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ABSTRACT

During the past two decades, rapid advances irrmrdtion technology have improved the
accuracy and capabilities of optimization techngué&nfortunately, great number of
optimization methods in civil engineering has notirid implementation in practice, mainly
because the problems were treated only from mattieahgoint of view, disregarding
applicability of obtained solutions in reality. $&the aim of any optimization method is
developing methodology that would successfully a@thuman reasoning, it is necessary to
develop adequate approach that would obtain rizabstd applicable solutions. This paper
provides basic facts of the optimal reinforced ctites design, problem classification,
mathematic definition and applicability aspectwasl as preview of methods and references
available in the literature.
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INTRODUCTION

Common practise in structural design of the reitédrconcrete structures includes determining cross-
sectional dimensions and reinforcement that wout@tnthe requirements proscribed by a given code
of practise considering primarily strength and smability, as well as other imposed demands that
result from the environment, architectural requieais etc. If the requirements are not met, than the
cross-sectional dimensions and/or amount of thdoreiement have to be iteratively modified until al
the required criteria are satisfied. In engineepragtise, i.e. in reality, this iterative procéssisually
carried out without deeper consideration of prioésoncrete, steel, formwork and human labour.
Therefore, it is obvious that the practicing engiseneed an efficient designing method that would
give results which would be not only satisfying swoiering given legal standards but also considering
optimality criteria.

The search for an effective and applicable metlooaptimal design of the concrete structures isanot
new subject, but the most of developed applicatemms procedures were aimed at finding optimum
(minimal) weight of a structure, although decisioaking process is usually, if not always, aimed at
minimal price. Material and labour costs are imaottissues in design and construction of the
reinforced concrete structures, as well as theiegiplity of obtained solution in practice, i.e. the
building site.
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Rapid development of the information technologyldee researchers to develop innovative methods
of design by including the optimality aspect moterbughly and to include more realistic
requirements and optimality criteria. The first ighte studied in optimal structural design of the
reinforced concrete structures is the cross-sedltisimape of members that the structure is composed
of. Theshapes are usually selected from a smabfliavailable sections limited by form-work featar
and moreover the economical aspect that usualbysiéa mostly uniform forms withinone building.
This reduction of the searched space thereforelen#iis part of design to berationally dealt with

the size optimization methods.

When the shape is determined and fixed, thesecaddpassibly the most challenging task is the
placement of reinforcing bars withinconcrete membeften called detailing. From the optimization
point of view, thistask generally belongs to theldiof topology optimization, where the number of
bars, theirshape and material and even their m#p@te position are searched for. The type and
formof a chosen parameterization of the shapedetérmine the computational complexity of a given
problem. Although this solution is the most stréigiward one in terms of bothanalysis and the
design phase, it is obvious that this approachnimanageable with proper, often very complex
mathematical models and adequate computationalness

The great majority of approaches presented initeedure is formulated and focused on optimizing
the cross-sectional dimensions and total quantityemforcement without further analysis of the
reinforcement pattern and possibility of its propéacing and fixing at the building site. However,
proper reinforcementdesign should include the gigation of many details beyondthe determination
of area of steel such as the selection ofbar diemmeand the number of bars, the longitudinal
distribution of group of bars that have the sanme sindlength, the positioning of bars at critical
sections, determination of curtailment points, gpetion of the size andspacing of stirrups. As th
cost, flexural strength and shearstrength of a neerigba function of both the reinforcement detgilin
and dimensions of the member, detailingof reinforest should also be considered during the
optimization process.Asa consequence, this methdadequate for analysis but not for practical use

The aim of this paper is to present structural heeatical and practical aspect of optimal reinfdrce
structures structural design as a starting poinfuidher researches, as well as to provide corenige
clear overview of existing solutions and their bafgatures in order to enable other researchers to
easily find adequate benchmark problems and to loeveproper criteria for optimality
assessment.Proposed review of works published @ffil3 includes basic assumptions of given
methods and codes of practice they were based bitchvare the main starting points in finding
relevant references for the research.

PROBLEM CLASSIFICATION

Structural optimization techniques and methods Haaen developed simultaneously all across the
world under different names and terminologies, b most general and the most complete
classification of these approaches is probablytieproposed by Prof. Grant Steven [1]:

a) Topology optimization

Topology optimization is the most generalized tgb@roblems because the task is to find a structure
without knowing its final formbeforehand. The orkpown data are the environment (spans and
loads), the optimality criteria (usually the loweseight or price) and the constraints considering
allowable stresses and displacements. This claspralflems is quite common in mechanical
engineering, while their representative in the dfi@f civil engineering is determining optimal
structural system for bridge or roof structure adl\as the truss structures in which the positibn o
joints and members is not know in advance. In tase, the objective is usually minimization of
amount of material subjected tostructural requingisme
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b) Shape optimization

In this form of optimization the topology of struce is a priori known in general but there can be
some feature and/or detail of the structure thatkhbe improved. Therefore the objective is usuall
to find the best shape that will result in the magtable stressdistribution. Parameters of shapes
dimensions of the optimized parts or a set of Wesdescribing the shape. Examples for the
reinforced concrete structures can be finding th@pgr shape of holes within plate members, the
shape of a beam with holes and the optimal shameestast retaining walls.From the mathematical
point of view, two types of variables can be introed — continuous and discreteones.

¢) Size optimization

This is the most common type of structural optirticza problems because a structure is a priori
defined by a set of sizes, dimensions or crossesecthat should be combined in order to achieee th
desired optimality criteria. Within this area twadmaroups of structures can be distinguished —
discrete and continuum structures.

In discrete structures, all variables values atecsad from the pre-defined discreteadmissible set.
Therefore, this type of problems is characteriiiicthe steel structures, especially the trusséslew
reinforced concrete structures usually belong éostircond group.

Continuum structures include beam-like structurendd by continuous variables which are not
known in a priori, in contrast to the previous cagke basic exampleis a beam with moments of
inertia defined as a continuous variable. All rencéd concrete optimization tasks, where the afea o
reinforcing steel is an unknown belong to this grou

d) Topography optimization

The main task inthis class of problems form is étedmine the proper shape for shell, membrane or
tent like structures. This is the least investigatart of structural optimization, especially irethrea
of reinforced concrete structures.

Each of the abovementioned types of problems casobed witha distinct optimization strategy
chosen in accordance with specific practical festuand mathematical formulation of a given
particular problem. Naturally, solving real-worldroplems usually demand combining these
approaches because real structures never can evethsas strictly mathematical tasks. Therefore, an
expert knowledge and engineering awareness ofcgyility of obtained solution in reality, i.e. diet
building site, should also be included in creatsygpropriate mathematical model for particular
problem.

MATHEMATICAL FORMULATION

If the optimal design of a given reinforced struietis cost-oriented, i.e. if the aim is to minimibe
total price of a structure, than the objective fiorccan be defined as:

F(x)=V,P. +W,P, + AP, 1)

where/ds the volume of concreteWds weight of steel,Afis total area of formworkanBc, Psand
Pfare unit price of concrete perf’nof steel per kg and of formwork pef,mespectively. Prices of the
materials include material, fabrication and labotal amount of concrete and formwork can be
calculated according to the obtained cross-sedtidim@ensions and span, while total amount of the
steel can be calculated after adopting the fin@foecement pattern and depends on diameters and
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lengths of chosen bars and stirnConstraints in this optimization problem are ézh®n geometry
serviceability and durabilityequirementproscribed by a given code of practice.

Since the structural geometfgpans and supports positic, material properties and prices and lo
(except selfweight) are usually predefined in thesigning process, variables in thisoblemare the
crosssectional dimensions, i.e. widb and depthh. Basically, here is no need to include the tc
steel area in critical cross sections in the véemlbecause it can be calculated accordina given

code of practice. Howevethis aspect of design should not be totally negkbctince thecomplete
solution of the problem shoulalsoinclude details about bars diameters and placihgmse,which

can be quite a demanding tasspecially considerinthe great variety of possiblpatterns and
possibility of combining bars with different diamees or forming bundles consisting of same
different bars.

PRACTICAL ASPECT OFSOLUTION

After calculating required amount of the reinforee for a givencross section, a designer
supposed to choose proper combination of reinfgrbiars which would have the total area as clo
possible to the calculated one, and to specify #ect positions in a cross section in accordavitie
rules and requireamts given in a code of prece. Having in mind that reinforcement bars com
more than ten different diameters, this task isasogasy as it is usually consideAlthough odes of
practie can vary more or less between different cou, but theyall generally come down to tl
same set of requirementsbecause what is obligateshé country usually is accepted as a rul
thumb in another and vice versageneral, if bars with different diameters aredjgreater diamete
should be placed closer to thettom edge and sides, i.e. closer toconcrete surfa, and total area
of bars in the lower rowshould be greater than or equal to the area of imatbe upper row.
Combinations of significantly different diameteshould be avoided and theved th¢ difference
between the largest diameter and the smallesshould be limited by the maximatceptablevalue,
usually 56 cm or three bar sizes. The adequate concretauraixtouring and vibratir should be
allowed and enabled by defining minir clear horizontal and vertical spacing between thg,
which should not exceed codpecified valu and the maximum bar diameter, Figurel
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Figure . Typical reinforcement template

PROPOSED SOLUTIONS

Until the information technology was ndeveloped enough to support very complex calculodeais
and procedures, problem of optimal reinforced $tmes design was usually solved by conside
only basic variables such as cregstional dimensions and total amount of the reggiment, while
the problem of reinforcement bars placing withincancrete members (often called detaili
remained almost wauched, or was avoided by introducing too genegdliassumptior
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Numerous researchers have investigated possibiliti@ptimal design of reinforced concrete girders
and structures. Friel [2] derived an equation fetedmining optimal ratio of steel to total concratea

in a singly reinforced beam, while Chou [3]used rieexgge multiplier method for minimizing total cost
of the T-shaped beam. Kirsch [4]presented iterapiv@cedure in three levels of optimization for
minimizing the cost of continuous girders with esajular cross section, in which the total amount of
the reinforcement is minimized at the first levetpss-sectional dimension are minimized at the
second level, while the third level of optimizationminimizing the design moments. Lakshmanan
and Parameswaran [5]derived a formula for dire¢erdgining of optimal span to cross-sectional
depth ratio so the iterative trial and error prageccan be avoided, while Prakash et al. [6] béseid
cost-minimization method on Lagrangian and simptethods. Kanagasundaram and Karihaloo [7,8]
introduced thecrushing strength of concrete as dditianal variable along with cross-sectional
dimensions and steel ratio to optimize the costsiafiply supported and multi-span beamswith
rectangular and  T-sections using sequential linegrogramming and  convex
programming.Chakrabarty [9,10] presented cost-dpéition method for rectangular beams using the
geometric programming andNewton—Rapson method,ewhltsalloum and Siddiqgi [11]proposed
optimal design of singly reinforced rectangular raeaby taking the derivatives of the augmented
Lagrangian function with respectto the area oflstiaforcement.Coello et al. [12] proposed thetcos
optimal design of singly reinforced rectangularbaeasimng Genetic Algorithms by considering cross-
sectional dimensions and the reinforcement arearidles. More detailed overview of literature on
cost-optimization of reinforced concrete structurpdo 1998 can be found in [13].

One of the first papers that deal with reinforcetmglacing details was presented by Koumousis
andArsenis [14]. This method is based on multiecidin optimization using Genetic Algorithmsfor
finding a compromise between minimum weight, maximuniformity and the minimum number of
bars for a group ofmembers. After that, researchare started to introduce reinforcement detailing
data as variables in optimization methods, usuaflysing one of two basic approaches. In the first
one, reinforcement spacing demands are includedcadtulus as constraints, while the other one uses
previously developed data base of possible reisfoemt patterns. Constraints in the first approaeh a
based on maximum allowable number of reinforcentayeérs (usually one or two) and maximum
allowable number of bars per layer (usually up aarfor five). The second approach is in fact
simplification of the first one because the dataebaf allowable reinforcement patterns is developed
by introducing the same limitations and demandp@sed by a given code of practice.

Review of most important works in this field in tleest fifteen years, including corresponding coales
practice and basic assumptions, is presented ife Tlalt can be observed that the main problem in
comparing efficiency and applicability of differeapproaches is the fact that they are based on
different codes of practice, i.e. on different femsement placing rules and restrictions. Because o
that, and as opposite of the steel structuresetl®eno standard benchmark problems for testing a
given method so the parametric sensitivity analysighe only available tool for applicability
assessment.

The other problem, and the more substantial ontheiggreat variety of different basic assumptions
such as maximal allowed number of rows and numibdrsacs per row. For example, limiting the
number of bars per row on four or five is accemdbt cross sections with width up to 35 cm, while
there is no reason to use such restriction for médess sections. Besides that, limitation of maatiyn
one row of the reinforcement has no practical eecespecially when dealing with narrow but tall
Cross sections.

Even the one of the most advanced approaches, ggdgry Govindaraj and Ramasamy [15,16], has
its limitations. Although based on the most relagedstraints, allowing as much as three differemt b
diameters in the same cross section, this methed peeviously developed data base of possible
reinforcement patterns is based on assumptionttigahumber of rows is limited to three and the
number of bars per row is limited to five. Insoftlie only approach without any a priori adopted
limitation beside the ones given in the Eurocode[27].
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Table 1 Literature

preview from 1998. to 2013.

Author Code of practice Basic assumptions
Koumousis & Arsenis Greek Code | Maximum one row with not more than for
[14] 1991 bars of the same diameter.
Rajeev&Krishnamoorthy| Indian Standard Data base with 14 possible reinforcement
[18] Code of Practice patterns.
Matous et al. [19] EC2 Maximum 3 rows, maximum 31 bars per row,
Leps & Sejnohal20] same diameters.
Camp et al. Data base, maximum one row with maximyim
ACI99 :
[21] 4 bars, same diameters.
Lee & Ahn Data base, maximum 2 rows with maximum 4
ACI99 .
[22] bars, same diameters.
Ferrelr[ggi Barros EC2 Only total steel area is considered.
Pr?2§4e]wc PBAB87 Only total steel area is considered.
Yokc[);as] atal. Not specified One row, number of bars between 31&nd
Bar[gg]at al. EC2 Only total steel area is considered.
Sahab et al. British Standard| Only columns are considered, one bar in each
[27,28] BS8110 corner.
GuerrTZ%]Klouss ACIO05 Only total steel area is considered.
Govindaraj&Ramasamy| Indian Standard Data base, maximum 3 rows with maximum 5
[15,16] Code of Practice bars per row, maximum 3differentdiameters.
Kwak & Kim Data base, maximum 2 rows, maximum 5
Korean Code .
[30,31] bars, same diameters.
Perer[%gi Vique ACIO5 + EC2 | Only total steel area is considered.
Algedra et al. Number of bars between 4 and 12, sgame
ACI08 )
[33] diameters.
Kaveh and Sabzi Data base, maximum 2 rows with maximum 6
ACIO08 .
[34] bars, same diameters.
Bar[gg]et al. EC2 Only total steel area is considered.
Bekdas & Nigdeli ACI2005 Maximum 2 rows with maximum 5 barg,
[36] same diameters.
Jahjouh et al. Maximum 8 bars, same diameters, detalled
ACI 2008 : .
[37] pattern is not considered.
Yousif & Najem ACI 2008 3 data bases: 2 rows with a) same diameters,
[38] b) diferent diameters, c) both a) and b)
M”afll‘:?]et al. EC2 No a priori assumptions.
CONCLUSION

The search for an effective and applicable metilooaptimal design of the concrete structures isanot
new subject, but the great majority of proceduftes tan be found in the literature consider this
problem only as the mathematical one, regardlesgpplicability of obtained solutions in practise, i

Technical Institute Bijeljina, Archives for TechaliSciences, Year V -°N.

58



Milaji ¢, A. et al: Optimal structural ...... Archivéor Technical Sciences 2013, 9(1), 53-60

in design of the real structures. Another diffiguis the fact that proposed methods are based on
different assumptions and codes of practice, seethee no universal criteria and standard benchmark
problems, such as in case of optimal design of stegctures. Because of that, researchers have to
find and analyse numerous references and souraasién to find adequate ones for comparison and
assessment of their methods results.

Purpose of this paper is an attempt to abridggpebgaween theory and practise in the field of optim
design of the reinforced concrete structures byharsizing importance of assessing obtained solutions
from the practical point of view.The second partlué paper provides concise overview of existing
solutions up to 2013 in order to enable researchernd the adequate comparison criteria and
benchmark problems for their solutions of the peatl
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