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Optimum Safe Design of Reinforced Concrete Tanks

ABSTRACT

In view of the importance of concrete tanks in humans life and the
relative high cost they usually form, the subject of "optimum safe design of
reinforced concrete tanks" has been selected, considering the moment
distribution as a method of analysis, taking into consideration the cost of
excavation, bedding, asphalt layer materials, the construction of the body of
the tanks which involves (formworks, reinforcing, water stop materials, and
concrete materials), and fill works.

Because of numerous shapes and materials of the tanks, the wide-fame
among them have been selected in this study, namely, the rectangular tanks
(with the squared as a special case), and the circular tanks. According to the
state of these tanks, they may be on-ground or buried (partially or fully). All
the aforementioned type may be open or closed.

For practical considerations, volumes of the case study of (50, 250,
500, 750, and 1000 m3) have been selected to represent a relatively small,
moderately medium, medium, relatively large, and large tanks.

To prepare the optimization model, an objective function has been
formulated to cover all the aforementioned costs. The optimization model
involves the total cost of the structure as the objective function and
dimensions as the design variables with geometrical constraints. The non-

linear constraints optimization model is solved by a conventional

Vi



optimization technique, i.e., through enumeration and direct evaluation. A
computer program is developed to handle the aimed solution.

The following categories of analyses have been considered:

1. Optimum dimensions with respect to tank volume.

2. Optimum dimensions with respect to the level of bed of tank.

3. Optimum dimensions with respect to the shape of the tank.

The results showed the following:

1. The adopted optimization model has been found suitable in giving the
final safe results.

2. The rectangular (virtually the square) tanks came always in the first class,
whereas the circular one were lag. For example, (V=250 m?) , the
optimum sections of the circular on-ground open tank were (D=9.60 m,
H=3.46 m) for which the total cost(ZT= 44.319x10° I.D.), whereas for the
same volume and level, the optimum sections of the rectangular shape
were (L=9.20 m, B=9.20 m, H=2.95 m) for which the total cost (ZT=
38.286x10° 1.D.).

3. The effective efficiency (defined as The overall cost measured in I.D. per
one cubic meter of stored water]) of a specified state decreases with the
increasing of the tank volume.

4. For all volumes considered in this research, the optimum shape is the R.C

square tank.
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CHAPTER ONE

INTRODUCTION

1.1: GENERAL

Water is a very important resource to humanity .The demand on this
resource is increasing in the various fields of it use, such as domestic use,
industry, agriculture, electric power-generation, ... etc.

There are many structures which are used to store, convey, and treat
water. Water- storage tanks are very important public structures. According to
the location with respect to the land level, such tanks may be on the ground,
buried (fully or partially), or above the ground (i.e., elevated). According to the
materials the tanks are constructed from, the metal tanks and the reinforced-
concrete tanks are the most common in this respect. In respect to the shape of
the tank, the most common shapes are the cylindrical (denoted hereafter as
“circular) and the parallelepiped (denoted hereafter as "rectangular"). Each of
the aforementioned types of water —storage tanks may be open or closed.

The reinforced-concrete tanks are widely used in Iraq because of the
cheapness and availability of concrete materials. For the safe use of these
structures with water, it is important to find a best and suitable safe design of
these structures with an acceptable economical cost.

This research focuses on the optimum safe design of reinforced concrete
water-storage tanks as they represent an important type of the hydraulic

structures.
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1.2 :OBJECTIVES OF THE RESEARCH

The present work deals with the optimum design of reinforced concrete

tanks. The subject has a special importance because tanks are structures with
repetitive nature; therefore, any reduction in the cost whatever it is small will
lead to high reduction in the total cost when a large number of tanks will be
constructed. The present work aims at:

1. To analyze and design a selected type of concrete tanks safely.

2. Constructing a general optimization model that contains the assumptions and

constraints used in design of concrete tanks.
3. Selecting the best type of concrete tanks for selected cases through an

optimization approach.

1.3: METHODOLOGY OF THE RESEARCH

To satisfy the above mentioned objectives, the following methodology shall

be followed:

1. Formulating the optimization model for the considered types and states of
tanks.

2. Solving the optimization problems by a suitable method (iterative method) of

solution.

3. Analyzing the final results to select the relatively-optimum one of a given

shape and state (level of bed).



CHAPTER TWO

LITERATURE REVIEW

The review of literature in this chapter covers three aspects; the first
concerns the developments in the analysis of the tanks; the second covers the
developments in the optimal design of the tanks, and the third is the

optimization process.
2.1: ANALYSIS OF TANKS

One of the tank problems is the interaction of its walls with roof or base.

The work on the tank problem, as it is a progression to the work on isolated
plates, has been approached using direct analytic, numerical, and analogy
methods [Ajaam, 2006]. The following is a review of the work specifically
related to the tank problem.

Buchi [1938] described a simple approximate method of determining the
maximum vertical and horizontal bending moments developed in the walls of
open square tanks. He assumed complete fixity for side and bottom edges of the
walls.

A more rigorous solution to the problem considered by Buchi was given by
Young [1943] through using a finite series solution based on Levy's method of
analysis for rectangular plates.

The PCA [1951] published a booklet containing tables of moment and
shear values for rectangular tank walls in which the base joint is hinged or

completely fixed.



A solution of the square tank problem following a middle course between
the very approximate Buchi’s method and the more correct but very laborious
Young's method has been described by Craemer [1953].

During the development of analytical solution to the problem, Lightfoot
and Ghali [1958] developed a numerical solution based on finite difference
approach to the problem. They described two methods of analyzing rectangular
tanks. The first method is based on finite deference expression. The second is
called the "analogous circular tank method™ and in its application it is similar to
that proposed by Craemer. This method, though approximate, gives good
agreement with torsionless analysis of square tanks.

The rotation of the wall-base slab and wall-base slab joints was taken into
account by making use of a moment distribution method; this work was due to
Ghali [1957] and Ghali [1958]. In this method the distribution factors were
based on freely supported plates , and in this method the influence of subgrade
reaction is not accounted in the calculation of the distribution factors in the
base slab.

One of the most comprehensive texts on individual plates used for tanks
was that of Timoshenko and Woinowsky-Kriger [1959], which contained
extensive tables and charts for the elastic analysis of plates subjected to various
loads including hydrostatic type of loading.

One analogy method is that of the grid frameworks described by Lightfoot
and Sawko [1960]. In this work, due to symmetry, the tank was developed into
a number of single flat plates, and the end conditions of the plates were taken
as those that would occur in the tank. These plates were then treated as a grid
framework. For analytical purposes, two systems were considered which were
superimposed. The first one is the system of in-plane forces and the other
includes bending moments and torques. These frame systems comprised

rectangular frames, each with two diagonal members. The method took into



account any values of Poisson's ratio. The linearly varying hydrostatic loads on
the wall and the pressure on the base were treated as equivalent point loads

acting at the nodes of the elements.

Davies [1961] proposed a method of analyzing tanks resting on soil of
various engineering properties, making use of the moment distribution
technique. The data required for the moment distribution are available in the
form of tables and charts.

Another paper published by Davies [1962] which describes a method of
predicting the elastic behavior of cylindrical tanks by assuming contact pressure
distribution. The method is suitable for granular or cohesive soils. Although the
contact pressure is not actual, the analysis by this method had given a guide to
the limits of the order of magnitude of bending moments to be considered in the
design of tanks.

A second analogy method called the space-frame method has been presented
by Hussain [1964]. The developed plate was considered as constituted of grid
framework as previously explained. However, in the structural analysis of these
analogous grid frameworks, the in-plane forces and the bending moments and
torques are not separated. The deformation of the analogous members was thus
taken into account in the analysis. The method took into account any value of
Poisson's ratio. He concluded that the advantages of the analogy method are:

1. Its ability to be applied to any shape of tank.

2. Its ability to take into account Poisson's ratio and deformations when

necessary.

3. Its amenability to computer programming.

He also found that its principal disadvantage is that the analogy has its
limitations in predicting plate behavior when length to breadth ratio of plate

exceeds 3:1.



The finite element method, as applied to plates, was applied to tanks by
Cheung and Zienkiewicz [1965]. The finite element method can deal with
boundary conditions more easily than the finite difference method. Indeed, it
can deal with openings, interaction discontinuities, and point loads much more
easily than the finite difference method. As the finite element method is a very
powerful method used in conjunction with the digital computer, it has become
popular for use in solving difficult design problems, including those involving
discontinuities. It was therefore inevitable that it would be applied to tanks.

Cheung and Zienkiewicz [1965] applied the finite element method to the
analysis of open square tanks on elastic foundation. They analyzed a square
tank on a spring of four different springs constants. The deflections and
moments are compared with the experimental and theoretical work. The results
gave a reasonable agreement for practical purposes.

Anson and Parker [1965] advanced a computer program based on finite
difference solution to calculate the deflections, bending moments, shearing
forces, and ring tensions for uniform and tapered cylindrical shells subject to
axisymmetric loads with idealize edge conditions. The results gave a reasonable
agreement for practical purposes.

Cheung and Davies [1967 (a)] applied the finite element method to the
analysis of rectangular tanks on elastic foundation taking into account the
interaction between wall-wall-base. The analysis gave a good agreement with
experimental results. Cheung and Davies [1967 (b)] applied that work to the
case of long-walled tanks, ignoring the interaction between wall-wall-base.
They proved that the horizontal bending moments were not negligible at and
near the wall corners, as was previously assumed by many designers and
recommended by various books.

Davies et al. [1970] extended the work of applying the finite element
method to the analysis of long rectangular closed tanks. He proved that the one-



dimensional bending action, often assumed by many designers in the long
walled tanks, was significantly modified due to the restraining action of the end
cross walls.

Ghali [1979] presented an approach based on the stiffness and flexibility
method of analysis to derive the relevant coefficients required for analysis. A
set of design tables in a dimensionless form have been provided and their use
was illustrated by examples. These tables have been calculated assuming
classical boundary conditions at the base, i.e, completely fixed, hinged, or free.

Starczewski [1981] applied the fundamental theory of Ghali [1979] to the
analysis and design of some typical pressure vessels of non-circular cross
section, the most common of which are the rectangular section tanks. He
designed an open-top rectangular tank with continuous horizontal wall
stiffeners.

Al-Muhaidi [1986] has advanced a treatment of circular storage tanks
resting on a Winkler-type elastic media. He transformed the entire tank into a
single equivalent one-dimension system having six degrees of freedom only. In
this reference all components of tank (top slab, bottom slab, and cylindrical
shell) are assumed to be prismatic.

Al-Sarrai [1988] presented a computer-based method for the analysis of non
prismatic circular cylindrical tanks resting on a Winkler-type elastic media.
One-dimensional finite elements were used for this purpose. The study covered
open or closed tanks, tanks with central columns, tanks with intermediate
columns, and tanks with any number of concentric compartments.

Sultan [1988] presented an analytical model by transforming the entire non-
prismatic tank into an equivalent one-dimensional system. The developed
analysis procedure was based on examining the behavior of the components of
the non prismatic tank separately which are in general the top plate, the

cylindrical shell, the bottom plate resting on elastic media, and a general column
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and/or intermediate columns. These components might be prismatic or non-
prismatic. The stiffness and load matrices for each component were developed
and then assembled properly to form the total (or the aggregate) stiffness and
load matrices of the equivalent one-dimensional system. GTAP computer
program (coded in BASIC language) was presented in this reference and
applied to obtained the deflections, axial forces, shear forces, hoop forces, and
bending moments in all parts of the tank.

Mahdi [1989] examined some of the elastic aspect methods used to idealize
the soil-raft interaction. The particular idealization included the Winkler model,
Pasternak model, Vlasov model, Kerr model, and brief exposition on Reisner
model behavior.

The stiffness method is employed in the examination of axisymmetric
loading of circular and annular plates. Exact closed-form stiffness matrices and
fixed-end actions vectors are derived for circular and annular plates resting on
Pasternak model and Kerr model, respectively. Comparisons are made between
different models and the results showed good agreement with alternative exact
solutions appearing in literature.

Tin-Loi et al. [1990] developed a simple finite element technique to analyze
closed circular cylindrical shells with arbitrarily varying wall thickness and
subjected to axisymmetric radial loading which may vary in the longitudinal
direction. There technique of analysis was accomplished by considering the
analogy between the theories of beams on elastic foundation and the bending of
axisymmetrically loaded cylindrical shells. This analogy to a beam on elastic
foundation (BEF) provided the analytical bases for the derivation of the basic
properties of a typical finite element on an elastic foundation with any variation
in wall thickness. The foundation modulus and the beam flexural rigidity were
replaced by appropriate parameters pertaining to the shell under consideration.

The comparison of results of displacement and forces obtained by this method



of analysis with results obtained by [Timoshenko and Woinowsky-Kriger
[1959] and Thevendran and Thambiratnam [1986] showed excellent
agreement.

Kimence and Erguven [1992] made a study of cylindrical tanks on Vlasov
model. The results have been compared to the Winkler model and elastic half-
space. It was shown that the Vlasov model and half-space solution were very
close.

Al-kenany [1996] made a study of a cylindrical cellular storage tank by
the method of grillage. The method is applied to cylindrical cellular tanks with
varieties of support and loading conditions. To assess the efficiency and
accuracy of the presented grillage analysis, the cylindrical cellular tanks are also
analyzed by three-dimensional finite shell element. The results from the grillage
analysis are acceptably accurate when compared with the results by the three-
dimensional shell element analysis. The proposed simplified method is
economical and suitable for the quick and repeated analysis frequently required
at the design stages.

Jaiswal et al. [2003] reviewed various codes of design for tanks with the
consideration of seismic forces. It is well recognized that liquid storage tanks
possess low ductility and energy absorbing capacity as compared to the
conventional buildings. Accordingly, various design codes provide higher level
of design seismic forces for tanks. In this article, provisions of IBC 2000, ACI,
AWWA, API, Eurocode 8 and NZSEE guidelines are reviewed, to assess the
severity of design seismic forces for tanks vis-a-vis those for buildings. It is
seen that, depending on the type of tank, the design seismic force for tanks can
be 3 to 7 times higher than that for buildings. Based on the comparison of
provisions in these documents, various similarities, discrepancies, and

limitations in their provisions are brought out. At the end a brief description of



the Indian code is given along with a few suggestions to remove the

inadequacies in the Indian code.

2.2: OPTIMAL DESIGN OF TANKS

Meichoers and Roznavy [1970] studied the optimum design of reinforced

circular concrete tanks. It was assumed that the self weight of the tank is
negligible, and that no axial (longitudinal) load was applied. Two cases were
examined: (1) fixed at base free at top; and (2) hinged at base free at top. Only
longitudinal bending and transverse tensile stresses were considered. The
concrete was assumed to have zero tensile strength, and then no interaction of
behavior of the concrete in each direction would occur.

The steel reinforcing was assumed to take uniaxial stress only; its lateral
strength was neglected. The design objective was the minimization of the
reinforcing steel volume, subjected to the constrains of equilibrium. The
geometry of structure was taken as fixed with certain limits. Costs of labor and
formwork were taken as fixed. No consideration was given to design parameters
such as crack control, deflection, and code provisions. For the problem being
considered, it was shown that the design based on lower bound analysis gave
lower total steel volume than equivalent design based on elastic stress
distribution, or on uniform isotropic yield-line analysis.

Adidam and Subramanyam [1982] developed a more general formulation
of the optimum design of the cylindrical reinforced concrete tanks by using the
constrained non-linear programming; the design was conforming to
BS5337:1976. The design procedure used was a combination of the limit state
method and numerical method of optimization. Cost of the tank consisting of

the tank wall and floor, which included cost of concrete, reinforcement, and



formwork, was chosen as the objective function in the optimization problem
formulation.

Thickness of the wall and its reinforcement were treated as the unknowns of
the design. The outer dimensions and the thickness of the floor were taken as
fixed. The objective function was subjected to the constrains of bending, hoop
tension, and crack width. No consideration was given to shear, shrinkage, and
temperature constraints. It has been found that optimization coupled with limit
state design results in significant reduction in the cost of the tank.

Abdul-Hussain [1985] studied the optimum design of reinforced concrete
underground rectangular water tanks. The design was to conform to
BS5337:1976. The provision of this code formed the constraints on the design
problem. The analysis was carried out by the stiffness method. The variables of
the problem included the external dimensions, number of internal baffle walls,
thickness of members, and steel reinforcement area at six locations for each
member. The problem in its variables and constraints was solved using
Rosenbrock method for optimization after introducing the multi level
optimization approach. In that study, it was found that the external dimensions
have significant influence on the optimal cost with the square shape forming the
best plan shape. The influence of the number of the baffle walls was found to be
rather significant.

Thevendran and Thambiratnam [1986] made an optimum minimum
weight design of the cylindrical concrete tanks with piecewise linear variation
of the thickness, assuming the shell is fixed at the bottom. A combination of the
finite element analysis and numerical method of optimization was used in the
design procedure. The constraints of the problem were to conform to
BS5337:1976, and the design variable was only the variation of wall thickness.

The internal radius and the height of the tank were assumed to be fixed. An



optimization routine based on Rosenbrock ‘s direct search method was used for
optimization purposes.

Al-Ne'aimi and Al-Sabah [1988] made an optimum, minimum cost, design
of the tapered shell R/C cylindrical tanks resting on Winkler type elastic
medium. The analysis was performed according to the direct stiffness method.
The radius, height of the tank, top and bottom thickness of the shell, floor
thickness, and steel reinforcement area were treated as design variables. The
objective function was chosen as the cost of the tank consisting of the tank shell
and floor which includes cost of concrete, reinforcement, and formwork.

They devised the combined optimization approach to solve the non-linear
programming problem. This approach is a combination of two techniques, the
Lagrange multiplier which optimized the radius and height of the tank for a
specific storage capacity, and the sequential unconstrained minimization
technique (SUMT) which optimized the tapered shell thickness, floor thickness,
and steel reinforcement. The study showed the important influence of soil-
structure interaction, wall tapering, and tank dimensions and resulted in
significant reduction in the cost of the tank.

Al-Ne'aimi and Al-Sabah [1989] presented another study on the minimum
cost of underground tapered shell cylindrical tanks subjected to multiple load
cases. The tank consists of circular top and bottom plates and the cylindrical
shell. The soil structure interaction was taken into consideration by assuming
that the bottom plate is resting on Winkler type elastic medium. The load cases
considered in the problem are:

1. Stresses in the floor due to the shell fresh concrete weight.

2. Stresses in both floor and shell due to roof weight.
3. Stresses in both floor and shell due to leakage testing of tank before the

earth was filled around it.



4. Stresses in all parts due to earth pressure exerted by the surrounding

earth.

5. Stresses in all parts due to water and earth pressure.

It was found that the stresses constraints of the third and fourth load cases
were proved to be critical.

Uraiby [1997] investigated an optimum design of a reinforced concrete
rectangular water tank on elastic foundation. A combination of the finite
element analysis and the numerical method of optimization was used in the
design procedure. The constraints of the problem were to conform to
BS8007:1987 for water retaining structures. The objective function is chosen as
the cost of tank consisting of the tank walls, roof, and floor, which included cost
of earth works, formworks, water proofing, reinforcement, and concrete.

The width, length, the height of the tank, plate's thickness, and the steel
reinforcement area are treated as design unknowns. An optimization process
was formulated using the multilevel approach. The constrained non-linear
programming of the problem was performed using a combination of two
methods, the Lagrange multipliers method and constrained Rosenbrock method.
The soil structure interaction was taken into consideration by assuming that the
floor slab is resting on Winkler type elastic media.

Hamdi [1998] performed an optimum design of a reinforced concrete
cylindrical water tank resting on elastic foundation. The constraints of the
problem were to conform to BS8007:1987 for water retaining structures. The
objective function has been chosen as the cost of tank consisting of the tank
wall, roof, and floor, which included cost of earth works, formworks, water
proofing, reinforcement, and concrete.

A combination of the finite element analysis and the numerical method of
optimization were used in the design procedure. The diameter and the height of

the tank, plate's thickness, and the steel reinforcement area were treated as



design unknowns. An optimization process was formulated using the multilevel
approach (model coordinate method) developed by Kirch. The problem is
subdivided into four levels. The soil structure interaction was taken into
consideration by assuming that the floor slab is resting on Winkler type elastic
media.

lyengar [2000] made an optimum design of an elevated water tank
supported by a truss structure, considering minimizing its weight. The problem
Is formulated as an non-linear program. The base of the structure is subjected to
ground acceleration during an earthquake. For the response analysis, the
structure is idealized as a single-degree-of freedom system. The stiffness of the
system is computed by using the flexibility analysis. The objective function
considered is the total volume of the structure. The lengths of the vertical
members of the truss are treated as design variables with the condition that the
sum of their lengths is a constant. The constraints on the natural frequency of
the structure is so specified that when the tank is partially filled the first few
frequencies of the liquid oscillations are kept well below the natural frequency
of the structure. This is done to avoid large amplitude liquid sloshing due to
earthquake excitation. For the stress constraint, the local ground acceleration
during an earthquake is assumed to be a stationary random process. For
response calculation, the ground acceleration is considered as a white noise. The
following observations were drawn on the basis of this study:
1. Stress constraint is the only active constraint at the optimum point. The

optimal design is sensitive to the way in which this constraint is defined.
2. The optimal design is sensitive to the degree of correlation between member
stresses.

Ajaam [2006] studied the optimal design of steel rectangular tanks on

elastic foundation based on nonlinear analysis. The optimal plastic design was

based on elastic- plastic incremental — iterative finite element analysis. The



eight node flat shell element is used in which five degrees of freedom are
specified in each nodal point, corresponding to its three displacements and the
two relations of the normal at the node. For the structural optimization problem,
which is dealt with as a constrained non-linear optimization, the Modified
Hooke and Jeeves method is employed considering the volume of the structure
as the objective function and dimensions as the design variables with

geometrical constraints.

2.3: THE OPTIMIZATION PROCESS
2.3.1 General

The purpose of optimization is to find the best possible solution among

many potential solutions satisfying the chosen criteria. Designers often base
their designs on the minimum cost as an objective, taking into account mainly
the costs of the structure itself, safety, and serviceability.

A general mathematical model of the optimization problem can be
represented in the following form:

Optimize Z= f {Xi} ; i=1,2,...,n (2.1)

which is usually the expected benefit (or the involved cost), involves (n)
decision variables {X}. Such a function is to be maximized (or minimized)

subject to certain equality or/and inequality constraints in their general forms:

On {Xi}: bn o 1=1,2,....n; h=12,....,H (2.2&)
q; {Xi}> b; X J= H+1, H+2, ..., H+] (2.2b)
gk{Xi}<bx ; k=H+J+1, HHJ+2, ..., HHJ+K (2.2¢)

The constrains reflect the design and functional requirements. The vector
{X} of the decision variables will have optimum values when the objective

function reaches its optimum value.



In the last three decades, most of the developments in the field of

2.3.2: Methods of optimization

optimization theory and methods have occurred due to the explosive growth of
large computers.

The available methods of optimization can be divided into three basic
categories, namely, the linear programming, the non-linear programming, and
the dynamic programming.

The main characteristic of a linear programming (LP) problem is that the
objective function and all the constraints are linear relationships of the decision
variables. This method is widely used [Phillips et al. 1976].While, if the
objective function or any of the constraints is non-linear, the optimization
problem is termed a non-linear problems. A variety of real-world design
problem are in fact non-linear [Phillips et al. 1976]..

Dynamic programming is used to solve special types of optimization
problems which involve multistage decision processes. The optimization of
each stage will affect the next stage and the final optimum decision is ensured to
be the sum of all the optimization decisions of all stages. The method is very
powerful and used to solve continuous and discrete non—linear programming
[Slaby, 1987].

The analysis and design information given in items (3.4) and (4.2)
delineate that when the objective of the optimization process is to
minimize the construction cost of the respective tanks, the objective
function would certainly be non-linear. Consequently, non-linear

programming shall be discussed in some details hereinafter.



2.3.3: The non-linear program

There are several algorithms and techniques for solving NLP-problems.

Some of these are briefly reviewed hereinafter.

2.3.3.1: The analytical approach

In this approach the problem represented by mathematical relationships
(equations) which aid in the search for an optimum. The solution usually
requires the use of differential calculus and the optimum exact solution is found
theoretically [Gallapher and Zienkiewicz, 1973]. The most familiar methods,
underlying this approach are:

a. Differential calaulus

This method is generally used to solve simple unconstrained NLP—problems
by using the laws of differential calculus to find the optimum solution.

b. Lagrange multiplier

This method is used to solve constrained non— linear optimization problems
with equality constraints and can be extended to the case of inequality
constraints [Bundy, 1984].

c. Geometric programming

Geometric programming is one branch of (NLP) which aims at obtaining the
optimum solution for a non-linear objective function subjected to non-linear
constraints. It differs from other methods in that it tries to distribute the total
cost among the various terms of the objective function before finding the

corresponding design variables [Duffin et al. 1967].

2.3.3.2: The numerical approach

In this approach, a near optimum solution is automatically generated in an
iterative manner. An initial guess is used as a starting point for search of better

solutions. The search continues until no further improvement in the objective



function is possible or until a certain convergence criterion is satisfied, which
Iindicates that the optimum solution has been achieved within the desired
accuracy. Since most of practical design problems can not be solved by
analytical methods, numerical techniques are of great importance.

Two such approaches, namely, the direct search and the gradient search, are
discussed briefly hereinafter.

a. The direct search

Here, the search proceeds with evaluation of the objective function only in
an iterative manner until a local or an approximate optimum solution is reached.
The steps sizes and the direction of moves at each iteration represent the main
features of this approach. Many methods are proposed as standard algorithms
such as Rosenbrock method [Rosenbrock, 1960], the pattern search of Hooke
and Jeeves [Hooke and Jeeves, 1961], the complex method [Bundy, 1984], and
Fletcher and Powell method [Bundy, 1984].

b. The gradient search

The basic idea here is to evaluate the gradient of the objective function at a
point and utilize it to improve and accelerate the search. The acceleration is
attained by finding the direction of the steepest descent, following this direction
until no further improvement is possible, then the direction is changed again.
The search continues until the gradient becomes zero, indicating that the
optimum solution is reached.

The most widely used methods following this approach are the Rosen
method [Rosen, 1960], the Sequential Unconstrained Minimization Technique
(SUMT)[Fiacco and McCormick, 1968], and Fletcher and Powell method
[Bundy, 1984]. These methods require smaller number of iterations than the
direct search methods; however, [Carpenter and Smith, 1975] showed that the
high order derivatives of this method are more expensive, needing longer

computer time than the direct search methods.



CHAPTER THREE

REINFORCED - CONCRETE TANKS

3.1: WATER-STORAGE TANKS

The present humans’ life enforced the need to certain fluids on a daily

scale, although such a need varies, to some extent, spatially and temporarily.
However, the availability of the needed fluids may vary, on a very larger extent,
spatially and/or temporarily, but in a contradicting fashion to that of the needs.
Consequently, the storage of such fluids during their presence in excess of the
needs to times (or locations) of shortage is inevitable. Of particular interest in
this respect are liquids, and of a very specific interest is water.

The primary purpose of water storage is to ensure that an adequate supply
of water is available at all times [USEPA, 2002]. The need to water may be on a
very large scale, e.g., in agriculture. For such a need , impounding reservoirs
are usually established. However, for a much-lesser extent, various types of
storage facilities are usually employed. Practically, the capacity of such storage
facilities may vary from, say (10 m®), to more than (10000 m®). The common
designation to such facilities is "storage tanks".

Water storage tanks may be classified in avariety of ways.

According to their use, water storage tanks may store raw water, clean
(purified) water particularly for drinking and some specific industrial uses, and

waste water.

According to the base level with respect to prevailing land level nearby,
such tanks may be on the ground, buried (fully or partially), or above the ground

(i.e., elevated).



On the ground and buried water-storage tanks are used to reduce the water
treatment plant peak production rates and also as a source of supply for
repumping to a higher pressure level. However, the above-ground (i.e.,
elevated) water storage tanks are used to provide adequate system pressures and
flows during periods of peak water demands [DAAF, 1985].

According to the state of the top of the tank, the elevated, the on-ground,
and the partially-buried tanks may be open or closed, whereas the fully-buried
tanks should be of the closed type. The covered tanks may have concrete,
structural metal, or flexible covers [USEPA, 2002].

According to the materials the tanks are constructed from, the most

common in this respect are the metal tanks and the reinforced-concrete tanks.

In respect to the shape of the tank, water storage tanks may take any
reasonably-practical geometrical shape. The most common shapes are the
cylindrical (denoted hereafter as “circular") and the parallelepiped (denoted

hereafter as "rectangular").

Each of the aforementioned types of water storage tanks has its own
advantages and disadvantages in respect to fulfilling the requirements of the
intended uses and the considerations related to the chosen location, beside the

general technical and economical aspects.

This research shall consider the reinforced-concrete tanks of the
cylindrical and the parallelepiped shapes as shown in Fig(3.1), constructed on

and under the ground surface.
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(@) A circular reinforced concrete tank under construction.

(b) A rectangular reinforced concrete tank under construction.

Fig. (3.1) Concrete tank shapes.



3.2:REINFORCED-CONCRETE WATER-STORAGE TANK

3.2.1: General requirements

In all water-retaining structures, strength and stability are of paramount
Importance. In environmental engineering, concrete structures serviceability, in
terms of limited deflections and cracking, durability, and low permeability ,
demand equal consideration. In these structures, concrete will be in contact
with water or waste water and, thus, should: [ACI 350-R1989].

a. Be extremely dense and impermeable to minimize contamination of
water supplies or the environment.

b. Provide maximum resistance to natural or processing chemicals.

c. Provide smooth surface to minimize flow resistance.

d. The tank should be water-tight.

e. Circulating (quiescent water for a long time will worsen the quality of the

stored water)

3.2.2: Location
The storage tanks should be located above the level of the (100-year) flood

elevation. When feasible, the foundation for on-ground level storage tanks, and
elevated storage tanks should be located at least about (1 m)(3 ft) above the
(100-year) flood elevation, while buried (partially or fully) water-storage tanks
should be located at least about (15m) (50 ft) from any parts of a subsurface
sewage disposal system or sanitary sewers and at least about (7.5 m) (25 ft)
from the nearest water course, storm drain, or other source of pollution
[SCDPHDWS, 2006].



3.2.3: Sizing

Usable storage means the volume of stored water that can be effectively

utilized without causing the distribution system pressure to fall below the
minimum required pressure levels or causing damage to the pump units, if any.

The following are intended to be general guidelines for sizing the most
common types of storage tank configuration. Additional criteria specific to the
public water system or other types of storage tank configuration may be
required to be evaluated in order to properly sizing a storage tank
[SCDPHDWS, 2006].

(i) Capacity, operational strategy, and back-up capability of source of supply.

(if) Source of supply pump stations and treatment facilities.

(iif) Equalization storage during peak demands.

(iv) Fire flow storage (if fire protection is provided).

(v) Emergency reserve storage.

(vi) Future growth of the system or service area served by the storage tank.

(vii) System pressure at the highest and lowest customer service elevations

served by the storage tank.

The usable storage capacity should be able to satisfactorily meet all the
required demands for which the storage tank is sized. The minimum usable
storage capacity for storage tanks not providing fire protection should be equal
to the average daily demand, (ADD), of the public water system or service area
served by the storage tank. Moreover, storage tanks should be sized to achieve a
balance between hydraulic requirements and water quality maintenance.
Excessive storage capacity should be avoided whenever possible to minimize
long detention times and water quality deterioration. If excessive capacity is
required due to future growth, consideration should be given to a phased
approach by designing the storage tanks with the ability of being expanded in
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the future, or space should be provided to construct additional tank(s) to met
additional future demands [SCDPHDWS, 2006].

3.3: GENERAL DESIGN REQUIREMENTS

3.3.1: Considerations concerning cracks

The formation of cracks in concrete results from several sources such as
plastic shrinkage, structural cracks, and drying shrinkage[Barenberg and
Allison, 2003].

Plastic shrinkage cracks develop almost immediately after placing the
concrete while it is still fresh or in a "plastic™ state; plastic shrinkage cracks are
usually the result of improper placement and/or curing and are often associated
with hot weather placement. However, it may occur due to any condition that
produces rapid evaporation of moisture from the concrete surface. Typically,
concrete specifications call for proper placement, vibration, and curing the
concrete. If these items are performed correctly, paying particular attention to
proper curing, plastic shrinkage cracks can usually be avoided.

Structural cracks are the result of the concrete being subjected to load in
excess of the design loads, provided that deflections have been checked in the
design. Most structural cracks can be avoided by following the code
requirements for deflection and reinforcement.

Drying-shrinkage cracks occur when water is released from the concrete
mix during the curing process. As drying takes place, concrete near the surface
dries and shrinks faster than the inner concrete, causing a build-up of tensile
stresses and eventual cracks; these cracks account for the majority of cracks in a
concrete structure. This is where careful design and specifications can make the

difference between structures that leak and structures that perform well.



Several factors in the mix design have an effect on the drying shrinkage
of concrete; these factors include the water/cement ratio, size and type of the
coarse aggregates, and the proportion of fine to coarse aggregates. Though a
well-designed mix can minimize shrinkage of the concrete, some shrinkage will
still occur. Understanding the interaction between the structure elements is also
critical to reducing cracks in concrete. If concrete is allowed to shrink without
restrains, it is simply to get shorten and cracks will be developed; for this reason
many slabs on grade have minimal cracking, provided that joints are reasonably
spaced. As the concrete shrinks, it slides on the soil below. If the distance
between joints is too large, the drag on the soil gets to be too great and cracks
will develop. For this reason, concrete is particularly prone to cracking where it
Is placed on top of existing concrete, such as the base of the wall placed on
previously placed floor slab. Generally, the floor has already had a chance to
shrink before the wall is placed; as the wall tries to shorten, the bond with the
hardened concrete restrains it, creating vertical cracks in the wall as illustrated
in figure (3.2). It is common to see these cracks end just above the floor. This is
because the upper portion of the wall is not restrained by the slab and simply
gets shorter as the shrinkage takes place [Barenberg and Allison 2003].

Cracks width must be minimized in tank walls to prevent leakage and
corrosion of reinforcement and the wall thickness should be sufficient to keep
concrete from cracking [PCA, 1993].

The amount, size, and spacing of reinforcement bars have a great effect on
the extent of cracking. The amount of reinforcement provided must be sufficient
for strength and serviceability including temperature reinforcement and

shrinkage effects; the size of reinforcing bars should be chosen recognizing that



> SHRINKAGE CAUSES WALL TO SHORTEN <t

CRACKS DEVELOP DUE TO MAT RESTRAINT \

~@——— NATRESISTS FURTHER SHORTENING =i

Figure (3.2) Cracks in the wall due to restraint with mat
[After Barenberg and Allison, 2003]

cracking can be better controlled by using a large number of small diameter bars
rather than fewer larger diameter bars.

Spacing of reinforcing bars should be limited to a maximum of (300) mm,
and the minimum concert cover for the reinforcement for the tank wall should
be at least (50mm) [ACI 350-R, 1989 ].

3.3.2: Joints

Concrete normally undergoes small changes in dimensions as a result of

exposure to the environment or by the imposition or maintenance of loads. The
effect may be permanent contractions due to, for example: initial drying,
shrinkage, or irreversible creep. Other effects are cyclical and depend on service
conditions such as environmental differences in humidity and temperature or the
application of loads and may result in either expansions or contractions. In

addition, abnormal volume changes, usually permanent expansion, may occur in
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the concrete due to sulfate attack, alkali-aggregate reactions, and ot
conditions [ ACI-504R, 1997].

The results of these changes are movements, both permanent and transient,

er

of the extremities of concrete structural units. If, for any reason, contraction
movements are excessively restrained, cracking may occur within the unit. The
restraint of expansion movement may result in distortion and cracking within
the unit or crushing of its end and the transmission of unanticipated forces of
abutting units. In most concrete structures, these effects are objectionable from
a structural viewpoint. One of the means of minimizing them is to provide joints
at which movement can be accommodated without loss of integrity of the
structure [ ACI-504R, 1997].

Joints are invariably provided in the water-storage tanks such as movement
joints (which are contraction, expansion, or sliding joints) and construction
joints. Where the length of structure is very large the construction joints shall be
used to achieve continuity of concrete when the whole structure can not be
casted at one time. Contraction joints in structures are often called control joints
because they are intended to control crack location. Expansion joints in
structures are often called isolation joints because they are intended to isolate
structural units that behave in different ways [ACI-504R, 1997].

3.4:STRUCTURAL ANALYSIS OF REINFORCED - CONCRETE
TANKS

The method of analysis considered in the present research is the moment

distribution method to determine the moments between the wall-wall, floor, and
roof junction of the concrete tanks.

The usual procedure of the moment distribution method could be used to
take account of the continuity of the walls of concrete tanks with their roofs or



bases. A vertical element of the wall is considered together with the horizontal
element of the base or the roof. The method involves the calculations of the
moments at the ends of the elements under artificial conditions of restraints,
then the unbalanced moments are distributed by arithmetical proportion when
the artificial restraints are removed. The fixed-end moments per unit length
developed at the edges of the concrete wall due to water pressure and those
developed at the edges of the roof and base plates are determined; the
unbalanced moment is distributed between the connecting elements in
proportion to their stiffnesses. The term "stiffness™ means the moment needed at
the end of the concrete wall or plate to produce a unit rotation of this end. Also,
iIf a moment is distributed to one end of the concrete wall or the plate while the
other end is held fixed, a fraction of the distributed moment is carried over to
the fixed end of the wall or the plate [Ghali, 1958].

The systematic procedure of any structural design of a reinforced-concrete
member virtually consists of calculating the critical forces and moments acting
on that member and then determining the respective appropriate practical
dimensions and reinforcement accordingly.

As it is previously mentioned, the cases to be considered in this research are
the rectangular tanks and the circular tanks, each of which may be on the
ground or buried . The design procedure for each of the aforementioned cases is

discussed in the following sub-sections.

3.4.1: Moment effects

When the top of the wall and the roof slab are made continuous, as shown
in Fig (3.3), the deflection of the roof slab will rotate the top of the wall; this
rotation will induce a moment at the top of the wall. The procedure used to
determine the amount of the moment transferred from the roof to the wall is

similar to moment distribution of continuous frames. The moment at the top of
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Figure (3.3) Wall with moment applied at top [After PCA (1993)].

the wall is first computed on the assumption that the top end of the wall is fixed.
A correction is then made for rotation of the top end of the wall caused by the
continuity between the roof slab and the wall [PCA, 1993].

The fixed end moment at the top end of the wall is determined for the
triangular loading whereas the fixed end moment of the roof slab is determined
for the uniformly distributed loading. These fixed end moments are as follows
[Case et al. 1999]:

MFwi= (yw H?) / 30 (3.1)

MFuw2= (yw H%) / 20 (3.2)

MFus= (yw H) L?/ 12 (3.3)

MFws= (yw H)B? / 12 (3.4)

MFg = (W, L?)/ 12 (3.5)
where:

MF..= fixed end moment of the top end of the wall, (KN.m/m);
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MF..= fixed end moment of the bottom end of the wall, (KN.m/m);

MF,s= fixed end moment of the long wall in horizontal direction,
(KN.m/m);

MF.4,= fixed end moment of the short wall in the horizontal direction,
(KN.m/m);

MFgr=fixed end moment of the roof slab, (KN.m/m);

yw=weight density of the water, (KN/m?3);

W,= uniformly distributed load due to (dead + live) of roof slab (KN/m?);

H = height of the tank, (m); and

L = length of the roof slab, (m).

In many cases, the floor slab and tank wall are one integral unit as shown
in Fig. (3.4). Because of continuity, a portion of the bending moments that may
be present in the floor slab will be transferred to the tank wall. As long as the
base of the wall is artificially fixed against any rotation, it is subject to two
moments, one moment is due to the pressure of the liquid and the other is due to
the moment at the edge of the floor slab. When the artificial restraint is
removed, the joint will rotate and the moments will be redistributed between the
base slab and the wall [PCA, 1993].

The fixed end moment at the bottom end of the wall is determined for the
triangular loading, and the fixed end moment of the floor slab is determined for
the uniformly distributed loading. These fixed end moments are as follows
[Case et al. 1999]:

MFuo= (yw H%) / 6 (3.6)
MFe = (W, L?)/ 12 (3.7)
where:

MF,,= fixed end moment of 1m width of the bottom end of the wall,
(KN.m/m);
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Figure (3.4) Wall with moment applied at base [After PCA (1993)].

MFe=fixed end moment of 1m width of the floor slab, (KN.m/m);

yw= Weight density of the water, (KN/md);

H = height of the tank, (m);

L = length of the base slab, (m); and

W,= uniformly distributed load (live and dead) on the floor slab(KN/m?).

3.4.2: The rectanqular tank

In a rectangular tank the common side edge of two adjacent wall panels is
first considered artificially restrained so that no rotation can take place about the
edge. Fixed-edge moments are usually dissimilar in adjacent panels and the
differences which correspond to unbalanced moments tend to rotate the edge.
When the artificial restraint is removed these unbalanced moments will induce
additional moments in the panels. Adding induced and fixed-end moments at
the edge gives final end moments, which must be identical on both sides of the
common edge [PCA, 1969].



(A) Rectangular tanks have moments distributed in the two directions

3.4.2.1: Rectanqular tank resting on ground

when the ratio of length (L) to breadth (B) is equal or less than ( 2 ). Tanks
walls are designed as a continuous frame subjected to pressure varying from
zero at top to maximum at (H/4) or ( 1 ) m, whichever is more. The bottom
portion (H/4) or ( 1) m, whichever is more is designed as a cantilever as shown
in Fig.(3.5). Walls are subjected to bending and direct tension. Bending
moments in the walls can be found by any elastic method. The moments at
support between the wall-wall junction (Ms) shall be computed by moment
distribution method for one-quarter of the tank plan due to symmetry. Bending
moment at the center of long and short walls and the vertical bending moment
in the portion (h) of the open tank resting on ground due to water pressure are as
follows [Syal et al. 2005]:

B.M_= yw(H-h)L?8 — Ms, (3.8)

B.Mg= yw(H-h)B?%8 — Ms; (3.9)

B.Mv= (yw H h?)/6 (3.10)
where :

B.M_= bending moment at center of long wall in the horizontal direction,
(KN.m/m)

B.Mg= bending moment at center of short wall in the horizontal direction,
(KN. m/m)
B.My= vertical bending moment in the bottom portion of the wall (KN.

m/m).
Ms;= the average bending moments induced at support between the walls
panel at junction of the tank on the horizontal direction determined
by moment distribution, (KN. m);
yw= unit weight of water in (KN/m?3)
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“— Slab action

=yw(H-h)
cantilever action

(a)

Fig. (3.5): Rectangular concrete tank [After Syal et al. (2005)].

(a) The moment diagram of the wall.
(b)The distribution of loads on the wall of the rectangular tank

If the ratio between the length and the height of the rectangular tank(L/H) is

more than (2) the wall of the tank is designed as cantilever [PCA, 1969].
Along vertical edges of walls, the shear in one wall will cause axial tension
in the adjacent wall and should be combined with the bending moment for the

purpose of determining the tensile reinforcements [Syal et al. 2005].

Direct tension in long and short walls are equal to:
(3.11)

Ti=yw(H-h)B/2
(3.12)

Te=yw (H-h)L/2

where :
T.= direct tension of long wall in (KN/m of long wall),

Tg= direct tension of short wall in (KN/m of short wall).
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p= water pressure from water surface to h=( H/4 or 1m) whichever is
more in (KN/m?), p= yw(H-h)

When the base slab is rigidly connected to the tank walls (as is generally the
case) the bending moment at the junction between the walls and the floor slab
shall be taken into account as mentioned in (3.2.2).

In order to determine the design moment in the floor slab of the tank, two
cases should be investigated as show in figure (3.6). The first occurs when the
tank is empty and subgrade reaction is only applied on the floor slab, while the
second case occurs when the tank is full with water[Syal et al. 2005].

The moment at support between the base floor slab and the vertical walls of
the tank is determined by moment distribution; while the bending moments at

the center of the base floor slab are as follows [Case et al. 1999]:

B.Mg1= (R L2) /8 — Ms, (313)
B.Me= (ywH )L2/8 — Ms, (3.14)
«—
H H
P v H
_v i
|

TTTIr R ITTT

(a) (b)
Figure (3.6) Cases of loading of a concrete tank [After Syal et al. (2005)]
(@) The tank is empty.  (b) The tank is full with water.



where:
B.Mr1= bending moment at the center of floor slab in case of tanks
empty,(KN.m/m);
B.Mg,= bending moment at the center of floor slab in case of tank full
with water, (KN.m/m);
R = Subgrade reaction of soil, (KN/m?).
Ms, = the average bending moments induced at support between the
bottom end of the vertical walls of the tank and the floor slab
determined by moment distribution, (KN. m).
The floor slab subjected to a direct pull from the base of the walls which
equals to:
Te=vyw H3/ 2 (3.15)
where :

Te= direct tension in the floor slab in (KN).

When the tank is covered with a concrete roof slab, the final bending
moment on the roof slab and the vertical bending moments in the tank walls are
as follows [Case et al. 1999]:

B.Mg=W, L?/8 — Ms; (3.16)
B.Mw= 0.0641 y,H? — (Ms3 + Ms,)/2 (3.17)
where:

B.Mg= the bending moment at the center of roof slab, (KN.m/m).

B.Mw= the vertical bending moment of the tank wall which occurs at a
distance equal to (0.5477 H) from the top end of the tank wall,
(KN. m/m).



0.0641 vy, H3= the total static moment of member with triangular load which
equals to the moment at the center of the member plus the
average moment at supports [Case et al. 1999], (KN. m/m).
Mss= the bending moments induced at support between the top end of the
vertical walls of the tank and the roof slab determined by moment
distribution, (KN. m).

(B) For rectangular tanks in which the ratio of length (L) to breadth (B) is

more than ( 2):
The long walls are designed as cantilevers and the short walls as slabs
supported on long walls. Bottom portion of short walls within (H/4) or (1) m,
whichever is more is designed as cantilever. The bending moments in long and

short walls of the tank shall be equal to [Syal et al. 2005]:

B.M.=ywH3/6 (3.18)

B.Mss = yw(H —h) B2/ 12 (3.19)

B.Mg=yw(H—h)B?/16 (3.20)

B.Mgy =ywHh%6 or y,H/6  (whichever is more) (3.21)
where:

B.M_= maximum bending moment at base of long wall, (KN. m/m).

B.Mg= maximum bending moment at center of long wall, (KN. m/m).

B.Msg= maximum bending moment at support of short wall, (KN. m/m).

B.Mgy= maximum Cantilever bending moment for bottom portion of short
wall, (KN. m/m).
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In addition to bending moment, short and long walls are subjected to direct
tension on the assumption that the end one meter width of long wall contributes

to direct tension on the short wall which shall be equal to [Syal et al. 2005]:

T=yw(H-h)B/2 (3.22)
Te=yw(H-h) (3.23)
where:

T_= direct tension in the long wall, (KN/m of long wall);
Tg= direct tension in the short wall, (KN/ m of short wall).

When the base slab is rigidly connected to the tank walls (as is generally
the case) the bending moment at the junction between the walls and the floor
slab shall be taken into account as mentioned in (3.2.2).

Two cases should be investigated as shown in figure (3.6) for the floor slab
of the tank. The first is when the tank is empty and subgrade reaction is only
applied on the floor slab, while the second case is when the tank is full with
water [Syal et al. 2005]. The bending moment at the center of the base floor
slab and the moment at supports between the base slab and the vertical walls are
found by the same method of the rectangular tank of ratio of length to breadth
less is than (2) .

If the tank is covered with a concrete floor slab as shown in figure (3.4), the
roof slab will behave as a one way slab because of the ratio of length to breadth
being more than (2). This means that the bending moment acts in the short
direction of the slab and minimum steel area for temperature and shrinkage is
provided in the long direction [Nilson et al. 2004]. The final bending moments
at roof slab [ACI-318R, 2005].

B.M;= W, B2/ 12 (3.24)
B.M, =W, B?/8 — Ms3 (3.25)



where:
B.M;= the bending moment at support of one way roof slab, (KN. m/m).
B.M,= the bending moment of short direction at center of one way roof slab,
(KN. m/m)..

The vertical bending moments in the tank walls are as follows:
B.Mwi=0.0641 y,H3 — (Ms3 + Ms,)/2 (3.26)
where:
B.Mw.= the vertical bending moment of the long wall of the tank which
occurs at distance equal to (0.5477 H) from the top end of the tank
wall, (KN. m/m).

(i1): The underground rectangular tank
(A) For rectangular tanks in which the ratio of length (L) to breadth (B) is

equal or less than ( 2).

When the tank is built underground, the tank walls must be investigated for
both internal and external pressures. The latter may be due to earth pressure or
to a combination of earth and groundwater pressure (i. e., saturated pressure).
The principles of analysis of such tank are the same as those for a tank resting
on ground. Two cases should be investigated; the first is when the tank is empty
, Where only earth pressure acting from outside, while the other case is when the
tank is full with water and no earth pressure acting from outside as shown in
figure (3.7) [Syal et al. (2005)].

In the case when only earth pressure acting from outside, the density of
water (yw) should be replaced by the density of dry soil (ys) in the equations.,
and the pressure of dry soil as in [Fredrick et al. 2001] shall be equal to:

Ps= 1/2 Ka ys H? (3.27)
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where:

Ps= active earth pressure force in KN per linear meter of fill height

vs= dry density of soil, (KN/m?);

H= height of earth fill, (m);

Ka= active earth pressure coefficient which equal to:

Ka=tan? (45-0.5 ¢) (3.28)
where:

¢ =angle of repose of soil.

G.S G.S
KKK £
<—
— | H
<—

Ps= vs H/—» = ywH
g "—’ ) X
T R TTTTT

R

Figure (3.7) Cases of loading of underground concrete tank
(a)Earth pressure only acting on wall (b) Water pressure only acting on wall
[After Syal et al. (2005)].



When the solil is saturated with water, the pressure of saturated soil formula
acting from outside of the walls shall be equal to [Syal et al. (2005)]:

1-sing

1+sin ¢ H (3.29)

Pss=ywH + (ys - Yw)

where:

Pss= pressure due to saturated soil in KN/m2.

Whenever there is a possibility of ground-water table to rise above the base
slab, not only walls are to be designed for saturated soil up to the extent of
water above the base slab, but also the base slab is to be designed for the net
uplift pressure of water ( less weight of slab for tank empty case ). In addition,
check has to be applied for stability of the tank as a whole against uplift
pressure [Syal et al. 2005].

When a tank is built below ground with earth covering the roof slab, actual
load distribution may not necessarily be triangular as assumed in the internal
pressure of water. The earth cover causes a trapezoidal distribution of lateral
earth pressure on the walls. In this case it gives a fairly good approximation to
substitute a triangle with the same area as the trapezoid representing the actual
load distribution; the intensity of load is the same at mid depth in both cases and
when the wall is supported at both top and bottom edges, the discrepancy
between triangle and trapezoid has relatively little effect at and near the
supported edges [PCA, 1969].

(B) For rectangular tanks in which the ratio of length (L) to breadth (B) is
more than ( 2).

The principles of analysis of such tank are same as that for tank resting on
ground of ratio of length to breadth more than (2). Two cases should be
investigated in this case. The first is when the tank is empty (no water from

inside) and only earth pressure acting from outside, while the other case is when
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the tank is full with water and no earth pressure acting from outside as shown
before in figure (3.7) [Syal et al. 2005].

In the case when only earth pressure is acting from outside, the density of

=

water (yw) should be replaced by the density of dry soil (ys) in the equations,
and the pressure force per linear height of dry soil shall be equal to [Fredrick
et al. 2001]:

Ps= 1/2 Ka ys H? (3.30)
where:
Ka=tan? (45-0.5 ¢) (3.31)

When the soil is saturated with water, the pressure of saturated soil formula

acting from outside of the wall shall be equal to [Syal et al. 2005]:

Pss=ywH + (s - y) P H (3.32)
1+sing

3.4.3: The circular concrete tank

Due to restraint at the base and roof, the walls of the circular tank are
subjected to hoop tension and bending moment. In this case the walls will resist
the water pressure partly by hoop action and partly by cantilever action. Elastic
behavior of circular tank walls show that for a certain height from base there
will be predominate cantilever action, and at higher levels there will be

predominate hoop action as shown in Fig.(3.8) [Syal et al, 2005].
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<+~ Hoop action

+ H :
s =yu(H-h)
A \ ===
h | h I; | m@——\ cantilever action
A 4 A\ 4 “'I<
B p=ywH
(a) Bending moment diagram (b) Force diagram

Fig. (3.8) Circular concrete tank resting on ground.

(i): Circular tank resting on ground
The moment at the base of the wall is first computed on the assumption that

the base is fixed, and correction is then made for rotation of the base of the wall
caused by the continuity between the floor slab and the wall. The fixed-end
moment at the base of the wall for the liquid pressure is determined for the
triangular loading with the coefficient from table (3.2) according to the value of
(H?/Dty). As long as the base of the wall is artificially fixed against any rotation,
it is subjected to two moments. One is due to the outward pressure of the liquid,
the other is due to the moment at the edge of the base slab. When the artificial
restraint is removed, the joint will rotate and the moments will be redistributed
[PCA, 1993].

The relative stiffness of the wall of the circular tanks may be determined
by multiplying (Ect:®/H) by the coefficient k, from table (3.1) depending on the
value of (H%/Dt;) [PCA, 1993].

Therefore, the base moment and the relative stiffness of the circular tank are

as follows:
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Table(3.1): Relative stiffness(k) of cylindrical wall [After PCA, 1993]

K=kr* EC t13/R

H?/Dty Kr H?/Dty Kr

0.4 0.139 10 1.010

0.8 0.270 12 1.108

1.2 0.345 14 1.158

1.8 0.399 16 1.261

2.0 0.445 20 1.430

3.0 0.648 24 1.666

4.0 0.635 32 1.810

5.0 0.713 40 2.025

6.0 0.783 48 2.220

8.0 0.903 56 2.400
Relative Stiffness(K)= k; Ec t:*/R (3.33)
M.FW: k1 EC t13/H (334)

where:
Ec = the modulus of elasticity of concrete. (KN/m?);
t;= the thickness of the circular tank wall, (m);
R= the radius of the tank, (m).

The relative stiffness and fixed-end moment (M.Fg) of a circular plate are equal
to [PCA, 1993]:

Relative Stiffness(K)=0.104 Ec t:*/ R (3.35)
M.Fe =- (0.125 ps R?) (3.36)
where:

ts= the thickness of the floor slab, (m).
pi= the distributed load on the floor slab. KN/m?;

The ring tension and bending moment throughout the height of the wall are
investigated in two steps. First, the base of the wall is assumed fixed, and
second, a moment equal to the induced moment is applied at the base. The
results are then combined to obtain the actual moment between the wall and the
floor slab and actual ring tension along the height of the wall [PCA, 1993].



The moments in the vertical wall strips for the first part are computed by
multiplying the lateral load from water pressure (pw H%) by the coefficient k;
from table (3.2). The second part of the moment are computed by multiplying
the applied moment at the base by the coefficient k, from  table (3.3)
[PCA, 1993]. The results are then combined to obtain the  actual

moments throughout the vertical wall.

M.V =k *wH?3 (3.36)

M.V, =k, * MR/ H? (3.37)

M.V=M.V:+M.V; (3.38)
where:

M.V1= the vertical moment in the cylindrical wall with (Fixed base- Free
top) due to water pressure, (KN.m);

M.V,= the vertical moment in the cylindrical wall with (Moment applied
at the base) due to applied moment at the base, (KN.m);
M.V= resultant vertical moment in the cylindrical wall, (KN.m);

pw = the lateral water pressure (ywH), (KN/m?);

Table(3.2): Moment in cylindrical wall (fixed base-free top) [After PCA, 1993].
Mom= k1 * W H?3

Coefficient( ki) at point

“E_: ooH | OMH | 0.2H | 03H | 04H | 03H| o.8H | 0.7H | (BH pgw| 10H

N I) + 0005 | +0074 | +.0027 | +.0007 | -0042| -0150 | -030Z | 59 [ -QB18 | -.12H

08| ¢ | +0001 | +.0037 | +.00B3 | + 0080 | +0070| +.0023 | -0068 | 024 | .0465| -0795

2] 0 +0012 | 40042 | + 0077 | +.0103 | +012| +.0080 | +.0022 | -0108 | .0311 | -0602

16] 0 $0011 | +.0041 | #0075 | 4.0107 | +0121| +.0111 | +.0058 | -0051 | -0232| -0505

200 0 £0010 | +.0035 | +.0008 | +0099 | +0120| +.0115 | +0075 | 0021 | 0185 | -0436

| o #0006 | +.0024 | «.0047 | +.0071 | +0000| +.0097 | +.0077 | +0012 | -0119| -0333

401 © | +0003 | +.0015 | +.0028 | +.0047 | +0066| +0077 | +.0069 | +0023 | -0080 | -0268 Coefficient( ki) at point

501 0 £0002 | +0008 | +0016 | +.0020 | +0046| +.0059 | +.0069 | +00%8 | -0058 | -0222 | HE

BO| O | +0001 | 0003 | +.0008 | +.0019 | +0032| +.0046 | +.0051 | +0029 | -0041| .0187 | r | .BOH | 854 | H | 95H | 1.00H
80| o 000 | +.0001 | +.0002 | +.0008 | +0016| +.0028 | +.0038 | +00% | -0022 | .0148 ST OO T T T T
00 O | (000 | 0000 | #0001 | 40004 | +007 +0019 | +0029 | itz | -0012| grop | 24 | FSONE O] T} O D2
20| 0O 0000 | -0000 | +.0001 | +.0002 | «0003] +.0013 | +.0023 | 0% | -0003| .0104 40 +:gmg+:m 006 | 0005 _'0032
140| O 0000 | 0000 | 0000 | 0000 | +0001 +.0008 | +0019 | +0023 | -0007| 0000 | 48 | 0000 .0001 | +0006 | 0003 | .ouo
60| 0 0000 | 0000 | -.0001 | -0002 | -0001] +0004 | +.0013 | +o00] +.0001| _gova || sg m 0000 | +0004 | -0001 | .nea
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Table(3.3):Moment in cylindrical wall (Moment applied at the base) [After PCA,

1993].

Mom= k2 * M*R/ H?

Coefficient( k2) at point

%’ poH | OH |02H | 03H | 04H | 05H | 0.6H 0.7H | 0.8H pon| 104

U4 0 | +0073 | +0O05T | +0.100 | +0.196 | +0.296 | #0414 | +0.547 | 06 | +0.643 | +1.000

08| O | +0.009 | +0.040 | +0.000 | +0.1684 | +0.253 | +0375 | +0.503 | +060 | +0824 | +1.000

121 Q +0006 | +0.027 | +0.063 | +0.125 | +0.208 | +0316 | +0.454 | +0816 | +QB02 | +1.000

161 O | +0003 | +D.011 | +0.035 | +D.078 | +0.152 | 4050 | +0.393 | #0510 | +0.775 | +1.000

20| O | 0002 | -0.002 | +0.012 | +0.034 | 0006 | +0.093 | +0.340 | 40500 | +0.748 | +1.000

30| O | -0007 | 0062 | 0030 | -0.029 | +0.010 | +D087 | +0.227 | 0426 | +0.892 | +1.000 Coefficient( ko) at point

40| O | 0008 | 0026 | 0.044 | -0.051 | 0.034 | 400 | +0.150 | 0354 | 40645 | +1000 | HE

50| O | 0007 | 0024 | -0.045 | -0.061 | 0057 | 0015 | +0.085 | +026 | 40606 | +1.000 | Dt | .BOH | 85+ | WH | 95H | 1.00H

60| O | 0005 | 0018 | 0040 | -0.058 | 0065 | 07 | +0.057 | 0282 | +D572 | +1.000 i ~

80| O | .0001 | 0000 | 0022 | -D.044 | 0068 | 008 | +0.002 | 0 | 40516 | +t000 | 20 | L0 [ HUUE] L [ 66 | HO0
24 | D037 | 0057 | 4050 | 4052 | +100

00 0 | 0000 | 0002 | 0000 | 0028 | 0053 | 0067 | -0.031 | 042 | 40467 | +1.000 | 32 | D082 | #0002 40075 | «05t5 | +100

120 O | 0000 | 0000 | -0.003 | -0.016 | 0040 | 008 | -0.049 | 0081 | 40424 | +1.000 | 40 | D087 | 0031 | 012 | 07 | HO0

“0| 0 | 0000 | 0000 | 0000 | -0.008 | 0029 | 00 | 0,080 | 008 | 40387 | 41000 | 48 | 084 | goeg | 081 | gy | 0

M= the moment applied at the base between the wall and the floor slab

determined by the moment distribution,

The ring tension in the horizontal wall strips for the first part is computed

by multiplying the lateral load from water pressure (WH?) by the coefficient ks

from table (3.4). The second part of the ring tension are computed by

multiplying the applied moment at the base by the coefficient ks from table
(3.5) [PCA, 1993]. The results are then combined to obtain the actual rings

tension throughout the horizontal direction of the wall.

T, = ke* WH2R
T2 = k4* MR/H2
T=T:+T;

(3.39)
(3.40)
(3.41)



Table(3.4): Tension in circular rings wall (fixed base-free top) [After PCA, 1993]
T=ks*WH?R

Coefficient( ks) at point

2

%: 00H | OH| 0.2H | p.3H | 0.4H | ©5H| o.eH | 0.7H | O.BH| oom| 10H
04| 018 | #0008 | 40420 | FO.TOT | +0.0B2 | 40065 | +0.040 | +0.029 | 000 | #000% | O
08| 40263 | 4029 | 40215 | +0.190 | 40,160 | 4% | +0.0068 | +0.083 | 4004 | 10010 | ©
12| <0208 | 0211 | 40254 | +0.234 | 40208 | 40180 | +0.142 | +0.009 | 40064 | 40016 | O
16| 40265 | 06 | 40268 | HO266 | +0.250 | 426 | +0.185 | +0.134 | 40075 | 4003 | ©
20| 40234 | 081 | 40273 | +0.285 | 40285 | 4021 | +0.232 | 40472 | 0004 | #0081 | O
30| AN | 0Eb | 40267 | ¥0322 | +0357 | e | 40200 | 40262 | iy | 00 | o || Coefficient(ks) at point
40 | 0067 | 40184 | +0.256 | +0.330 | +0.403 | 4048 | +0.409 | 40334 | 4020 | 008 | o | HE "
50| 40025 | 157 | +0.245 | +0.348 1312;!1% 047 | +0.469 | +0.398 | 40259 +g-$?§ 0 | Dt|.J5H | BOH | sy | 90H | SH
60| <0018 | 4019 | +0.234 | +0.344 | +0441 | L0504 | +0514 | 40447 | 031 | 40 0
20 | 4076 | 4085 | <037 | #0355 | 40.17%
151
80| 001 | I | #0218 | 40335 | +0443 | 08 | 40575 | 40530 |0 [ 01\ QD) e o | e | e | e
00| oon | ams | +0208 | 10303 | +0.47 | sk | 10608 | 40500 | soa | T | O | 32| 07| LT | 08| 00 | s0tE2
120 | 0006 |07 | «0202 | yo312 | +0.428 | 05 | 40828 | 40833 | w0t | 021 | 0 | 4O | ORD DB 0730 08D ) 020
140 | 000 | W6 | 40200 | 40,306 | +0420 | W5 | +0630 | 40gep | s | 02 | 0 | 45 | TS| SDBE ) GO7HE | DI | 40254
160 | 0000 | +0m0 | +0.199 | to.9p4 | #0412 | 053 | 40641 | 40607 | «5g | 40268 0 56 | 40763 | 0638 | 40m04 | +0636 | 40205
where:
T1= the ring tension in the circular wall with (Fixed base- Free top) due
to water pressure, (KN);
T,= the ring tension in the circular wall with (Moment applied at the
base) due to applied moment at the base, (KN);
T=resultant ring tension in the circular wall, (KN).
Table(3.5): Tension in circular rings (Moment applied at the base) [After PCA, 1993].
T=ks * MR/H?
Coefficient( ka) at point
%: 00H | OMH| 0.2H | 03H | 04H | 05H| o.6H | 0.7H | 0.BH oon| 10
04 4270 | +250 | +2.30 | +212 | +1.81 [ +180 [ +7.47 | +1.13 180 | +0.44 0
08 | +2.02 | 4206 | +2.10 | +2.14 | 4210 | +202 | #1.95 | +1.75 | 41 | +080 | ©
12 41.06 | +142 | +1.79 | +2.03 | +2.46 | +265 | +2.80 | +280 | 22 | +187 | 0O
16| #0112 | +079 | +1.43 | +2.04 | +2.72 | 432 | +3.56 | 4359 | 4u | +20 0
20| -0.68 | 4022 | +1.10 | +2.02 | +290 | +389 | +4.30 | 4454 | | 4275 | O Coefficient( ks) at point
30| 178 | 071 | +D.43 | +180 | +285 | 4% | +586 | 4658 | 45 | #0| o | HE
40| 187 | 400 | 008 | +1.04 | +247 | 4431 | +634 | 4819 | g | 681 | O | Or | JiH | BOH | ggy |90H | SH
50 | <154 | .103 | -0.42 | +0.45 | +186 | 4393 | +6.60 | +9.41 | ypp | +902 | O
80| -1.04 | pgs | -0.59 | -0.05 | +1.21 | 334 | +6.54 | +10.28 | .o | +1141 | 0 [ 20 [ +B3 [ 4259 | #3869 | +433 | 43
80| -024 | ps53 | .0.73 | D67 | 002 | +205 | +587 | #1132 | pro | +1606 | O | 24 | 4030 | 4050 | #07 | 518 | 4458
32 |4 , 9| 854 | 482
100 | +0.21 | G253 | 064 | -0.94 | 073 | 4082 | +4.79 | +1163 | g | *NE | O | 40 :g;g ﬁgg Iigg *??3 ﬁg
120 | +0.32 | 405 | -0.46 | -0.96 | -1.15 | 010 | +3.52 | #1127 | gy | *BR | O - ' | T
140 | +0.26 | 004 | -0.28 | -0.76 | 129 | 087 | +2.29 | +10.55 ’23'50 +30.34 0 4'?‘ Q0| +141 | «451 | +87.2 | 4000
160 | +0.22 | 007 | -0.08 | 064 | 198 | 4m | 4112 | w087 | MU | #3486 | © S8 | 440 | 402 | 4422 | 4040 | #1010
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The final moments at the circular floor slab are determined by adding a
quantity equal to the applied moment at the base divided by the term (ps R?) to
the coefficients of circular plate with fixed edges; the final moments are as
follows [PCA, 1993]:

Mgs=(- 0.125 +M/ps R?) ps R? (3.42)

Mrs= (-0.025+M/ps R?) pr R (3.43)

Mc= (0.075+ M/ps R?) ps R? (3.44)
where:

Mgs=the final radial edge moment of the circular floor slab, (KN.m/m);

M+s= the final tangential edge moment of the circular floor slab, (KN.m/m);

Mgrc= the final tangential and radial moment at the center of circular floor
slab, (KN.m/m).

If the tank is rigidly covered with a concrete roof slab as . The ring tension
and bending moment throughout the height of the wall are investigated for three
steps. First, the base of the wall is assumed fixed, second, a moment equal to the
induced moment is applied at the base, and third, a moment equal to the induced
moment is applied at the top between the circular roof slab and the cylindrical
wall. The results are then combined to obtain the actual moment between the
wall, the roof slab, and the floor slab and actual ring tension along the height of
the wall [PCA, 1993].

The determination of the vertical moments and the rings tension in the
circular wall due to water pressure and the moment applied at the base are the
same fashion of Eqgs. (3.36), (3.37), (3.39), and (3.40), respectively, while the
vertical moments and the rings tension in the cylindrical wall due to the moment

applied at the top are determined by using the coefficients kj, ks from tables



(3.3) and (3.5) considering (0.0H) is the bottom of the wall and (1.0 H) is the
top of the wall [PCA, 1993].

M.V3 =k, * MR/ H? (3.45)
T3 = ks * MR/H? (3.46)
where:

M.V;= the vertical moment in the cylindrical wall with (Moment applied
at the top), (KN.m);

Ts= the ring tension in the cylindrical wall with (Moment applied at the
top), (KN);

The results of Egs. (3.45) and (3.46) are then combined with Egs. (3.38)
and (3.41), respectively, to obtain the actual vertical moments and the actual

horizontal rings tension throughout the cylindrical wall.

M.V=MVi+M.V; + M.V3 (3.47)

T=T1+T+ T; (348)

The final moments at the circular roof slab are determined with the same
fashion of the moments of the floor slab of Egs. (3.42), (3.43), and (3.44) by
adding a quantity equal to the applied moment at the top divided by the term
(pr R?) to the coefficients of circular plate with fixed edges [PCA, 1993].
where:

p= the distributed load (live + dead) on the roof slab. (KN/m?).

When the circular wall is continuous with the floor slab, the base of the
wall is subjected to shear force; the shear force at the base of the wall may be

computed as the sum of the product of coefficients depending on the value of



~]
(H?/Dt,) taken from table (3.6). The first coefficient ks is of fixed base with
triangular load multiplied by (pw H?), and the other coefficient ky, is of

moment at edge multiplied by the moment at the base of the circular wall
[PCA, 1993].

Vs1= ks * w H? (3.49)

Vso=kn* M (3.50)

Vs= Vi +V, (3.51)
where:

Vs;= the shear force at the cylindrical wall base due to water pressure,
(KN);

Vs;= the shear force at the cylindrical wall base due to applied moment,
(KN).

Vs= the resultant shear force at the cylindrical wall base, (KN).

Table (3.6): Shear at base of cylindrical wall [After PCA, 1993].
Positive sign indicates shear acting inward

kS km

2 Triangular loaded Triangular or Rectangular loaded Moment at

H4/Dt . Rectangular loaded .
Fixed base . Fixed base adge
hinged base

0.4 +0.436 +0.755 +0.245 -1.58
0.8 +0.374 +0.552 +0.234 -1.75
1.2 +0.339 +0.460 +0.220 -2.00
1.8 +0.317 +0.407 +0.204 -2.28
2.0 +0.299 +0.370 +0.189 -2.57
3.0 +0.262 +0.310 +0.158 -3.18
4.0 +0.236 +0.271 +0.137 -3.66
5.0 +0.213 +0.243 +0.121 -4.10
6.0 +0.197 +0.222 +0.110 -4.49
8.0 +0.174 +0.193 +0.096 -5.18
10 +0.158 +0.172 +0.087 -5.81
12 +0.145 +0.158 +0.079 -6.36
14 +0.135 +0.147 +0.073 --6.88
16 +0.127 +0.137 +0.066 -7.36
20 +0.114 +0.122 +0.062 -8.20
24 +0.102 +0.111 +0.055 -8.94
32 +0.089 +0.096 +0.048 -10.36
40 +0.080 +0.086 +0.043 -10.62
48 +0.072 +0.079 +0.039 -12.76
56 +0.067 +0.074 +0.038 -13.76




When the tank is built underground, the tank walls must be investigated for

3.4.3.2: The underground circular tank

both internal and external pressures.

In the case when only internal water pressure is acting from inside, the ring
tension and the vertical moments throughout the cylindrical wall are determined
in the same fashion of on- ground tanks, and the Eqgs. from (3.33) to (3.50) are
used. And in the case when only earth pressure acting from outside, the density
of water (yw) is replaced by the density of dry soil (ys) to determine the ring
compression and the vertical moment in the circular wall, and also using the
Egs. from (3.33) to (3.50) [PCA, 1993].

3.4.4: Design of the concrete tank sections.

Typically, in the design of reinforced concrete members, the tensile strength
of concrete is ignored. Any significant cracking in a tank containing liquid is
unacceptable. For this reason, it must be assured that the stress in concrete from
ring tension and from bending is kept at a minimum to prevent excessive
cracking. The design of these structures requires that the attention be given not
only to strength requirements, but to serviceability requirements as well. A
properly designed tank must be able to withstand the applied loads without
cracks that would permit leakage. The goal of providing a structurally sound
tank that will not leak is achieved by providing the proper amount and
distribution of reinforcement, the proper spacing and detailing of construction
joints, and the use of quality concrete placed using proper construction
practices [ PCA, 1993 ].

The design of a tank is based on the environmental provisions and then the
structural provisions [ PCA, 1996 ]. However, a "good" design should take into
consideration the overall cost of the designed structure.



Two approaches currently exist for the design of reinforced concrete
members:
1) The strength design.
2) Allowable stress design (referred to in ACI 318-2005 Code as Appendix B,
as the alternate design method) [ PCA, 1993].

In the present research the allowable (working stress ) design method is
adopted. In this method, members are designed to carry service loads (load
factors and ¢ are taken as unity) under the straight-line (elastic) theory of stress
and strain. ( Because of creep in the concrete, only stresses due to short-time
loading can be predicated with reasonable accuracy by this method) [Fredrick.
et al., 2001].

According to [Nilson et al. 2004], the concrete stress with maximum value
fc at the outer edge is distributed linearly as shown in figure (3.9), and the
entire steel area As is subjected to the stress fs, correspondingly. The total

compression force C and the total tension force T are:
C=1/2 fc b kd (3.52)
T=As fs (3.53)

The requirement that these two forces be equal numerically has been taken care

of by the manner in which the location of the neutral axis has been determined.
Equilibrium requires that the couple constituted by the two forces C and T

be equal numerically to the external bending moment M. Hence, taking moment

about C gives:
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Figure (3.9) cracked transformed section [After Nilson et al. 2004]

Ms: As fs jd (354)

Conversely, taking moment about T gives:

Mc=1/2 fckjb d? (3.55)

k=1/(+(fs/n fc) (3.56)

j=1-k/3 (3.57)

n=Es/Ec (3.58)

Ec=4700 [/ fc (3.59)
where:

Mc= compression capacity, (KN.m);
Ms= tension capacity, (KN.m);
jd = the internal lever arm between C and T, (m);
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kd= depth of the neutral axis, (m);

fs= allowable tensile stress in steel, (kN/m?);

fc= allowable compression stress in concrete, (KN/m?);

n = modular ratio;

Ec= modulus of elasticity of concrete, (MN/m?);

Es= modulus of elasticity of steel which is equal to (200000*10° kN/m?).

b= unit width of concrete section (m);

d= effective depth of concrete section measured from top to the center of

steel reinforcement, (m).

To design a rectangular tank wall subjected to bending moment(M) and

direct tension (T) as shown in Fig. (3.10), the net bending moment, either

negative or positive, shall be equal to [Syal et al. 2005]:

B.Myt=(M-T.e). (3.60)
e=(t/2)-cv (3.61)
where:

B.M = net bending moment at the center of reinforcement, (KN.m);
M = the bending moment (negative or positive) at the center of tanks wall,
(KN.m);
T =the direct tension in the tank wall, (KN);
e = the effective distance from center of the wall to the center of
reinforcement, (m);
t = thickness of the tank wall, (m);

cv = the effective cover of the tank wall, (m).



Fig.(3.10). Rectangular tank wall subject to moment and direct tension
[After Syal et al. 2005]
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CHAPTER FOUR

THE OPTIMAL DESIGN OF REINFORCED-
CONCRETE TANKS

4.1: THE CASE STUDY

This research aims at an optimum design of some selected types of

reinforced concrete tanks. The following design aspects have been adopted in
this research.

[A] With respect to volume :

(i). A relatively small tank, say ( V=50) m?.
(ii) A moderately medium tank, say ( V= 250) m3.
(iii) A medium tank, say (V=500) m3,
(iv) A relatively large tank, say ( V= 750) m®.
(v) A large tank, say ( V= 1000) m®,
[B] With respect to level state :

(i) On-ground tanks.
(if) Buried tanks.
(a) Partially buried.
(b) Fully buried.
[C] With respect to shape:

(i) Rectangular tanks, with the squared as a special case.

(i) Circular tanks

Consequently, the investigated cases would be as summarized in Fig. (4.1).



REINFORCED CONCRETE TANKS
Rectangular Circular

T T T

v v

abc de abcde abcde abcde abc de abcde

A= On-ground
B= Buried

i=Fully buried

ii=Partially buried
a= Tank volume (V) is (50 m?)
b= Tank volume (V) is (250 m3)
c= Tank volume (V) is (500 m3)
d= Tank volume (V) is (750 m3)
e= Tank volume (V) is (1000 m3)

Figure (4.1) Investigated cases of the reinforced concrete tanks undertaken
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4.2: FORMULATION OF THE OPTIMIZATION MODEL

The general outline of any optimization process constitutes the following

basic aspects:

1. Outlining the general objective, recognizing the scope of the involved
problem, and identifying all the effective parameters involved.

2. Of the identified parameters, specifying the decision variables; possibly
only the basic ones.

3. Formulation of the objective function as a function of the specified
decision variables.

4. Formulation of the constraints imposed on the investigated system
(problem ) as functions of the decision variables.

5. Solving the formulated problem by an appropriate solution procedure in

order to identify the optimal solution(s).

4.2.1: The general objective of the optimization process

As mentioned in sec. (4.1), the general objective of the research is to
obtain the optimal design of some selected types of reinforced-concrete water-
storage tanks.

A reinforced-concrete tank consist of the walls, the floor slab, and the roof
slab, when applicable. The length, width, and the height of the tank, the
thicknesses of the roof slab, the walls, and the floor slab, are usually the design

variables.



4.2.2: The decision variables

[A] The parallelepiped (rectangular) reinforced-concrete tanks

A typical reinforced concrete tank in the form of a parallelepiped is shown
in Fig. (4.2 - a). The design variables of such a tank are (X1= L), (X2= B), (X3=
H), (X4=11), (Xs=13), (Xe=t3), (X7=t4), Where:

L = length of the tank, (L);

B = width of the tank, (L);

H = height of the tank, (L);

t; = thickness of the long walls of the tank, (L);

t, = thickness of the short walls of the tank, (L);

t3 = thickness of the base slab, (L); and

t4 = thickness of the roof slab for a closed concrete tank, (L).
The optimum solution will give the optimum shape. If ( L > B ), then the
optimum shape shall be denoted as a rectangular shape. A special case of the

parallelepiped tank is the one which has its top view as a square

[B] : The cylindrical (circular) reinforced-concrete tanks

A typical concrete tank of such a form is shown in Fig.( 4.2 — b ). In this
case, the design variables would be : (X1= D), (X2= H), (Xs= t1), (X4=t3), (Xs=
t4), where :

D= internal diameter of the tank, (L);

t;= thickness of the cylindrical shell, (L); other parameter are as defined
before.

4.2.3: The objective function

The cost objective function (Z) of the present research involves the cost
of bedding, asphalt or water proofing layer, materials of the tank, excavation

and fillworks (for buried and partially buried tanks), and water stop material.
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Fig (4.2) The considered shapes of a reinforced concrete tank.
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The general procedure to arrive at the aforementioned itemized costs for
each of the mentioned types of tanks are discussed hereinafter.

A reasonable and practical survey in the design and construction of a
reinforced — concrete tank would delineate the following constituents of its cost:
1. Excavation (for buried and partially buried tanks).

2. Bedding (blinding) layer.
3. Asphalt layer.
4. The constituents of the process of constructing the body of the tank, which
involves.
I. Frameworks
I1. Reinforcing
I11. Water stop material
IV. Concrete materials.

5. Fill work (for buried and partially buried tanks) .

4.2.3.1: The objective function of the rectanqular reinforced concrete

tank
The general case in this respect is the underground rectangular concrete
tank. According to the details shown in figure (4.3), the details of the cost

calculations are given in the following sub-items.

1):The objective function of rectanqular fully-buried reinforced concrete

tank
According to details shown in Fig (4.3), the overall cost objective function

(ZT1) of this type of tank shall be as follows:
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[A] Cost of excavation, (Zr1)

The cost of excavation can be, in general, determined as follows.

Zr1= C1Vr1 (4.1)
where :

C,= cost of excavation per unit volume, (ID/ m?3);

Vr1= volume of exaction, (m3).

The volume of excavation can be calculated as follows:
Vg1 = (B+2ty) (L+2t,) (S +F) + 2(B+2ty) (S+F) + 2(L+2ty) (S+F) (4.2)

where :
S= height of fillworks above the tank, (m);
F=(H+t+ts+ 1), (M)

Consequently :

Zr1= C1[(S+F)BL + (2t,+2)(S+F)B + (2t;+2)(S+F)L + 4tyt, (S +F) +
4(t1+t2) (S +F)] (4.3)

[B]: Cost of bedding, (Zr2)

Bedding is a layer, usually of plain concrete of uniform thickness, under

the tank floor to form a base under the tank. The cost of bedding can be
determined as:
ZR>= C,VR, (44)

where:
C,= cost of plain concrete for bedding per unit volume, (ID/m3);
VR,= volume of the bedding materials, (m3).

The volume of the bedding materials (VR)) is :
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VR,= (B + 2t1) (L + 2t2)(th ) (4.5)

where :
t1= thickness of long wall, (m);
to= thickness of short wall, (m)

to= thickness of bedding layer, (m).

Then:

VRo = (BL + 2Bt, + 2Lt + 4t1t2) ty (46)
Thus:

ZR,= C, [(t)BL + (2 tatp)B + (2 titp)L + 4 tatoty] (4.7)

[C]: Cost of water proofing membrane (sliding layer), (Zr3)

The sliding layer is usually of a bitumen paper or other suitable material is
a layer between the bedding and the tank floor to destroy the bond between
them [syal et al. 2005]. For buried concrete tanks consideration should be
given to installation of an impermeable roof covering [SCDPHDWS, 2005].

The cost of the sliding layer can be calculated as follows:

ZR3: C3AR3 (48)
where:
Cs= cost of the sliding layer per unit area, (ID/m?);

AR3= area of sliding layer, (m?).

The area of the sliding layer is:
AR;3;=(1+X) ( B+2t; ) (L+2t,) + 2X(BH + LH) (4.9)

Thus :
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ZR3= C3[(1+X)(BL + (2t,) B + (2t1) L + 4tit,) + 21BH + 2ILH]  (4.10)
Where:
X= constant used to recognize between coverless and closed tanks; its
value is ( X=1) for a closed tank and (X=0)for a coverlrss tank
[D]: Cost of the body of the tank, (ZR4)

As mentioned in item (4.2.3), the cost of reinforced concrete materials

involves three parts which are:

(1):Cost of formworks, (Zs).
The cost of the formworks of the concrete tank is:
Zf= Cf Af (411)

where:
Ci= cost of formworks per unit area, (ID/ m?);
A= the area of formworks of rectangular tank, (m?).
The area of formworks of rectangular concrete tank can be determined as:
A= [2(B+2t;) (H+Xts+ t3 +t) + 2( L+2ty) (H+Xt,+ t3 +tp) +

(2BH) + (2LH) + (XBL)] (4.12)
Thus :
Zi= C;{[4BH + 4LH + XBL + (2(t3 +t, +Xt;)L + (2(t5 +t, + Xt4)B +
4(t+to)H + 4(ty+,) (to+ts Xty) ] (4.13)

(2): Cost of reinforcement, (Zr).

The cost of reinforcement of the concrete tank would be:

Zr= CRWg (4.14)
where:

Cr= cost of reinforcement per unit weight, (ID/ kg);

W= weight of reinforcement, (kg ).
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The weight of reinforcement (Wg ) can be calculated as:

Wg= 2BH(Aswi+ASw2) + 2LH(Asws + Asws) + BL( Asg +X Asg)ws (4.15)
where:

ws= weight of reinforcement per cubic meter, (kg/m3);

Asw:= Area of horizontal reinforcement in the short walls , (m?/m);

Asw,=Area of vertical reinforcement in the short walls , (m?/m);

Asws= Area of horizontal reinforcement in the long walls , (m?/m);

Asw,=Area of vertical reinforcement in the long walls , (m?/m);

Asg= Area of floor slab reinforcement, (m?/m).

Asr= Area of roof slab reinforcement, (m?/m).
Thus :

Zr= CrWs[2BH(AswitAswz) + 2LH(ASws + ASwa) +

BL( Asg +X Asg) (4.16)

(3):Cost of concrete materials, (Zco)

The cost of concrete materials of the concrete tank is:

Zeo= CeoVeo (4.17)
where:

Cco= cost of concrete materials per unit volume, (ID/ m3);

Vco= volume of concrete materials, (m3).
The volume of concrete materials (\Vco ) can be calculated as:

Veo=[( B+2t;) (L+2t)tz + 2(B+2t)) Ht, + 2LH ;] +

(B+2t;) (L+2t; )Xt4] (4.18)
Thus:
Zeo= Co [(2t1))LH + (Xty+t3)BL + (2t)BH +(2t1(Xty+ts))L + (2t2(Xts+t3))B +
(4t1to)H +4tit, (Xtg+t3)] (4.19)

[E] Cost of water stop material, (Zrs)




Zgs= Cs Sgs (4.20)
where :

Cs= cost of water stop material per unit meter, (ID/m);

Srs= length of the water stop material, (m).
Then :

Srs = 2((B+ty) + (L+ty)) (4.21)
Thus :

Zrs=2Cs [B + L + t1+ ;] (4.22)

[F] Cost of fill work, (Zrs)
The cost of fillwork can be in general determined as follows:
Zrs= Cs Vrs (4.23)

where :

Ce= cost of earth fillwork per unit volume, (ID/ md);
Vre= volume of the earth fillwork over the concrete tank, (m?®).
Then:
Vre =[(S)BL + (2t,+2)S + 2F) B + (2t;+2)S + 2F)L + (S)4tsto+ 4(t1+t,)
(S +F)] (4.24)
Consequently :
Zrs= Ce[(S)BL + (2t,+2)S + 2F) B + (2t,+2)S + 2F)L + (S)4ts1to+ 4(t1+t,)
(S +F)] (4.25)
All the aforementioned sub — objective cost functions are summarized in
Table (4.1).
The total cost (ZT;) is the summation of all aforementioned sub-cost
functions calculated in the previous items and given in Table (4.1). That is :
ZTi= X zgi i=12,...,6 (4.26)

Thus, the overall cost objective function may be written in the form:



ZT1=[C2 ty+(1+X)Ca+Cco(Xty+ts)+ (Asg+ XAsg) CrWs +XCit+C1(S+F)+

CGS] BL +[(2CCO t1+2CRWS(ASW3+ASW4)+4Cf+2C3)] LH + [(4Cf+2C3
+2CRW5(ASW1+ ASW2)+2CCOt2)] BH + [(2C2tbt2+2(1+X)C3t2+

2

Cco(2ty(ts+ Xty))+2CH(ts+t,+X1t,))+2C1+ Ca(2t,+2)(S+F)+Ce(2t,+2)S+2F)] B
+ [(ZCgtbt1+2(1+X)C3t1+Cco(2t1(t3+Xt4))+2Cf(t3+tb+Xt4)+2C5+ 01(2t1+2)
(S+F)+Cq(2t;+2)S+2F)] L + [(4Ccotyt,+4CH(t1+t2))] H + [(C2t,+(1+X)Cs+

Cco(ts+ Xty)+(Ce+ C1)S+ CiF]ataty + [(S+F)(Ce+C1)+Cs ( t3+ty+Xt4)]

4(t1+t2) + [2C4 (t1+t2)] (427)
Table (4.1) Summary of final cost objective function, (ZT1).
Cost Terms of the decision variables
function BL BH | LH B L H | tb tr+ts
C1(S+F C1(S+F 4C4(S
Y C1(S+F) _ _ (SHF) | QR u 4C1(S+F)
(2t1+2) (2t1+2) +F)
Zro Caty — — 2Cot, 1o 2Cty 11 — 4C,ty —
2(1+X)t; | 2(1+X)t 1+X
ZRr3 (1+X) Cs 2C3 2C3 (0L (1+X)h — (1+X) _
Cs Cs 4C3
2Ck (to+ | 2Ck (tpt+ 4Cr 4CF (tp+
Zr X Cr 4 Ce 4 Ck —
t3+Xts) ts+Xts) | (it 1) t3+Xts)
(ASw1 | (ASws
(Asp+ XASR) + +
Zr
CrWs ASw2) | ASwa) — _ _ _ _
2CrWs | 2Crws
Cco(2t2(t3 Cco(2t1(t3 4 CCOtZ 4Cc0(t3
ZCO CCO(Xt4+t3) 2 CcotZ 2 Ccotl -
+ Xts) + Xts) |+ Xt)
Zrs — — — 2Cs 2Cs — — 2Cs
Cs(S(2t1 | Cos(S(2t2+
y CeS _ _ oS | G2t || 4C6(S+F)
+2)+ 2F) | 2)+ 2F)




From the general objective function equation of the rectangular underground
concrete tank, (ZT;), the objective functions of various types of rectangular and
squared concrete tanks can be formulated by assigning the respective values for

the parameters (X), (S), and (F) in Eq. (4.27). Such an assignment is indicated
in table (4.2),

I1): The objective function of rectangular on-ground concrete tank (closed)

Generally, similar to the procedure followed in getting the (ZT;) and
according to table (4.2), the terms (S and F) shall have ( 0 ) values, and the
overall cost objective function (ZT2) of this type of tank can be written as
follows:

ZT,=[C; t,+C3+Cco(Xts+t3)+ (Aset+ XAsr) Crws +XCs] BL+[(2Ccotl+
2CrWs(Asws+ASws)+HACLH+[(4C++2CrWs(Aswi+Aswz)+2Ccot,)] BH+
[(2Catpt+2Cst+ Ceo(2ty(ts+ Xta))+2CH(ta+tp+Xts))+2Cs] B + [(2Ctyt,+

2C3t1+ Cco(2ty(ts+Xty))+2C(ts+ ty+Xt,)+2Cs+]L + [(4Ccotlt,+4CHt1+12))]
H + [(Caty+Cs+Ccotst] 4titr + [Cr ( ta+tp+Xty)] 4(ti+t2) + 2Cs (t1+t2) (4.28)
The final cost objective function of the on-ground rectangular reinforced

concrete closed tank is given in Table (4.3).

Table (4.2): Cases of the rectangular tank

Type of Type of Term Term Term
tank cover X S F
On-ground Closed 1 0 0
On-ground Open 0 0 0
Partially buried | Closed 1 0 *)
Partially buried Open 0 0 *)
Fully-buried Closed 1 *) (*)

(*) A value according to the site condition



Table (4.3) Summary of final cost objective function, (ZT>).
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Cost Terms of the decision variables
function BL BH | LH B L H [ tt | tt
Zr1 — — — — — — — —
Zro Caty — — 2Cot, 1o 2Coty 11 — 4C,ty —
Zr3 Cs — — 21, Cs3 2t Cs3 — Cs —
2Ck (tv+ | 2Ck (tpt 4Cr 4CF (tr+
ZF X Ck 4 Ce 4 Ce _
ts+Xts) | ta+Xts) | (Lt t2) ts+Xts)
(Aswt | (Asws
+ +
(Asp+ XASR)
Zr Aswz) | Aswa) — — _ _ _
CrWs
2Crws | 2CrWs
Cco(2t2(t3 Cco(2t1(t3 4 CCOtZ Cco(t3
Zco CCO(Xt4+t3) 2 CcotZ 2 Ccotl -
+ Xts) + Xts) |+ Xt)
ZRrs — — — 2 Cs 2 Cs — — 2Cs
Zro - - - - - - - -

I11): The objective function of rectanqular on-ground reinforced concrete

tank (open)

The formulation of the objective function of this type is the same as that

of the rectangular aboveground closed tank except giving the term ( X ) zero

value. According to table (4.2) the overall cost objective function(ZT3) shall be:




ZT3=[C2 t,+C3+Ccots+ (ASF) CrWs +] BL+[(2CCOt1+2CRW3(ASW3+ASW4)+

4Cf]LH+[(4Cf+2CRW5(ASW1+ASW2)+2CCOtg)] BH+[(2C2tbt2+2C3t2+
CCO(thtg)+2Cf(t3+tb))+2C5] B + [(2C2tbt1+2C3t1+2Ccot1t3+
2Cf(t3+ tb)+2C5+] L+ [(4CCOt1t2+4Cf(t1+t2))] H +[(C2tb+C3+CCOt3+] a4t +

[Cf ( t3+tb)] 4(t1+t2) + 2C5 (t1+t2)

(4.29)

2

The final cost objective function of the on-ground rectangular reinforced

concrete open tank is given in Table (4.4).

Table (4.4) Summary of final cost objective function, (ZTs3).

Cost Terms of the decision variables
function BL BH LH B L H tito ti+to
ZRl - - - - - - - -
Zro Caty — — 2Cotp t2 | 2Cath 1y — 4Cots -
VAR Cs — — 2tCs | 2t Cs - Cs —
2Cr 2Cr 4CF 4Ck
Z: X Cr 4 Ck 4Ce | (b+ts) | (bb+ts) | (ta+ o) — (to+ t3)
(aswit | (Asws
Zr (Asp) Crws | Aswe) + _ _ _ _ _
2CrWs | ASwa)
2CRrWs
Zeo Coots | 2Cuts | 2Cuts | 2Cutets | 2Cuatits | f“’tz Cets -
1
Zrs - - — 2Cs 2Cs — - 2Cs

Zge




1VV): The objective function of rectangular partially-buried reinforced

concrete tank (closed)

objective function of rectangular partially buried closed tank (ZT,) is :

\

1

According to table (4.2), the final formulation of the overall cost

ZT4=[C2 tb+C3+Cco(Xta+t3)+ (Asgt+ XAsSg) Crws +XC+C1F)+] BL +[(2Cco t1+

ZCRWS(ASW3+ASW4)+4Cf+2|C3)] LH + [(4Cf+2C3+2CRWs(ASW1+ ASW2)+

2Ccot,)] BH + [(2C2tpto+2C3ty+Ceo(2to(Xta+t3))+2C{ts+p+Xts))+2Cs+
C1(2t2+2) F+ Cs2F)] B + [(2C,tpt1+2Csty+2Ccoty (Xta+13))+2C(ts+ tp+Xts)+
2Cs5+C1(2t1+2)F+C2F)]L+[(4Ccotity+4Cs(t1+t,)][H+[(C2ty+Ca+Coo(Xta+t3)
+C1F] 4titz + [F (Cet+ C1)+Cs ((tattptXts)] 4(ti+t2) + 2Cs (t1+t2)

The final cost objective function of the partially buried rectangular

reinforced closed concrete tank is given in Table (4.5).

Table (4.5) Summary of final cost objective function, (ZT4).

(4.30)

Cost Terms of the decision variables
function "B} BH LH B L H tit, |t
Zr1 CiF _ _ CiF CiF — CiF 4CiF
(2t+2) | (2t1+2)
Zro Caty - - 2Cth o | 2Cot ta — 4Coty —
Zr3 Cs 2IC3 2C3 2t3 C2 2t1 Cs - Cs —
7 X Cr 4 Ck 4Cr | 2Cr(to+ | 2Cr(to+ | 4Cr(ti+ | — ACk (tp+
ts+Xts) | ts+Xts) t2) t3+Xts)
(Ase+ (Aswit | (Asws+
Zn XAsR) CrRWs | Aswz) Aswa) _ _ _ _ _
2CrWs | 2Crws
Zeo | Cco(Xtatts) | 2Cootz | 2 Cooti | Coo(2ta(t | Coo(2ts(tst+ | 4 Ceota tr | Coo(ts —
s+ Xty) Xts) + Xts)
Zrs — — — 2Cs 2Cs — _ 2Cs
ZRe - — — Ce2F Ce 2F - _ ACqF




V): The objective function of rectanqular partially-buried reinforced

concrete tank (open)
The final formulation of the overall cost objective function of rectangular

partially buried open concrete tank (ZT5s)is :

ZTs=[C2 th+C3+Ccotz+ (Asg) Crws + CsF)+] BL +[(2Cco t1+
2CrWs(ASwstASw4)+4C+2C3)] LH + [(4C+2C3+2CrWs(ASwit+ ASwo)+
2Ccoty)] BH + [(2C2t,t2+2C3t,+Ceo(2tst3) +2Ck(t3+tp) ) +2Cs+
C1(2t2+2) F+ Cs2F)] B + [(2C2tpt1+2C3t;+2Ccot;t3+2CH(ts+ ty)+
2Cs+ Cy(2t1+42) F+Cg2F)] L +[(4Ccot1ta+4Cr(t1+t2))] H + [(C2tp+C3+Ceots+
CiF] 4tit; + [F (Cet C1)+Cs (tat+ty)] 4(t1+12) + 2C5 (t1+1,) (4.31)

The final cost objective function of the partially buried rectangular

reinforced concrete open tank is given in Table (4.6).

Table (4.6) Summary of final cost objective function, (ZTs).

Cost Terms of the decision variables
function BL BH | LH B L H tt, | teb
ZRr1 CiF — — CiF CiF — CiF 4C1F
(2t2+2) (2t1+2)
Zr> Cotp — — 2Cth 1o | 2Coty 1y — 4Caty -
ZRr3 Cs 2C3 2Cs 2t> Cs3 2t1 Cs — Cs —
Zr X Ck 4 Cr 4 Cr 2Cr 2Ck 4Ck — 4CF
(tbtts) | (tb+rts) | (t+te) (to+ ts)

(Aswi | (Asws
Zx (Asr) Crws + + _ _ _ _
Asw2) | Aswa)
2CrWs | 2CrWs

ZCO CCOt3 2 CcotZ 2 Ccotl 2 Ccotz t3 2 Ccotl t3 4 CcotZ Ccot3 —
ty

Zgs — — — 2Cs 2Cs — — 2 Cs

Zrs - — - Ce2F Ce 2F — _ ACGF




4.2.3.2 The objective function of the circular reinforced concrete tan

1): The objective function of fully-buried circular concrete tank

According to the detailed shown in Fig (4.4), the overall cost objective

function (ZTs) of this type of tank is as follows:

[A] Cost of excavation, (Z c1)

The cost of excavation is the same as for the rectangular tank but replacing
the volume of excavation of the rectangular by the circular, that is:

Zci=CiVe (4.32)
where :

V c1= volume of exaction of the circular concrete tank, (md).

The volume of excavation can be calculated as follows:
V1= z/4 (D+2t1)? (S+F) (4.33)
Consequently :
Zc1= Cyix/4 [(S+F) D? + 2D t; (S+F) + ;2 (S +F)] (4.34)

[B] Cost of bedding, (Z ;)
The cost of bedding of the circular concrete tank can be determined as:
Z c2— C 2V c2 (435)

where:
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Figure(4.4): Typical works of a circular fully-buried reinforced concrete tank.



2

V c2= volume of the bedding materials of the circular tank shape, (m3).
Vco=7/4(D + 2t:1)% (1 ) (4.36)

where :
t1= thickness of wall of the circular concrete tank, (m);

D= internal diameter of the circular concrete tank, (m)

Then:

Vo = z/4 (D? + 4t D + 4,2ty (4.37)
Thus:

Zci= /4 Cyity [D? + 4t; D + 417 (4.38)

[C] Cost of water proofing, (Z c3)

The cost of the water proofing layer can be calculated as follows:
Zcs= CsAcs (4.39)
where:
A 3= area of sliding layer, (m?).

The area of the water proofing layer is:

Acs3= 7[/4 (1+X) (D+2t1)2 + T |(D+2t1) (440)
Thus :
Zc3=Cs[n/4 (14X)(D? + 4t; D + 4t2) + 7 DH + 2 77 t1H] (4.41)

[D] Cost of the body of the tank, (Zca)

As mentioned in item (4.2.3) the cost of reinforced concrete materials

involves three parts which are:

(1) Cost of formworks, (Zs).

The cost of the formworks of the circular concrete tank is:




Zf= Cf Af (4.42)
where:
A= the area of formworks of the circular tank, (m?).

The area of formworks of the circular concrete tank can be determined as

follows:
A= [ 7T (D+2t;) (H+Xts+ ts +t,) + 7 DH + 7/4X D] (4.43)
Thus :
Zi= Ci[z/AXD?*+ 27T DH+ 27 tiH+ 77 D (ts +t, +Xty) +
27 1 (t3 +tp + Xty)] (4.44)

(2)Cost of reinforcement, (Zcr).

The cost of reinforcement of the circular concrete tank can be calculated as
follow:
ZCR: CRWR (445)

The weight of reinforcement (Wg ) can be calculated as:
Wecr= 7 DH(Aswi+Aswz) Ws + 7/4 (D+2t1)? ( Asg +X Asg) (4.46)
where:
Ws= unit weight of reinforcement per cubic meter, (kg/m?):
Aswi1= Area of horizontal hoop reinforcement in the tank wall , (m?/m);
Asw.=Area of vertical bending reinforcement in the tank wall , (m?/m);
Ase= Area of floor slab reinforcement of the tank, (m?/m).
Asr= Area of roof slab reinforcement of the tank, (m?/m).
Thus :
Zr= CrWs[ 77 D H(Asw1+Asw,) + z/4 (D? + 4t; D + 4t;?)
( Asp +X Asg)] (4.47)



(3)Cost of concrete materials, (Zco)

The cost of concrete materials of the circular concrete tank is:
Zco= CeoVeo

where:
Vo= volume of concrete materials of the circular tank, (md).
The volume of concrete materials (V¢ ) can be calculated as:
Vo= 7/4 (D+2t)%(ts+ Xts) + 7 DH ty]

Thus:
Zo= Ceo [ /4 (Xts+t3) (D? + 4t; D + 4t,%) + (£ DH ty)]

[E] Cost of water stop material, (Zcs)

Zcs= CsScs
where :

S cs= length of the water stop material, (m).
Then :

Scs = 7 (D+ty)
Thus :

Zcs= T Cs[D+ 1]

[F] Cost of fill work, (Z cs)
The cost of fillwork can be in general determined as follows:
Zce=Ce Vs

where :

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

V c6= volume of the earth fillwork over the circular concrete tank, (m3).

Then:



Ve =[(77 (D+2t;) (S +F) + z/4 (D+2t;)? S] (4.55)

Consequently :
Zceo=Co[(T+7t))S+ TF)D+ /4 SD?+2 7t (S+F) +
7T t1% S] (4.56)

All the aforementioned sub — objective cost functions are summarized in
Table (4.7).
The total cost (ZTg) is the summation of all aforementioned sub-cost

functions calculated in the previous items and given in Table (4.7). That is :

ZTe= ¥ Zs i=12,...6 (4.57)

Thus, the overall cost objective function may be written in the form:

ZTe=[n/4 (C; tp+(1+X)Cs+ Cco(Xts+ts)+(Asrt XAsr) Crws +XCi+Cy(S+F)+
CeS] D? +[ 77 (Ccoty+ Ca+CrWs(Aswi+Aswz)+2Ci] DH +
[ 7t (C2ty+(1+X)C3 + Cco(ts+Xty)+ Ci(S+F)+ CgF + Crws(Aset+ XAsgr))
+ 7T Ce(ta+ ty+ Xtg)+ 77 Cs + 77 (Cy+ Cg)(S+F)] D + [2 7 11 (C3+C)] H +
[ 77 (Cato+ (1+X)C3+Ceo (ts+Xts)+Ces+C1(S+F)] ta? + [ 7 (Cs (ta+ tp+ Xtg)+
Cs+2 (C1+ Cg) (S+F)] ta (4.58)

The formulations of the sub-objective functions of (ZTg) are summarized in
Table (4.7).



Table (4.7) Summary of final cost objective function, (ZTs)

2

Cost Terms of the decision variables
function
D? DH H D t;2 t1
T C]_(S+
C1 (StF) 27T
Zc1 7/4 C1(S+F) — — F)
(7T u+7T) C1(S+F)
Zco 7/4 Caly — — T Coty ta 7T Caty —
(1+X) 27T Cs T
Zcs T C3 T (1+X)t1 C3 —
Carn/4 t1 (1+X)C3
7T Ck (to+ 2 7T Cr (to+
Zr /4 X Cr 27T Ce | 27T Cety —
ts+Xts) ts+Xts)
(Asw1t
/4 (Ase+
Aswz) (Asp+ XAsR)
Zr XAsr) CrWs — - -
7T CrRWs 7T t1 CRWs
Cco(Xts+t3) (ts+ Xts) 7 Ceofts
Zeo 7T Ceot1 — -
n/4 T Ceoty + Xts)
Zcs — — — 7T Cs — 7T Cs
((TT to+ 7T )S+ 27T
Zcs 7/4C6S - - TT CeS
TTF) Ce Co(S+F)

I1): The objective function of circular on-ground concrete tank (open)

The overall cost objective function (ZT7) of this type of tank is as

follows:
ZT.= [7[/4 (CZ tb+C3+ CCOt3+(As|:) CRWS] D? + [71' (CCOt1+ CRWS(ASWl+Aswz)+
2Cf] DH +[7Z' f1 (Cth+ Cs +Ccots+ CRWs(ASF))+ T Cf(t3+ tb)‘l‘ T C5] D+

[277t1 Cs] H +[ 7 (Catp+ C3+Coo ts] ta1®+ [ 77 (Cs (ts+ th)+ Cs] ta

(4.59)

The summary of the formulated respective cost objective function is given in
Table (4.8).



Table (4.8) Summary of final cost objective function, (ZT7)

Cost Terms of the decision variables
function
D? DH H D t;2 t;
Zcy - - - - - -
Zco 7/4Caty — — TT Caotp ts 7T Caoty —
Zc3 Csr/4 — — 7T 11C3 T Cs -
2 7T Cr (to+
Lk — 27T Ce | 27T Cety | 70 Cr (to+ t3) - )
3
(Aswit
7[/4 (ASF)
Aswz) Tt
Zr CrWs — _ _
7T CrRWs CrWs(ASF)
T Cco(t3
Zeo Ccots 7[/ 4 7T Ceol1 - t3 7T Ceol1 —
+ Xts)
Zc5 — — — 7T Cs — 7T Cs
Zce - - - - — —

I11): The objective function of circular on-ground concrete tank (closed)

The overall cost objective function (ZTs) of this type of tank is as

follows:

ZTg= [z/4 (C1to+C2+ Cco(Xta+t3)+(Ase+ XAsg) CrWs +XCf] D? +[ 77 (Ceot1+

+CRW3(ASWl+Aswz)+2Cf] DH +[7Z' t1 (Cltb+C2 + CCO(t3+Xt4) +

CrWs(Asrt XAgr))+ 7T Ce(ts+ tp+ Xtg)+ T Cy ] D+ 2711 C H +
[72' (Cltb'l‘ Coo (t3+Xt4)] t12+ [72' (Cf (t3+ tpt Xt4)+ C4] t1

The summary of the formulation of (ZTs)is given in Table (4.9).

(4.60)




Table (4.9) Summary of final cost objective function, (ZTs)

1

2

Cost Terms of the decision variables
function
D? DH H D t;2 1
Zca — - - - - -
Zco 7/4 Caty — — T Cotp 11 7T Caoly —
Zcs Csr/4 — — 7T 11C3 7T Cs —
7T Ck (tpt+ 27T Cr (to+
ZF /4 X Cr 27T Cr | 27T Crty -
ts+Xty) t3+Xts)
(Aswit
7[/4 (Ase+
Aswz) (Asr+ XAsR)
Zr XASsR) CrWs — - -
7T CRWs 7T 11 CRWs
Cco(Xts+t3) (t3+ Xts) 7T Ceo(ts
Zco T Ccotl - -
7[/4 7T Ceot1 + Xt4)
Zcs — — — 7T Cs — 7T Cs
YA - - - - - -

1V): The objective function of circular partially-buried concrete tank

(closed)

The overall cost objective function (ZT9) of this type of tank would be:
ZTo=[#/4 (C2tb+Cs3+ Cco(Xta+t3)+(Ase+ XAsr) CrWs +XC¢+C1F] D? +

[72' (CCOtl‘l‘ C3+CRW3(ASWl+Aswz)+2Cf] DH +[ Tt (Cztb+C3 +

CCO(t3+Xt4)+ C.F+ CeF + CRWs(ASF+ XASR))+ T Cf(t3+ tp+ Xt4)+
7T Cs+ 7T (Cit Co)F] D + [2 7 t1 (C3+Cs)] H +[ 7 (C2ty+C3+Cop (t3+Xty)+

C1F] t1? + [ 77 (Ct (ta+ to+ Xtg)+ Cs+2 (C1+ Ce) F] ta

The summary of the formulation of (ZTy)is given in Table (4.10).

(4.61)



Table (4.10) Summary of final cost objective function, (ZTo)

\

Cost Terms of the decision variables
function
D? DH H D t;2 1
Cl F 7[ C]_F
Zc 7/4CiF — — 27T CiF
(72' 1+ 72')
Zco 7/4 Caly — — T Cotyth 7T Caty —
27T C3
Zca Carn/4 7T 1C3 t T 11Cs T Cs —
1
7T Ce (tp+ 2 7T Cr (tp+
ZF 7/4X Cr 27T Cr | 27T Crty -
ts+Xts) t3+Xts)
(Aswit
7[/4 (Ase+
Aswz) (Asr+ XAsR)
ZR XASR) CrWs - - -
7T CrWs 7T t1 CrRWs
Cco(Xts+t3) (t3+ Xts) 7T Ceo(ts
Zco 72- Ccotl -
77/4 7T Ceot1 + Xt4)
ZC5 — — — 7Z-C4 - T C4
Zco — — — 7T FCs — 27T CeF

\V): The objective function of circular partially-buried concrete tank

(open)

The overall cost objective function (ZT1o) of this type of tank is:
ZT10= [71'/4 (C2 tb+Cs+ CCOt3+(As|:) CrWs +C1F] D? +[7Z' (CCOtl'l‘ Cs+CrWs

(Asw1+Asw2)+2Cf] DH +[7Z' t1 (Cth+C3 +Cecots + CRWS(ASF))+

7T Ci(ts+ tp)+ T Cs+ 7 (Cy+ Co)F] D + [2 7 t1 (C3l+C)] H +
[72' (Cztb+C3+Ccot3+C1F] t2+ [72' (Cf (t3+ tb)+ Cs+2 (C1+ Ce) F] t1 (462)




\

The summary of the formulated respective cost objective function(ZTo) are

given in Table (4.11).

Table (4.11) Summary of final cost objective function, (ZT10)

Cost Terms of the decision variables
function
D? DH H D t;2 8]
CiF 7T CiF
Zc /4 CiF - - 27T CiF
(72- 1+ 72-)
Zco 7/4Coty — — 7T Coty t1 7T Caty -
27T Cs
Zc3 Carn/4 7T C3 t T 11Cs 7T Cs —
1
27T Cr
Ze — 27T Ce |27 Cety| 7T Cr (to+t3) -
(to+ t3)
(Asw1t
/4 (AsF)
Asw2) (Asp) 7T 1
ZR CrWs - - -
7T CrWs CrWs
Zco Ccots 72'/4 7T Ceot1 t3 7T Ceol1 T CCO(t3) -
Zcs — — — 7T Cs - T Cs
an - - - 7T FCs - 27T CeF
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4.3 THE CONSTRAINTS

The objective function is minimized subject to a set of constraints. The basic

controlling constraints are discussed hereinafter.

4.3.1 Dimensions

[1]: Thickness of reinforced concrete walls at least (3) m high should have a
minimum thickness of (30) cm. Usually, the minimum thickness of any minor
structural member in environmental engineering concrete structures is (20) cm
will be required where a (50) mm concrete cover is desired [ACI 350R, 1989].
According to [ACI 318, 1963] minimum thickness of one way and two way

slabs is (B/28 and Peremeter/180 ), respectively, i.e.:

ty > B/28 for one way slab (4.63)
ty >2(B+L)/180 for two way slab (4.64)
t;,tz > 20 cm  for tank wall less than 3m in height (4.65)
t;,tz >30 cm  for tank wall more than 3m in height (4.66)
t3, 2> 20 cm for tank floor and roof (4.67)
L <L limit (4.68)
B < B limit (4.69)
H <H limit (4.70)
D <D limit (4.71)

[2] The reinforced concrete sections should safely resist the critical applied
moments, shear forces, and hoop tension. These conditions can be stated in
general as [Hamdi, 1998]:

M| - As. fs.jd <0 (4.72)
(T or F)/ ((b )+(n-1)As ) — f« < 0 (4.73)
(ForT)/As — fs<0 (4.74)

V/ibd - Ve<0 (4.75)



]

where :
M= the maximum negative or positive bending moment.
F= the maximum hoop force;
T=the maximum direct tension force;
V= the maximum shear force;
fo= the allowable tensile stress of concrete, table (4.11);
d = effective depth of concrete section;
As= the steel reinforcement area in general;
J =theinternal lever arm;
V= the allowable shear stress of concrete.
where:
Ve=0.16 (Vfc ) bd (4.76)

Table (4.11) Permissible concrete stresses in relation to resisting cracking [After
Syal et al. (2005)]

Permissible stresses
Grade of kN/m?
concrete Direct Tension Due to | Shear
Tension*(10%) | Bending*(10%) | *(10%)
M15 1.1 1.5 1.5
M20 1.2 1.7 1.7
M25 1.3 1.8 1.9
M30 1.5 2,0 2.2
M35 1.6 2.2 2.5
M40 1.7 2.4 2.7
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[ACI 350R, 1989] suggested that the minimum reinforcement in walls,

4.3.2: Minimum reinforcement

roofs, and floors in each of two directions at right angles shall have an area of
0.28 percent of the concrete section. However, [ACI 318R, 2005] suggested a
limit of minimum reinforcement depending upon the grade of reinforcement as
follows:

For grade 280000 KN/m? and 350000 KN/m? the minimum reinforcement
shall have an area of 0.2 percent of the concrete section, and for grade 420000
KN/m? the minimum reinforcement shall have an area of 0.18 percent of the
concrete section. The former restriction has been considered in the present study
[ACI 350R, 1989], that is:

ASmin= 0.0028 b d 4.77)

Therefore the bending, tension, and hoop reinforcement should be not less

than the minimum steel area. These conditions can be stated as:

where:
As bending= Mmax / fsj d (4.79)
As tension = Trmax / fs (4.80)

Ashoop =T/ fs (4.81)



Durability of concrete is influenced by many factors such as concrete grade,

4.3.3: Durability and impermeability of the concrete

concrete cover, and crack width.

[ACI 350R, 1989] recommended that the concrete grade should be not less
than (28 *10® KN/m?) and nominal cover of concrete for all steel should be not
less than (40 mm). To control crack width for concrete surfaces exposed to
different condition of environment, the permissible concrete stresses as
suggested by [Syal et al. 2005] and given in table ( 4. 11) should be consulted.

As stated in [Fredrick et al. 2001], the tensile stress in the reinforcement
must not be greater than the following.

Grade 280 and 350 : 140*10% KN/m? (4.82)

Grade 420 ; 168*10° KN/m? (4.83)

However, [Hamdi, 1998] stated that the allowable tensile stresses in steel
reinforcement due to hoop tension and direct tension should not exceed fsmax
which is about (100 *10® KN/m?) in order that crack width do not exceed the
limit. Moreover, the allowable tensile stresses in steel reinforcement due to
bending of (138 *10° KN/m?) was suggested by [PCA, 1996]. These limits shall
be adopted in the present research.

The compressive stress in the extreme surface of the concrete must not
exceed (0.45 f¢), where the f¢ is the 28-day compressive strength of the
concrete [Fredrick et al. 2001].

To control permeability, the thickness of wall of circular and rectangular
tanks in relation to the height as in [Hamdi, 1998] and [Uraiby, 1997]is:

t1,t, > 0.025 H +0.05 (4.84)



A prespecified constant storage capacity is assumed for rectangular,

4.3.4: Concrete tanks storage capacity

square, and circular tanks as follows, respectively:

Vor > B.L.H (4.85)
Vos>L%H (4.86)
Voc > (7 /4) D% H (4.87)

4.4.: The adopted method of optimization

The method of optimization used in this research is based on the iterative
method and may be summarized in the following steps:

1. Set loops for the horizontal dimensions (L, B, or D) of the tank with a step
length.

2. Calculate the vertical dimension ( H) of the tank.

3. It has been suggested that merely giving the objective function a very large
positive value (in a minimization problem) (usually Zmin=1x10%), whenever
the constraints are violated [Bundy, 1984].

4. Calculate the total cost objective function (ZT) of the given dimensions and
constraints.

5. If the calculated (ZT) is less than (Zmin), set (Zmin= ZT). Otherwise continue
with new dimensions and new (ZT).

The main program of the optimization process is schematically shown in the

flow chart given in Fig. (4.5)
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Figure (4.5):Flow chart of the main program of the optimization process.
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CHAPTER FIVE

1

]

APPLICATIONS AND ANALYSIS OF

RESULTS

In this chapter, unit prices which are mentioned in chapter Four are

specified; a generalized case study is suggested, which includes all parameters

for analysis, design, and constructing the concrete tanks. These parameters are

introduced in the constructed optimization model. Finally, the obtained results

for the considered cases are analyzed.
5.1: UNIT PRICES

The unit prices [Cy, Cy, Cs, ,Cr, Cgr, Cco, Cs, and Cg ] in Egs. from (4.1)
through (4.62) are given in Table (5.1).

Table (5.1):Applied unit prices[ After KM, 2009]

Symbol and e Valie
units (1000 1.D.)
Cl H H - - - -
(ID/m?) Excavation ( including finishing). 20
C, o _
(ID/m3) Blinding concrete (materials). 25
Cs . _
(ID/m2) Sliding layer (materials, labor) 5
Cr Formworks and constructing (reinforced and plain 25%
(ID/m?) concrete). B5**
Cr _ )
(ID/ kg) Steel reinforcement (materials) 15
CCO .
(ID/ m3) Concrete materials 300
Cs )
(ID/m) Water stop materials 18
Cs _
(ID/ m?3) Compacted frillworks 10

*For rectangular tanks.
**For circular tanks.




5.2: GENERAL DATA

In addition to unit prices, the following general data are used in the

applications.

1. Modulus of elasticity of steel, Es= 200000*10% KN/m?,

2. Characteristic cube strength of concrete at 28 days, fc=30 *10° KN/m®,

3. Modulus of elasticity of concrete, Ec= 26000 *10% KN/m?.

4. Allowable tensile stress in steel due to bending, fsp=138 *10% KN/m?,

5. Allowable tensile stress in steel due to hoop and direct tension, fs=100 *10°
KN/m3,

6. Tensile stress in concrete, f=1.5 *10° KN/m?.

7. Depth of earth filling above the roof of fully-buried tanks, S=0.5 m.

8.  Minimum cover to tension steel, Cv=0.05 m.

9. Concrete weight density, yc= 24 KN/m?,

10. Water weight density, yw = 9.81 KN/m?3,

11. Dry soil weight density, ys= 16 KN/m?3,

12. Steel weight density, wg = 78.5 KN/m?.

13. Angle of repose, ¢s= 30

14. Thickness of bedding layer, t,=0.1 m.

15. Bearing capacity of soil, qa=50 KN/m?.

16. Storage tank capacity, Vo= 50, 250, 500, 750, and 1000 m?.

5.3: THE APPLIED OBJECTIVE FUNCTION

The final total objective functions, given by Egs. (4.27) for rectangular

tanks and (4.58) for circular tanks could be represented by the general form:

ZTi=Ci+ f{Xi} i=1,2,....,n (5.1)



3
In the optimization program, the process will consider minimizing (Z T;)
given by:
ZTi=ZT;-C; (5.2)

Then the following matrices could be prepared:
[ZTTixi = [a]ixk [ X]kx;
where:
Z T= final total objective function used in the optimization process;

a = respective cost coefficient;

X = design variables.

5.4: THE COMPUTER PROGRAM

As part of this work, a computer program has been written in Fortran

language to embody the formulations of the analysis and optimization. The
program consists of two parts as follows:

1. The structural part: After calculating the respective moments and forces
by analyze the tanks by moment distribution method, then determined the
concrete tank sections and reinforcement.

2. Optimization: In this part, optimization is carried out to find the optimal
design dimensions and cost [as discussed in Sec (4.4.4)].

The flow chart of the main program has been shown in Fig. ( 4.5) before.
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5.5: RESULTS OF APPLICATIONS

The results of applications are presented to show the following:

1. Variation of cost with different tank volumes for rectangular and circular
reinforced concrete tanks for different situations as follows:
a. The rectangular and circular on-ground open tanks, Fig. (5.1).
b. The rectangular and circular on-ground closed tanks, Fig. (5.2).
c. The rectangular and circular partially-buried open tanks, Fig. (5.3).
d. The rectangular and circular partially-buried closed tanks, Fig. (5.4).

e. The rectangular and circular fully-buried open tanks, Fig. (5.5).

2. Relation between the optimal dimensions and thicknesses with different tank
volumes for rectangular and circular reinforced concrete tanks for different
situations as follows:

a. The rectangular and circular on-ground open tanks, Fisg. (5.6) and (5.7).

b. The rectangular and circular on-ground closed tanks, Figs. (5.8) and
(5.9).

c. The rectangular and circular partially-buried open tanks, Figs. (5.10) and
(5.11).

d. The rectangular and circular fully-buried tanks, Figs. (5.12) and (5.13).

e. The rectangular and circular fully-buried closed tanks, Figs. (5.14) and
(5.15).

3. Optimum dimensions, optimum thicknesses, and minimum costs for
rectangular and circular reinforced concrete tanks with different tank
volumes and different situations as follows:

a. The rectangular and circular on-ground open tanks, Tables (5.2) and
(5.7).
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The rectangular and circular on-ground closed tanks, Tables (5.3) an
(5.8).

The rectangular and circular partially-buried open tanks, Tables (5.4) and
(5.9).

. The rectangular and circular partially-buried closed tanks, Tables (5.5)

and (5.10).
The rectangular and circular fully-buried tanks, Tables (5.6) and (5.11).

4. Effect of bearing capacity of the soil on the tanks dimensions Table (5.12).

5. A condensed comparison of the obtained results is given in Table (5.13). The

comparison considers two aspects:

(@)

(b):

: The necessary volume of reinforced concrete. This is indicated by the
relative reinforced concrete volume, (RRCV), measured in [cubic
meters of reinforced concrete per one cubic meter of stored water]. The
table shows the ranking of (RRCV) in an ascending order, i.e., rank (1)
denotes the least (RRCV) which virtually denotes the most efficient one
in this respect.

The overall involved cost: This is indicated by the economic
efficiencies, (EE), measured in [I.D. per one cubic meter of stored
water]. The table shows the ranking of (EE) in an ascending order of
magnitude, giving rank (1) to the least (EE) which, virtually, would be

the most efficient in this regard.
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Table(5.2):0Optimum dimensions, thicknesses, and costs for (Rectangular, on-

ground, open) tanks.

Tank Length | Width | Height Wall Floor
. . Cost
volume L B H Thicknesses Thickness
(106 ID)
(m3) (m) (m) (m) T, t2 (mm) tz(mm)
50 5.1 4.9 2.0 200 200 8.443
250 9.2 9.2 2.95 280 280 36.268
500 10.2 10.2 481 351 351 63.817
750 12 12 5.21 403 403 90.614
1000 13.6 13.6 5.41 419 419 115.642

Table(5.3):Optimum dimensions, thicknesses, and costs for (Rectangular, on-

ground, closed) tanks.

Tank Length | Width | Height Wall Floor Roof
. ] . Cost
volume L B H Thicknesses | Thickness | Thickness A
10° 1D
(m3) (m) (m) (m) 11,12,(mm) 3(mm) t4(mm) ( )
50 4.1 4.1 2.97 250 250 200 13.024
250 94 94 2.82 313 313 209 46.653
500 10.5 10.5 4.54 362 362 233 80.326
750 12.9 12.9 451 410 410 287 113.816
1000 13.7 13.7 5.33 438 438 304 146.910




Table(5.4):Optimum dimensions, thicknesses, and costs for (Rectangular,

partially-buried, open) tanks.

Tank Length | Width | Height Wall Floor
. . Cost
volume L B H Thickness Thickness
(106 ID)
(m3) (m) (m) (m) T, t2 (mm) tz(mm)
50 4.9 4.9 2.08 261 250 12.925
250 9.0 9.0 3.09 324 324 47476
500 10.5 10.5 4.54 405 405 88.445
750 11.7 11.7 5.84 479 479 130.325
1000 13.4 13.4 5.74 518 518 171.75

Table(5.5):0Optimum dimensions, thicknesses, and costs for (Rectangular,

partially-buried, closed) tanks.

Tank Length | Width | Height Walls Floor Roof
. . . Cost
volume L B H Thickness | Thickness | Thickness
(108 ID)
(md) (m) (m) (m) t1,t2,(mm) t3(mm) ts(mm)
50 4 4 3.125 294 294 200 16.1
250 9.1 9.1 3.02 358 358 203 60.595
500 10.3 10.3 471 412 412 229 104.581
750 12.5 12.5 4.8 485 485 277 151.733
1000 13.4 134 5.56 533 533 297 199.45




Table(5.6):0ptimum dimensions, thicknesses, and costs for (Rectangular, fully-

buried) tanks.

Tank Length | Width | Height Wall Floor
. . Cost
volume L B H Thicknesses Thickness
(106 ID)
(m3) (m) (m) (m) Tz, t2 (mm) Tz (mm)
50 3.92 3.92 3.25 320 200 18.67
250 8.7 8.7 3.3 377 210 70.626
500 10.15 | 10.15 4.85 439 255 119.544
750 12.2 12.2 5.04 495 290 176.887
1000 13.1 13.1 5.83 552 300 220.288

Table(5.7):0Optimum dimensions,

ground, open) tanks.

thicknesses, and costs for (Circular, on-

Diameter Height Wall Floor
Tank volume . . Cost
D H Thickness Thickness
(m3) (108 ID)
(m) (m) t1 (mm) t3 (mm)
50 5.6 2.03 200 200 10.4
250 9.6 3.46 300 300 42.319
500 12.1 4.35 322 322 72.119
750 14.7 4.42 375 375 102.646
1000 155 5.20 390 390 127.160




Table(5.8):0Optimum dimensions, thicknesses, and costs for (Circular, on-

ground, closed) tanks.

Tank vol Diameter Height Wall Floor Roof
ani volume D H Thickness | Thickness | Thickness Cost
(md) (108 ID)

(m) (m) T1 (mm) T3 (mm) T4 (mm)
50 6 1.77 200 200 200 14.968
250 10.2 3.06 285 285 270 55.895
500 12.6 4.00 334 334 320 92.195
750 14.5 4.54 387 387 353 135.499
1000 15.6 5.23 408 408 375 168.354

Table(5.9):0Optimum dimensions, thicknesses, and costs for (Circular, partially-

buried, open) tanks.

Diameter Height Wall Floor
Tank volume . . Cost
D H Thickness Thickness
(md) (108 ID)
(m) (m) t1 (mm) t3 (mm)

50 5.8 1.89 200 200 14.332
250 9.9 3.25 300 300 53.773
500 12.4 4.14 385 385 99.280
750 14.2 4.74 403 403 147.455
1000 15.7 5.23 445 445 191.284




Table(5.10):Optimum dimensions, thicknesses, and costs for (Circular,

partially-buried, closed) tanks.

Tank vol Diameter Height Wall Floor Roof
anxvolume D H Thickness | Thickness | Thickness Cost
(md) (108 ID)

(m) (m) T1 (mm) T3 (mm) T4 (mm)
50 5.7 1.96 220 220 200 18.976
250 9.8 3.31 325 325 245 66.957
500 12.2 4.28 372 372 297 115.653
750 14 4.87 410 410 350 168.842
1000 15.1 5.58 466 466 378 217.050

Table(5.11):Optimum dimensions, thicknesses, and costs for (Circular, fully-
buried) tanks.

Tank vol Diameter | Height Wall Floor Roof
ank volume D H Thickness | Thickness | Thickness Cost
(m3) (108 1D)

(m) (m) T1 (mm) Tz (mm) s (mm)
50 5.5 2.10 255 255 200 21.337
250 9.4 3.60 337 337 245 77.596
500 12 4.42 396 396 301 128.992
750 13.8 5.02 416 416 365 181.357
1000 14.9 5.74 488 488 383 238.794




Table(5.12):Optimum dimensions, thicknesses, and costs for (Rectangular, on-

ground, open ) tanks [using: qa=70 KN/m?].

Tank Length | Width Height Wall Floor
. . Cost
volume L B H Thicknesses | Thickness
(10% ID)
(m3) (m) (m) (m) 11, t2,(mm) t3(mm)
50 4.9 4.9 2.05 200 200 7.473
250 9.2 9.1 2.99 223 223 32.635
500 9.6 9.6 5.43 311 311 56.447
750 11 11 6.2 370 370 79.113
1000 12.1 12.1 6.83 401 401 99.268
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Table(5.13):Relative effectiveness of the considered designs of the reinforced-
concrete water-storage tanks.

Volume of Cost
. Storage .
Loczttg)tr; and volurr?e Shape reinforced concrete (1000 1.D.)
(md) RRCV* | Rank** EE*** Rank**
50 Rectangular 0.279 20 168.860 12
Circular 0.256 13 208.000 26
250 Rectangular 0.229 11 145.144 7
& Circular 0.221 7 177.276 16
-8 Rectangular 0.222 8 127.634 4
a S 500 i
S Circular 0.189 2 144.238 6
(@)
c Rectangular 0.226 10 120.819 2
@) 750 i
Circular 0.196 3 136.861 5
Rectangular 0.208 4 115.642 1
1000 i
Circular 0.185 1 127.160 3
- Rectangular 0.460 48 260.480 41
Circular 0.390 45 299.680 45
250 Rectangular 0.336 38 186.540 19
g Circular 0.315 32 223.580 31
E Rectangular 0.290 24 160.652 10
b c 500 i
3 Circular 0.280 21 184.390 18
|-
? Rectangular 0.291 25 151.182 9
®) 750 i
Circular 0.287 23 180.665 17
1000 Rectangular 0.282 22 146.910 8
Circular 0.270 18 168.354 11
T T Rectangular 0.321 35 258.500 40
2 & 50 i
3 2 Circular 0.259 15 286.640 44
é* Rectangular 0.271 19 189.904 20
c 8 250 i
% Circular 0.225 9 215.092 28
o 0 Rectangular | 0.257 14 176.890 15
Circular 0.231 12 198.560 23




Rectangular 0.262 16 173.767 14

0 Circular 0.219 6 196.607 22

1000 Rectangular 0.268 17 171.750 13

Circular 0.210 5 191.284 21

Rectangular 0.461 49 322.000 47

>0 Circular 0.403 46 379.500 49

g 250 Rectangular 0.377 44 248.380 38

2 Circular 0.344 40 267.828 42

E Rectangular 0.319 34 209.162 27
d 5 500

Q Circular 0.301 29 231.306 33

g 750 Rectangular 0.318 33 202.310 25

T Circular 0.292 26 225.123 32

Rectangular 0.362 42 199.450 24

100 Circular 0.295 28 217.050 29

Rectangular 0.487 50 372.000 48

>0 Circular 0.443 47 426.740 50

250 Rectangular 0.368 43 282.504 43

= Circular 0.329 36 310.384 46

. % 500 Rectangular 0.338 39 239.088 36

> Circular 0.310 31 257.984 39

T Rectangular | 0.335 37 235.585 34

70 Circular 0.293 27 241.809 37

1000 Rectangular 0.346 41 220.288 30

Circular 0.302 30 238.794 35

*RRCV-=relative reinforced concrete volume(cubic meter of reinforced concrete
per one cubic meter of stored water).

** Rank = out of (2x5x5=50 cases under investigation).

***EE = economic efficiency =(1.D. per one cubic meter of stored water).
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5.6: ANALYSIS OF THE RESULTS

Recalling that all the designed tanks are structurally safe, the results
contained in Tables (5.2) through (5.13) and illustrated in Figs. (5.1) through
(5.15) indicate the following:

[A] With respect to volume
1. Itis clear from Figs. (5.1) through (5.5) that the optimum total cost (ZT) of

all selected volumes of the case study of the reinforced concrete tanks
increases progressively and almost linear with increasing the tank volume
(V). In fact, this is a logical and an expected result.

2. Table (5.13) indicates that the economic efficiencies (EE) of a specified
shape and state decreases with the increasing of the tank volume (V).

3. Table (5.13) indicates also that the relative reinforced concrete volume
(RRCV) of a specified shape and state decreases with the increasing of

volume (V).

[B] With respect to location
1. Tables (5.2) through (5.11) indicate that the dimensions and thicknesses

of the fully-buried tanks are greater than that of the partially-buried and
of the on-ground reinforced concrete tanks. This result is due to the
higher loads and moments applied on the fully- buried tanks.

2. Itis clear from Figs. (5.1) through (5.5) and from Tables (5.2) through
(5.11), that the optimal total cost (ZT) of the buried tanks (partially and
fully) is greater than that of the on-ground tanks for the same tank volume
(V). This result is due to the additional cost of excavation and fillworks,
beside the increments in the dimensions and thicknesses of the tank

constituents.



113

3. Table (5.13) shows that the effective efficiencies (EE) of the fully-buried
tanks are greater than those of the corresponding partially-buried ones
which, in turn, are greater than those of the corresponding on-ground
tanks.

4. Table (5.13) also shows that the relative reinforced concrete volumes
(RRCV) of the fully-buried tanks are greater than those of the partially-
buried and the on-ground tanks.

[C] With respect to shape

1. For all volumes considered in the case study, all the assumed rectangular tank
sections came to be square in all optimum results for all considered states of
the reinforced concrete tanks, as given in Tables (5.2) through (5.6).

2. For all volumes considered in the case study, the optimum total cost (ZT) and
the effective efficiencies (EE) of the circular tanks are greater than those of
the rectangular tanks as shown in Figs. (5.1) through (5.5), Tables (5.2)
through (5.11), and Table (5.13).

3. It is clear from Table (5.13) that the relative reinforced concrete volumes
(RRCV) of the circular tanks are less than those of the rectangular tanks.

[D] A compact summary in this respect is:

1. The optimal total cost (ZT) for all volumes and locations considered in the
case study went to the square shape because of the low constructional cost
than the circular tank.

2.The optimization process revealed that the circular tanks come always lag as
compared to the rectangular ones. For example, (V=250 m?) , the optimum
sections of the circular on-ground open tank were (D=9.60 m, H=3.46 m) for
which the total cost(ZT= 44.319x10° I.D.), whereas for the same volume and
location, the optimum sections of the rectangular shape were (L=9.20 m,
B=9.20 m, H=2.95 m) for which the total cost (ZT= 38.286x10° I.D.).



CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1: INTRODUCTION

In this research, a total of (50) cases for reinforced-concrete tanks for water-

storage have been taken as the case study, namely, (5) cases for location and
state, each with (5) proposed storage volumes, each with two tanks shapes,

aiming at attaining the optimum design. The results revealed the following.

6.2: CONCLUSIONS

1. The computer program for the optimization processes has been found suitable
in giving the final safe results.
(2) The optimal results for the considered cases of water-storage, reinforced

concrete tanks are summarized in Tables (6.1) and (6.2).

Table (6.1): Optimum dimensions of rectangular tanks.

= Optimum dimensions
o | B g |Lengh [Widih|Heioht| wais | Fioor | Roo
% 17 (4,9) é L,(m) | B,(m) | H,(m) | Thickness | Thickness | Thickness
9 ti,t,(mm) | ta(mm) | ta(mm)
- 50 520 | 490 | 2.0 200 200
§ 250 9.20 | 9.20 | 2.95 280 280
§ 500 10.20 | 10.20 | 4.81 351 351
% 750 12.00 | 12.00 | 5.21 403 403
G 1000 13.60 | 13.60 | 5.41 419 419




= Optimum dimensions
g e | B g | Lengh [Widh Height| wais | Foor | oo
g 17 % § L,(m) | B,(m) | H,(m) | Thickness | Thickness | Thickness
9 ,t2,(mm) | t3(mm) T4(mm)
- 50 410 | 410 | 297 | 250 250 200
% 250 | 490 | 490 | 282 | 313 313 209
2 500 | 1050 | 1050 | 4.54 | 362 362 233
S 750 | 12.90 | 12.90 | 451 | 410 410 287
S 1000 | 13.70 | 1370 | 533 | 438 438 304
50 490 | 490 | 208 | 261 250
E 250 9.00 | 9.00 | 3.09 | 324 324
Z & [ 500 | 1050 | 1050 | 454 | 405 405
g ° 750 | 11.70 | 11.70 | 584 | 479 479
X 1000 | 1340 | 13.40| 574 | 518 518
50 400 | 400 | 250 | 294 294 200
é . 250 9.10 | 9.10 | 3.02 | 358 358 203
2 % | 500 | 1030 [10.30| 471 | 412 | 412 | 229
s ° 750 | 1250 | 1250 | 4.80 | 485 485 277
= 1000 | 13.40 | 1340 | 556 | 533 533 297
50 392 | 392 | 325 | 320 320 200
3 250 870 | 870 | 330 | 377 377 210
2 500 | 10.15 | 10.15 | 4.85 | 439 439 255
? 750 | 12.20 | 12.20 | 5.04 | 495 495 295
1000 | 13.10 | 1310 | 583 | 552 552 310




Table (6.2): Optimum dimensions of circular tanks.

= Optimum dimensions
g @ % e Diameter | Height Wall Floor Roof
'g i g é D,(m) H,(m) Thickness | Thickness | Thickness
3 T, (mm) Tz(mm) T4(mm)
_ 50 5.60 2.03 200 200
g 250 9.60 | 3.46 300 300
g 500 | 1210 | 4.35 322 322
% 750 | 1470 | 4.42 375 375
S 1000 | 1550 | 5.20 390 390
- 50 6.00 1.77 200 200 200
§ 250 | 10.20 | 3.06 285 285 270
2 500 | 12.60 | 4.00 334 334 320
S 750 | 1450 | 454 387 387 353
S 1000 | 15.60 | 5.23 408 408 375
50 5.80 1.89 200 200
g 250 9.90 | 3.25 300 300
Z & | 500 | 1240 | 4.14 385 385
S ° 750 | 1420 | 474 403 403
g 1000 | 1570 | 5.23 445 445
50 5.70 1.96 220 220 200
E 250 980 | 331 325 325 245
I % 500 | 1220 | 4.28 372 372 297
= [ 750 | 1400 | 487 410 410 350
& 1000 | 1510 | 5.58 466 466 378




= Optimum dimensions
§ @ % £ | Diameter | Height Walls Floor Roof
% i g g D,(m) H,(m) Thickness Thickness | Thickness
3 ts, (mm) ta(mm) t(mm)
50 5.50 2.10 255 255 200
3 250 9.40 3.60 337 337 255
E 500 12.00 4.42 396 396 301
% 750 13.80 5.02 416 416 365
1000 14.90 5.74 488 488 383

3. The optimal total cost (ZT) for all volumes and locations considered in the
case study went to the square shape
4. Increasing the allowable bearing capacity of the soil will decrease the
horizontal dimensions and leads to decrease the tank cost for the same
volume (V).
5. The optimization processes automatically excluded the circular tanks shape

For example, (V=250 m®) , the optimum sections of the circular on-ground
open tank were (D=9.30 m, H=3.46 m) for which the total cost(ZT=
44.319x10° 1.D.), whereas for the same volume and location, the optimum
sections of the rectangular shape were (L=9.20 m, B=9.20 m, H=2.95 m) for
which the total cost (ZT= 38.286x10° I.D.).

6.The effective efficiency (EE) of a specified state decreases with the increasing

of the reinforced concrete tanks volumes (V).

6.3: RECOMMENDATIONS

The following are recommended for further studies:

1. Investigating the effect of ground-water on the buried tanks.
2. Studying the optimum design of multi-cell reinforced concrete tanks.

3. Solving the optimization problem by techniques other than the one used
in this research.
4. Studying the design of tapered wall reinforced concrete tanks.
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