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Abstract: This paper deals with the seismic column design of 35 elevated RC water storage tanks.
Tanks comprise a top conic trunk reservoir, a column with variable hollow square cross-sections, and
a shallow foundation on a sand layer. The five-column heights considered are 20, 25, 30, 35, and 40 m.
The five tanks are subjected to seven degrees of seismic loading characterized by the reference peak
ground acceleration in Eurocode 8. The elevated tanks are designed against the full prescriptions of
Eurocode 2, Eurocode 8, and the Spaniard Structural Code of Practice. This includes variable loads for
seismicity, wind, snow, etc., together with the action of self-weight and dead loads. The optimization
design method considered is a variant of the old bachelor algorithm, an adaptive threshold acceptance
method with a neighborhood move based on the mutation operator from genetic algorithms. Column
results show the high nonlinearity of the problem since the horizontal seismic forces depend on the
rigidity and height of the columns. The main features of the optimized tanks give guidance for the
practical design of this kind of elevated RC water tank.

Keywords: concrete structures; economic optimization; elevated water tanks; old bachelor algorithm;
seismic loading; structural design

1. Introduction

Elevated tanks are critical structures in water supply networks. These tank facilities are
usually located on tall structures that provide sufficient pressure for water distribution systems.
Tanks also serve for storage that covers possible interruptions in the pumping system. Thus,
this structure is essential for public services and there is a vital need for it to remain operational
after severe earthquakes. The poor seismic performance of these inverted pendulum-type
constructions are frequently reported during major earthquakes [1-4]. The seismic response
of concrete and steel tanks was extensively investigated through experimental and numerical
methods [5-8]. Factors that affect the seismic response of tanks include the tank size [9],
the soil-structure interaction [10], and the fluid-structure interaction [11]. Regarding the
optimized design of elevated RC water tanks, to the best of the authors’ knowledge, there was
no research conducted to date.

Structural engineering aims to achieve maximum safety with minimum investment. This
target is not easy as long as various design variables with multiple combinations characterize
structural problems. Researchers have explored new ways to achieve structural efficiency.
In conjunction with evolutionary-based optimization procedures, finite element modeling
techniques were used to design conical steel water tanks on elevated towers [12] and rect-
angular RC reservoirs [13]. However, most of the approaches found in the literature were
not suitable to be implemented in real-life structures [14]. Much research was conducted
recently concerning metaheuristics applied to structural optimization, such as metasimulated
annealing and metathreshold accepting [15], harmony search [16-18], swarm intelligence
methods [19,20], and biogeography-based optimization [21], among others.
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Models without physical meaning or without being based on nature can also be
used in structural optimization, as in the case of machine learning algorithms [22]. Since
machine learning models do not have a physical meaning, further study and deepening
of the model output are necessary. Once a model is calibrated, the next step is to find the
main patterns and variables that explain this model. Analyzing the variables makes it
possible to understand the correlation between them and associate this correlation with an
expert meaning that comes from a physical model or an expert in the area. These machine
learning models allow for understanding or eliminating specific patterns or relationships
that the model has found. On the other hand, when these conditions are found, they can be
introduced as a physical constraint to calibrate the model [23,24]. The results obtained in
the structural design case can be used to analyze the variables that have the most significant
impact on the design, the values they take, and their relationship. Subsequently, it is
possible to identify which physical condition sustains these relationships.

This paper employs the hybridization strategy to combine the strengths of indi-
vidual algorithms and exploit the complementary character of different optimization
strategies. Lopes Silva et al. [25] provided a survey on the hybridization of metaheuris-
tics with other techniques for optimization problems. In this context, these techniques
proved the efficiency of threshold accepting-based techniques to optimize bridge piers [26],
post-tensioned concrete box girder bridges [27], and wind turbine foundations [28].

Following this line of work, this paper focuses on the economic seismic optimization of
columns for elevated concrete water storage conical tanks. To this end, a Fortran program
encompasses modules for structural analysis, limit states verification, and cost evaluation.
A hybrid threshold acceptance adaptive algorithm with a mutation operator (abbreviated
herein as OBAMO) was then used to search the solution space in order to identify a set
of solutions with optimized values for the designer. The study shows the algorithm’s
applicability to the structure and provides engineers with guidelines for efficient design.

2. Optimization Problem Definition
2.1. Elevated Water Tanks Object of Optimization

The RC elevated water tanks consist of a high reservoir of conic trunk shape, a column
with a hollow square cross-section, and a footing as a shallow foundation (Figures 1 and 2).
The top reservoir keeps a constant geometry and steel reinforcement for the water tanks
considered in the study. The top reservoir was analyzed by SAP2000 using two-dimensional
shell finite elements of four nodes, whose parameters are the element thickness, together
with the Young modulus, and the Poisson’s ratio of the material. Alternative methods to
the finite element method are the finite difference method [29] and the discrete element
method [30]. Given the stress resultants, the reinforcement of the reservoir was computed
by Eurocode 2 [31] and the Spaniard Code of Structures [32]. Figures 3-5 show the final
reinforcement. The height of the conic trunk reservoir is 6 m, and the outer and inner
diameters are 14 and 7 m, respectively. Man access of 1.20 m in diameter with walls of
0.20 m of thickness crosses the reservoir. This access goes from the column shaft to the top
platform of the reservoir. The tank also has a handrail that surrounds the top slab. All the
reservoir walls have a thickness of 0.30 m in concrete class C-30. The reservoir volume is
533.08 m3, excluding the man’s access.
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Figure 1. Typical plan view of an elevated water tank.

914.00

T
1

SECTION n

$7.00

SECTION n—1

SECTION n—2

SECTION 4

SECTION 3

SECTION 2

SECTION 1

5.00
STAGE n—1

5.00
STAGE n-2

(n—5)
STAGESX5.00

5.00
STAGE 3

5.00
STAGE 2

5.00
STAGE 1

6.00

c
W
2
=
17

He

Figure 2. Typical elevation of an elevated water tank.
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Figure 3. Steel reinforcement elevation of the reservoir.
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Figure 4. Reinforcement plan view of the top slab of the reservoir.
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Figure 5. Reinforcement plan view of the bottom slab of the reservoir.

An RC column supports the reservoir with square hollow sections founded on a
footing (Figure 2). The column and the footing are optimized regarding their geometry and
the steel reinforcement. The height and the cross-sections of the column play a key role
in the structure’s stiffness, which is crucial for the external forces and the stress resultants
caused by earthquakes. Note that the present paper concentrates on the design interaction
of the seismic action with the column’s height and rigidity. This highly nonlinear problem
is studied for a constant top reservoir. First and second-order stress resultants of the one-
degree freedom oscillator are computed directly without any finite element simulation. The
analysis considers five-column heights, from 20 to 40 m in steps of 5 m (Figure 2). Column
stretches are defined by the variables that determine their cross-section, the concrete quality,
and the steel reinforcement. The characteristics of each stretch are doubly symmetric since
the seismic actions considered can act in any positive or negative direction (Figure 6). Index
i in Figure 6 indicates a given column stretch since the wall thicknesses, reinforcement, and
concrete quality can vary in each stretch. The external width of the column is a geometric
variable that can vary between 1.80 and 4.90 m in steps of 0.10 m. This width is constant
at the full height of the column. The limit of 4.90 is that of the size of the square inscribed
in a circle of 7.00 m, which corresponds with the bottom dimension of the reservoir. The
thickness of the column walls can vary in the different stretches, with a minimum of 0.25 m
and a maximum of 0.75 m in steps of 2.5 cm. It is required that the thickness of the walls
either keeps constant or reduces in height. The vertical reinforcement is placed in the outer
and inner faces of the column. The number and diameter of the bars in each face define
it. The vertical bars of the first stretch faces could be spaced between 0.100 and 0.300 m
in steps of 2 mm. This gives 101 spacing possibilities. A given stretch face of the column
can keep the number of bars in the stretch below or reduce it to half (half plus one bar if
the number of bars in the stretch below is odd) unless the resulting spacing between bars
would exceed 0.30 m. The possible diameters of the bars are 12, 16, 20, 25, and 32 mm. In
addition, the diameter of the bars in a given stretch face cannot be larger than that of the
stretch below. The vertical bars are kept in place through small horizontal stirrups with
a minimum diameter of 8 mm for assembly. More oversized stirrups from one external
face to the opposite external face serve as shear reinforcement with diameters of 12, 16,
or 20 mm spacing between 0.100 and 0.300 m in steps of 2.5 mm. A given stretch cannot
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have stirrups of greater diameter or spaced less than the stretch below. This is following
the reduction in the height of the stress resultants. Concrete strength qualities can be those
of C-25, C-30, C-35, C-40, and C-45, where the number is f,; in MPa, i.e., the compressive
characteristic cylinder strength at 28 days. The concrete strength of a given stretch has to
be equal to or smaller than that of the stretch below.

Figure 6. Typical cross section of the column.

The foundation was considered shallow, formed by a doubly symmetric footing in
both geometry and steel reinforcement (Figure 7). This foundation is made of a bottom
footing and a plinth. The total foundation depth varies from 1.00 to 4.00 m in steps of
0.10 m. The total depth is split into two equal parts so that the bottom footing and the plinth
have the same depth. The plan dimensions of the plinth are imposed to be greater than
the width of the column plus the depth of the footing. The plan dimensions of the plinth
should be smaller than those of the bottom footing. Both the dimensions of the plinth and
the bottom footing can vary from a minimum of 4.00 m to a maximum of 15.00 m in steps
of 0.25 m. Concrete quality in the foundation is the same as for the column, following the
sequence C-25, C-30, C-35, C-40, and C-45. The main reinforcement of the foundation is the
bottom layers of steel. Reinforcement is made of up to four layers. The possible diameters
of the bars are 12, 16, 20, 25, and 32 mm. Spacing can vary from 0.100 m to 0.300 m in steps
of 2.5 mm.

hz/2
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Figure 7. Cross section of the footing foundation.
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2.2. Problem Definition

The problem consists of the cost of the design optimization of an elevated RC water
tank regarding its column and its foundation, the reservoir being constant during the
optimization analysis. The study aims to minimize the cost of the objective function
F in Equation (1) while satisfying the structural restrictions of the problem in Equation (2).
Possible values of the x1, x, ... , x; design variables are given in Equation (3).

F(xq,x2,...,%x,) = Z pixmi(x1,X2, ..., Xn) (1)
i=1,r

gj(x1,x2,...,xn) <0 (2

x; € (din, di, - - ., diy) 3)

In addition, the structure has to comply with the structural constraints. All variables
are discrete in the present model since one of the objectives of the study is that the resulting
structure is fully defined and constructible. The rest of the necessary values to define the
structure are the parameters. The main parameters are the height of the column of the water
tank and the seismic action considered. The geometrical parameters are the shape and
dimensions of the reservoir (533.08 m3), the height of the column, and the 5 m height of the
climbing form. The height of the column varies from 20 to 40 m in steps of 5 m. The main
seismic parameters are the reference peak ground accelerations considered, a,r, which are
from 0.00g to 0.24g in steps of 0.04g, where g is the gravity acceleration. Ground parameters
are the density of the fill on top of the footing, the internal friction angle of the founding
sands, the SPT of the founding sands, and the friction angle between the footing and the
ground (Table 1). Steel reinforcement parameters are the f,x = 500 MPa type of steel and
the reinforcement of the lateral faces of the footing and plinth (1J12/20). Water tanks were
analyzed in full compliance with the normative codes [31-34]. Finally, there are parameters
for the ambient exposure of the different elements: internal, external, and buried.

Table 1. Basic parameters of geometry and foundation ground.

Parameter Value
Height of column formworks 5.00m
Internal friction angle of the sands 35°
Standard penetration test (SPT) sands 30
Ground- footing friction angle 30°
Specific weight of the ground 20.00 kN/m?3

The objective function in Equation (1) is the total cost of the water tank, where p; are
the unit prices and m; are the measurements of the different units. The cost of each unit is
obtained by multiplying the unit price by the measurement. Unit prices are summarized
in Tables 2—4. Each concrete mix can be obtained with different water/cement ratios,
kilograms of cement per cubic meter, and consistency measured by the Abrams cone, which
can be plastic or flabby. All these concrete mix properties affect the verification of the
durability constraints.
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Table 2. Unit costs.
Unit Cost (€/Unit)
kg steel reinforcement in columns (f,; = 500)s 1.99
kg steel reinforcement in footing (f,x = 500) 1.07
m? formwork in footing 18.19
m? external formwork in columns 48.19
m? internal formwork in columns 49.50
m? concrete pumped placing in column 26.03
m3 concrete not pumped placing in column 27.34
m? concrete not pumped placing in footing 12.74
m3 excavation 9.42
m? earth fill 4.81
Table 3. Concrete unit costs for C-25 and C-30.

Concrete Type Water/Cement Cement (kg) Slump Cost (€/m3)
C-25(1) 0.65 250 Flabby 70.79
C-25(2) 0.60 275 Flabby 72.78
C-25(3) 0.60 300 Flabby 73.93
C-25(4) 0.60 325 Flabby 75.49
C-25(5) 0.60 350 Flabby 76.63
C-25(6) 0.65 250 Plastic 69.40
C-25(7) 0.60 275 Plastic 71.35
C-25(8) 0.60 300 Plastic 72.48
C-2509) 0.60 325 Plastic 74.01

C-25(10) 0.60 350 Plastic 75.12
C-30(1) 0.65 250 Flabby 73.62
C-30(2) 0.60 275 Flabby 75.69
C-30(3) 0.60 300 Flabby 76.89
C-30(4) 0.60 325 Flabby 78.51
C-30(5) 0.60 350 Flabby 79.69
C-30(6) 0.55 300 Flabby 79.66
C-30(7) 0.50 300 Flabby 79.85
C-30(8) 0.50 325 Flabby 82.75
C-30(9) 0.65 250 Plastic 72.18

C-30(10) 0.60 275 Plastic 74.20

C-30(11) 0.60 300 Plastic 75.38

C-30(12) 0.60 325 Plastic 76.97

C-30(13) 0.60 350 Plastic 78.13

C-30(14) 0.55 300 Plastic 78.10

C-30(15) 0.50 300 Plastic 78.29

C-30(16) 0.50 325 Plastic 81.13
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Table 4. Concrete unit costs for C-35, C-40 and C-45.

Concrete Type Water/Cement Cement (kg) Slump Cost (€/m?)
C-35(1) 0.65 250 Flabby 76.45
C-35(2) 0.60 275 Flabby 78.60
C-35(3) 0.60 300 Flabby 79.85
C-35(4) 0.60 325 Flabby 81.53
C-35(5) 0.60 350 Flabby 82.76
C-35(6) 0.55 300 Flabby 82.80
C-35(7) 0.50 300 Flabby 82.92
C-35(8) 0.50 325 Flabby 85.93
C-3509) 0.45 350 Flabby 88.72

C-35(10) 0.65 250 Plastic 74.95
C-35(11) 0.60 275 Plastic 77.06
C-35(12) 0.60 300 Plastic 78.28
C-35(13) 0.60 325 Plastic 79.93
C-35(14) 0.60 350 Plastic 81.13
C-35(15) 0.55 300 Plastic 81.20
C-35(16) 0.50 300 Plastic 81.30
C-35(17) 0.50 325 Plastic 84.25
C-35(18) 0.45 350 Plastic 86.98
C-40(1) 0.50 300 Flabby 85.99
C-40(2) 0.50 325 Flabby 89.12
C-40(3) 0.45 350 Flabby 92.00
C-40(4) 0.50 300 Plastic 84.31
C-40(5) 0.50 325 Plastic 87.37
C-40(6) 0.45 350 Plastic 90.20
C-45(1) 0.50 300 Flabby 89.07
C-45(2) 0.50 325 Flabby 92.30
C-45(3) 0.45 350 Flabby 92.00
C-45(4) 0.50 300 Plastic 87.32
C-45(5) 0.50 325 Plastic 90.49
C-45(6) 0.45 350 Plastic 93.42

The constraints of the problem are related to the serviceability of the structure, together
with ultimate limit states of stability and strength. They are the service and ultimate limit
states that must fulfill the reservoir, the column, and the foundation for all the combina-
tions of actions according to Eurocode 2 [31] and the Spaniard Code of Structures [32].
Additionally, the problem has implicit constraints regarding geometry, steel reinforcement,
materials, and constructability.

Actions were considered following Eurocode 1 [35] and the Basic Document SE-
AE/CTE [34]. Variable actions include snow on the top slab of the reservoir, wind, and
accidental seismic action. Variable actions also include the water in the reservoir, consid-
ering that the reservoir can be full or empty. The water tank was modelled as one degree
of the freedom-free oscillator. The static equivalent seismic force applied at the center of
gravity of the tank was computed. This equivalent seismic force was updated for each
iteration of the analyses of the structures being optimized. Two methods were used. First,
was the method described by Eurocode 8 [33], and second, was the simplified method by
Housner [5]. The present study applies the maximum force computed by the two methods.

The column must comply with the ULS for buckling, shear, and fatigue, as well
as the SLS for cracking. The column must also exceed the geometrical and mechanical
reinforcement minimums. The bottom and top extremes of these stretches are the basic
sections for the analysis of the column. Such cross sections are taken to compute the ULS
and SLS, except for the ULS for buckling, which requires a global check. The ULS for
buckling requires most of the computational effort due to the great number of iterative
checks required.

Regarding the foundation, the geometry is first checked for ground stress limitations.
The permissibility of the stress depends on the shape and dimensions of the footing. The
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foundation ground is a layer of sands. The internal friction angle of the sands is 35°, and
their cohesion is zero. The density of the sands is 2000 kg/m?, and they have an SPT of
30. The water table is sufficiently deep so as not to affect the foundation. The permissible
stress of the foundation is the minimum value obtained for the collapse load [36,37] and
a settlement of 25.4 mm. The collapse load g;, in Equation (4) depends on the shape of
the foundation, the eccentricity, and inclination of the load, as well as on the depth of
the foundation:

. . 1 .
qh:q-Nq~Sq~1q~dq+c'Nc~SC-1C~dC+§~B")/~N7~Svoz,y'd7 4)

where N;, N and N, are the capacity of load factors; S;, S¢, and S, are the shape factors; i,
ic, and i, are the inclination factors; dg, dc and d., are the depth factors; g is the stress on the
foundation face prior to the execution of the footing; B is the width of the footing; and 7 is
the ground density.

The settlement stress S is the stress that produces a maximum settlement of 25.4 mm.
It is computed using Equation (5) [38] for granular grounds with a proportion in weight of
particles coarser than 20 mm higher than 30%.

S=fifs-qp- B -1 ©)

where S is the settlement, f; is a correction factor that takes into account the existence of a
rigid layer at a low depth under the footing, f; is a coefficient that depends on the shape of
the footing, g, is the applied pressure at the foundation face required to cause the settlement
S, and I, is the compressibility index based on the SPT value.

Once the footing is checked for the two permissible stresses, the footing is checked
against sliding and overturning. Sliding is checked considering a friction angle between
the footing and the ground of 30° and a zero cohesion. This check is given by Equation (6):

ET<N-tgp+c-B (6)

where the applied horizontal force T multiplied by the sliding safety coefficient, Fs must be
less than or equal to that resistance to slipping given by the product of the normal force
N by the tangent of the friction angle plus the cohesion ¢ multiplied by the width of the
footing B.

The check on overturning considers that division between the stabilizing moments and
the overturning is greater than the safety coefficient. This check is given by Equation (7),
where F; is the overturning safety coefficient.

Zstubiliz
F, = =tz 7
! ZMoverturn ( )

Once the geometry of the footing is checked, the ULS of shear, flexure, and fatigue,
and the SLS of cracking are checked, as well as the geometrical and mechanical minimum
values. The method used for integrating sections is that proposed by Bonet et al. [39], which
performs the integration of stresses by the Gauss-Legendre quadrature.

3. Optimization Method

The method of optimization proposed is a hybrid old bachelor algorithm (OBA) [40]
with a mutation operator (OBAMO). OBA presents one of its advantages: the user deter-
mines the number of iterations. In addition, Agur et al. [41] proved that OBA is a less
demanding method from the point of view of computational effort than other traditional
metaheuristics such as simulated annealing or threshold accepting. The reason for using
this algorithm is that similar algorithms have been used and have given good results in
other structural problems [42,43].

This dynamic algorithm varies the acceptance threshold of new solutions as a function
of previously accepted solutions. A new solution is accepted when its cost in Equation (8)
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(costys) is smaller than the cost of the previous solution (costys) and a specific parameter called
threshold (Up). The process is updated, and the new solution becomes the previous solution.

o8 tys < cOS tps + Uy (8)

If the new solution does not meet the condition in Equation (8), then the solution is
not accepted and the cost threshold value is increased to the value given in Equation (9):

— (1-(_F
Uy = Uo + (1000/100) - (1 - (51} 9)
where Uy is the new threshold, Uy is the previous threshold, p is the number of solutions ac-
cepted in the searching process, and so! is the total number of feasible solutions considered,
which in our case is taken as 1000. If the solution is accepted, then the threshold is reduced
following Equation (10):
Uy = Uy — count - (1— (ﬂ)) (10)

sol

where count is a counter that considers whether new solutions are found in the search
process in less than a certain number of iterations. The counter is added in 1 when the
number of iterations to find a new solution is less than 100. The counter is set equal to
1 when the number of iterations to find new solutions is larger than 100. The number of
feasible solutions that improve cost plus threshold equals 1000 per computer run. The total
number of computer runs equals 25 for each of the 35 water tanks analyzed. This involves
875 computer runs for the whole parametric study in the present paper.

On the other hand, genetic algorithms (GAs) explore the solution space using a
population of solutions and operators such as selection, crossover, and mutation. It has
implemented a hybrid strategy that combines the synergy effect between the GA and
SA [44,45], obtaining encouraging results. The idea is to employ OBA with a neighborhood
move based on the mutation operator from the GA; thus, the current solution is changed by
a small random change in the values of the variables. These small random variations were
selected to avoid random searches in the solution space, and they are justified for practical
and constructive processes.

4. Numerical Results

This section presents and discusses the results for the 35 water tanks analyzed. As
explained above, the five heights of the column vary from 20 to 40 m in steps of 5 m.
Seven seismic exposures are considered characterized by aor /g from 0.00 to 0.24 in steps of
0.04. Results depend on the numerical nonlinearity of the seismic applied loads, which is
the dominant condition in most cases studied. Table 5 shows the equivalent static force
due to the seism with the tank full of water. This seismic hypothesis is the most relevant
hypothesis for the check of the water tank using Eurocode 8 [33] and the approximate
method by Housner [5]. Figure 8 represents these forces and shows the high nonlinearity of
the problem and the dependence of the force on the rigidity of the columns. Elevated water
tanks have lower rigidity, and hence the seismic force is lower than those of the shorter
water tanks. This implies that section and steel reinforcement results are not proportional
to the height of the columns, as already observed in the study of seismic viaduct piers
by Martinez-Martin et al. [46]. Regarding the value of a,r /g, larger values imply larger
equivalent static forces.
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Table 5. Horizontal seismic forces (kN).

Column Height (m) agrlg Euroc. 8 (kN) Housner (kN)
20 0.00 0.00 0.00
20 0.04 341.90 359.16
20 0.08 1232.35 1210.01
20 0.12 2144.68 2055.94
20 0.16 3479.77 3253.73
20 0.20 4198.74 3923.55
20 0.24 5702.18 5252.09
25 0.00 0.00 0.00
25 0.04 249.65 261.80
25 0.08 980.62 996.25
25 0.12 1344.01 1376.53
25 0.16 2245.38 2209.03
25 0.20 3468.79 3305.40
25 0.24 3477.36 3367.75
30 0.00 0.00 0.00
30 0.04 171.02 219.44
30 0.08 602.54 617.07
30 0.12 1568.58 1568.41
30 0.16 1694.09 1739.40
30 0.20 2049.89 2101.60
30 0.24 3082.29 3033.61
35 0.00 0.00 0.00
35 0.04 110.95 161.97
35 0.08 434.30 494.77
35 0.12 824.62 824.61
35 0.16 1356.35 1426.94
35 0.20 1661.61 1746.68
35 0.24 2063.15 2155.73
40 0.00 0.00 0.00
40 0.04 108.76 159.40
40 0.08 345.11 440.62
40 0.12 666.97 732.58
40 0.16 1153.28 1194.16
40 0.20 1390.90 1442 .49
40 0.24 1707.13 1790.73

—@— agR/g 0.00

6000 -

5000

4000 I

—e— agR/g 0.04
agR/g 0.08
—&—agR/g 0.12
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Horizontal seismic force (kN)
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Figure 8. Horizontal seismic force versus height of the column.
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Figure 9 illustrates the variation of total concrete volume in the column for different
heights and seismic exposures. It shows that concrete values increase with the height of the
column and with the seismic degree of force. This measurement of concrete varies from a
minimum of 170 m> to a maximum of 300 m?. Figure 10 shows the measurement of steel
reinforcement per meter of a column, which varies between 100 kg/m to a maximum of
700 kg/m. This graphic shows a linear increase in steel measurement with the column’s
height for water tanks not subjected to seismic loads. However, the measurement of steel
remains quite the same as the height for water tanks subjected to the same seismic condition.
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Figure 9. m3 of concrete in the column versus height of the column.
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Figure 10. Steel kg/m in the column versus height of the column.
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The width is one of the main geometrical variables of the optimization process.
The width of the column
varies from a minimum of about 1.75 m to a maximum of about 4.75 m. Although the figure
shows some peak values for the water tanks with large seismicity, the overall tendency is
that the width of the column for the optimal tank is similar for the different heights studied

Figure 11 shows the column’s width versus the column’s height.

given seismicity.
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Figure 11. Width of the column versus height of the column.
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Figure 12. Area of the footing versus height of the column.

Figure 12 shows the total area of the foundation as a function of column height and
ground acceleration. This area varies from a minimum of about 20 m? for the lowest
seismicity to a maximum of about 140 m? for the largest seismicity. Figure 13 shows the
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total volume of concrete in m3 in the foundation. The volume of concrete varies from
a minimum of about 20 m? to a maximum of about 240 m>. These two graphics can be
divided into three result groups. The tendency in the group for agg /g from 0.00 and 0.08 is
that the area of the foundation and the volume of concrete increase notably with the height
of the water tank. The group for a,r /¢ equal to 0.12 keeps sensibly constant the foundation
area and the volume of concrete. Finally, the group for agr/g of 0.16, 0.20, and 0.24 shows a
tendency to reduce the foundation area and the volume of concrete with the height of the
water tank. It is worth noting that the results are highly nonlinear with the height of the
column and the seismicity. Consider that taller columns are more flexible, which reduces
the column stress resultants due to ground acceleration. Figure 14 shows the total steel
reinforcement in kg in the footing, which varies from a minimum of about 2000 kg to a
maximum of about 14,000 kg. Again, the results can be divided into the same three groups
with the same tendencies as Figures 12 and 13.
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Figure 13. Footing volume of concrete versus height of the column.
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Figure 14. Steel reinforcement in the footing versus height of the column.
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Figure 15 shows the total amount of steel in the water tank per meter of the height
of the column in kg/m. These values vary from a minimum of about 900 kg/m to a
maximum of about 2200 kg/m. Figure 16 shows the total volume of concrete in the water
tank per meter of the height of the column in m3/m. These values vary from a minimum
of about 8 m3/m to a maximum of about 24 m*®/m. Both figures show the same tendency.
The amount of steel per unit column decreases with the height. This reduction is more
accentuated for larger seismic degrees and shorter heights of the water tanks. Graphs tend
to be horizontal when the seismic degree is low and the height of the tanks increases. All
of this stresses the high nonlinearity of the problem since taller columns are more flexible
and better accommodate the seismic response. Steel reinforcement directly depends on the
equivalent seismic force of each of the 35 cases.
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Figure 15. Water tank total steel per unit height of the column.
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Figure 16. Water tank volume of concrete per unit height of the column.
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Figure 17 shows the total cost per unit height of the 35 water tanks. Tendencies are
as shown in Figures 15 and 16 since the total cost is proportional to the materials used in
the water tanks. The maximum cost is 8814.80 €/m for a¢r /¢, equal to 0.24, and a column
height of 20 m. The minimum cost is 3749.51 €/m for agr /g, equal to 0.00, and a column

height of 40 m. Note that costs are per unit height of the water tanks.

10,000 —m—agR/g 0.00
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Figure 17. Water tanks total cost per unit height.

5. Concluding Remarks

35 RC elevated water tanks with a constant top reservoir were optimized. The height
of the columns varied from 20 to 40 m in steps of 5 m. The seismic exposure agr/g varied
from 0.00 to 0.24 in steps of 0.04. The foundation considered was a shallow RC footing
with double symmetry. The foundation ground consisted of sands with an internal friction
angle of 35° and no cohesion. The specific weight of the ground was 20 kN/m?, and the
SPT was equal to 30. The water table considered was sufficiently deep not to alter the
foundation conditions. Columns considered were RC square hollow sections with double
geometry. The shape of the constant reservoir considered was a conic trunk. The height
of the reservoir was 6 m, and the top and bottom diameters were 14 and 7 m, respectively.
The optimization method considered is based on a hybrid OBA strategy with mutation
operators named OBAMO. This method adjusts the search for new solutions as a function
of the degree of success obtained with previous solutions, which resulted in the optimal
outcome for the 35 water tanks analyzed. Regarding the analysis results, it is important to
note the high nonlinearity of the problem due to the interaction between the seismic forces
and the rigidity of the columns. It is worth noting that a full tank of water is determinant for
seismic exposures dgr /¢ higher than 0.04. The amount of steel reinforcement and volume of
concrete per unit height keeps relatively constant with the height for seismic zones of high
degrees. Water tanks under no seismic conditions require more materials with height. Note
also that the use of equivalent horizontal forces by the Eurocode 8 and the approximate
method of Housner yield similar results. The study shows the algorithm’s applicability
to the structure and provides engineers with guidelines for efficient design. The results
provide information for a day-to-day design of RC elevated tanks.
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