and the total
cost.

4- High concrete cost results in an increase of
the tank height and steel content.

5- High steel cost results in an increase of the
tank height and a decrease of steel content.

6- For high values of formwork cost, the tank
height decreases.
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10
Table 1 The values of the basic parameters used in the analysis.

Parameter Parameter Parameter

60 kN/ m? 100 MPa
0.3m 140 MPa

200000 MPa 100000 1.D/ m?

25 MPa c.c (inner faces) 1000000 1.D/ ton

410 MPa c.c (outer faces) 10000 1.D/ m?

c.c: minimum concrete cover specified by code BS 5337.

Table 2 Optimum design of tank for various tank capacity

Design Capacity of tank (m?3)
Height (m)
aoH
Diameter (m)
Wall Thickness (m)
Base Thickness (m)
Ash (mm?)
Asl (mm?)
As2 (mm?)

Asvp (mm?)

Asvn (mm?)

Ast (mm2)

Asb (mm?)
L1 (m)
L2 (m)

Asvp / Asl
Asvn [ As2
Wall Cost (1000 1.D)
Base Cost (1000 1.D)
Wall Cost Ratio
Base Cost Ratio
Total Cost (1000 1.D)
Unit Cost (1000 1.D/ m3)

Steel content (kg/m3)
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Table 3 The optimum dimensions and concrete quantity for design capacities (100-600) m3
with different concrete unit cost values

ancre:te Design Height | Diameter _Base Wall Concrgte Steel/
Unit Price | Capacity m) (m) Thickness | Thickness | quantity | Concrete
(1000 I.D/m3)|  (m3) (m) (m) (m?3) (kg/m3)
100 2.75 6.8 0.200 0.200 21.58 66
200 3.24 8.86 0.200 0.200 33.65 85
300 3.83 9.98 0.200 0.200 43.39 103
250 400 4.34 10.83 0.200 0.200 52.12 121
500 4.83 11.48 0.200 0.200 60.28 137
600 5.07 12.27 0.200 0.200 68.12 152
100 3.3 6.21 0.200 0.200 21.37 65
200 4.11 7.87 0.200 0.200 33.12 85
300 474 8.98 0.200 0.200 42.88 106
10,000 400 5.12 9.97 0.200 0.201 51.56 128
500 5.6 10.66 0.200 0.204 59.5 146
600 5.9 11.38 0.200 0.206 66.91 162
Table 4 The optimum dimensions and reinforcement steel quantity for various design
capacities (100-600) m3 with different steel unit cost values
SJ{T‘Derlicl:Jemt ngzgirt]y H((e:g)h t Dla(rr:l]()ater Th\i/c\:llirllless Th?:ksriess qusa;[ri(tailty Cosrfgile/te
(1000 1.D/ton) (m?3) (m) (m) (m?3) (kg/m?3)
100 3.35 6.16 0.200 0.202 0.18 65
200 3.68 8.32 0.200 0.222 0.34 83
300 4.24 9.49 0.200 0.246 0.5 84
1,000 400 4.86 10.23 0.200 0.243 0.71 100
500 5.2 11.06 0.200 0.257 0.91 108
600 5.34 11.96 0.200 0.242 1.17 127
100 3.46 6.06 0.200 0.205 0.18 64
200 3.9 8.08 0.200 0.224 0.34 76
300 4.36 9.36 0.200 0.257 0.49 81
1,000,000
400 4,92 10.17 0.200 0.280 0.66 89
500 5.35 10.91 0.200 0.287 0.85 98
600 5.51 11.77 0.200 0.288 1.06 108

Basrah Journal for Engineering Science /2012

2012 &paig) o 3l s joadl Al




Optimum Height (m)

Optimum Height (m)

Optimum Height (m)

3.5

3.0

2.5

2.0

| cc=10,000,000 1.D1.D/m3

Cc= 250,000 1.D/m?3

Design capacity=(100-600) m3

| | . . . . : :
6 7 8 9 10 11 12 13
Optimum Diameter (m)

Fig. 8 The Relation between optimum diameter and
optimum height for different concrete unit cost values
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Fig. 9 The Relation between optimum diameter and optimum
height for different reinforcement steel unit cost values
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Fig. 10 The Relation between optimum diameter and optimum height for
different formwork unit cost values
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