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ABSTRACT

During recent years more and more emphasis hasth#emm saving and ecological
aspects of the civil engineering industry. As tb&lt volume of concrete being produced
on our planet is immense (ca*@ons per year), the possibility of decreasingyieben a
small percentage can bring large savings in mateosts, transport and other costs and
reduction of CQ production and other pollution. Therefore, optinaalalysis of design
variables of concrete structures appears to begbfimportance.

Optimization is finding the best solution to a giveroblem. Many disciplines define
different optimization problems and it is typicatlye minimum or maximum value of the
objective function that is searched. It is knowratthmathematical procedures and
algorithms to find an optimal structural design arged in practice in mechanical
engineering, but the use of these tools in civgieeering is rather exceptional. Generally,
scientific works deal with the optimal design ofustures only. Finding of an optimal
shape and dimensions is usually a question ofrigaeer’s experience and good “guess”,
which is then verified by calculation. There arenmaeasons explaining why optimization
in common practise is used only occasionally. Ohthem is the absence of proper user
friendly software tools which could help within aéively short time available for structural
design. Another reason is the complexity of optatian tasks as well as a lot of
constraints in civil engineering design codes. Uast not least, the change of design
variables of buildings, bridges and structures pécg&al types do not express regular
response. This issue is discussed in the subnwibekl

K EYWORDS
Concrete structures, prestressing, design variap®mization, genetic algorithm, costs,

post-tensioned bridge, cable-stayed structure.
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ABSTRAKT

V poslednich letech je stale vice kladeirad na Uspory a ekologicka hlediska ve
stavebnictvi. Celkové mnozstvi vyprodukovaného fetoa zemi je obrovské (odhadem
10% tun za rok). MoZnost sniZeni jeho vyroby pouzeé&kolik procent niZe ginést
vyznamné materialové aspory, redukci vydap epravu a s tim souvisejicich nakiad
Mezi dalSi aspekty je moznértadit omezeni produkce GQ@ jinych Skodlivin. Z&chto
davoda se jevi optimalizéni analyza navrhovych parametbetonovych konstrukci jako
velmi dilezita.

Obecrt Ize definovat optimalizaci jako nalezeni nejlepSfeSeni pro danou ulohu.
Optimaliz&ni ulohy jsou definovany praizna od¥tvi a spojuje je hledani minima nebo
maxima cilové funkce. Je znamo, Ze matematicke agedcalgoritmy umoiujici nalezeni
optimalniho tvaru nebo paramitkonstrukce, jsou jiZadu let pouzivany ve strojirenstvi.
Kazdodenni aplikace ve stavebnictvi je vSak dosleypmecna. Navrhem stavebni
konstrukce pomoci optimalizaich algoritnti se zabyvaji pouze prace nédeckeé arovni.
Nalezeni optimalniho tvaru konstrukce je obvykleazstbu zkuSenosti a znalosti
projektanta, ktery navrh nasledioveii svym vypdtem. Existuje mnoho tvodi, prad
nejsou tyto algoritmy pouzivany ¥iné praxi. Pdtf mezi & zejména absence uZivatelsky
piistupného a srozumitelného programu, ktery by nabainzoptimalizovat konstrukci
v relativre kratkémcase, a také slozitost optimakiza alohy. DalSim limitujicim faktorem
je skuté&nost, kdy stavebni konstrukce jsou vystaveny mnofmezujicim podminkdm
pozZzadovanych normou. A v neposledatt pak znéna navrhovych paramétrbudov,
mosti ¢i specialnich typ konstrukci nevykazuje pravidelnou odezvu. VySe devé

problematika je naplnifpdloZené disertai prace.

KLi COVA SLOVA

Betonové konstrukce,f@dpti, navrhové parametry, optimalizace, genetickéorétigy,

naklady, dodata¢ predpjatd mostni konstrukce, Z&ena konstrukce.
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1 INTRODUCTION

Prestressed concrete, as a structural materialdescribed by E. Freyssinet, has
been used on a daily basis more than 80 yearsughrthat time uncounted numbers of
the prestressed bridges, building slabs and sio® lbeen built. The basic principle of
loading transmission in reinforced concrete is tieatforcement carries tensile forces and
concrete resists to compressive stresses. Temsitesf can be caused by external load,
temperature load or time dependent effects likeegrand shrinkage. Although the
compressive strength of concrete is large, theesponding tensile strength is minimal.
Therefore, the tensile forces should be transmitted reinforcement — passive
(nonprestressed) or active (prestressed). The rpsssig reinforcement is tensioned
against the concrete member and introduces perrmaaoeipressive stress in the structure.
The application of prestressing (p) causes thetioreaf compressive reserve in the
structure, see Fig. 1.1. This behaviour minimizes ¢ffect of permanent (g) as well as

variable (q) loads.

g+q
vV v vVvvvivvvvy

] E— [ EY. /B

LA LA Oc,Np Oc,Mp Oc,g+q Oc,p+g

Oy
o

Fig. 1.1 Stress distribution in a prestressed cedi]

An active modification of distribution of internébrces caused by prestressing is
another advantage of prestressed concrete. Tha effelearer in the case of transforming
the prestressing load by the system of forces @etiong the beam. An engineer is able to
influence distribution along the beam very easifychanging the tendon geometry, which
is significant mainly in a statically indeterminaggructure. Nowadays high strength
materials are widely used in civil engineering.f&at, the prestressing strand is also of
high strength steel. The prestressing of concretetsires with high strength materials
leads to the decrease of the cross-section deftissis important mainly in case of long-
span bridges, where the selfweight of the struasitbe dominant load. The reduction of
the cross-section is suitable from the functioaakthetical and economical points of view.

Two basic types of prestressed concrete can beaglisthed, (1) pre-tensioned and
(2) post-tensioned. The difference between thegest lies in the application of
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prestressing force. Pre-tensioned members are rnmadactories, where prestressing
reinforcement is stressed and temporarily fixednohorage blocks. Next, concrete is cast
into stressing beds. Afterwards it is hardened aredtressing is applied automatically to
the element by releasing the bond between conemetiereinforced strands. The bond
effect is the main idea of the pre-tensioned cdecr®n the contrary a post-tensioned
element is first cast. Only after hardening thespessing is applied to the member and

permanently anchored by the anchorage devices.

1.1 Design approaches

When we speak about analysis of structures, twdgdesapproaches can be
distinguished. The deterministic one is based @texalues of all parameters. Oppositely,
the stochastic approach is based on the probabilitiie input values and the calculation
of overall reliability of the structure [9]. The givability of failure and corresponding
reliability index are theoretical values that ased for calibration of the codes, but they
should not represent the existing level of failufbee using of fully probabilistic methods
requires knowledge of the statistic and probalmlistethods and procedures. The statistic
distributions of the material characteristics, laaddimensions are needed for using of
probabilistic methods. These values are not us@altgssible and thus stochastic methods
are applied widely in the design routine.

Several design methods has been described in tte As the knowledge about
concrete structures has been developed also thgndapproaches has improved. The
design codes and methods became writing at thenhiegi of 28" century. Beforehand
structures were designed based on experiences,lésigsvand intuitive of engineer who
had very illustrative information about load, mé&ikx and structure behaviour.

The method of allowable stresses was very popoldratf of the last century. We
can mention Czech national code for design of oegeid bridge structur€SN 73 6206
[131] or Allowable Stress Design in ACI318 [129]ati® of maximal calculated stress
(Omax to allowable stresf,) has to satisfy deterministic based limit.

Omax < Olim- (1.1)

Next, safety factor design method was based ortiptencalculated safety factos)(
is higher than limit ). Procedure seems to be more objective due toricgveverall
values of resistanc&{,y) and load effects¥eaq). Impossible including of reliability effects
(as in allowable stress method) is the biggestddeatage too. One of the codes using
safety factor was Czech design code for brid@&N 73 6207 [132]) valid until 03/2010.
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S < 50;5 = Xcap/Xioad- 1.2)

Nevertheless, the most of serious accidents caugigtural collapse are due to
non-stochastic reasons, especially human errors.uMpredictable danger should be
covered by the safety boundaries. This can be eddwy introducing of the overall or by
partial safety factors decreasing the danger tawalble limits. New conception of design
was prepared based on probability approach of btaiie. Limit state theory was successor
of mentioned methods. Structure needs to satistylimit states (1) ultimate limit state
and (2) serviceability limit state. Practical appltion of this method requires using of
partial safety factors which compares design valoksnaximal load Eg) to design
(minimal) resistance of structur®4. The most of current valid design codes used this
method (LRFD [128], Eurocodes [133]).

Eq(Fg; fa; aq) > Ra(Fg; fos aq)- (1.3)

However, it is probabilistic method, the resultsrai give imagine about reliability
reserve or reliability factor. Partial load factongere estimated based on statistical
distributions, theory of probability and the tebist the many simplification of problem
were accepted. Nowadays lot of publications deahiitf optimization are related to ACI
and Eurocode which both are based on limit statle partial safety factors.

Generally, the optimal design of prestressed céaaan be divided into two basic
groups. The first is Load-balancing method preskbieLin [74]. The balancing of certain
part of permanent or (and) variable can be traredeby the effect of prestressing. The
second group is Magnel theory of the allowablessis. Magnel [81] constructed the
diagrams of possible configuration of the leveltloé reciprocal values of prestressing
forces and eccentricity of tendons. Such kind &fpbs gives to engineer overview of

usability and availability of the designed paramet# the structure.

1.2 Design processes

Generally, a persisting economic crisis and inéngasosts of concrete and steel
material can also play an important role in thegtesf the structure as required from an
investor. A designer is able to perform several uaéncalculations with different
parameters (cross-section dimension, number ohdtetc.), nevertheless, the optimal
configuration of parameters will not ever be ob¢ginwithout using a sophisticated
optimization tool. When designers speak aboutnagdtsolutions, it is usually the optimal
design of some particular parts of the structuttds Teads to the optimization of cross-

section dimensions, minimization of the requiredaaof reinforcement or the optimal

3
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tendon geometry along the beam. A particular merobeletail is optimally designed, but
the global optimization design may not be satisfredh different points of views such as
minimal cost, construction time or labour.

Two basic types of design processes can be dissimgd, (1) traditional and (2)
automatic. The first traditional process is basedtlee designer’s calculation of cross-
section dimensions, necessary areas and othersvateording to explicit mathematical
formulas. In the initial design this is not suféot due to some reason and so they have to
repeat, the whole design process. They are guigethdir experience, knowledge and
intuition. Usually this process requires tens ool calculations with uncertain results.
Time and labour costs are significant and the agititesign depends only on the

designer’s skills. A typical scheme of the tradiab designer process is explained in Fig.
1.2.

Geometry Calculation

input (FEM) o

Fig. 1.2 Traditional design process, FEM (finiteraknt method)

The automatic design process is an alternativéedraditional one. Generally, the
design “trial and error” procedure is replaced hyaatomatic calculation controlled by the
sophisticated methods based on very efficient nmaditieal algorithms. These algorithms
are able to evaluate a set of parameters provsiiety configuration of the structure that
implies minimal structural costs, constructions aedviceability requirements and others.
An optimal design of the structure is ensured ftbmstandpoint of selected costs together
with functional and resistance expectations. The afsthis process is suitable for several
reasons. The main one consists in the very higlaagpand performance of computer
technology. The automatic process is visible in. Fig3. The detailed overview of

optimization of different prestressed concretectitmes are mentioned in Chapter 2.4.
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Geometry Calculation

inputs and (FEM)
limits

Fig. 1.3 Automatic design process

1.3 Organization

This thesis is divided into ten chapters and ongengix. Chapter 1 describes the
main motivation of the prestressed concrete op#tion, explains design approaches and
processes, and comments the organisation of thie wor

In Chapter 2, the basic terminology related todp#@mization problems are briefly
specified. The optimization is categorized intoesal groups according to the type of the
optimization problem. Furthermore, this Chapter sarizes previous work on the
optimization of prestressed concrete structure® flilst part distinguishes optimization
according to the objective function. Afterwardse tbptimizations of different types of
prestressed concrete structures like prestressmadd)ecolumns and slabs are mentioned.
The last parts of this Chapter recapitulate optatian of prestressed bridges and special
prestressed structures.

Chapter 3 defines the main goals of this thesisxtNEhapter 4 explains used
optimization algorithms from the mathematical padhtview. An optimization procedure
is described for genetic algorithm, heuristic anadient based methods. Then, Chapter 5
illustrates a process flow of developed optimizatiool.

The application of mathematical methods is validate a specimen in Chapter 6.
This has been done on a simply supported posteteedi beam. Basically, two types of
geometries are analyzed. At the end of the chaptsensitivity analysis of different inputs
is performed.

Then, Chapter 7 concerns the use of optimizatiothoatein the design of tendon
geometry of post-tensioned concrete bridges. Opétiin makes it possible to reduce the
required number of the tendons in typical postitered concrete bridges. The deck,

double T section and three girder bridges are aoptidh The information provided in
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Chapter 8 describes the optimization of the tendanthe floor of a shopping centre.
Prestressing is used to eliminate of the interollrans used in the floor. The application
of optimization algorithm is illustrated for a cakdtayed structure in Chapter 9, which
contains comments on basic requirements for thégmlemnd analysis. A special part
describes different types of analysis with theirvaadtages. The usability of the
optimization algorithm is verified on a simple oafstayed structure for particular
calculation type.

The conclusions of this work together with recomduwions for further research are
presented in the last Chapter 10. An appendix pesviinformation about necessary

settings for particular optimization algorithm.
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2 THE STATE OF THE ART

Nowadays, the prestressed concrete is used in naitige of production. Different
types of beams, columns, slabs and special stegctare produced using prestressed
concrete. The same division is used for the suiwe¥hapter 2.6. Next, prestressed
concrete can be divided into two groups (1) presitemed concrete and (2) post-tensioned
concrete. The main application areas of pre-temsjprare prefabricated beams. The
importance is significant in the prefabricated prosts because very small saving of
material in one element causes a huge decreasests m overall. Post-tensioning can
occur in any type of a structure. Principally ptesisioned concrete bridges and building
floors are used. Therefore only these two types poéstressing of beams are
correspondingly shown in sections 2.6.1.1 and 26.1

The optimization of the prestressed concrete strastcan be seen from different
views: the shape of the structure, the processadti@ssing, the type of an analysis, an
objective function, selection of the variables dhd optimization procedure, etc., which
are explained in Chapter 2.1. The main importarampater is the shape and therefore, this
will be the main division point.

The construction of the prestressed concrete siestis affected by many aspects
such as concrete properties, reinforcement parasnatel formwork. By their change, the
optimization process can be formulated, e.g. intérens of the weight of concrete and
steel, area of tendons and many others. To get rmas®nable results, the total cost of the
structure should be optimized as will be shownetads.

Before the review literature, different objectiven€tion and optimization of
particular structural types is commented, the b&sims are explained in the following

chapters.

2.1 Basic terms

Generally, the majority of practical examples havere than one solution.
Optimization means to find the best of them withpext to some effective criteria. The
search of an extreme of the function with more aldgs is characteristic for the
optimization process. In this chapter, the maireotye is to explain several fundamental
terms related to the optimization task. These laebjective function, constraint, extreme,

robustness and others.
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2.1.1 Definition of the optimization task

Generally, optimization is defined as searching mi@imum (maximum) of the
investigated function. From the mathematical pointiew, the optimization problem is to
find a vector of design variables showing a minim@maximum) with respect to
complying constraints. This explication can be esped as follows

f(x) = min(max) ,

s.t. gj(x)S 0 j=1,2..m,
LIx)<0 j=1,2.p, (2.1)

2.1.2 The objective function

The target of the optimization process is the besfiguration of certain parameters
(design variables) satisfying constraints. Gengrallis possible to find more solutions
fulfilling the initial requirements. Neverthelesthe goal is to find the best one. The
criterion for evaluating the set of parameters nhesestablished at the beginning of the
optimization. This criterion is called objectiventttion f (x). The objective function is
usually selected as a minimal area of cross-sectimnminimal amount of reinforcement
or minimal total costs. Where there is one objecfiinction for the investigated problem
this task represents single-objective optimizatidulti-objective optimization enables to
optimize more objective functions in one step (fwstance minimal costs and maximal
allowable deflection). The formula for multi-objec optimization is expressed as
follows:

f (%) =og - f1 (%) + 0y - f2 (%) (2.2)

Wherea;; a, are weighted constants for each objective fundtigr) andf, (x). The

result is a set of the Pareto—optimal solution$.[96
2.1.3 Constraints

In general, in addition to the objective functionjs usually necessary to define
additional functions providing a reasonable sohutior the optimization problem. These
functions are known as constraints. Constraints lwarof different types (geometrical,
checks and special requirements).

The functiong(x) < 0 expresses constraints and vafje) = 0 distinguishes the
solutions to permissibleg(x) < 0) and non-permissiblég(x) > 0). There are two basic
types of the optimization process varying from eattter by the existence of constraints.

In the first type, there is at least one constraimd the second is unconstrained. Constraints
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are usually expressed in the normalized form, Beefdllowing formula for limitation of

compression stress in concrete

gx)=—2<_1<0. (2.3)

Occ,lim

Special penalization functions have been develdpedvorking with constraints.
These functions transform the problem of constdingptimization by sets of
unconstrained optimization. The evaluating fitnkssction is decreased according to the
intensity of constraint exceeding. Therefore, thdégections penalize an excess of
constraints. The selection of functions has to eesgeveral conditions such as annual
values for accepted solution and positive valuegdtused solutions. The dependence of
the penalization function on the constraint funetie shown in Fig. 2.1. Different shapes

of the objective function are commented in Chapt2r

P(a(x)) }

S

g(x)

Fig. 2.1 Penalization function
2.1.4 Global and local extreme

The target of optimization is to find the best polessolution to a problem. From the
mathematical point of view, it is the search ofl@bgl extreme of the objective function. In
parallel to the global extreme, there are alsoll@dremes. The convergence of the
method to them usually has a negative effect. S¢vagotimization methods have the
difficulty that they neglect the search of a loeatreme as if it were a global extreme.
A gradient based method (see Chapter 4.2 or [%0])fail in this context. The difference
between the local (E1) and global (E2) extremeauntfionf(x) is shown in Fig. 2.2

f(x)

f(x)min.1

F(X)min.2

.

Xmin,1 Xmin,2 X

Fig. 2.2 Comparison of the local and global extreme
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2.1.5 Robustness

The distinction between the local and global exeens an important characteristic
of the method known amobustnessThis is defined as the capacity to find the globa
extreme of the objective function. More robust roeth find the global optimum with a
high degree of probability.

From the standpoint of robustness, two optimizagjamups exist

» gradient based method and
» objective function values method.

The selection of the initial value of parameigrfor optimization is also a very

important step. A gradient based method from pBihtends in local minimum (see Fig.

2.3).
f(x)

f(x)min,1
f(X)min,z

Y

Xmin,1 Xmin,2

Fig. 2.3 Robustness of method

2.1.6 Accuracy

Another important characteristic of the optimizatimethod is its accuracy. The
application of different optimization algorithm fane problem gives usually leads to
different optimal solutions. Accuracy can be defiras the ability to find a solution close
to the global optimum. For instance, genetic athans (see Chapter 4.1 or [114], [115]
and [82]) are described with high robustness buhvew accuracy. Gradient based
methods show the opposite behaviour. In the folhgwiigure (see Fig. 2.4), it is possible
to see optimum finding O1 using method M1, whichmere accurate than optimum O2
found by method M2.

I U

) min
(x) e O

Y

Xmin X

10
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f(x)

f(x)min

.
>

Xmin X

Fig. 2.4 Accuracy of the optimization method

The type of the optimization method can be selea®zbrding to the type of the
optimization problem. It is possible to determihe selection on the following basis:
*  When we perform an improvement of a known goodtsmiugradient based
methods are suggested.
*  When we do not know any solution beforehand theremabust method like
genetic algorithm should be used.
The combination of the robust and accurate metlifeitsoa very efficient tool. The
robust method enables to find a solution near tbbad optimum which is the starting

point for the accurate gradient method.
2.1.7 Parameterization

Optimized design variables are for instance theedsions of the cross-section, the
number and geometry of the tendon and optimal iposdf supports, etc. Previously these
items have to be parameterized. Parameterizationesf the most important steps during
the whole optimization process. The obtained smfutiepends on the limits of parameter
dependency. Two basic cases can appear.

* Insufficient parameterization- optimization algorithm cannot find the

optimal configuration of the structure.

* Redundant parameterizationlarge dependency between many parameters

leads to a very slow optimization process and lamgeunt of iterations.
2.1.8 Definition of the optimization task

Generally, the correct formulation of the optimiaatproblem is an important step
of the optimization process. Optimization examplssgally require a detailed model of the
structure and a suitable selection of design vesabDependently of the type of
optimization problem and its complexity, it is piiss to define tens of design variables
and more objective functions. Constraints usuaffgch geometrical dimensions of the
structure, stresses, material failure, etc. Theeefb is necessary to evaluate suitable

11
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algorithm for each optimization task, select carm@gjective function and set effectively
the constraints. Consequently, algorithms can bewnsarized according to several
characteristics:

» Reliability and robustnessthe algorithm ensures convergence to optimum,

» Generality— the algorithm solves different types of problexependently of
constraints or the type of objective function,

» Effectiveness— the algorithm searches optimal solution withimnimal
number of iterations; nowadays parallelization@hputers can be used,

» Simplicity — the algorithm is understood both by an optim@aexpert as
well by a standard engineer. This is a very impurfactor regarding daily
use in practice. An algorithm requiring a lot ofgareer input in each

optimization task is almost useless in daily work.

2.2 Objective function shape effect

The shape of the objective function is an imporfactor for achieving an optimal
solution. Generally, there are many different foroighe objective function (see [123]).
Dependently of this, a particular optimization algon has to be used. The simplest
example occurs when only one extreme exists; g2 (a). In the case of multiple local
extremes, to find the global optimum with some rodthis difficult. In particular, gradient
based methods are not efficient. The initial camfagion of parameters is decisive for
finding local extremes; see Fig. 2.5 (b). Whendhgective function consists of more local
extremes, gradients methods cannot be used; see€bigc). Sometimes, the gradient
method can provide misleading information about ghebal extreme when the process
focuses on the prevailing part going to the locdreame, see Fig. 2.5 (d). The most
problematic cases relate to very shallow objediivestion (see Fig. 2.5 (e)) and function
including extreme in several points only; see Ri§. (f). The previous two figures usually
represent objective functions of prestressed comctuctures within their constraints.
Finally, it s very complicated to find the globakteme of the task in the last two
examples. The gradient based method cannot beatsit Nevertheless, the application

of the evolutionary algorithm is very promising.

12
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Fig. 2.5 A possible shape of the objective funcfimmimization) [123]

2.3 Categorization of optimization

Generally, the optimization of structures can bedd#id into categories according to
the obtained result. Steven [113] distinguishesfétiowing groups:
» topology optimization,
» shape optimization,
* sSize optimization,
* layout optimization and

* topography optimization.

13
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2.3.1 Topology optimization

The first optimization category is applied when therall shape of the structure is
unknown. Only optimization criteria, limits for dga variables and constraints are given
in advance. It is frequently used in the aircraitl @utomobile industries. A typical case is
the design of reinforcement in concrete cross-gestiin civil engineering. The cross-
section dimensions are predefined and the reinfieecé amount within its position is
optimized. Another example can be the design afisstgirder where distribution of the
members and their position is searched. The lashple represents the volume of material
supported in certain points. The topology optim@atenables to find the optimal
distribution of material, see Fig. 2.6.

1>
>

a) initial volume of material

c) Villa Bedretto Bridge, Switzerland
Fig. 2.6 Example of topology optimization [112]

Generally optimization focuses on minimization loé total mass of material or total
costs. Methods belonging to this category are Qgitiyn criteria, Homogenization,

Evolution structural optimization, genetic algontlor cellular automata.
2.3.2 Shape optimization

The shape optimization is efficient where the olléopology of structure is known,
nevertheless, it needs an improvement in geomeéty. basic cases of shape optimization
are distinguished (a) global and (b) local. Glolahpe optimization deals with optimum
shape of the whole structure. An enhancement oessiractural details can be observed in

local shape optimization. The shape optimizaticerdees the optimal shape of structure

14
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depending on the redistribution of stresses. Actlpexample can be the optimization of
node positions in a steel truss girder (see Fig. 2Jgable methods for this kind are

gradient based, simulated annealing and geneticitig.
VAN JAN VAN JAN

Fig. 2.7 Example of shape optimization

2.3.3 Size optimization

Basically, a structure is defined with coordinatésnodes, dimensions and cross-
sections for size optimization. The combinatiorthef above mentioned parameters enables
to achieve optimal criteria. Predominantly it dealgh the optimization of the cross-
section. Standard Autodesign is a typical casezef gptimization. Generally, Autodesign
is very fast heuristic algorithms efficient for aatically determinate structure.
Unfortunately, it fails due to oscillation in st@ily indeterminate structures. The selection
of cross-section from the library and iterationstween values result to optimum.
Dependently of the type of design variables, wediatinguish two cases.

e Structure with discrete variablesthe structure consists of particular membenmnfro

a predefined fabrication list (for instance rolless-section of steel structures,
predefined reinforcement pattern in the concresssection etc.). Simulated
annealing or genetic algorithms are efficient md#o

* Structure with continuous variablesthe dimension of the whole structure are

independently changed (for instance weld widthteelsstructure). Gradient based
method can be used for this type.

=
AN VAN

Fig. 2.8 Example of size optimization
2.3.4 Layout optimization

This kind of optimization can be considered as andition between all three

mentioned types before. The basic topology of stineds known in the beginning. An aim

15
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of this type is neglect ineffective unloaded paftstructure, see [63]. As an example the
optimization of steel truss girder is illustratedFig. 2.9.

=
JAN JAN

Fig. 2.9 Layout optimization of bridge structuré®[2

2.3.5 Topography optimization

The last category is the least tested and exanunett can be used for searching of

optimal shape of membrane elements and tent stessl structures.

2.4 Review literature on optimization of prestressed cacrete structures

According to the study by Cohn and Dovitzer [24]gameral structural optimization,
there have been about 150 books and 2500 scieatifides published in years 1960 to
1994. We can roughly estimate that there are twwegi more now. Optimization of
concrete structures composes approximately 3-5%exe numbers. A subgroup of the
optimization of concrete structure is focused oespressed concrete which is about 1/3
from all concrete optimization articles. The causelear. Concrete structures are very
complex accompanied with many discrete variablezeds of constraints required by
codes and several types of nonlinearities.

A few articles focused on reviews of concrete dtes optimizations have been
published in the past. Arora [15] presented a diffe view of investigation and made an
overview based on the type of optimization methiefore 1990. Sarma and Adeli [108]
reviewed optimization of reinforced and prestressethcrete according to type of
structure. This categorization is the most poputarthe reviews. The same authors
described cost optimization of concrete and stéricwres using different kind of
optimization techniques in their book [1]. GirgisdaTadros [43] made overview of precast
concrete bridges in US. Hassanain and Loov [47liged on review about three levels
optimization (component, layout and system) of @becated concrete bridges including
life cycle cost optimization too. Dlouhy, LepS aNdvak focused on review related to
reinforced concrete frames [33].

A review strictly focused on optimization of prestsed concrete structures has not
been found. The presented chapter deals with amiion according to type of structure.

The optimizations made on pre-tensioned and posideed beams are described in

16
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section 2.6.1.1 and 2.6.1.2. Several articles aneneented on prestressed columns (2.6.2)
and slabs (2.6.3). Last two parts are focused estywssed concrete bridges (2.6.4) and
special prestressed type of structures (2.6.5).

From the numbers presented above, the rough estimatbout 50-100 articles
dealing directly with optimization of prestressaahcrete structures. We were able to find
80 contributions (articles, text and software) vwhare studied in the following sections.

Unfortunately 10 searched articles were not possdobbtain.

2.5 Objective functions

Optimization of prestressed concrete structures ban seen from different
explication of objective function. The weight dfugtures is the one of main criteria for
optimization of concrete structures. The prestidssencrete structures are composite
materials. At least three different kinds of matksiare used during production (concrete,
non-prestressed reinforcement, prestressed reerfact). More objective view is to
perform cost optimization which covers cost for thdole construction. Cost for
formwork, transport, construction and erection banmportant beside the overall weight
of the structure. Interesting work is done by Naaf@®] who tried to perform comparison
study between using optimization of the cost antinopation of the weight of the
structures. In work of Dlouhy and Novak [32] wa®sss-section geometry fixed and the
resultant prestressing force (area of prestressngforcement multiplied by an initial
stress) in the element was optimized. Typical catemultiobjective optimization
represents minimization of cost together with maadimitial camber performed by Lounis
and Cohn [77]. To cover all aspects in the optitnraproblem can be done using life-
cycle cost optimization. Here, the global influenoé all implications as cost for
maintenance, reconstruction is expressed. Ramanathal [101] performed study based
on costs related to design and build of multipledde structures in Malaysia. They
expressed optimal design of bridge using bridgepmmnt ratio (cost of particular part of
the bridge).

2.5.1 Cost optimization

The cost optimization is the most studied type pfimization. Adeli and Sarma
described cost optimization for concrete and sttrelctures in their book [1]. A review on
articles focused on the cost optimization of pessted cornet structures is performed in

the following text of this paper. The most journatsestigated cost optimization of
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prestressed beams or beam bridges. A much lesdedlieated to slabs, columns and
special structures. Cost optimization formula isieggal for all kinds of structure. Only
several parts are neglected. The formula of theative function for a material cost of
a structure (@) of a general type of optimization used for pressed concrete can be
expressed as the following

Cpn =Cc+ Gy + Cor + Cp + G (2.4)

This formula is a sum of the cost for concretg), cost for nonprestressed
(longitudinal €;;) and sheard,) reinforcement), cost for prestressing reinforcen(€,)
and cost for a formworkCf). There are more additional costs that can be chdolehe
objective function, see e.g. Adeli and Sarma [IdstCfor transportation, construction and
erection can be also included in this initial stawal cost ().

Co = Cim + Cirans + Ceonstr T Cer- (2.5)
2.5.2 Life-cycle cost optimization

Another example of a cost optimization is intent@nlife-cycle costs. The total cost
includes initial cost, maintenance and inspectiostcand cost for a reconstruction. Social
user cost can be another group of costs whichcigsied on users of structures. Generally
result of regular maintenance, bigger reconstractubich requires detour traffic journey,
using substitute spaces, delay for passengersjameges of cars on bridges or equipment
in the building can be covered by this cost. Tdtaltcost can be quantified by individual
costs in each construction or serviceability sta§eformula for calculation can be
expressed as a sum of structugl-§ and functional {zc) costs

Cror = Csc + Cgc. (2.6)

A structural cost can be divided into a sum ofiphdosts of an initial structural cost
(Co), regular inspection cost)), maintenance costy;), reconstruction costCf) and a
cost caused by the failure of the structurg:

Csc = Co + Cy + Cy + Cr + Csp. (2.7)

Functional costs can be expressed as a differegiveebn a failure costCfy) and
benefits Cg) which brings the security.

Crc = Cpy — Cp. (2.8)

The functional cost can be a cost connected wigedimits, e.g. vehicle load limits

which produce delays and redirection of the traffibe increase of living standard due to

new structures can belong to benefits.
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There are several studies describing this kind mtinozations with respect to
prestressed structures. Chang and Shinozuka [23iest effects of a life cycle cost on the
total cost of the structure. Another detailed asiglys presented in the work by Jiang,
Corotis and Ellis [52] where they control a cosridg the service of a structure. The
existing state of the structure was investigated esmpared to the original state along
with a necessary cost to get it into original stdtehammadi, Guralnick, Yan [85]
presented and optimization approach calculatingeotistate of the bridge based on value
index as a function of time to permit decision®éomade about reconstructions and proper
works. Liu, Hammad and Itoh [75] studied rehahtida optimization problem of bridge
decks. Multiobjective optimization consisted of miam cost and minimum deterioration
degree was solved by genetic algorithm. This lifele cost can be an important part of a

total cost but it will not be studied and commentethe next parts of this work.

2.6 Optimization of different types of prestressed conete structures

There exist many structural types of prestressedtrete structures. We will point
out beams, girder, columns, slabs, tanks and silasy type of bridge structures or special

structures like tubes or sleepers.
2.6.1 Prestressed beams

A lot of articles focused on the optimization okegiressed concrete structures deal
with prestressed beams. As was mentioned befass tire two basic types of prestressed
concrete beams (pre-tensioned and post-tensiohate articles have been published
related to pre-tensioned concrete beams becaubkeipfepeated manufactured production

where huge saving can occur.
2.6.1.1 Pre-tensioned beams

The application of prefabricated prestressed sirattbeams in different kind of
structures is typical for their repetitive usethat case just a small saving in one member
can save a big amount in the total production. @kerease of the selfweight of the
structure is very important also for transportatienection or manipulation costs. The
majority of articles reporting the optimization pfefabricated prestressed members are
dealing with the bridge structures. This kind otimyization can be divided into three
different levels:

» Component optimization — where only one particular property of one meniber

searched for. This is the most common reported tgpeoptimization of
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prefabricated prestressed members. For instane@ptimization of dimensions of
a cross-section, nonprestressed or prestressddrogiment, is applied in this first
level.

* Layout optimization — is focused on the longitudinal and transversation of the
members within the structure based e.g. on the rumabspans, the type of the
statical model (simply supported, continuous), &fcich less works have been
published on this level. One exception is the oation of a prefabricated bridge
girder system.

* System optimization— is the most complex level of the optimizationiebhdeals
with optimization of the material, cross-sectiormggiressing layout, transverse
position of girders and also with the overall cqtcef the bridges structure. The
design of the bearing supports, geotechnical ptigselike foundation blocks and
many others can be covered by this complex level.

2.6.1.1.1 Component optimization

Kirsch [60] in 1972 presented minimal cost designtwo spans prefabricated
prestressed bridge girders. The objective functiovered only the cost of concrete and
prestressed reinforcement. Normal stresses of etsnand prestressing reinforcement and
tendon geometry were constraints in his study. Tihearization of the nonlinear
optimization problem was aimed using partial solutof the linear subproblems.

Morris [87] in 1978 published an article dealingttwoptimization of prefabricated
prestressed beams based on the methods of liregnaprming. The similar graphs as was
made by Magnel were used for optimal design in thwk. The area between the
individual curves and lines is the zone which igdugor determination of level of the
prestressing force and tendon eccentricities.

Cohn a MacRae [27] in 1984 focused on optimizedgtesf pre-tensioned and post-
tensioned concrete beams. Ultimate bending monag#aity, allowable deflections, crack
appearance ductility and fatigue together with ilataprovisions according to AASHTO
were constraints in this study. Their objective diion included the cost for concrete,
prestressed and nonprestressed reinforcement smdoainwork cost. They concluded the
using of partial prestressed concrete is much nmem@nomic than fully prestressed
concrete. The performed several parametric studigsh confirmed the beams with
nonprestressed reinforcement only are more econtwnibigh level of height/span ratio

and low value of variable load. Opposite of thallyfyprestressed cross-sections are
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effective for low height span ratio and high valuefs variable loads. The limited
prestressed concrete is suitable for intermeditaiat®ns.

Saouma and Murad [107] in 1984 presented their vedabut optimized design of
prefabricated prestressed simply supported bridggaims. The optimization problem was
formulated for 6 geometric design variables, arb&nsile, compressive nonprestressed
reinforcement and area of prestressed reinforcem&he problem of constrained
optimization was transferred to unconstrained ogtiion problem by the penalization
function a solved using modified Newton method. ybptimized girders of 6-42 m long
spans and they saved 5-52% of cost. Using of papiestressed was considered
unimportant which was disproved in newer studies.

One year after (1985) Jones [53] formulated optaizlesign of prefabricated
prestressed simply supported beam with box girdesign variables were characteristic
concrete strength, number, eccentricities and déihgnlength of individual strands.
Constraints were checks of normal stresses in etenan time of releasing of prestressing
and in service, ultimate bending moment capacésyiseability cracking moment capacity
according to AASHTO. Objective function consistefdcost for concrete and cost for
prestressing reinforcement.

Kirsch [58] extended in 1985 his work about optiatian of prefabricated
prestressed bridge | girders by the detailed arsabfsconstrains. He concluded it is better
to solve subproblems separately with less numbedesign variables than the whole
problem as one optimization task. The describethopation procedure runs in two levels.
The first level is optimized design of prestresdioige and position of all strands in cross-
section. The next level is optimization of dimemsioof cross-section based on the
calculated values from the first level. Objectivadtion covered cost for concrete and for
prestressing reinforcement again.

Fereig [36] in 1994 published parametric study i&fgbricated prestressed | girders
using simplex method according to Canadian codes Similar graphs results were
reported. The most important constraint for longrsgtructures seems to be checks of
normal stresses of concrete at service and ecciesi of strands. Normal stresses of
concrete at transfer and ultimate bending momepaaty were concluded as the most
critical for medium and short span bridges. In 198@reig extended his work by
parametric study of box girders [38] and prestreédsgirders [39] according to AASHTO
1992 where investigated influence of design vaesahbbn span length and prestressing

force. Usability of high strength concrete for opization of prefabricated prestressed
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girders was studied by Fereig [37] in 1999. Higlersgth concrete can decrease about 4-
12% values of prestressing force.

Koskisto and Ellingwood [65] in 1997 published wankestigated optimal design of
prestressed hollow core cross-section. Their olgdtinction included cost for concrete
and prestressing reinforcement together with ptopest (2.5% from production cost),
quality during manufacturing and maintenance. Desi@riables were number and
distribution of prestressed reinforcement, heightl avidth of cross-section, depth of
bottom and top flange and width of the web of helloross-section. In fact it was
parametric study which resulted to graphs for déife lengths (6-20 m) of the beams.

Girgis and Tadros [43] published in 2007 study texlato possibilities of
improvements of optimal design of prefabricatedspresssed bridge | girders according to
ACI code. The design of this girder can be optimiby (i) the increasing of the cross-
section area of the bottom flange of the beamu@ihg of welded wires for stirrups, (iii)
the using of high strength concrete and (iv) divifithe girder to several parts due to
maximal transportation length.

In 2010 Hernandez, Diaz and Marcos [49] presentedadicle dealing with
optimization of prefabricated prestressed | girdeiedue of prestressing force was selected
as objective function. Normal stresses in concretgyature of prestressed tendon and
maximal possible eccentricity were constraint iis tlxample. It was possible to design
different level of prestressing force and its getyndor three different cases during
optimization.

Algedra, Arafa and Ismail [13] published a scieotaper in 2011 dealing with
optimized design of nonprestressed and prestrebssins with genetic algorithm
according to ACI318-05. Defined objective functiomas cost for concrete and
reinforcement. Design variables were dimensionsra$s-sections, numbers and diameter
of longitudinal nonprestressed and prestressingfaement with theirs eccentricities.
They saved 18% of costs using method of geneturidthgn

2.6.1.1.2 Layout optimization

Torres, Brotchie and Cornell [119] in 1966 formeldthe first algorithm for optimal
design of prefabricated prestressed concrete brgigir with cast-in-place deck. The
objective function was based on the cost of corcnetestressed reinforcement in girder
and nonprestressed reinforcement in the deck. Tdoered also additional cost as

transfer, manipulation or final erection costs. iDewariables were depth of cross-section,
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number and transverse distance among girders. ptmination was performed based on
the constraints of the normal stresses in con@etkdeflection of the girders with deck.
The graphs with dependency of span length and ¢atstl for two different types of the
load systems are results of this work.

Naaman [89] in 1972 programmed the automated ptweedf optimize design of
prefabricated prestressed | beams. Program pertbdesign and selection of the optimal
geometry of cross-section and prestressing laybyrefabricated | beams according to
American code AASHTO and Canadian code CSA-S.6. Jia@hs based on the span
length and transverse distance of the beams wdlkior to prestressing force were results
of this parametric study.

Fereig [40] in 1985 linearized problem of optimas@yn of prestressed concrete
beam for finding cross-section dimensions and mahiprestressing force according to
Canadian code. Graphs for determination of minimeduired area of prestressing
reinforcement dependent on span length and trass\sgacing of girders were results of
this work.

Cohn and Lounis [25] applied the optimization imreth levels on multiobjectve
design of partially and limited prestressed bridgelers. The objective function was
formulated on minimal cost of concrete, cost ofspessing reinforcement within design
variables as maximal girder spacing, minimal heigihthe deck, maximal possible span
length and ratio span/height of cross-section. Jtuely above was extended [79] by the
same authors for multiobjective optimization of caie girders.

Hassanain [4], [48] published in 1998 work relatied optimal design of pre-
tensioned bridge girder. The results of this wank graphs for using of different typical
cross-sections, numbers of girders, and dependananestressed reinforcement layout on
girder length and width of bridge according to OHBDI'he optimization was made using
parametric study of all possible solution. Objeetiunction covered cost for manufacture,
transportation and final erection to bearing blotdgether with cost for monolithic slab.
He concluded the using of four girders is moreadlé for bridges from concrete with =
40-80 MPa. The high strength concrete (> 100 MBagore economic for structure with
span more than 52 m and using of three girder onbyst only 2 girders are suitable for
length less than 42 m and strength between 40-198. M

Sirca a Adeli [110] presented in 2005 an articlaclwhdeals with optimization of
total cost of pre-tensioned bridge girders struetdmeir objective function consisted of

cost for girders (concrete, nonprestressed andirpssed reinforcement) and cost for
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monolithic deck (concrete and nonprestressed neiefoent) and also cost of formwork.
The example was formulated as nonlinear problemitands solved using neural dynamic
method and penalization function according to Adafid Park. Constraints were
requirements for bending moment capacity, shearaaggp and minimal area of
reinforcement based on the crack width, minimaltllepf the monolithic deck and
reinforcement percentage of longitudinal reinforeamfor monolithic deck according to
AASHTO 1999. This method was applied on the 36 esetiong simply supported
structure from prefabricated prestressed | girder.

Aydin and Ayvaz [16] presented in 2010 an artideused on topological and shape
optimization of prefabricated prestressed | bridgelers using genetic algorithms. The
objective function was total cost for | girders andnsists of cost for concrete and
prestressed reinforcement. Design variables wepssesection dimensions, area of
prestressing reinforcement and number of girdensricige. Normal stresses in concrete,
deflections and geometrical limits according to AN were selected as constraints.
Topological optimization was used for finding opéihshape of cross-section together with
optimal prestressed reinforcement layout, trangvelistance of the girder and theirs
number. The genetic algorithms were used for ogttron and using this method they

save about 28% of cost on 32 m long span and 10dth wtructures.
2.6.1.1.3 System optimization

Lounis a Cohn [77] presented in 1993 an articldidgabout optimized design of
prefabricated prestressed bridge | girders with @fitnc deck. Design variables were
checks of ultimate and serviceability limit statescording to OHBC (Ontario 1983).
Method of Lagrange coefficients was used for optation task. The optimization
consisted of three steps. The first step was opétitn of the cross-section dimension,
deck height and required area of nonprestressedpeerdressed reinforcement together
with their eccentricities. The second step was $eduon longitudinal (number and length
of spans) a transverse (number of girders and gpacing). They compared different
structural systems as composite or hollow slabd, different cross-sections in the third
step. They used special method called sieve-sdarckolving of the second and third
steps. The objective function was written in terwis cost for concrete, cost for
nonprestressed and prestressing reinforcementlaadast for monolithic transverse end
beams between prefabricated girders. Cost for naatwing, transportation and final

placing on the bearing areas were also includetthenobjective function. The important
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fact of this work is the more suitable is optimiaatof the whole system of structure than
optimization of each part individually. The resutik this work are graphs of economic
span length according to type of girder and nunolbspans.

Aparicio, Casa and Ramos [14] created program &migh of different kind of
prestressed concrete structures with wide rangecrobs-sections types of bridge
constructions. The program was able to design tstreidrom the structural beams through
the transverse end beams, bearing zone, bearingoslto the foundations according to
Spanish code EHE. Graphical output with tendon gaomayout was also output of this
program. The optimization methods were not impleie@m this program. This article is
mentioned here because the program is very conipteesign of bridge structure and it

helped for optimal design certainly.
2.6.1.2 Post-tensioned beams

Optimization of post-tensioned concrete structienot often used like the pre-
tensioned member optimization. This conclusionasiing from complexity of such kind
of structure and a huge number of design variallesh are usually discrete.

Bond [22] in 1974 performed study of optimized desof post-tensioned concrete
bridge girders of one, two and three spans accgrairBritish Standard. Design variables
were height of cross-section, eccentricities otlters, area of prestressing reinforcement
and concrete characteristics. Nonlinear optimizatieethods (Powell direct search method
and McCormick penalization function) were useddearching of optimal solution.

Yua, Das Gupta and Paul [124] performed in 198énuped design of prestressed
structure of box cross-section with post-tensiotedons according to code BS1976.
Cantilever construction method was used as congiruprocess of this structure. Design
variables were value of prestressing force witlkedsentricities and depth of cross-section.
Objective function covered cost for concrete, pessting reinforcement and formwork
including labour costs for formwork constructiondamoving as multiplication of
formwork cost.

Fereig a Smith [35] in 1990 made several additigralphs for optimal design of
prestressed box girders according to Canadian atdnCAN3-S6-M78). There are
dependency between prestressing force and spathlenth transverse spacing of the
girders. Constraints were normal concrete stressantricity of tendon and ultimate
bending moment capacity. In fact it was paramettizly for 8 types of prestressed box

girders and 10 hollow section slabs.
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In 1991 Marks and Trochymiak [83] presented worklithg with optimized design
of tendon geometry in continuous concrete threensplridge girders using linear
programming. Objective function was focused on fpessing reinforcement only. Design
constraints were considered as normal concretsssseand tendon eccentricities with
respect concrete cover according to Polish codes<€section dimension, materials and
load were fixed. They optimized geometry of tendevith 47 design variables in 8
minutes.

In 1991 Quiroga and Arroyo [99] published very danistudy where optimized
geometry of prestressing tendons on fixed crosBesedimensions. Normal stresses of
concrete were constraint in this case again.

Erbatur, Al Zaid and Dahman [34] in 1992 dealt Ipyimized design of prestressing
force cross-section dimensions of simply suppopedt-tensioned beam with different
cross-sections (rectangle, | and T section). Thempared two objective function as
weight of structures (concrete and prestressingfasiement) with more objective cost
function (concrete, prestressing reinforcement &manwork) by methods of linear
programming. Constraints were normal concrete stesdeflections, ultimate bending
moment capacity and also buckling verification fary slender beams. The graph of
dependencies between width of cross-sections ammbttive functions. Both objective
functions are possible to compare to limit lengtithe beam.

Cohn and Lounis [26] in 1993 presented an artibleua optimal design of partially
and fully prestressed continuous beam. Ultimate sewticeability limit state condition
were used as constraints in this study. Lagrangéicent optimization method was used
for optimized design of total cost of the structufeoncrete, nonprestressed and
prestressing reinforcement). As the conclusiorhisf work, the total costs of the structures
were decreased by allowing of tensile concretesstire concrete.

Khaleel and Itani [56] in 1993 studied optimizedsidga of simply supported post-
tensioned beam with | cross-section according td Y983 code. Theirs objective function
included cost for concrete, nonprestressed (lodgid and stirrups) prestressing
reinforcement. Sequential quadratic programminghioas was used for solving of this
problem. They solved structure in two states. Tikestate was uncracked structure with
normal concrete stresses in service and ultimatelibg moment capacity as constraint.
The second state is fully cracked structure whergsttaints were also ultimate bending
moment capacity together with fatigue check. Theyctuded more economic is using of

high strength prestressing material than allowikessress in concrete.
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Lounis and Cohn [78] in 1995 investigated usinghoflow section slab and box
cross-section on prestressed bridge girder. HoBeation slab are more economic than
prestressed box girder for span length < 20 m amwithw> 12 m and opposite for box
girder. Another extension of theirs work was maolbective analysis of such type of
structure [76]. The results of this study were reowendations of maximal criteria for
design and selection of bets concept of the bridge.

Al-Gahtani, Al-Sadoun and Abul-Feilat [12] in 19%&rmulated effective tool for
optimization of post-tensioned two span bridge @jirdccording to ACI code. Costs for
concrete, nonprestressed and prestressing reinferdetogether with formwork were
considered in objective function. Six groups of stoaint were used for optimized design
(geometrical, normal stresses of concrete, ultimagéading moment capacity, shear
capacity detailing provisions and requirements gartially prestressed concrete). They
again concluded the partially prestressed concsatere economic than fully prestressed.

Han, Adamu and Karihaloo [45] in 1995 performed panmson of costs on partially
prestressed rectangular beam with T beam accordingustralian code using method
DCOC (Discretization Continuum-type Optimality @rila). The objective function
concerned with cost for concrete, nonprestressatl @estressing reinforcement and
formwork. A result of this work was the using of section with partially prestressed
concrete is more economic in simply supported beamyear later [46] they minimized
cost for continuous beams with two, three and gpans. DCOC method was used again
In this case.

In 1997 Kirsch [62] returned to optimization of piessed concrete structures by the
optimization of post-tensioned continuous beamwo ievels. The objective function
included cost for concrete and prestressing retefoent. The first level of optimization
dealt with optimal design of prestressing force ajgbmetry using process oriented
decomposition method. The optimal dimensions oksigection were optimized in the
next step. Constraints for this case were normedssés of concrete, deflections,
geometrical constraints of tendon geometry andsesestion. He divided general complex
problem to individual partial simplified subproblemand achieved more suitable and
economic solutions.

Liu, Hammad and Itoh [75] in 1997 published worlated to optimized design from
the point of life-cycle, maintenance, regular cleedost of bridge deck system. They
optimized costs for all mentioned cost before tbgewith average deteoriation degree on

six bridge structures in Nagoya City. Genetic altpons were used for optimization
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process and they found group of the Pareto-optsokitions of dependencies of cost and
deteoriation degree.

Ohkubo, Dissanayke and Taniwaki [94] in 1998 comsd multiobjective
optimization design of the whole structural systnpost-tensioned three span box bridge
girders from minimum cost and maximum aesthetia@belur of structure. They optimized
span length with height of cross-section which dwdstrary cross-section. Normal stresses
of concrete, crack resistance, ultimate bending ewinctapacity and ductility check
according to American Building code 1990. Supecdtne objective function consists of
cost of concrete and prestressing reinforcementoiih of fuzziness was used for
optimization as very rare approach. Cost for pgrd pile foundation were considered to
substructure optimization. Aesthetic felling wapessed by the graphs of height of cross-
section and span ratios.

Barakat, Kallas a Taha [18] published in 2003 aticlar about single objective
optimized design of post-tensioned concrete beasedan the reliability. The reliability
stochastic methods covered certain level of inaas in modelling of material, load and
others. These methods are more difficult, becabsg have to include optimization
algorithm together with algorithm solving the réliity of the structure. Objective
function included cost for concrete, nonprestresaed prestressed reinforcement and
formwork. The optimization was performed on ultimand serviceability limit states
according to code ACI318-99. Conclusion of thisdgtus designer approach. The first
level of this approach is optimizing structure a@rviceability limit states, modifies the
inputs if needed and run optimization on ultimateitl states. Optimization is based on
minimization of total cost with respect of the addility of the constraints (probability of
failure and reliability index). The optimized praktee was applied on 16 examples (4
different length and loads) of prestressed bears.ré&sults of this study is optimal initial
ratio equal to 10.5 (L/H) for | bridge girder.

One year after Barakat et al. [17] extended siolective optimization problem by
bi and tri-objective optimization based on stocitastethods. Objective functions were
minimization of total cost of prestressed beam, im&ation of reliability index. Design
variables were geometrical parameters of crossesegt value and eccentricities of
prestressing reinforcement. So called epsilon mikth@s used for the solution of
optimization problem. This method spread multiobyec problem to individual single
objective subproblems. Pareto optimal solutionsaioletd by this multiobjective

optimization method are more economic and effedtia® solutions from single objective.
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Rana, Ahsan and Ghani [101] presented in 2010tarkeaabout optimized design of
post-tensioned concrete | beams. Their objectivectfon included cost of concrete,
nonprestressed and prestressed reinforcementfacasianufacturing and final placement
in structure. Design variables were dimensions obs&sections, parameters of
prestressing reinforcement, number and spacing edmis in transverse directions.
Constraints were selected according to AASHTO. &wah algorithm was used for
optimization of this example. The optimized struetwas Teesta Bridge in Bangladesh. It
is 50 m long span bridge from prefabricated beath post-tensioned tendons and cast-in-
place deck. They decrease cost of structure of 3&#g optimization algorithm.

Marti a Gonzalez-Vidosa [84] published study in @@dcused on optimal design of
prefabricated prestressed foot bridge with 40 nglspan and 6 m wide deck. Heuristic
method of simulate annealing was used for optingmabf this structure. Objective
function consists of cost for concrete, nonprestdsand prestressing reinforcement.
Constraints were ultimate bending moment capashgar capacity and deflection check
according to Spanish EHE code. The investigatethpi&@had 59 design variables related
to prestressing reinforcement geometry and geonwdtrihe foot bridge cross-section.
They concluded the method of simulate annealirsgigble for design of such kind of the

structure.
2.6.2 Prestressed columns

Much less articles have been published relatedrésty@ssed column. Prestressed
columns are usually statically determined structwaed the calculation seems to be very
easy on first view but complexity and nonlineagtnstraint very frequently appear in this
case.

One of the first published articles on optimizatarprestressed column was study of
Thakkar and Bulsari [117] in 1972. They optimizeléc&ric mast from pre-tensioned
concrete according to Indian code. The shape afnmolwas conic with Vierendel type.
Cost for concrete and prestressing strands wasided| in the objective function.
Optimization was based on analytical solution ofstaints and design variables. They
saved 18% of cost using this optimization algorithm

Kocer a Arora [64] formulates optimized design oégiressed skimmed concrete
poles. Two methods were used for optimization. fits¢t method was branch and bound
method for discrete design variables together withmeration and sequential quadratic

programming for continuous deign variables. Theosdcone was genetic algorithm for
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both types of design variables. Total cost for nfacturing (concrete, prestressing wires
and spirals) was selected as objective functiomquRements according to ACI318-77
(ultimate bending capacity, crack resistance, tietaprovisions) were constraints. They
reached saving about 25% related to original design
Lanikova and S$panek [69], [70] presented optimized design of {essed

skimmed concrete. They investigated nonprestreasedprestressed poles according to
CSN EN 1992-1-1. Amount of nonprestressed and mestd reinforcement along pole
length was objective function. Ultimate capacitynmrmal forces and bending moments
where calculated strains were compared with limiigs considered as constraints.
Deterministic optimization was based on the repgatycles (parametric study). The
results of this work are the graphs of dependeneywéen stress in prestressing

reinforcement with total cost of the structure,léetion and crack width.
2.6.3 Prestressed slabs

Prestressed slabs is the another groups of staletiembers which deserves several
commented articles. We can investigate design e$tpFssing and the whole structural
system in this kind of structures from the pointr@himization of cost as well. The design
of prestressing could be difficult because theregws dimensional behaviour of the
structure towards to one dimensional for beams.afAthge of the slab solution is the
cross-section which is usually rectangle part Withm width of the whole slab.

The first found work related to optimized design mfestressed slab is work
performed by Kirsch [61] in 1973. Load balancedmetis used for design of prestressing
force and problem was formulated like nonlineargpaonming.

Naaman [90] in 1976 compared minimal cost with miali weight of the simply
supported prestressed beam and one-way prestrsisdedccording the ACI code. Both
objective function give the same results untiloati cost of concrete/cost of reinforcement
higher than 40 for pre-tensioned concrete. Rategjisal 30 for post-tensioned concrete.

Rammamurthy [100] used general method of lineaggamming for optimal design
of prestressed slab based on ultimate limit stamstcaints.

In 1987, MacRae and Cohn [80] performed optimizatad prestressed flat slab
according to Canadian standard using conjugantctdireethod. Only longitudinal
reinforcement was considered during optimized desigen if shear reinforcement could
be significant. Optimization considered minimum tcdsr concrete and amount of

nonprestressed and prestressed reinforcement. &betedies of different span, depth of
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the slab material characteristics, geometry antliloigion of the tendons were calculated.
They concluded very suitable is to concentratengsdo groups and use high strength steel
for prestressing strands.

Kuycular [67] in 1991 presented work about optirdizdesign of prestressed
concrete slabs using load-balancing method. Hedaising uniform distribution of the
tendons along the slab can be reached by the daugezt cost about 20-30%.

Lounis and Cohn tried to optimized structure ofspnessed slab based on minimal
cost and maximal initial camber. Ultimate and smyability limit states check according
to ACI Building 1989 were considered as constraiktsally, initial camber was transfer
on constraints side. Methods of Lagrange coefftoreas used for optimization procedure.

Krauser [66] described in his work optimal desigh two-way post-tensioned
concrete floor slab prestressed. Three differerthots were used for parametric study.
The first method was based on generation of plasiges. The second method was
equivalent frame method and the last method waswell known load-balancing method.

2.6.4 Prestressed bridges

Many authors focused on optimization of prestressedtrete structures. The bridges
are often one of the most expensive types of strest Therefore, the importance of the
cost decreasing is significant. Three tables bthg summaries of studied papers from
several points of view. The first table (Tab. 2dgmpared the paper according to
optimization method, number and types of paramgetaigulation model and optimized
part of structure. The different terms of objectfuactions are mentioned in the second
table (Tab. 2.2). Last table is denoted to constisawith respect to used code, see Tab. 2.3.

Tab. 2.1 Members of the objective functions

Authors Year | PresType | ObjType | CON | PRE | LONG | STIR | FORM | DES | CONS
Naaman

[89] 1972 Preten Single

Fereig [40] | 1985| Preten Single | v 4 v v v
Yu, Gupta,

Paul [124] 1986 | Posten Single | v v v v
Fereig,

Smith [35] 1990 Posten Param

Marks,

Trochymiak | 1991 | Posten Single v

(83]
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Quiroga
i v
Arroyo [99] 1991 Posten Single
. Multi
Lounis, (cost +
- v v v v v
Cohn [79] 1993 Preten initial
camber)
. Multi
Lounis, (cost +
L v v v v
Cohn [77] 1993 Preten initial
camber)
Fereig [38] | 1994| Preten Single | v v v v
. Multi
Lounis, (cost +
v v
Cohn [76] 1995|  Preten total depth
deck)
. Multi
Lounis, (cost +
v v
Cohn [78] 1995|  Preten total depth
deck)
Hassanain
4] 1998 | Preten Single | v 4 4 v v
Ohkubo et oat +
v v
al. [94] 1998 Posten aesthetic
feeling)
Hassanain,
i v v v v v
Loov [48] 1999 Preten Single
Sirca, Adeli
i v v v v v v
[110] 2005 Preten Single
Sung,
Chang, Teo | 2006| Posten Single | v 4 v v
[116]
Aydin,
i v v
Ayvaz [16] 2009 Preten Single
Marti,
Gonzélez- | 2010| Preten Single | v 4 v 4
Vidosa [84]
Rana,
Ahsan, 2010| Posten Single | v 4 v 4 v
Ghani [101]
Dlouhy,
i v
Novék [32] 2010 Posten Single

Explanation for Tab. 2.1 - PresType — type of pessing (Preten — pre-tensioned,
Posten — post-tensioned); ObjType — number of dilbéunction CON — concrete; PRES
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— prestressing reinforcement; LONG — non-presteegsagitudinal reinforcement; STIR —

shear reinforcement; FORM - formwork; DES — desigsts; CONS — construction costs;

Tab. 2.2 Properties of optimization

Authors NoVar | TypeVar OptiMeth CSS PresGeqg PresNo| OptiCSS
Naaman [89] From List Param. | section v v v
library study
Fereig [40] 10 CoEgtand PsatLe(‘j';]' | section 4 v
Yu, Gupta, .
5 Discr. and Geom. Box v v v
Paul [124] cont. program.
Fereig, Smith
' Cont. and Param. From
v
35 10 list stud Box, hollow librar
y y
Marks, .
) Lin. program.
Trochymiak 47 Cont. (branch and Box v v
[83] bound)
Quiroga
i i v v
Arroyo [99] 13 Cont. Gradient Solid
Lounis, Cohn . Lagrange
5 Discr. and coefficients, Phased | v v v
[79] cont. )
sieve-search
Lounis, Cohn Discr. and projected
14 : Lagrange | section v v v
[77] cont.
method
Fereig [38] 5 Discrete P;La(ljr;' Box 4 (?erg{h
Lounis, Cohn projected I, box,
6 Cont. Lagrange hollow core, v v v
[76] method parapet
Lounis, Cohn projected I, box,
6 Cont. Lagrange hollow core, v v v
(78]
method parapet
Hassanain [4] 8 Cont. Psat:ﬁ;]' | section v v "'erc;rr?/
Ohkubo et al. .
15 Discr. and Theqry of Box v v v
[94] cont. fuzziness
Hassanain, Param From
) i v v .
Loov [48] 8 Cont. study | section library
Sirca, Adeli 7 Discr. and Ne_ural | section v v _From
[110] cont. dynamic method library
Sung, Chang, -
Minimum
. v v
Teo [116] 32 Cont. strain energy Box
Aydin, Ayvaz . .
Discr. and Genetic .
v v v
[16] 9 cont. algorithm | section
Marti, 59 Discr. and Modified Box v v v
cont. simulated
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Gonzalez- annealing
Vidosa [84]
Rana, Ahsan . .

' ' Discr. and Evolution .

. . v v v
Ghani [101] 14 cont. algorithm I section
Dlouhy, Novak Discr. and Modified

8 ) simulated Trapezoid v v
[32] cont. .
annealing

Explanation for Tab. 2.2 - NoVar — number of valeah TypeVar — variable types;
OptiMeth — optimization method; CSS — used crossi@e, PresGeo — optimization of
prestressing geometry; PresNo — optimization of lmens of prestressing strands; OptiCss
— cross-section optimization.

Tab. 2.3 Constraints

Authors Code ACS | APS | ULS | Shear| Crack | Def | Det | Css| PressEcc
(N+M)
AASHTO
Naaman [89] and v v v v v v
CAN/CSA
S6
Fereig [40] CAl\é/gSA v v v
Yu, Gupta,
Paul [124] BS Y Y A
Fereig, Smith CAN/CSA . . .
[35] S6
Marks,
Trochymiak PN v v
(83]
Quiroga
Arroyo [99] indé:[;)ednedent Y Y
Lounis, Cohn
[79] ACI v v v v v v v
Lounis, Cohn
[77] AASHTO v v v v v v v
Fereig [38] AASHTO | v v f
Lounis, Cohn
[76] OHBDC v v v v v v v
Lounis, Cohn
78] OHBDC v v v v v v v
Hassanain [4] OHBDC v v v v v v
Ohkubo et al.
[94] ACI v v v v
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Hassanain,

Loov [48] OHBDC Y d Y Y Y
Sirca, Adeli

[110] AASHTO v v v v v v
Sung, Chang, Code

Teo [116] independent Y Y

Aydin, Ayvaz

[16] AASHTO v v v v v
Marti,

Gonzélez- EHE v v v v v v
Vidosa [84]

Rana, Ahsan,

Ghani [101] AASHTO v v v v v v | v v
Dlouhy, Novak

[32] EN 1992-2 | v v v v

Explanation for Tab. 2.3 - Code — check code; AC8llewable concrete stresses;
APS — allowable stresses of prestressing reinfoeceémJLS(N+M) — check of normal
forces and bending in ultimate limit state; Sheahear check; Crack — check of crack
resistance; Def — deflection check; Det — detailomgvisions check; Css — geometry of
cross-section; PresEcc — eccentricity of prestngsginforcement; * - buckling check was

considered in addition.
2.6.5 Optimization of special types of prestressed struates

As the previous chapters indicate, we commentedlighdal papers about
optimization of prestressed beams, columns andssldlis section is reserved to
optimization of special kind of prestressed strielike tubes, sleepers or structural details
of structure.

The first example of special structure type is mation of prestressed water tubes
by Thakkar and Sridhar Rao [118] in 1974. The optidimensions and values of
prestressing forces of tubes designed using simphexhod of linear programming
according to Indian code. They successfully appiesi method on 230 km long tube from
Veeranam Lake to Madras. The authors selected tolgdanction as cost of concrete and
prestressing reinforcement. The optimization waslenan several construction stages
(stage before and after transfer of longitudinalsfnressing and before prestressing of wire

wound structure, construction loads and the firatk appearance). They decreased cost of
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prestressing reinforcement about 38% using optimeizavhich was about 4690 tons of
prestressing reinforcement on 230 km long tubes.

Optimization of tensioned members according to A@de performed Naaman [91]
in 1982. Prestressed tensioned member are userthnbaidges, tanks or anchors. He
applied method of nonlinear programming for desigrarch bridge structure based on
minimization of concrete and prestressing reinforeet cost of deck. Optimized design
was drawn in graphs with dependency between argarestressing reinforcement and
concrete.

Optimization of anchorage zone of post-tensionedeam was topic of work
investigated by Zhongguo, Saleh and Tadros [12@]9@0. They used strut-and-tie model
for design of additional transverse reinforcement anchorage zone. Designed
reinforcement transfer transversal tensile foraesnfprestressing and also shear force
from external load. Optimization was performed ggparametric study for selected typical
cross-sections and value of prestressing forcerdicgp to requirements of LRFD. The
results were also compared with tests.

Formulation of prestressed concrete optimizationcafved surface was topic of
work made by Ohsaki and Fujiwara [95] in 2003. V@dr surface are membranes
consisted of small planes elements. The main pmoldé membrane structure is finding
self-equilibrium state, which means the membrarseaxaal forces in its plane only. Form-
finding method is used for optimization of this #if structure. They used local and
global formulation of membrane structure and codetuthat local formulation is more
accurate than global. Nevertheless, small curvethngne needs global formulation of
problem.

Topology optimization of truss girders structurethwiree post-tensioned tendons
was aim of Diaz and Mukherjee [31] in 2005. Thiadkiof structure is still more popular
for transparency, low selfweight and architectamasons. Dynamic vibration and Eigen
values analysis are required for these structlirtisct of modal disparity [51] appears by
application of external forces from free tendontriass girders. Topology optimization
deals where make localization of free tendon oncsire to be its amount minimum
together maximal possible modal disparity. In facts topology optimization of truss
girder structure. They used methods based on gradfeobjective function and genetic
algorithm.

Weiher et al. [121], in 2007, studied optimal dimition of the strands in the
unbonded tendons inside PE prestressing ductabtten between tendon and duct can be
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expressed using co called strand factor. This moefit gives stress of tendon with
dependency on distribution of tendons in the ddecansverse pressure in tendon is
dangerous from the fatigue behaviour. The distiloubf the tendon inside the duct is
modelled using strut-and tie model in transverseation. The distance between individual
tendons were selected as objective function. Tlegladed the minimal suitable filling of

the duct is between 40-50% of the duct.

In 2010, Song and Kong [111] optimized design m@&sfressed box girder exposed
to chloride environment. Effect of chloride causksgyradation of area of prestressing
reinforcement and decreasing of prestressing fdrleey found decreasing of 30% of area
of prestressing reinforcement in 50 years by tHerate. Total cost of structure (concrete,
nonprestressed and prestressing reinforcements&asted as objective function. Normal
stresses in concrete in transfer and service, aténbending moment capacity, shear
capacity and torsion capacity together with deitectheck were considered as constraint
according to AASHTO LRFD code. MATLAB functions \riteliability factor were used
for the optimization.

Optimization of cable-stayed bridge with parabglidon by Sung, Chang and Teo
[116] in 2006 in Taiwan can be considered as spetracture due to its complexity.
Selfweight of two spans (119 + 59 m) bridge deckuspended by 36 cables in 18 pairs.
The aim of this study was to find optimal valuespoéstressing force in cables together
with minimal cost for structure. This structure iy hyperstatic and they solve such
structure using principles of minimum strain enengych find the optimal structure which
has the minimum deformation. They succeed withnogtion and decrease displacement
of top nodes of pylon.

The last group of special structures is optimizatd railway sleepers. Sadeghi and
Babaee [106] studied optimal dimensions and presittg wires in Sleeper B70. Five
constraints were used for design (minimal and makipressure of ballast, vertical
distance of sleepers form upper level of ballagtximal and minimal bending moment in
sleepers and their differences. They created argre study applied on 40 sleepers and
compared with sleeper B70. The modified dimensams shape of sleeper’'s geometry and
decrease cost by 21% and increase the resistamteh [6] also investigated optimal
design of prestressed concrete sleepers accomiaGltcode.
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2.7 Conclusions

As follows from the previous chapters, the mosthaf optimization task related to
prestressing dealt with pre-tensioned beams. Motitoes focused on the prefabricated
pre-tensioned girders. This process can be effigieised during production in factory. A
saving of little material of reinforcement bars oane girder can bring huge saving in
overall merit. Several works concerned the optitozra of the whole bridge system
consisting of prefabricated members. Neverthekbgspptimization of the post-tensioned
bridges is only commented in various articles. €hae several reasons for that. Concrete
structures are very complex accompanied with maisgrete variables, dozens of
constraints required by codes and several typesianfiinearities. Additionally, the
geometry of the tendon is not straight as is usoalpre-tensioned beams. The post-
tensioned structures are very sensitive to chanfesy parameters. An active role of
prestressing represents the main possibility ahupation. Post-tensioned structures often
require a deep analysis usually including the retspé the construction stages and
rheological influence. The preparation of algoritisadculating post-tensioned structures
with all mentioned effects is not a simple taskdaidnally, the optimization process has
to be covered during repeating cycle.

Consequently, the thesis focuses on the optimizaifathe post-tensioned concrete
structures, mainly the geometry of the post-terelloendon. A special concern for
covering the time dependent effect in the optiniratask is taken care of. The cable
structures are a special group of prestressedtstascwhich are always highly statically
indeterminate. Therefore, another consideratidetisn the optimization of cable forces in
the cable-stayed structures.

As already said, optimization of prestressed cdacstructures can be seen from
different explications of the objective functiofhe weight of the structure is one of the
main criteria. Post-tensioned structures have lstiaéd dimensions. Therefore, we focus
mainly on the optimization task based on the aned aeight of the post-tensioned
tendons. A more objective view is to perform cogtirization which covers the cost of

the whole construction.
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3 OBJECTIVES

The objective of this study is to bring new podgibs for the design and check of
the prestressed concrete structures. Design isrdlyased on the engineer’s experience,
their knowledge and information on existing struetu

Generally, there are defined three main objectbfdhis thesis:

1. The first main goal is a studying of several kirafsoptimization algorithms and
theirs implementation to general procedure of ogtimesign of structures. The
objective is reached through a program combinistyuctural finite element analysis
with optimization techniques.

2. The second main target is a verification of proposethod for simple prestressed
concrete structure. However, the proposed proceduapplicable to any kind of the
structure as we focus on the design of prestresseadtures using several criteria
within one step. The testing concludes, which o#tion algorithms are the most
suitable for optimization of prestressed concrétectures with their advantages and
disadvantages.

3. The last main goal is the application of proposetinsization procedure with the
most suitable optimization algorithm to several @amples made from prestressed
concrete. This thesis studies the use of the opitimn of different types of the
prestressed structures as prestressed concreteletilerd bridges, prestressed
concrete slabs and cable-stayed structures. Fortner the finding of the most
efficient constraints belongs to important factaridg optimization. A structural
reliability and final cost reduction is another rdfgcant aspect which is verified.
Finally, this thesis provides a recommendation ésigh of prestressed concrete

structures.
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4  OPTIMIZATION ALGORITHMS

An optimization problem can be solved using twded#nt ways. The first is the
analytical way where the solution can be found viast for a simple structure. The
problem usually is with complicated structures rggg the fulfilment of many code
constraints. Therefore, the second group of optidesign is inevitably applied. The
classification of optimization method can be sessmf different points of views like
criteria, requirements, optimization process, €xe of frequent divisions is based on the
type of used values. Deterministic methods are geohdy the results usually obtained
from linear programming technique. The methodsvarg efficient due to a small number
of iteration although they are usable for a smalnber of parameters only. The main
disadvantage of the deterministic method is insigfit work with discrete parameters.
Stochastic methods, which are the second typewdido random behaviour of values.
These successfully find the global extreme instfddcal one. The combination of both
approaches brings the most efficient optimizatitgodthm. Habiballa [4] sorted typical

optimization methods according to three basic typeationed in Tab. 4.1.

Tab. 4.1 Three types of optimization algorithm [4]

Deterministic Stochastic Mixed

Hill-climbing [104] Simulated annealing [29] Ant lomy optimization [28]

Branch and bound Monte Carlo [88] Memetic algorithm [30]
[68]
Greedy [19] Tabu search [42] Genetic algorithmg [82
Calculus based Latin hypercube sampling|[9] Particle swarm [55]

As we seen, there exist dozen optimization techesduut only several can be used
for the optimization of prestressed concrete stinest There are many aspects of usability
as the complexity of optimization tasks, lot of styaints in civil engineering design codes
and parameters of buildings, bridges and specp@ structures are far from “smooth”.
Used optimization method in this thesis can beddigliinto three basic groups:

» Evolutionary algorithm(see Chapter 4.1) — differential evolution, maatifi

simulated annealing

» Gradient based methddee Chapter 4.2) — sequential quadratic progragmi

e Heuristic methodsee Chapter 4.3) — simplex method (Nelder-Meathot)
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4.1 Evolutionary algorithm

Evolutionary algorithms are very robust simulatiagolution process in nature.
There are usable for wide range of optimizationbfgms with low sensitivity to errors.
The main principle is that any weak member of pafiah cannot be presented in new
generation. Possibly methods are used for optimoizaif standard functions with several
local extremes. Large numbers of iterations andlsneccuracy from optimum can be the
disadvantages of this method.

The used terminology

0 member vector oD + 1 items; Ji= [x:(’j: 1 x:(’: 2 ]
0 population— group ofi members i=1,...NP

0 generation-j population j=0,...G

o evolution— sequence db generations k=1,...D

4.1.1 Differential evolution (DE)

The differential evolution is stochastic searchmgtimization algorithm. Method
was established by Storn and Price [114], [1151995. Generally, the method is very
robust and relatively fast converging also for ndihensional problems. A group of more
optimum solutions is usually resulting from thisthres.

The number of vectors is randomly selected fromupaipn of possible solutions.
New testable vectorExL’j+ L oare generated by combination of randomly seleetadors

from current existing populatiom:(’j in iteration. Differential evolution generateswne
vector based on calculation of weighted differeriween two randomly selected
members of population and this result is addechi@ tmember. When new vector has
better value of objective function than initial cthen new vector replaces initial vector.
An algorithm can be described in several points
¢ Method parameter setting

A reproduction cycle is managed by the followintiags

o Number of member in population NP>
0 Mutation constant E <(0;2)
o Crossing ratio CRe(0;1)

e First population
The first generation is made using random seledfiand) from the vectors of

searched design variabbg®nin, max)
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xligl = Xgmin T rand(xk,maX — xk,min). (4.1)
¢ Reproduction cycle - permutation
A tested vector is generated for each member oulptipn. Recently three
different members are selected form the same geoeigy; ro; r3). A difference
of objective function from the first two membersnmuiltiplied by the mutation

constanf and added to the third member. It is illustrategpyically in Fig. 4.1.

vli(’j+1 = xlrf’j +F- (xlr(l’j — xliZj). 4.2
AXZ
r2
o X° ° ° ™
L °
/o . X3+F (x1-x72)
xr1 o L]
r3
X X1
>

Fig. 4.1 Creation of tested vector

Afterwards each member from population and fromtésted vector is selected.
The random number with uniform probability distrilsn in range (0-1) is
generated for both members. The random number ngpaced with crossing
constant and two cases can appear:
o If the random number is less than the crossing,rétie new vectou; is
based on the initial vectey(parentju; ; = x; .
o If the random number is higher than crossing rdtie, new vectou; is
based on the tested vectpfchild) u; , = v; .
e Calculation of objective function for tested membes
The objective functiof is calculated for each tested member.
e Determination of new population
New generation is determined using comparing oéabje function of initial
and new tested vectors. Two types can occur in @asenimization of objective
function:
o If the objective function of tested vector is l¢san initial member, then

new tested vector belongs to new generation

fujrn) < fxy) > J0* =l (4.3)
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o If the objective function of tested vector is highbkan initial member
then the initial member stays in new generation
fijen) > fxig) > J9% =L (4.4)
This behaviour ensures that any worse member theants is a part if there is a
new generation. Therefore population tends to thlead extreme.
e Evolution evaluation
The cycle from reproduction to determination of ng@pulation is repeated to
convergence criteria. The best member or groupehtare declared as optimal

solution.
4.1.2 Modified simulated annealing (MSA)

Generally, this method is very robust with low ersensitivity. Relatively great
number of iterations and little inaccuracy to o@insolution are small disadvantages.
Method is based on combination of genetic algoritomd standard simulated annealing.
Genetic algorithm selects certain member from pafpar. Simulated annealing calculates

acceptance probability of this member to population
4.1.2.1 Genetic algorithm

Originally the study of Holland on cellular automatas foundation of the genetic
algorithm in 60 years of last century. Goldberg kvf82] can be considered as the first
genetic algorithm article 30 years ago. Genetiorlgm is heuristic procedure applying
evolutionary principles from biology for solving ofathematical problems where exact
method is not sufficient. A techniques simulatinglationary principles as hereditary,
mutation and crossing are used for step by stegtiore of new generation of various
solution of problem. The population where each mamitepresents one solution of
problem is stored in population. The solution imy@® during evolution process. Typically
the first generation is based on the randomly sedlemembers. New generation requires
calculation of so called fithess function descripiuality of solved member. Stochastic
selection is applied according to quality of themmbers. Each selected member is
modified using mutation and crossing for new popafa This procedure is iteratively
repeated commonly with quality of the members. HEbgorithm stops after reached
satisfied quality or exceeded number of iterations.

As genetic algorithm is an unconstrained algorithims necessary to convert the
constrained optimization task to unconstrained @&veral methods have been developed
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for this. One of the most used methods is the usingenalty function. This approach
transform constrained problem to unconstrainedlynadding penalty for each constraint

exceeding to the objective function.
4.1.2.2 Simulated annealing

Independently two group of engineers described Ilsitad annealing method. The
first group was Kirkpatrick, Gelatt and Vecchi [5i] 1983.Cerny [29] represented the
second group in 1985. The stochastic method isoggalo physical process of metal
annealing. Continuous cooling causes energeticnmuim of the material representing
global minimum.

The method should ensure that each point of setimibers is used at least once for
calculation. Sometimes the algorithm can stay call@xtreme. This behaviour is covered
using wider steps of cooling temperature at thernmigg and fewer steps at the end of the
process. The step proportion is based on the tetyer High temperature causes the high
changes. Generally more annealing methods exist.edikting types have the same
questions:

* What are the most effective initial temperature #mel best algorithm used for

cooling?

* What is the best generation of the members testied) simulated annealing?
4.1.2.3 Procedure of modified simulated annealing

The basic procedure of modified simulated anneasirdgscribed in this chapter. As
was mentioned recently, it is combination of ganatgorithm and simulated annealing.
1) Initiation
The first population consists of randomly generatedembers using KISS generator
and the objective functions are calculated. The bemare sorted according to its quality

(fitness function)

fit(xi’j) = {fit(xli’j)min fit(xli’j)n P fit(xi‘j)nzmax}. (4.5)
2) Method parameter setting
The initial annealing temperatufgis selected according to 50% ratio of accepted to
all members. This assumption is used for calculatd initial annealing temperature
Ty = Thmax-

. Ly _ )
= To = = = =
p=eTo 0.5 > Ty = Thax In(0.5) In(0.5)

(4.6)
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The minimal annealing temperatuilnf,) is calculated according to ratio of maximal

. Tmi
and minimal temperatuv(achx’min= m”‘).

Tmax
Tmin = CTmaxmin * Tmax- 4.7)
Furthermore, so called annealing constaid,f) is determined expressing rational
value of temperature decreasing during cooling. blemof iteration Ni.,) is defined in the

method setting.

N; .
_ Nit __ Viter [Tmin
Tmin - Tmult er Tmax = Imule = 1’Tmaxl (4-8)

3) Reproduction
The crossing and mutation processes generate newbens from the selected
members and new population exists. Afterwards mesnbee compared within initial
members based on their objective function.
» If the objective function of new member is betteart initial member, then new
generation includes new member. In case of minitiwaf objective function
f(xije1) < fxig) = T = x540. (4.9)
» If the objective function of new member is worsarthnitial member, then new
generation includes initial member. In case of miaation of objective function
fije) > Q) = T = x5 (4.10)
This procedure is running to finalizing iteratiohparticular temperature level. The
iteration stops when defined number of better menfbece,.y) is reached or maximal
defined number of all iterationcqunt,,y is done even if number of better member
(Sucenay is not get.
* crossing — changing of several parts between members
Example of crossing A and B off position.

NumberA-parent |0 (0|2 (1]|0|1|1]|1
NumberB-parent |0 |1|2|0|212|0[0|1

(A5B") = Ocross(4; B). (4.11)

Number A" -childl 0| 0|1 (212|]0J0(0]| 1
NumberB -childj o |1 |1]0|1]1]1]|1

e mutation — random change of some member part

Example of crossing A on its'15" and 7' position.
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Number A olofl1]1]0]1]2a]1
Number A’ 1/10(1|11}1|1|]0|1
(A4) = Onue(4). (4.12)

4) Acceptance criteria — probability of acceptance
Generally, a gradient based algorithm accepts n@mimers in case of better objective
function only. In case of simulated annealing ths® avorse solution are accepted with

certain probability. The probability directly desnon the temperature; see Fig. 4.2.

} i)

P<1

f(x)

f(x1)<f(x0) f(Xo) f(:X1)> f(x0)

Fig. 4.2 Probability acceptance of member in cdsbeoobjective function minimization

A P(f(x))

Pu<1

f(x)

e

PL< e Ttow
f(xo)  f(x1)>f(xo)

Fig. 4.3 Temperature dependency of the member taroegp probability

Temperature is continuously decreased based ondspeeconvergence. When the
algorithm converge fast then the temperature deesas well. If the method converges
slowly, the decreasing of the temperature is aledopmed; see Fig. 4.3. Thus, local
extreme achievement is neglected. Maximal numbateoétion is usually stop criteria.
The probability of the acceptance is calculated dach visited member. This can be
expressed as the following
p=e AT, (4.13)

where

Af — energy difference between two states of crysgatem, it means objective

function difference between two selected memb&fs= f(x,41) — f(xx)

T — annealing temperature
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In case of minimization of objective function, thew member is accepted with a
lower value of the objective function. The oppositse also allows for accepting of the
member but with certain probability
1 pro f(xi+1) < f ()
p=e¢T  pro flred) > f(n)
5) Calculation of new annealing temperature - cooling

P(Xk = Xiey1) = { (4.14)

As was mentioned before the temperature is decréaseg the cooling process.
When algorithm converges fast the temperature isredse fast too. The previous
temperature level is multiplied by the annealingstant in each cooling step

Tit1 = Tue - T (4.15)
6) Cycle repeating

The process of cooling is performed according &iritiution of interval between
initial (maximal) and minimal temperature. The diaition depends on number of
iteration Nier. The genetic algorithm applies crossing and manator each temperature
level. The members from new populations are acddpsed on the probability.

7) Stop criteria
The algorithm finishes reaching minimal anneali@gperature. The best member or

the set of best members are declared as the oohaion.

4.2 Gradient based method — sequential quadratic prognaming

Generally, the method based on the gradient calonlaequires a small amount of
iterations. The convergence near the optimum iy Wast. Nevertheless, one of the
disadvantages is high sensitivity to optimized fiores. Usually it fails for discrete type of
objective function (e.g. concrete checks).

The method using gradient can be described inalh@nfing steps.

* Optimization start - select

» Calculation of partial derivation
Vi=ZLfori=12..n (4.16)
» Calculation of new solution
x =xPt 4+ Vf; fori=1,2 .1 (4.17)
* Cycle 2 and 3 running to stop criteria (convergesrgerion of accepted error

€)
IVFll < e. (4.18)
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4.2.1 Sequential quadratic programming (SQP)

Sequential quadratic method is one of the methasdgyualculation of gradient of
objective function. As stated before for gradiergtinod, SQP method requires a small
amount of iterations and it is relatively accuratgorithm. In comparison with the MSA
method, the SQP method is less robust and usableofdinuous design variables. This
method can be known also as method of the bigdmse.sThe solving of the partial steps
designed as minimization of quadratic model of gheblem satisfying constraints is main
idea of the method. When the constraints are nimetbthen SQP method is transformed
to unconstrained classical Newton method.

The equation of objective function is solved inteatep of iteration and the method
is closer to optimum. SQP method uses quadratimappation of objective functiof (X)

and linear approximation of constrairg&). Optimization problem can be formulated as

follows
min f(x)
Stgr(x)<0; k=1,2..p. (4.19)
In case of SQP method using gradient
o+ Ax) = f(x) + V() TAx. (4.20)
Taylor polynomialreplaces previous equation
f e + Ax) = f(x) + Vf(x)Ax + %AxTVZf(xk)Ax. (4.21)
The first and second derivation can be substitytédzobi and Hessian matrix.
g + Ax) = f(xq) + J () Ax + %AxTH(xk)Ax. (4.22)
The Lagrange coefficientd) are used for the solving this problem
I(x,2) = f(x), (4.23)
[t + A, 4 ~ 10t Ao + VICx A)Ax + 5 AxTV21 (3 M) Ax,  (4.24)
L) = f(0) + Xy he g, (4.25)
Furthermore, Kuhn-Tucker condition for minimizati¢gradientL = 0) transforms
formulas to
VL=Vf(x)+ Yb_ MVgi(x) =0, (4.26)
[t + 8%, ) ~ 1t hio) +J (k1o M)AX + > AxTH (i, M) Ax. (4.27)

Hessian matrix is not calculated in each step oP $4ethod but it is approximated
using BFGS method (Broyden—Fletcher—Goldfarb—Shpfiom the previous step
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T T
_ YkVk _ HeAxk(HrAxk)
Hyyq = Hy + VTaxr T by (4.28)
where
Yk = Vf(Axygi1) — VF(Axy). (4.29)

4.3 Heuristic Algorithm — simplex method (Nelder — Meadmethod)

Heuristic methods are algorithms with lower seusitito objective functions than
gradient based method but they require more iteraths the name indicates, the method
was first described by Nelder and Mead [93]. Thhg®athm uses the concept of a simplex
for minimizing of an objective function in a many¥knsional space. A sequence of
triangles is generated during the method and fanativalues at the vertices get better and
better. The size of the triangles is reduced amdctbordinates of the extreme point are
found. In general, the output of any objective timt of n variables is evaluated by a set
of (n + 1) points of general simplex. The vertices witie highest value of objective
function are replaced by another point. Thus, aneexe of that function is found by the
transforming of one point of simplex in the spadéhe replacement can be performed by

the four basic operations (i) reflection, (ii) caadtion, (iii) expansion and (iv) reduction,

g Xn+1

see Fig. 4.4.

X1
a) reflection b) reflection and expansion
r ~
Iy S
! 5 ; Xc

C) contraction d) reduction

Fig. 4.4 Graphical presentation of particular operaduring NM
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Let us assume an objective functipx) with n variables inr{ +1) points ofn-
dimensional space defining the simplex. All versideave to be sorted according to its
values. Furthermore, the centre of the gravity bfsamplex points (excep,:1) IS
calculated ag,. As has been mentioned above, three basic opesatiodify the simplex

to global extreme.
4.3.1 Reflection

A new vertex of simplex is defined as follows
Xr =X +a- (xg— Xp41)s (4.30)
wherea is the reflection coefficient 0 usually equal to 1. When the new reflected
point has better objective function than the secandst, then replace the worst point by

the reflected point in a new simplex. It can betten in the following terms
fe) < fOx) < fxn). (4.31)
4.3.2 Expansion

In case of new reflected point produces new minin{yfitx.) < f(x;)) then the
expansion is defined as follows
Xe = Xo + v (X — Xp), (4.32)
wherey is the reflection coefficient >1.0 usually equalt When the new expanded
point has better objective function than the r&ﬁdcpoint(f (xe) <f (xr)), then the worst
point (x,,,) is replaced by the expanded point in a new simpl#Rerwise, the reflected
point remains. If the reflected point has not bettgective function, than second worst we

can continue with contraction.
4.3.3 Contraction

If the reflected point has not better objectivediion than second Wors@‘ (xp) =
f(xn)), the algorithm continues with contraction expresssing following formula
Xe =X+ B+ (Xps1 — Xo)» (4.33)
where  is the contraction coefficient0; 1) usually equal to 0.5. When the new
contracted point has better objective function ttheem the worst poir(tf x)<f (xn+1)),
then this point(x,.,;) is replaced by the contracted poifit.) in a new simplex.

Otherwise, the reflected point remains.
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4.3.4 Internal contraction (reduction)

The last possibility how to obtain extreme of fuoot is using the internal
contraction (reduction). In this ca§g(x.) > f(xn11)), Nnew reduced point is written as
follows

Xred = X1 + 0+ (X1 — x71), (4.34)

whereo is the reduction coefficient usually equal to 0.5.

Generally, the algorithm terminates when the objedunction is less than standard

error (¢) expressed with inequality

2
Jmpp s’ (4.35)

n

Hereby, the better solution is not found by onetled operation or the simplex
remains the same in particular cycle.

Simultaneously, the algorithm is able to find migim when starting far from them.
It concludes to relatively robust algorithm. Theimdisadvantage is usability only on
a small numbers of parameters. As will be showthénfollowing text, the effectiveness of
the method does not seem to be good for desigmestrpssed concrete structures. This

method representing heuristic algorithm was uséyl fon specimen in Chapter 6.
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4.4 Comparison of optimization algorithms and conclusios

The previous chapters dealt with the descriptiothefoptimization algorithm. When
we optimize the structure, each project is uniqond eequires a different view of the
solution. We can see in Tab. 4.2 the comparisonsefl optimization algorithms by the
several criteria which concluded from our verifioas. There are two main criteria: (i)
method characteristic and (ii) project charactesst If we compare the convergence of the
method the fast method is SQP. On the other hdwde tis the very slowly convergent
MSA method. Nevertheless, MSA is very robust metiwbeth is able to find the optimum
in a wide space of design variables. Obviously, $@®have a problem with searching of
the global optimum. The usability of proper algomt also depends on the project
characteristics. Relatively small projects can b&/exi by the NM and SQP method.
Genetic algorithms have no problem with the optatian of large structures. Sometimes,

the design variables are even discrete (e.g. nuortdiameter of strands).

Tab. 4.2 Comparison of optimization algorithms

Method characteristics Project characteristics
Method Number of Type of Typical examples
Convergenceg Robustness
parameters parameters
NM medium low small continuous truss girder
SQP fast very low medium continuous frame steakstires
_ continuous +
DE slow medium large _ concrete structures
discrete

_ continuous + | concrete structures,
MSA very slow high large _ ,
discrete large projects

We can also compare the convergence and numbeerations for a particular
method in Fig. 4.5. It is clear from the graphicamparison that methods have specific
ways how to find the optimum. This figure shows tpimization of each method from
the initial to the optimal computational state. Afetent colour represents one design
variable in the graph. In this illustrative exampite SQP method was confirmed to be
very fast, requiring tens of iterations only. Assaexpected, DE and MSA need hundreds

of iterations to find the optimum. Consequentlysitlear the universal algorithm does not
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exist. There is no general rule that would alwags ia advance which method is the best
for which type of optimisation task.
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Fig. 4.5 Comparison of optimization methods
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5 OPTIMIZATION PROCEDURE

The global optimization of structures is a difficyprocess requiring multiple
recalculation of the whole structure with varyings@jn parameters and evaluation of each
configuration. The repetitive calculation of hundiseof solutions is usually not possible in
daily practice. Designers are under time pressncethey finalize a project with several
code satisfying solutions. Nowadays high perforneacemputers are inevitably used for
the design of structures. There exist many commkeoamputer programs for structural
design and check. Some of them can also be udedtta wide range of configurations of
parameter possibilities, to make comparisons amdlthie best solution. It is a question for
the designer which optimization technique, constsaand limits for design variables are
selected. The optimization is not something whiompletely replaces the designer. It is
an additional tool for better effectiveness andfqgrarance of their work. An optimal
solution can easily be found for simple structunath a very small number of design
variables. The optimization of the large structuiedependent on the computer capacity,
which is another important factor for the selectioh optimization algorithm. The
nighttime inactivity of computers can be effectivelked for the optimization of structures.
Before leaving work, the engineer prepares thentpétion task and an optimum solution
is found during the night at the latest. An aldamt finds one or several optimums.
Afterwards the designer can select one from thayaof offered solutions and verify the
result manually if it really fits their requirement

Currently, Nemetschek Scia is developing a spécd@lfor optimization of any kind
of structure. The working name is Scia Engineernr@igation Toolbox (hereinafter EOT).
Sometimes, it can be found as Scia Optimizer [@&herally, the optimization process can
be clearly seen in Fig. 5.1. Once all the requingdit data are entered, i.e. the model of the
analysed structure is defined, the search for fhtenal solution runs fully automatically
and no interaction from the engineer is requireat. feal-life problems several optimal
solutions can be found. In such situations, it psta the engineer to make the final
decision. More information can be found in [136heTwhole procedure of optimization
can be explained in the following steps.
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Engineer
(user)

Scia Engineer
(software for
analysis)

Adapted
model
(XML input)

Results
(XML output)

EOT
(optimization
algorithm)

Optimal
design
Fig. 5.1 Optimization process

5.1.1 Preparation of the model and its parameterization

The model of the analysed structure is createdgustemdard Scia Engineer tools and
functions. The geometry, boundary conditions, lpagls. are defined. Parameters are
assigned to the properties that can vary duringpptgnization. Parameters indicate that a
particular property becomes variable and that tiggneer defines its initial value and, if
required, also the limits. If suitable or needddjsi possible to specify also relations
between individual parameters by the formulas (#hg.relation between the width and
height of a cross-section).

Generally, the parameters can be of two kinds, tifgamameters and output ones.
Input parameters can control properties of selectgects. Output parameters can be used
for handling output values calculated by Scia Eagin(e.g. value of ratio of acting force
to resistance, minimal deflection, member or striieeiveight etc.). By means of formulas,

the user can define the objective function as eepor total structure weight etc.
5.1.2 Definition of the objective function and constrains

The objective function defines what is to be optied. It can be the cost, mass,
deflection and others. Currently, one-criterion imation with constraints has been

implemented. In addition to objective function, thets of constraint are usually defined.
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These can be ratios of acting force to resistamaximal deformation, maximal stresses
etc.

5.1.3 Selection of the optimization method

Furthermore, it is necessary to select one of ttadable optimization methods. As
already stated in the previous chapters, the fasicboptimization algorithms have been
developed (DE, MSA, SQP and NM). The important fecthat each method is not
suitable for optimization of general problems. HBedection of the method may also affect

the time needed for the solution of the soughtraéisult.
5.1.4 Optimization cycle

The optimization solver (EOT) generates the sefsaodmeters used for the creation
of particular variants of the model. Scia Engineeceives these parameters, runs the
prescribed calculations and code-check. In the steqit, EOT gets back the results and
evaluates them to modify the parameters in ordegebcloser to the desired optimal
solution. This process is then repeated until thegnmm is found. The communication
between the optimization module (EOT) and Scia Begi is based on XML format

document.
5.1.5 Evaluation of the optimal solution

As already stated, the optimization finds one oremmptima. It is the engineer who
compares them and makes the final decisions. ReBuolin each iteration are stored in
EOT and can be examined after finalization of thminoization procedure by post-

processing tools.
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6 POST-TENSIONED SIMPLY SUPPORTED MEMBER (SPECIMEN)

The usability of the optimization methods is vexrifion the specimen at first. The
simply supported 10 metres long member with rectirgcross-section is made from
concrete class C30/37 (see Fig. 6.1). The permameform load g= —30 kN/m is applied
on the beam. The minimal distance between axisredtpessing tendon and edge of the
cross-section is set &= 50 mm. The strands from material Y1770S7-12.5used for
tensioning of the beam with initial stress 1440 MBanerally the prestressing losses are
not considered in this example for simplificatidie results from optimization process are
compared with predesigned values based on theablevconcrete stresses.

The concrete stresses from linear combination {f@es + permanent) are evaluated.
The maximal allowable values of concrete stressestaken into account according to
Chapters 5.10.2.2(5) and 7.2(2) from EN1992-1-1cmmpressive stres(srcc,lim =0.6-
fek = 0.6 - 30 = —18 MPa). Tensile stress in concrete is not allowed at(&l}m =

OMPa).

H=0.5m

10 m

B=0.3m
Fig. 6.1 Structural scheme of specimen

The target of this example is to verify the us#@pibf optimization algorithm for
design of prestressed concrete structures. The gfepwf prestressing tendon is modified
to get minimal amount of prestressing reinforcemantsection within fulfilling of
constraints. The objective function is expressethagollowing

f(x) = min(Ap) = Apy * Ng -+ Ng. (6.1)
whereA,, is an area of prestressing strand (Y1770S7-1245/,=93 mn?); n, is
a number of strand in tendom; is a number of the tendon in group.

Two types of tendon geometry are used for the icatibn of proposed optimization
algorithms.

* Type 1 — geometry consisting of two parabolic ase= Fig. 6.2
o Parabola + tangent (end)

o Parabola + tangent (begin)
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Fig. 6.2 Tendon geometry — type 1

« Type 2 — geometry consisting of one symmetricaapalic arc; see Fig. 6.3

0 Symmetrical parabola + tangent

Fig. 6.3 Tendon geometry — type 2

A predesign of the prestressing reinforcement vafopmed according to allowable
concrete stresses. The geometry of tendon withmendricities at the endsyh = e =0
m) and maximal possible in the centre of the begw -0.2 m(for type 2e,, = -0.2 m)
were considered as the optimum tendon geometryt Straight half metre parts of tendon
were selected at the both ends. The minimal pssstferce can be obtained from the

following formulas based on the stresses in bottbyand top (2) fibres of cross-section.

(W Gy — _ (—18-103)—

P, > (wy occ,l.lm Mg) _ (0.0125-(—18:103)-375) — 1323.53kN, (6.2)
2 ep+iz 0.2+0.083

P, < —(Wl-o'ct'l.im—Mg) _ =(0.0125:0-375) _ 2117.65kN, 6.3)
2 ep+iz 0.2+0.083

G fire — (—18-103)—

P, < (W, °'cc,11.m Mg) _ (0.0125-(—18:103)—375) = 3214.29kN, (6.4)

s ep—i1 0.2-0.083

(W2-0ctlim—Mg) _ (0.0125-0-375)
ep—i1 T 0.2-0.083

P, > = 3214.29kN, (6.5)
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whereW; , are the section modulubly is a moment from external permanent load
andj, , = %. These formulas result to predesigned optimal evaifiprestressing force
(P4 = 1323.53kN) which fits all limits above.
Apq = P/o, = 1323,53/(1440 - 1000) = 919 mm?, (6.6)
Npd = Apd/Apr = 919/93 = 9,88 = 10 strands. (6.7)
The alternatives 2 pieces of 5 strands tendon pregée of 10 strand tendon are
estimated according to previous formulas. The tangleometries along the whole beam

are the same for both type of geometries in caskeotlesign variables mentioned in Tab.
6.1.

Tab. 6.1 Values for predesigned optimal solution

Parameter Type 1 Type 2 Explanation

€n [M] 0.0 0.0 eccentricity of prestressing in
point A

€p2 [M] -0.2 -0.36 eccentricity of prestressing in
point 2

X1 [M] 2.75 - distance of cross-link of tangents

for the beginning of the beam
ty [m] x;—0.5=2.25 4.5 length of tangent

6.1 Constraints

Generally constraints are needed almost for eatim@ation task. This example is
also constrained optimization example. The con#sacan be set for design variables
(minimal and maximal values) and for the evaluggathmeters. The following constraints
were used.

* Geometrical — this constraint is valid for geometype 2 only, the top point of
symmetrical parabola has be inside of cross-sectioth it has to satisfy the

concrete cover

gﬂﬂ=—%§—1£0. (6.8)
2

+ Allowable concrete stresses

0 Intension- no tension allowing can be expressed as follows
92(x) =0, <0. (6.9)
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0 In compression- maximal stress in compression is limited by 66%o

characteristic cylinder strength of concree.im = 0.6 - fox) can be

written in term

Jee_1<0. (6.10)

Occ,lim

g3(x) =

6.2 Used optimization algorithms

Four different optimization techniques are used tfe finding optimal shape of
tendon geometry. Those methods are
* sequential quadratic programming (SQP),
* Nelder-Mead (NM),
* modified simulated annealing (MSA),
» differential evolution (DE).
As you can see further, the initial values of desigriables are intentionally selected

more different than values for predesigned solution
6.2.1 Sequential quadratic programming (SQP)

As was described in Chapter 4.2.1, the method itstda only for design using
continuous variables. A necessary area of prestgesendon is based on the number of
strands in tendon and number of the same tendoth Baues are discrete variables.
Therefore SQP method is not usable for this opttion task in case of modelling real
prestressing tendon in the structure. Replaceteaalon by the equivalent load is another
possibility of modelling. Prestressing tendon waplaced by the polygon for graphical
drawing only. Parameterization of equivalent loaas Ho cover all changes of tendon

geometry. Tendon geometries are displayed in Figa6d Fig. 6.7.
6.2.2 Nelder-Mead method

Similarly as for SQP method, also NM method enaldpimization only with
continuous variables. Thus, the post-tensioneddiengeeds to be substituted by the

equivalent load representing the prestressing.
6.2.3 Modified simulated annealing (MSA)

MSA method is very robust algorithm with small ersensitivity. The big amount of
iterations and relative not sufficient accuracy agtimal solution can be named as

disadvantages. Nevertheless, the method is suolgsséed for optimization task with
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discrete variables (number of strands in tendonsuncase). Therefore, the method is
applied in case of real defined prestressing tendtie parameterization of number of
strands and number of tendon is shown in Fig. B prestressing was modelled using

post-tensioned tendon with two parabolic arcs 8ge6.5 and Fig. 6.7).

B | Material
Material Y177057-12.5 ..
Mumber of tendon ele... |t - Number of tendons |
Mumber of tendons in ... ng - Number of tendon_+ |

Area [mm™2] B5
Diameter of duct [nm] | 60.00 |
Load Case LCT - Pregtress ..

Fig. 6.4 Parameters of tendon properties
6.2.4 Differential evolution (DE)

Differential evolution can be also used togetheahwliscrete variables (with defined
real tendon). The searching was performed from 2@nber's population with maximal

100 numbers of iterations.

6.3 Type 1 (two parabolic arcs)

Tendon geometry consists from two parabolic arcparabola + tangent (end);
parabola + tangent (begin). All four optimizatiecthniques were used. The settings for
initial and limit values for all methods of casey¢yl is mentioned in Tab. 6.2. The
different initial values are used for number oastis and number of the same tendon in the

group €x; ng).

Tab. 6.2 Initial and limit values for optimizationethod of type 1

Method SQP NM; MSA; DE
Parameter | Initial Minimum | Maximum Initial Minimum Maximum
ne [-] 7 6 19 12 6 19
Ng [-] 2 1 10 3 1 10
€a [M] 0.1 0 0.1 0.1 0 0.1
€2 [M] -0.1 -H/2 + ¢ 0 -0.1 -H/2 + ¢ 0
Xg [M] 1.8 15 2.75 1.8 15 2.75

Tendon is composed from two parabolic arcs whiehsgimmetrically placed to the
middle of the beam. The parabolic arc with vertexipx; is defined using tangent length

t;. Tangent length is dependent on distance to vexext; = x; — 0.5 m.
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|—l,|::ar

X21

Fig. 6.5 Type 1 (red are independent variables)

The comparison of the results for all used optimiatgorithm is performed in Tab.
6.3. The necessary amount of prestressing reinfegne was predesigned using concrete
stresses, the optimization procedure found amodnprestressing reinforcement in
correspondence of constraints satisfying. Whenadihiained values of required area of
prestressing reinforcememy(eq are rounded to integers we obtained 1 piece sfradds
tendon for SQP method. Method MSA converged to grafuoptimal solution after 3278
iterations. The best member from population isdcgiof 10 strand tendon similarly like
for NM method. Differential evolution finished with piece of 11 strand tendon. The
optimized tendon geometries are slightly differéoim predesigned optimal geometry.
Nevertheless, they can be used. The graphical casppaof optimized tendon geometry

together with predesigned initial one is displayeéig. 6.6.

—saop
—MSA

=—nitial

Fig. 6.6 Graphical comparison of the predesignetigotimal tendon geometry
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Tab. 6.3 Comparison of predesigned and optimalega(type 1)

Optimized
Parameter Initial | Predesigned
sQP NM MSA DE
N [-] 7 10 8.50-11 | 10.35-10 10 9.74-11
ng [-] 2 1 1.19-1 1 1 1.05-1
€n [M] 0.1 0.0 0.0 0.037 0 0.07
€2 [M] -0.1 -0.2 -0.2 —-0.199 -0.2 -0.19
X [m] 1.8 2.75 1.85 2.29 2.5 2.15
Ap,,eo[mmz] 1302 930 941-1023 930 930 | 951-1023
maxay, [MPa] 3.02 -9.12 -9.71 -6.0 -8.90 -13.59
min o, [MPa] -33.22 -17.56 -16.17 -15.62 | -17.50| -17.94
No. of iterations [-] - - 105 175 3278 540
Total opt. time [min] - - 7:36 25:10 | 3:56:24| 38:47

6.4 Type 2 (symmetrical parabola)

The second tendon geometry consists of symmetpaedbola with vertex point

in the middle of the beanxf= L/2). Parabolic arc is defined using tangent lengthwas

necessary to define several additional parametedsfearmulas to cover all changes in

geometry.
Tab. 6.4 Initial and limit values for optimizationethod of type 1
Method SQP MSA:; NM; DE
Parameter | Initial | Minimum | Maximum Initial Minimum Maximum

ne [ 7 6 19 12 6 19

Ng [-] 2 1 10 3 1 10
€ [M] 0.1 0 0.1 0.1 0 0.1
€2 [M] -0.2 -H 0 -0.2 -H 0

t, [m] 1.5 1.0 4.5 1.5 1.0 4.5
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X= LfZ L X= I_/.Z

Fig. 6.7 Type 2 (red are independent variables)

The comparison of the optimized results with inifeedesigned values is performed
in Tab. 6.5. When initial valuesy(andng) are selected according to Tab. 6.2, then SQP
method converged to optimum but did not find bestdution than predesigned. Therefore
initial values (x =12 andng =3) were used the same like for genetic algorithm.
Unfortunately, the optimization process did notdfithe similar necessary area of

prestressing reinforcement as predesigned 10 sttendon.

Tab. 6.5 Comparison of predesigned and optimaleg(type 2)

Optimized
Parameter Initial | Predesigned
SQP NM MSA DE
ne [-] 7 10 11.48-12 | 10.42-10 10 10
ng [-] 2 1 1.00-1 1 1 1
€ [M] 0.1 0.0 0.0 0.02 0.04 | 0.005
€p2 [M] -0.1 -0.36 -0.24 -0.27 | -0.325| -0.285
t; [m] 1.8 4.5 1.65 3.2 3.5 3.0
A, efmm?] 1302 930 1116 930 930 930
&v [M] —-0.155 —0.198 —0.200 -0.195 | -0.197| -0.198
max oy [MPa] 3.02 -12.73 -10.70 -12.65 | -13.17| -9.45
min o, [MPa] -33.22 -17.35 -17.57 -17.23 | -17.76 | —-17.70
No. of iterations [-] - - 75 543 3168 2020
Total opt. time [min] - - 5:17 38:15 | 3:48:43| 2:25:35
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Modified simulated annealing method converged ttnogm after 3168 steps of
iterations. The best solution is the identical oe second tendon geometry (type 2) like
for the first one (type 1). The optimum is 1 pi@felO strand tendon. The same results for
both types of geometry are obtained for method ifiéréntial evolution (1 piece of 10
strand tendon).

Finally, the same necessary area of prestressimfpreement was found using
optimization algorithms. When we compare the optinaad predesigned tendon
geometries the very good approximation was obtaasedhows Fig. 6.8. The optimized
eccentricity of tendon in the middle of the beaep, (= -198 mm) is very close to

maximum(&v,max= —200 mm). The depths are 5 times scaled.

—S0P
—SA

= Initial

Fig. 6.8 Graphical comparison of the predesignetiaggiimal tendon geometry (type 2)

6.5 Sensitivity analysis

Previously, an optimal design of post-tensionedcoetie simply supported beam
using optimization algorithms was demonstratedtfay basic tendons geometries. Now
sensitivity analysis is applied on this exampleahy optimization task a small change in
the design variables can affect the optimal sotut®ensitivity analysis is reported for
design problem of tendon geometry type 1. The ddcég of the tendon is taken using
maximum practical value in the middle of the bearthwespect to concrete cover and
annual eccentricity at the both ends. The assumpeems to be more realistic than
determine optimal tendon geometry for this simplpmorted member. The minimization
of total cost and total weight is analyzed withpexst of effect (a) beam span, (b) beam
height and (c) concrete characteristic compresstnangth.

An effect of input values on optimal design varesbis studied in this part. The
optimal values of cross-section dimensions andifgesing forces are looking for typical

span lengths (from 10 to 24 m with step 2.0 m)ifmestigation of beam span influence.
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The impact of the cross-section width for the oplirdesign of beam is performed for
several typical cross-section widths (from 0.2 mOt6 m with step 0.05 m). The last
criterion of sensitivity analysis is the charadBd cylinder concrete strength. Five
different concrete classes have been studied wigreht prices per cubic metre (see Tab.
6.6). The sensitivity analysis is performed on ¢htgpical cross-sections (rectangular, T-
section and I-section) with the following dimenso(see Fig. 6.9). The dimensions of
flanges for T and | sections are considered depglydef the depth and width of the cross-

sections (sB = 2.25 B; sH =H/4).

Vv sB sB
7 7 7 7

sH sH

sH

B B sB
¥ L /B ) L il
Fig. 6.9 Typical cross-section used for sensitiaityalysis

6.5.1 Obijective function

An objective function in previous chapters was &®ull on amount of prestressing
reinforcement only. Nevertheless, the dimensions codss-section were fixed for
optimization. During this sensitivity analysis tbbjective function is defined as total cost
for concrete and prestressing reinforcement togeMelume of concretelf) and total

weight of prestressing tendong/y) is evaluated. Finally costs for concreté.)(

prestressing tendoi() and total cost(y,) are calculated according to formulas

C. = Cunit,CVC1 (6-11)
Cp = Cunit,p Mp, (6.12)
Ch = C. + Cp. (6.13)

Simultaneously, the dimensions of cross-sectioroptenized for each cross-section
type, length of the beam, width of the beam anctiezie class. The prices per cubic metre
and kg were considered in this study as mentionebhb. 6.6. The exchange rate is fixed

in the whole dissertation to 25.0 CZK per 1 Euro.
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Tab. 6.6 Cost of different concrete classes

Cunit,c Cunit,c
Concrete class
[CZK / m?] [€/nT]
C 16/20 4 650.0 186.0
C 20/25 4 750.0 190.0
C 25/30 5000.0 200.0
C 30/37 5200.0 208.0
C 35/45 5 400.0 216.0

Let us assume typical prices including formwork &atabur for concrete casting and
reinforcement placement. The cost for a kilogrami®f7 mm strand is taken into account

as Cynitp = 4.0 €/kg. The comparison criteria are lengththef beam, depth of the cross-

section and compressive cylinder strength of cdacre
6.5.2 Constraints

Constraints are used the same like for specimea ggopmetry 1. The beams are
optimized on allowable concrete stresses.
e In tension- no tension is allowed expressed as
g1(x) =04 < 0. (6.14)

* In compressior maximal stress in compression is limited by Gif%¢haracteristic

cylinder strength of concre{@..., = 0.6 - f;;) Written as

g2(x) = == —-1<0. (6.15)

cc,ch

The sensitivity analysis covers also optimizatioh aross-section dimensions.
Therefore, the geometrical constraints were sebfidimization process. The ratio between
depth and width of the all cross-sections wasacgirits.

e Minimum ratio — depth of cross-section has to iglér than width
gs() ==—120. (6.16)
« Maximum ratio - depth of cross-section has to laimally two times higher than

width
9s(x) = =—1<0. (6.17)
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6.5.3 Results

The optimization algorithm has been run for eacmgarison parameter. Generally,
one optimization problem was analyzed for eachs=gextion type, length of the beam,
width of the cross-section and concrete class. llyinthere were about 60 different
optimization examples. Considering number of strandendon as discrete variable the
optimization algorithm was chosen enabling handiin wiscrete parameters. Therefore,
modified simulated annealing method was used fer dptimization of this sensitivity
analysis. A population of 20 members was analyretiOi simulated annealing steps. The
obtained results from modified simulated annealimgre improved using sequential
guadratic programming method. This is the combimatif two algorithms. In the first step
robust algorithm (MSA) searches roughly good solutand the second step applies
accurate algorithm (SQP) improving the existingioh. Each iteration was finished after
15 constraints satisfied solution or 150 runninigitson.

The effect of changing the beam length) (s shown in Fig. 6.10-Fig. 6.11.
As expected the width of the beam increases wehrbreasing of the length for all cross-
sections. T and I-sections are very parallel. Therease of cross-section width is

significant for rectangular section mainly.

tn
o
=1

-8-REC |

=i—T-Section

I-section

Cross-section width B [mm]

10 12 14 16 18 20 22 24 26
Length of the span L [m]

Fig. 6.10 Span effect on beam width for C30/37

The similar behaviour is related to prestressingds. The prestressing forces are the
same for T and I-sections to length 12 m. From 2#2s |-section close to rectangular.

Finally, the optimal width returned back near tgdction for 24 m.
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40U

Prestressing force [KN|
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Fig. 6.11 Span effect on the prestressing forc€R0/37

A total cost increases with the growing length d&ircross-sections (see Fig. 6.12).

T-section shows the less total cost. The most esiperare the rectangular cross-section

for all span lengths.

=—-REC
—=8—"T-Section

I-section

10 12 14 16 18 20 22 24 26
Length of the span L [m]

Fig. 6.12 Span effect on total cost for C30/37

The last investigated parameter was characteagtioder strength of concrete. The
five different concrete grades were used (C16/220/25, C25/30, C30/37, C35/45) on

beam withL = 10 m. Each concrete has different strength paensedherefore, the

maximal compressive strength of concrete is dep#nole the concrete class. The prices
per cubic metre of concrete were considered acegrii Tab. 6.6. The results based on
the total weight of structure are compared in FBdL3. As expected the significant

decreasing of structural weight depends on inangasi concrete class. The difference
between concrete C16/20 and C35/45 is more tha® kg0
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Fig. 6.13 Comparison of total weight of the beam

While comparing total cost (see Fig. 6.14) instedidtotal weight of beam the
tendency for concrete classes is the same butitteeetices between the results for each
class is not such significant. The results forcalhcrete grades respect the range of only
20 €. As a conclusion of this test, the comparisbtotal price seems to be more objective
than comparison of the total weight of the struetur
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Fig. 6.14 Comparison of total cost of the beam
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6.6 Conclusions

A verification of proposed method for simple pressed concrete structure has been
target of this Chapter. However, the proposed mhoee from Chapter 5 is applicable to
any kind of the structure as we focus on the desigprestressed structures. The testing
resulted, which optimization algorithms are the tnasitable for optimization of
prestressed concrete structures with their advaatagd disadvantages.

Consequently, the SQP method provides very goodtisnk in perfect time in
comparison with other algorithms. One of the masadvantages is a very limited use on
a real number of tendons defined as integer. Thathod can be used when the effects of
prestressing are replaced by the equivalent loadeitheless, a substitution of the tendon
decreases comfort of work. Additionally, the sherm and long-term losses can be
estimated only. It can be pointed out that SQP as a robust method (see 2.1.5).
Therefore, the selection of initial parametersnsiraportant step during the optimization
process. When the initial values are chosen, therighm reaches to the local extreme and
it is not possible to get out of it. Similarly &KSQP, the NM method also found acceptable
solution. Nevertheless, the same disadvantagesfdik&QP cause that this method not
suitable for the optimization of the number of tens.

The application of the MSA method is advantageaousmany respects. This
algorithm found better solutions than SQP and theiog of initial parameters is not
significantly important. However, the required tinfer optimization is the main
disadvantage. The use of the method can be linegpécially for the optimization of large
structures with construction stages analysis. Herices necessary to set the size of
population, number of iteration and step of desigriables with respect to the maximal
required optimization cycles. The acceptable timanks are considered minutes, hours
and a day at most. The fourth used method (DE)igesva compromise between previous
two. The optimized solutions are not that good dedeptable. The benefit of this method
is relatively fast convergence and the use of miteglues of tendons.

Our verification of simple example, which belongs main conclusion of this
Chapter, proved the most suitable methods for apation of design variables of
prestressed concrete structures are evolutiongioritims as MSA and DE. Therefore,
these methods will be used for the next examplé® Use of these methods is very

promising for the optimization of more complicafm@stressed concrete structures.
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7 OPTIMIZATION OF DESIGN VARIABLES IN POST -TENSIONED BRIDGES

Generally, the technology of post-tensioned coecret commonly used in
construction of medium and long span concrete lesdgll around the world. An
opportunity of the active modification of the imeat forces distribution offered by
a variable geometry of post-tensioned tendons i® af the main advantages.
Unfortunately these kinds of structures are notaligunvestigated as optimization tasks.
This is caused by a complexity of a structure arglesence of many design variables
which are often discrete.

Several studies on the optimization of the possitered concrete structures have
been already published in the past. Typically, Madnd Trochymiak [83] presented
a work dealing with the optimized design of a tamdgometry in continuous concrete
three spans bridge box girders using linear progreng. The objective function was
focused only on prestressing reinforcement. Desastraints were considered as normal
concrete stresses and tendon eccentricities wihert to concrete cover according to
Polish code. Similarly, Quiroga and Arroyo [99] fisbed a study with an optimized
geometry of prestressing tendons on fixed crossBesed dimensions. Again, normal
stresses of concrete served as constraints. Bete thontributions used optimization
techniques based on mathematical programming. dnbke first examples employing
structural requirements leading to discrete formoaof the design problem, Marti and
Gonzalez-Vidosa [84] published a study focusedropnmimal design of a prestressed foot
bridge using a Simulated Annealing method. The ailyje function consists of a cost for
concrete, nonprestressed and prestressing reinferdge Constraints were ultimate
bending moment capacity, shear capacity and adlieitecheck according to Spanish EHE
code.

However, the mentioned models were solved usirgpliranalysis and did not take
into account real behaviour of a structure withstarction stages and time effects together
with optimization procedure. Nowadays Europeanddass (Eurocodes) are widely used
almost in the whole of Europe, therefore our opation is focused on the design and
checks according to the design code for concretigds (EN1992-2). To the best authors’
knowledge, such kind of structural optimization hast been presented in available
literature yet. This chapter presents the proppsatsommendations and several typical
examples of post-tensioned concrete bridge optimizaWe focus on the decreasing of
required numbers of strands in the tendon or comlgleeglect particular tendon in the
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structure. Simultaneously, the optimization methdidsl such tendon geometry (X, Z
nodes coordinates of tendon geometry) to get maeffiaiency of the concrete checks in

the structure defined as ratio of acting interoatés divided by cross-section resistance.

7.1 Optimization process -definition of optimization task

When we optimize post-tensioned structure it isessary to establish several
preparatory steps. A fulfilment of them producesiacessful progress and achievement of
the optimal solutions. The optimization process loamlivided into the following steps:

* general overview of the structure

e parameterization of structure

» definition of objective function

» selection of the mathematical algorithm for optiatian

* post-processing analysis and verification of treiits
7.1.1 General overview of the structure

In the beginning of the each optimization taskreguires producing of general
overview of the structure. All information abouttbptimized structures are collected and
analyzed. The structural model, material propertreguired road category, and acting
loads of the structure are the essential requiresnér the start. The fundamental
dimensions of the structural members are estimaigidg engineer experience and
knowledge. Based on these proportions, the finsgjinosolution is introduced. Usually, the
initial solution does not have satisfied the pafac constraints. Generally, a varying
distribution of the tendons provides the possipitf active distribution of the internal
forces from the prestressing in the structure. &loee, the optimization tasks focus on
searching the most suitable tendon geometry tongetmal tendon mass and maximal
structural efficiency.

A typical case can be distribution of the tendonrgetries in the construction joint
of the bridge with cantilever overhang like meng&dnn Fig. 7.1. Here, the small change
of the vertical coordinates significantly influendée internal forces in the both
construction parts. Generally, three different texelare optimized by the change of the
vertical positions in the joint. The first tendotresses over the original span with
overhang. Furthermore, the couplers connect thdoterin the construction joint and
prestress the built span. The last is introducedltdumpossible coupling of all tendons in

the construction joint. These tendons are contisuouver two adjacent spans. An
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application of the optimization methods on thisecdsscribes in Chapters 7.3 and 7.4. In
case of more detailed optimization, it is also gmedo deal with radius of tendon arcs.

01A

01,02A
02A

Fig. 7.1 Tendon distribution in the constructiomjo

7.1.2 Parameterization of the structure

As was mentioned in the Chapter 2.1.7, a paramzeten itself is the most
important step during the optimization process. Waarameters usually cause huge
number of iterations. However, several parametefg with large dependency with the
others usually produce impossible achievement ef dbnvergence criteria. The most
suitable number of parameters requires experieestichation and knowledge of some
characteristic structures. In addition, the weltlerstanding of structural behaviour gives
the better overview. When we optimize prestressgdctsire three groups of the
parameters can be independent variables:

e Tendon geometry
* Number of tendons
e Tendon stressing characteristics

The items mentioned above are explained in detatlse following chapters.
7.1.2.1 Parameterization of tendon geometry

Let us consider a typical three span deck bridggatiely thick deck cross-section
is sensitive for any small change of vertical tamdgeometry. Three different tendon

geometries are predefined (see Fig. 7.2). It ismemessary to parameterize all tendons
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coordinates as an independent variable. The caateirsignificantly affecting the internal
forces from prestressing are parameterized onlythik case, different z-coordinates of
tendon A and C above the internal support andersgrans together with beginning of the
tendon arcs are set as an independent variable.fifjiee gives the overview about

parameters.

Xc1 Xca

/\

T €
— Xa1
%A

Xa2=Xc2 Xaa
| Xa3=Xc3

Fig. 7.2 Parameterization of the vertical geomefriendons
7.1.2.2 Parameterization of number of strands

Furthermore, the number of strands in the tendanmamber of tendons are the most
important variables influencing the objective fuant In case of relatively simple structure
in Fig. 7.2, all those numbers are parameterizedy(6é independent variables). The
increasing of the parameters numbers is evidenh ftbe more complicated structure
where more different tendon geometries appeartyieal case is the structure mentioned
in the Chapter 7.3. Double T-section post-tensioneaige includes 10 different
geometries in one girder. Totally 20 variables fmber of strands in tendon and 20
variables for possible tendon with the same gegnen be defined. From the practical
reason, the tendons with the same characteristidsggaometry are considered as one
design object. Finally, this structure includesrfdifferent independent variables (two for

number of strands in tendon and two for numbeendons).

Fig. 7.3 Tendon arrangement in the two-girder k&idg
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7.1.2.3 Parametrization of tendon characteristics

A prestressing system is characterised by sevesttings. These influence the
evaluation of tendon losses along the tendon lendth initial tendon stress affects the
internal forces from prestressing. Therefore, thiial stress is usually selected as
an independent variable. There are also othemgsttiletermining prestressing units as a
type of prestressing procedure, values of anchosmge, directions and order of the
stressing and anchorage. Generally, these propesitify particular prestressing producer
and parameters are optimized very seldom. The peaipation of the initial stress gives
the possibility to active change of distribution thie internal forces in the structure.
Sometimes, it can be more efficient to decreasgainstress and modify the tendon
geometry towards to increase numbers of strand fixéd geometry. For instance in case
of Freyssinet hinge bridges, it must not be impurt® have maximal eccentricity of
tendon above the internal supports. Nevertheleshaaging of initial stress is limited by

the constraint of allowable stresses in prestrgsgimforcement.
7.1.2.4 Range of the variables

During the optimization, the mathematical methoelec the values of independent
variables from the predefined limits. The minimundanaximum possible values provide
available range of optimized parameters. A typczae is distance of the centre of tendon
from the cross-section surface during the vertgabmetry optimization. The minimal
cover of the prestressing can be ensured by thémmakor minimal value (top or bottom
surface). The second possibility how to verify thamdition is introducing of the boundary

constraints (see chapter 7.1.4).
7.1.2.5 Step for the variables

When the limits for each independent variable agéndd, the interval can be
divided according to type of the variable. Gengraliwo types of variable exist.
A continuous variable represents the first groupraquiring a step value. If the number of
strands is optimized, it is necessary to set tbp galue. An integer can be used only for
the number of strands. As has been mentioned bésae Chapter 4), an optimization

algorithm depends on the selected step value.
7.1.3 Definition of objective function

In case of optimization of post-tensioned bridgie, different purpose expresses

the objective function. Generally, the total caamtsl total weight evaluate the optimization
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of the whole structure. Nevertheless, we intentigndefine different objective function
for particular bridge to show optimization posstiek of such kind of structures. We focus
on the optimization of the geometry of the possiened tendons and concrete cross-

section dimensions.

1) Area of prestressing
Basically, we can assume objective function basdyg on the area of prestressing
reinforcement in one section (see formula 6.1). &andisadvantage is in not covering
length of the tendon in objective function. Herethg optimization is partly distorted. A
typical case is explained in Chapter 7.2 in details
flx) = min(Ap) = Xic1Api - Mei- Ngji. (7.1)
2) Mass of prestressing

The extended solution covers also length of thddaes. The cross-sectional area and
length of each tendon define the total mass of fthst-tensioned tendon@,). An
illustrative example is mentioned in 7.4. The objecfunction can be written as follows

f(x) = min(Mp) = Xy Ap; - i - Mg+ Ly - Vpie (7.2)

3) Total cost of bridge

The last and the most relevant case is the opttraizdased on the total cost of the
structure. Here, cost for concrete and post-tenmsjogive the total material cost of the

structure. A formula representing this case caaxpeessed in the following formula
fx) =min(Cp) = Cp - (BMy Api - i - Mg Lpi) + Ce - A Leor. (7.3)

The items in formulas above meaty;; is the area of one strands Y1770S7-15.7;
valuesn,; andng; are a numbers of strands in tend@md a number of the same tendons,
respectivelyL,; is alength of the particular tendom,; is an unity mass of the
prestressing tendond, is a area of concrete cross-sectibp; is a total length of the
bridge; C,, and C.are the cost for concrete and prestressing steeldefined in 6.5.1,

respectively;i = 1...n wheren is a number of particular tendon geometry.
7.1.4 Constraints

Usually each optimization task requires at lease aronstraint in practice
(constrained optimization problem). This can besm® of limit range of the variables too
(see Chapter 7.1.2.4). The concrete bridges hawatisfy many kinds of design checks
(ULS, SLS, detailing provision, etc.). But not aflthem must be necessarily included in

the optimization in order to prevent too time-canguy calculation. The particular design
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codes require slightly different approaches of th¥ve focus on the design of structure
based on the Eurocodes. Thus, all checks are peesbased on Eurocodes assumption.
The most efficient constraints are presented imth text.

+ Allowable concrete stresses

All codes verify minimal compressive and maximailsiée concrete stress as follows

g1(x) = G:‘Cclcim -1<0, (7.4)
g2(x) = oc(:fm -1<0. (7.5)

where the concrete stresses in the cross-sect®rbased on the elastic theory

calculated according to following formula

Ny My

Oce(et) = 3 * W,

(7.6)

The limits for tensile and compressive strengthedejpon the combination and
construction process. During the optimization, fodowing list of strength can be
verified.

o Strength before and after anchorirglefined in formula 5.42 from [133s

follows

Occ,max = k6 : fck(t)- (7-7)
o Strength resisting to longitudinal cracks defined for characteristic

combinationin Chapter 7.2(2) from [133] as follows

Occch = ks - fec(t). (7.8)
o Strength assuming liner creep behaviocurdefined for quasi-permanent

combinationin Chapter 7.2(3) from [133] as follows
Occh = ks fac(8). (7.9)
Note: Valuesk;, k, andks defined in the particular chapters of [133] haetadlts
0.6, 0.45 and 0.6, respectively.

» Cross-section capacity

Additionally, the checks of cross-section in ultbmalimit state (ULS) also
significantly affect the optimization problem. Thrmal force and bending moment
capacity in ULS can be verified by the interactibagram method,

gs(x) ="E -1 <0, (7.10)

g.(x) =72 -1<0, (7.11)
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Typical interaction diagram is presented in Figl. An iterative process finds the
interaction surface representing maximal allowetles of normal force and bending

moments which the cross-section can carry.
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Fig. 7.4 Interaction diagram

The second possibility represents the calculatibrstmin in concreteeg(.) and
prestressing tendore{) and comparison with limits strains of particulenoss-section

components as follows

gs(x) =< -1<0, (7.12)
ge(x) = :i ~-1<0. (7.13)
ud

The basic assumptions of this limit strain methbdves Fig. 7.5. For interested
readers we recommend the publication [92] with naetails. Generally, four limit strain
states can occur. The numbering (1-4) in Fig. é@resents particular state types of the
cross-section. The state (1) corresponds to thienapfailure when ultimate compressive
strain in concretegf,) and ultimate tensile strain in prestressiag)(are reached. In case
of state (2), the ultimate limit strain in concreteassumed within considering the strain in
prestressing at the beginning of plastic brarggh).(The state (3) expresses the starting of
the concrete crushing. Finally, the state (4) regmés the reaching of ultimate compressive

strain for axially loaded member decreased dueitthebfailure effect.
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fcd.

Fig. 7.5 Limit strain method

» Allowable stresses of prestressing

Due to tendon losses, the prestressing force isgrmtant in time. Eurocode requires

a verification of calculated stress,) in prestressing tendon with its limits;;, ).

g,(0) =2 —1<0, (7.14)

Op,lim

The constraint includes a check of prestressing [fsi,,), after ¢,,) anchoring and
strength resisting to undesirable cracks and defboms 6,,,). The limits are described in

details in the following formulas

o Strength prior anchoring defined in formula 5.41 from [133k follows

opa = min(ky - fori k2 * fpo1k)- (7.15)
o Strength after anchoringdefined in formula 5.43 from [133f follows
Oaa = min(k7 : fpk; k8 : pr,lk)- (7-16)

o Strength resisting to undesirable cracks and defttams- defined in Chapter
7.2(5) from [133]as follows
opm = min(ks - fox)- (7.17)
Note: Valuesk,, ko, ks, k; and kg defined in the particular chapters of [133] have
defaults 0.8, 0.9, 0.75, 0.75 and 0.85, respegtivel
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» Shear capacity
There exists general concept of “strut-and-tie” elqd33]for the prediction of shear

effects in concrete, see Fig. 7.10. In this motled, top compression and bottom tensile
members represent the compressive concrete aniteteziaforcement, respectively. The
horizontal members are connected by the compressital struts and reinforcement
tensile ties. The axial forces in tensile ties d$tiobe transmitted by the shear
reinforcement. Consequently, the maximal force amarete strutslVgqmax) and shear
force retained by the shear resistarigg () have to be compared with acting shear force

(Vgq), see following formulas

gs(x) = —2——1<0, (7.18)
Rd,max
go(x) = EL—1 <0. (7.19)
Rd,s
Crop

Compressive
members

Cl )
. Tensile

members

—
rJ

T3

JAN

Thot

Fig. 7.6 Strut-and-tie model

However, the strut and tie model is required, thstypensioned concrete bridges
have many times a massive cross-section. A nornrpssed reinforcement is often
considered as a minimal required only. Therefdre,shear capacity of concre(ﬂq;d,c) is

usually crucial in ULS and can be expressed asuta®.2.2 from [133]

g10(x) = V‘;Eddc —1<0. (7.20)

» Fatigue check
A fatigue action on bridges is very dangerous duedriation of the variable load.

The changes of the load levels repeat in many tgadycles. The verification is important
for the relatively subtle structure with long spahs this case, the stress range of the

concrete for,;) and prestressing steéd, r,¢) is compared with allowable stress limits

(Ao fatlim; A0p fat1im)- Usually, the concrete represents a more exposeghonent of the
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fatigue actions. The different behaviour can appeaable-stayed or suspension structures
where the cables are subjected to extremely diftesesses from the variable load,

A Cc,Ia
g1 () =g~ -1 <0, (7.21)
G (x) = =2t _ 1 < g, (7.22)
AO'p,fat,lim

+ Detailing provisions

All constraints mentioned above relate to verifmatof the “stress state”. The
internal forces, stresses are compared with limiues. The second group focuses on
detailing provisions of the prestressing. Therefdree minimal distances between the
tendon ducts according to EN1992-1-1 [133] (see Fif) and minimal concrete cover for
post-tensioned reinforcement have to be satisRedctically, the minimal concrete cover

is ensured by the minimal or maximal range of thgable.

max(dj+5; dy; 50 mm)

_ O
max(c; 40 mm

*— O_
8 max(dj+5; d,; 40 mm)

dp —> OA_

Fig. 7.7 Detailing provisions of post-tensionedfercement according to EN1992-1-1

As has been summarized, there exist many constréontoptimal design of post-
tensioned concrete bridges. It is suitable to $éhermost critical constraints and use them
during the optimization. Obviously, the resultingtimal structure can be run manually for

all additional checks.
7.1.5 Selection of the mathematical algorithm for optimiation

There are many mathematical methods for optiminatiostructures (see Chapter 4).
It is almost impossible to declare one algorithnireesgeneral one for optimization of any
kind of the structure. As was mentioned beforerehere many reasons influencing the
selection of the most suitable method.

Generally, the number of tendons is an integerpeddent variable. Therefore, a
method enabling calculation within integer paramsetean be selected only. Two

implement methods fulfil this criterion. The finstethod of differential evolution is usable.
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Nevertheless, several instances of testing confiomeffective convergence. The method
of modified simulated annealing, as the second ipitisg proves all expected
requirements. The method gets relatively fast cayerece with good enough solution. In
some cases, it is recommended to improve an optifiouwmd using MSA method by the

more accurate method of sequential quadratic pnogpiag (see Fig. 7.8).

f(x) A

MSA
SQP

X
Fig. 7.8 Quality of the optimum based on the usethod

7.1.6 Post-processing analysis and verification of the dipized results

Let us assume a finalization of optimization pracds can be typically reached by
convergence criterion or maximal number of itemioln case of MSA method, the
optimization process finds group of optimal solaticAfterwards, a post-processing
analysis should be done by designer. Just now,hts responsibility to select correct one
from provided solutions by optimization process.slome cases, the constraints do not
include all limitations and it is recommended torifye optimal solutions manually.
Typically, some optimum based on allowable concsdtesses are refused due to not
satisfying capacity of cross-section in ultimatmiti state. Additionally, there can be

requirements based on the technology or aesthdtich should be applied too.
7.1.7 Optimized post-tensioned concrete bridges

The previous chapter dealt with the procedure dfnopation of post-tensioned
concrete bridges. The basic requirements and himitss were discussed. Now, let us
consider three different post-tensioned concreiggbs where slightly different objective
functions are used. The bridges with particulafedént cross-sections, number of spans
and theirs lengths have the different process n$itaction. The following three examples
will be explained in the next text.

» Three girders three spans bridgéridge cast-in-place in fixed formwork, the

objective function is based on the area of presitnggeinforcement.
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* Double T-section four span post-tensioned brigddaridge built using span-

by-span technique with cantilever overhang focuse®ptimization of total
material bridge cost.

* Nine span deck bridge- the most complex example including several

construction stages requiring deeper analysista toass of post-tensioned

tendons is optimized in this case

7.2 Three girders three spans post-tensioned bridge

This chapter presents example of the optimum designtendon geometry of three
spans post-tensioned concrete structure investigafie to necessary details with
occurrence of discrete variables. A post-tensiooedcrete three spans (28+36+28 m)
bridge is optimized from the prestressing levelnadl as a geometry point of view. The
cross-sectional shape is a three-beam with fixadedsions of a depth (1.865 m) and
bottom width of beams equal to 1.2 m. The upper gladeck is 16.55 m wide. The shape
of cross-section is shown in Fig. 7.9. A structigrbuilt from concrete C35/45. The design
and check of the structure is performed accordmd:tirocodes with respect to Czech
national annex.

The load combinations are considered accordigShN EN 1990 with respect of A2
attachment. The structure is loaded by variabl#idribad according taCSN EN1991-2
where load group grla (a tandem system, unifornd dteed and pedestrians) seems to be
dominant. The envelopes of bending moments and $bezes from grla were evaluated
during analysis. The temperature changes of thectstie (linear heating and cooling)
together with initial support displacements wersoatonsidered in the calculation. The
structure is analyzed using construction stagel taite dependent analysis of creep and
shrinkage behaviour again according to annex B8N EN 1992-1-1. As usual, the

structure is designed for 100 years.

11200

Fig. 7.9 A bridge cross-section (in mm)
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Fig. 7.10 A structural model of bridge (in mm)

7.2.1 Transversal spreading of the load

Because of the three beams cross-section the a&@advspreading load was
performed at first. The model for transversal spiegwas 2D model, where the concrete
2D slab was modelled as deck. Each beam was cathdot the slab like a rib.
Particularly, the internal beam takes 45.5 % arel édge beam 53.3 % of the acting
variable load. Only one cross-section was studiedte next analysis. A typical studied
cross-section is displayed in Fig. 7.11. This s ¢dge beam which takes 53.3 % from the

load system of a variable mobile load.

Tab. 7.1 Transversal spreading of the load

Beam 1 2 3 Sum
g 3624 kKNm 2290 kNm 831 kNm 6745 kKNm
Edge
53.3% 34.0% 12.7 % 100 %
ddl 1823.5 kNm 3098 KNm 1823.5 KNm 6745 kNm
Middle
27.25% 455 % 27.25% 100 %
iz 16550 ”
q 1
(]
<
3

1200
Ak

Fig. 7.11 A typical cross-section of one beam (im)m
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7.2.2 Objective function

The prestressing of one beam consists of diffelmdon geometries A-E as shown
in Fig. 7.12. The aim of this study was to minimiaenecessary area of prestressing
reinforcement together with more effective tendeorgetry. The same number of strands
was assumed in tendon geometries A, B, C and anwmthike groups of tendons D and E.
Obijective function can be expressed as follows

fx) = min(Ap) = Xit1Api* Nei® Ngj (7.23)

where Ap; is the area of one strands Y1770S7-16.0; valygsand ng; are a
numbers of strands in tendomumber and a number of tendons in a group forbaaan,
respectivelyj = 1...n wheren is a number of particular tendon geometry.

The length of the tendon varies according to omadi geometry. Authors also
performed a study where these lengths were inclusledhe objective function.
Nevertheless, the results gave almost negligibleredsing of the total length of the
tendon. There are more than 10 km of strands agliffexence just only about 5 meters
among optimized solution was obtained. The argar@dtressing reinforcement in case of
a continuous tendon geometry on the whole bridgenseto be the most important factor.

Therefore, the effects of the length of the tengeametry can be neglected.

7.2.3 Design variables

The numbers of strands in one tendon and the nuwibeFndons in group were
selected as design variables. There are five diftegeometries in the one beam (A-E).
The number of the same tendon in group was congiaigieometry A-C. Particularly six

tendons in a cross-section were selected, i.eténdons in one beam.

Tab. 7.2 Initial and limit values for design vailed

Niasc Nipe NgpE Xa1 Zp1 Zg; Zp2 Xaa
[-] [-] [-] [m] | [m] | [m] | [m] | [m]
Initial 15 15 2 191 | 0.15 | 1.35 14 38.1
171 | 015 | 045 | 1.25 | 36.6

Parametr

Minimum 15 15 0
Maximum 19 15 2 21.1 | 045 | 135 | 155 | 39.6
1 0.5 0.05 0.1 0.05 0.5

Step 2 -

Next, the number of strands in tendons for the Qdbmetries was fixed to 15.

Therefore, we have two independent design variatesected to the prestressing area,
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namely the number of strands for the A-C geometiigsc and the number of groups for
the D-E geometriesy pe, See Tab. 7.2 for initial values and predefineuts.

Other design variables are geometry coordinatésrafon geometry. Each geometry
of tendon has 4 points which positions are optichigmarked red in Fig. 7.12) and are
again listed in Tab. 7.2. The remaining points @ebmgetry were calculated based on these
design variables. Dependency between all pointgeaimetry decreases the number of
geometry design variables to 7 only. The dependantbles are summarized in the
following table (see Tab. 7.3). Valugse=2.0m andksiep=1.5m andzie=0.15m are kept

constant.

Tab. 7.3 Dependent parameters

Variable| Formula | Variable Formula
Zn3 Zn2 XB5 L - Xa4
X4 Xag + Xstep Xcs L - Xca
Zg, Znot Zstep | ZB1pom (z32-1.1)B6/L,-1)+ 1.1
Zg3 Zs, Zc1pom (Zc2- 1.5)1.1/(-1) + 1.5
Zpy Zpa t Zstep XB1 Xa1 = Xstep1
Xca X4 t Xstep Xc1 Xg1 - Xstep1
Zco Zgy + Zyiep Zc Zgy t Zgiep
Zc3 Zco XBs L - Xa1
Zcq Zoa+Zoep | Xcs L -Xc1
L 20, + L, Zgp (z81< 1.1) g1 + (1.1= Zg1) a1p0m
Xa5 L - Xaa Zco (Zc1< 1.5)Czes + (1.5< Ze1) (zeapom
Xag L - Xa1

TND D ¢ 7 B
®

XA'%%‘ XA-C3 gl g‘ i

Xc4

Fig. 7.12 Tendon geometry of post-tensioning. Des@yiables are marked red.
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Fig. 7.13 Distribution of the tendons in the crgsstion —a) span, b) support
7.2.4 Constraints

The optimization of prestressing reinforcement waerformed based on the
serviceability limit state (crack appearance usihgck of allowable concrete stresses from
the characteristic combination) and on the ultimbteit state (a check of capacity
calculated using an interaction diagram for actbegnbination of a normal force and a
bending moment). The combinations were evaluated@0 years of bridge service. Limit
values of checks (a ratio of calculated and linaiues) was selected in a standard way 1.0.
The used constraints can be divided into threepgou

» Geometrical — these constraints are coming frone@rgtry of cross-section and
distribution of the individual tendons in the crassction with respect to a minimal
concrete cover and clear distances between tendons.

e Serviceability limit state (Check A) — normal sses for the characteristic
combination during service in 100 years are evallas the indication of the
longitudinal cracks existence. The maximal and mali stress in concrete is
compared with allowable concrete stress in tengififess = 3.76 MPa) and in
compressiofoeecy = 0.6 fo = 21 MPa ),

g1 (x) == —1<0, (7.24)

Occ,ch

g(x) =2 —-1<0. (7.25)

1:ct,eff
e Ultimate limit state (Check B) — a verification d¢he beam loaded by the
combination of a normal force and a bending monseperformed by a method of
the interaction diagram. Fundamental STR/GEO Sebmbination was used for

verification in this check,

gs() =2 -1 <0, (7.26)

ga(0) =B —1<0. (7.27)
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7.2.5 Optimization algorithm and results

There exist many optimization algorithms which dsnused for optimization (see
Chapter 4). For our case where number of strand$eardons are discrete design variables
it is necessary to use method which is capableatalle discrete variables. Evolutionary
algorithms are a group of optimization methods thahic the evolution of nature in aim
to search optima. Modified simulated annealing (M®Adifferential evolution (DE) are
well-known examples of these methods. We tested tmatthod and MSA has been finally
selected due to faster convergence.

The MSA is characterized by the population of cdath solutions, where the
population consisted of 15 members. This methoolalito set changing step of design
variables. The simulated annealing algorithm is@néed in the selection phase, where the
acceptance of new solutions is governed by theimgpahlgorithm. Here, the initial
annealing temperature was calculated based oncapt@ance of 50% of members from the
first population leading tolmax = 6686.24. Then the cooling coefficient was set to
Tmuit = 0.736. Note that all solutions are presentefign 7.14, i.e. including solutions that
do not fulfil given constraints. The total optimian time was 20hrs and 50mins which is
still relatively acceptable.

27000 —-----nmsoemmngmeanen oo T
25000 ———————————— ) ———————————————
23000 —- """""" """"""""

21000 - =T T e
19000 o I IT DTN T

17000 _1|_qc__1_n_c—.-;__..-—.-.:h. _______ __1_.:5____-__ ______ i____.__________%

jective function [mm?]

’ 15000 _® oo omm -*I_

______________________________________________________________________________

Ob

nmo-uooq‘n e o o.-:oooo.oo co:.oc om s o @

13000 . . . : i
0 100 200 300 400 500

No. of iterations [-]

Fig. 7.14 Value of objective History of the objeetifunction development.

As the results, 9 possible solutions were offergdhe program after running 484
iterations. Based on the detailed upcoming analsscan accept solution 7, 8 and 9
characterized by the 19 strands in a tendon. Tendath geometry D and E are not
necessary at all. When we use tendons with 17dgreue received ratio of acting design
bending moment (calculated value) to cross-sedbending resistance (limit value) in

range 1.0031.007, which are slightly out of the limit rangeherl ratios of calculated
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stresses to allowable concrete stresses and dasiigiy forces to cross-section resistance
calculated by interaction diagram tend to limituall.0. Maximal calculated ratios are
presented in table Tab. 7.5. All obtained resulesenalso verified on other checks for
prestressed concrete according @SN EN 1992-2. Allowable concrete stresses for
characteristic and frequent combinations, allowatesses in prestressing reinforcement
prior and after anchoring and shear verificatiorrevperformed as well. Origin tendon
geometry and a new optimized geometry are compamethe half of the secure in Fig.
7.15. Vertical geometries of the tendons togeth#r eross-section are five times scaled to
highlight the differences. The saving of materigal dompared for particular solution
together with their ratios of check in Tab. 7.5.

Tab. 7.4 Optimized solution found by MSA method

Parameter Nt ABC N:pe Ng,DE Xa1 Zp1 Zg; Zp2 Xaa Zpg Aoreq
[-] [-] (1 [ Iml | m] | [m] | [m | [m] [[m] |[mm?]

Initial 15 15 2 91 | 015] 1.35| 14 | 38.1| 0.15| 22500
Sol. 1 17 15 0 171 04 | 1.25| 1.4 | 39.1| 0.45| 15300
Sol.2 17 15 0 171 04 | 1.35| 14 | 38.6 | 0.40 | 15300
Sol.3 17 15 0 1711 025| 1.25| 14 | 38.1| 0.45| 15300
Sol.4 17 15 0 181 04 | 1.25| 1.4 | 39.6 | 0.45| 15300
Sol.5 17 15 0 176 | 025| 1.35| 1.4 | 39.1| 0.45| 15300
Sol.6 17 15 0 176 | 035| 1.25| 14 | 39.1| 0.40 | 15300
Sol.7 19 15 0 186 | 035| 1.15| 1.4 | 38.1| 0.35| 17100
Sol.8 19 15 0 176 045| 11 | 1.4 | 386 | 0.40 | 17100
Sol.9 19 15 0 176 | 0.2 | 055| 14 | 376 | 0.35| 17100

/\ = = initial /\

— optimized

Fig. 7.15 Comparison of initial and optimized getiye
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Tab. 7.5 Results for offered solutions.

e Check A| Check B Ap,rezq Save
[-] 1| [mm] | [%]
Initial 0.696 0.856 | 22500 -
Sol. 1 0.710 1.004 | 15300| 32
Sol. 2 0.701 1.005 | 15300| 32
Sol. 3 0.685 1.007 | 15300 32
Sol. 4 0.711 1.003 | 15300| 32
Sol. 5 0.709 1.003 | 15300 32
Sol. 6 0.687 1.007 | 15300| 32
Sol. 7 0.680 0.950 | 17100| 24
Sol. 8 0.664 0.945 | 17100| 24
Sol. 9 0.778 0.970 | 17100| 24

The MSA method decreased amount of prestressingoreement by 24 % by
modifying the tendon geometry. The ratio of allolealzoncrete stresses check for
characteristic combination and check of capacitpggusteraction diagram are very close
to limit ratio 1.0, see Fig. 7.16.
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Fig. 7.16 Ratio for allowable concrete stresseskli®p) and capacity check using
interaction diagram (bottom) in 100 years for soluino.7
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The results for solution 4 are mentioned in thetrfegure (see Fig. 7.17) for
illustration purposes. Here, the capacity checkgsnteraction diagram is not satisfied
only with 0.3 %.
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Fig. 7.17 Ratio for allowable concrete stresseskli®p) and capacity check using

interaction diagram (bottom) in 100 years for soluo. 4

From the obtained results we can conclude it issipts to used 6 pieces of
19 strands of geometries A-C and that tendons gettmetries D and E are not necessary
at all. Since the used code includes many safettorfs, it is also possible to use the
solution 4 violating constraints only by 0.3%. Besa the numbers of strands are discrete
design variables, it was necessary to apply amagdition method which is able to handle
the discrete type of parameters. Here, Modified ukated Annealing was successfully
used. The obtained amount of prestressing reinfoeoé was decreased by 24% in

comparison to the original design.
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7.3 Double T-section four span post-tensioned bridge

The typical example of bridge used very often iagtice is post-tensioned double T-
section bridge. Therefore, the application of thptirization methods has been
demonstrated on this kind of structure. A bridgessrsection from C35/45 is displayed in
Fig. 7.18.

r{k_J
7 1550
\\_ﬁ \\_/’IH-I
: —F —t
| B, | B B B

2 13500 L

Z1 Z1

Fig. 7.18 Double T-section

The bridge consisting of four spans (20+26+26+20suilt using technique span-
by-span with overhang cantilever. A total lengththa bridge including edge beams above
the supports ik:= 93.0m. The construction of each span includespinases. At first, the
concrete is casted-in-place to fixed formwork aedtrprestressing of the span is applied.
This procedure repeats for each span and complétglpups of the construction stages
are modelled. The prestressing is applied increatignacross two spans. The couplers
connect the half of the tendons in vertical corgtam joint of each cantilever overhang. A

group of four figures Fig. 7.19 shows the constarcprocedure of the bridge.

Stage 1
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Fig. 7.19 Construction process of the bridge

The Eurocodes are valid in Czech Republic from @BI2 Therefore, the bridge has
to satisfy all requirements coming from particlarrocodes. The structure analysis takes
into account also an effect of span-by-span coastnt Simultaneously, the rheological
behaviour concrete creep and shrinkage is coverdidei model of CEB-FIP 1990, which
is included in EN1992-1-1. It belongs to the mostplex models for time analysis
classified to “product models”. This group is based the product of the basic creep
coefficient depending on the age of the concret fanction of the creep in time. The
product form is used in several national codes@s3418-08 and EN1992-1-1,

960 = 0o(0) [, (7.28)

BH,t'H:_T

As first, transversal spreading of the traffic loagistems has been done for
determining of bending moment maximum in each gird@ibe results are mentioned in the
following table. According to the load distributiothe particular load systems were
modified.

Tab. 7.6 Transversal spreading of the load

Beam 1 2 Sum
3195 kNm 1726 KNm 4921 kKNm
Span
64.9 % 35.1 % 100 %
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7.3.1 Objective function

Generally, the post-tensioning consists of eightioms in one girder. The tendons
with geometry D have the same geometry. Finallyy fdifferent tendon geometries are
optimized. As has been mentioned in Chapter 7the3pbjective function usually includes
a total mass of tendons. Nevertheless, we optinais® dimensions of the girder.
Therefore, it is more efficient to introduce objeetfunction based on the total cost of the

structure. This includes cost for prestressingfoeaement and the cost for concrete,
f(x) =min(Cp) = Cy - (TiLy Api - i * Mg~ Lpsi = ¥Ypi) + Cc - Ac * Lo (7-29)
where A,; is the area of one strands Y1770S7-15.7; valmgsand ny; are
a numbers of strands in tendoand a number of the same tendons, respectikg|yis
a length of the particular tendop, ; is an unity mass of the prestressing tenddpss a
area of concrete cross-sectid, is a total length of the bridg€;, andC.are the cost for
concrete and prestressing steel unit defined’,as 4.0 €/kg and C. = 216.0 €/m>,

respectively;i = 1...n wheren is a number of particular tendon geometry.

. 3:0.15
/ TR —
TND :
A TND A 7

] ct -
ayspan 7L _y b) support

A N

3-0.15 0.30

TND D TNDD

Fig. 7.20 Distribution of the tendons in the crgsstion —a) span, b) support
7.3.2 Design variables

The structure was parameterized similarly as desdriin 7.1.2. Totally
11 independent variables were used. The parametersused for the vertical and
horizontal geometry of the tendons and for the nemalh the strands. Three layers of post-
tensioning are applied (see Fig. 7.21). A consaardl distance (150 mm) between them is
fixed in the span and above the support. The Higion of the tendons in the cross-section
is visible in Fig. 7.20. Additionally, the verticéiH;) and horizontal®;) dimensions of the
girder were optimized (see Fig. 7.18). There ase ather parameters depending on the

independent variables.
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Tab. 7.7 Initials and limits for design variablestie 2° span

Niagc | Mo | Ngp | Xas | Xa10 | Za2 Zpg Zgy Zgy B: Hi
Paramete
(I | E | Im] | Im] | [m] | [m] | [m] | [m]| [m]| [m]
Initial 15 | 15| 2 |5.00|5.00| 0.80|1.00| 0.60| 0.80| 1.20| 1.10
Min. 11 | 11| O | 3.50| 3.50| 0.45| 0.45| 0.45| 0.45| 1.10| 1.10
Max. 15 | 17| 2 | 8.00| 8.00| 1.10| 1.10| 0.95| 0.95]| 1.40| 1.40
Step 2 2 1 ]10.25(0.25|0.05|0.05|0.05| 0.05| 0.05| 0.05

ZAG

XAT |
e’ XB7

A
4]
®

Fig. 7.21 Parameterization of tendons in tPfespan

7.3.3 Constraints

The structure has been optimized based on seva@i&lia according to Eurocodes.
Generally, the first (SLS) and the second (ULS)tlistates were verified. The allowable
concrete stresses were checked in each construgtiges when the particular span was
cast and prestressed. An ultimate cross-sectipactg is checked using interaction
diagram. Limit values of check (ratio of calculatadd limit value) was selected in
standard way 1.0. Used constraint can be dividextire following groups.

» Geometrical- these constraints are coming from geometry ofssection and
distribution of the individual tendon in the crassetion with respect of minimal
concrete cover and clear distances between tendons.

+ Allowable concrete stressesnormal stresses were checked for each constnucti

stage within service traffic loads. The maximal amdimal stresses in concrete are
compared with allowable concrete stress in tengififess = 3.76 MPa) and in

compressiooeecn = 0.6 fu = 21 MPa).
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o Construction
= Allowable compressive stress — normal stresses hamacteristic
combination during construction are evaluated asitidication of
the longitudinal cracks existence (see formula(Z)Zrom EN1992-
1-1) as
g1(x)==2-1<0, (7.30)

Occ,ch
whereo.. ., = 0.6 - f, = 21 MPa.
= Allowable tensile stress — normal stresses on epssnanent
combination during construction are compared withximal tensile
strength according to Chapter 113.3.2 (103) from1&3-2 as

follows

g2(x) = f"mtl S-1<0. (7.31)

0 Service
= Allowable compressive stress — normal stresses hamacteristic
combination during service in 100 years are evatligimilarly as

during construction stages as

gs(x) =—=--1<0. (7.32)

Occ,ch
= Allowable tensile stress — normal stresses on chexniatic
combination during service in 100 years are congpaigh maximal
tensile strength(f,.esr = 3.76 MPa) according to Chapter 7.1(2)
from EN1992-1-1 as follows

ga(x) =2 —-1<0. (7.33)

fct,eff

» Capacity in ULS- the verification of cross-section in ULS is merhed using

interaction diagram (N+M loads) and shear checK.(Vz

o Interaction diagram verification of beam loaded by combination ofmal

force and bending moment provides an interactiagrdim. A fundamental

STR/GEO Set B combination is used for verificationhis check based on

gs() =" -1<0, (7.34)

ge() =B —-1<0. (7.35)
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0 Shear check- an acting shear forces is compared with sheaaoty of
concrete cross-section. The minimal required shesanforcement is

considered only. The constraint is expressed as

g,(x) = %— 1<0. (7.36)

7.3.4 Optimization algorithm and results

As was used for the previous examples, the evalatipgenetic algorithm is suitable
for this case. When number of strand is discretggdevariables, the method enabling
optimization of them is recommended. A performesditg proved the method of modified
simulated annealing as suitable for this examplhes Tethod allows to set changing step
of design variables. The population consisted of 3&mbers was used. The initial
annealing temperature was calculated based on taooepof 50 % of members from the
first population is equal tGmax = 13720.2. The annealing constant Wag,; = 0.661 in
selected amount of 10 iterations.

Totally, 237 iterations have been done in 76hrs&6rdinutes. A construction stages
calculation within time dependent analysis wasqgrened for each iteration. A dependency
of objective function on iteration steps shows FIig22. Note that all solutions are

presented in this figure, i.e. including solutidhat do not fulfil given constraints.
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Fig. 7.22 Evaluation of objective function on numbgiterations

98



Dissertation thesis Luk&s Dlouhy

2

=
S 13
E .
= 16
- L ]
2 L . . .
= z 14 ..o L . o. .
E: e o * e .o..to.°.‘° -
EELE 2 °..4 00..0.0:0o°. o‘v° *e Lt
~ et o *e y o * ‘*’ L 3 %
= 1% % we ““ ® e oo o % ‘:‘. “ne .ﬂ
= . %00 L5l RO A O.. Ve .‘°.° %ow
< 08
1

06

0 50 100 150 200

Number of iterations [-]

Fig. 7.23 Evaluation of constraints on number efations

If we compare the maximal ratios of calculatednited values from all used checks
in Fig. 7.23, there is clearly visible convergetzesolutions with ratie< 1.0. The solutions

with ratio > 1.0 are automatically refused.
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Simulated annealing steps [-]

Fig. 7.24 Evaluation of tendon mass on nhumberesttons

The modified simulated annealing method found sdveptimum in particular
annealing steps. The Fig. 7.24 shows the valuesbgctive function depending on
annealing steps. After deeper verification of thatimal solutions, we selected four
representatives mentioned in Tab. 7.8. The totsil cbthe structure significantly increases
during the annealing. The found optimum (solutiom I'ab. 7.8) characterizes objective
function 231 752 €. The optimal shape of girdet.ils x 1.1 m. It concludes to decreasing
of girder width by 10 cm. When the 11 strands ie ¢endon of geometry A can be used,
the required number of strands is reduced by 4.itfdally, the tendon with geometry D
is not necessary to use at all.
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Tab. 7.8 Comparison of optimum with initials

Paramete Ngagc | Mo | Ngp | Xae | Xa10 | Za2 | Zaa | ZB2 | Zps B: H,
Solution | [1 [ [ | [ | [m] | [m] | [m] | [m] | [m]]|[m]|[m]| [m]

Initial 15 | 15| 2 |5.00|5.00|0.80|1.00|0.60( 0.80| 1.20| 1.10
Sol. 1 11 | 17| 0 | 4.75/3.75/1.10| 0.80| 0.90| 0.65| 1.10| 1.10
Sol. 2 11 | 17| 0 | 4.75/5.00{ 0.50| 0.80| 0.85| 0.65| 1.10| 1.10
Sol. 3 11 | 17| 0 |4.75]4.25|/0.50| 0.45| 0.65| 0.80| 1.15| 1.15
Sol. 4 11 | 17| 0 | 4.25/3.50|0.85]/0.95(/0.70| 0.75| 1.15| 1.20

As you can see from Fig. 7.25 and Fig. 7.26, theimal ratios of cross-section
resistance check in ULS and allowable concretesstiecheck are very close to limit 1.0.
A tensile stress 3.75 MPa appears for the charatitecombinations which is still less
than mean tensile strength of concrete 3.76 MPaceaks do not appear. This constraint
was detected as the most dangerous during optioriza¥laximal calculated ratios are

presented in table Tab. 7.9.

Tab. 7.9 Ratios of particular checks for optimums

Check A| Check B| Check C| Total Cost| Save

Solution ] ] ] €] [%]

Initial 0.86 0.79 0.37 277 802 -

Sol. 1 1.00 0.91 0.41 231752 | 16,6
Sol. 2 0.94 0.70 0.42 231758 | 16,6
Sol. 3 0.97 0.88 0.41 238084 | 14,3
Sol. 4 0.99 0.87 0.43 241594 | 13,0

Where Check A — check of allowable concrete stsesggaximum from the
construction and serviceability stages; Check Bieck of capacity of cross-section using

interaction diagram in ULS; Check C — check of sloegoacity.
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Fig. 7.26 Ratio of ULS check (interaction diagram}00 years

Fig. 7.27 presents the comparison of the initia aptimized tendon geometries. The
main differences are in the first and fourth spdevertheless, the first span is only drawn
to be differences more visible. We can see thatdes A and B significantly change its
geometry and became more effective. Note, thedigab times vertically scaled.

= = initial
— optimized

Fig. 7.27 Comparison of tendon geometries
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7.4 Nine span post-tensioned deck bridge

The last example of the post-tensioned bridge apéiion procedure is the nine
spans bridge with deck cross-section. Here, thgelatructure with many construction
stages is very complex example for optimizationwas stated, the bridge consists of nine
spans (22.0 + 27.0 + 27.0 + 27.0 + 34.0 + 25.0.6 23+ 23.0 + 19.0 m) with total length
227.0 m, see Fig. 7.29. A span-by-span techniqule exerhang cantilever is applied in
the construction process. A relatively thick crgsstion from C30/37 is drawn in Fig.
7.28. Similarly like in case of double T-sectiondige (see Chapter 7.3), the construction
of each span includes two phases. At first, thecir is casted-in-place to fixed
formwork and next, the prestressing of the spapdied. This procedure repeats for each
span and completely nine groups of the construgtiages are modelled. The prestressing
is applied incrementally across two spans. The lessigonnect the half of the tendons in
vertical construction joint of each cantilever dwamg. At least 50 % of tendons have to go

through the construction joint.

11450

| 2975 | 1100 | 3300 | 1100 | 2975 |
71 | 1 71
Fig. 7.28 Deck cross-section

The structure is analyzed using construction stagksilation taking into account an
effect of span-by-span construction within the tidependent calculation [92] covering
rheological behaviour of concrete creep and shgekaccording to EN1992-1-1.
The process of construction starts in the fifth nspaext, span no. 4 and 6 are
symmetrically built. Afterwards, the constructioontinues with the right side of the
bridge (spans no.7, 8 and 9). Finally, the consitn®f spans no. 3, 2 and 1 gets complete
the bridge. The construction stages analysis autoatlg includes changes in static system

of the structure. Overall scheme of constructioshiswn in Fig. 7.30.
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Fig. 7.30 Construction stages process

7.4.1 Obijective function

Because the cross-section has the constant dinmspsie purpose of this study was
to minimize a total mass of tendonblf in the bridge with more effective tendon
geometry. Fig. 7.31 shows the typical distribntad the tendons above the support and in
the middle of the span. The bridge is prestressatguspan-by-span technology. At first
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the half of the tendons is applied in the span.m@uthe construction of the neighbouring
span, two adjacent spans are prestressed by thmwms tendon over them. As was
mentioned above, the prestressing of bridge cansfdtvo different geometries (A, B) for
each span. Additionally, the prestressing is exadnioy tendons with geometry C in the
span 5. An objective function can be expresseolasafs
fx) =min(M,) = XIL Ay - nei - g - Ly * Ypji (7.37)

where A,; is the area of one strands Y1770S7-15.7; valgsand ng; are
a numbers of strands in tendoand a number of the same tendons, respectiug|yis
a length of the particular tendom,; is an unity mass of the prestressing tendadns;

1..n wheren is a number of particular tendon geometry.

!
i
a)span TNDA |
i

° ° e o ® —£ 0.15
. 0.15
[ ] L ] : e o [} ﬁ‘
TND A
b)support

Fig. 7.31 Distribution of the tendons in the crgsstion — a) span, b) support
7.4.2 Design variables

Totally 24 independent variables were used. Tharpaters are used for the number
of the strands (see Tab. 7.9), horizontal geomaftthe tendons and initial stress during
prestressing (see Tab. 7.11). A typical span wiktqensioned tendons is shown in Fig.
7.32.

Tab. 7.10 Initials, range and step limits of designables for number of strands

Na | N | Mic | Nga | Ng | Ngc

Paramete

TG BT
Initial 19|119/19| 5 | 5 | 5
Min. 1515115 2 | 2 | 2
Max. 19119119 5 | 5| 5
Step 21212111
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Tab. 7.11 Initials, range and step of design véembor tendon geometry

- . Optimum
Parametelr Initial | Min. | Max. | Step
sol. no.1

%os0s[m] | 135 | 10.3| 13.9| 0.1 | 13.3
xanoam] | 9.2 | 9.2 | 104 01 9.4
xanos[M] | 44.0 | 36.2| 459 01 | 36.3
Xaar2[m] | 74.0 | 70.2| 754 01 | 74.4
xisos[m] | 12.6 | 12.6| 14.8| 01 | 126
xamos[M] | 26.0 | 23.2| 27.4| 0.1 | 257
Xsaos[m] | 12.1 | 12.1| 13.8| 0.1 | 13.0
Xsaos[M] | 245 | 22.2| 264 01| 255
Xemoa[m] | 12.1 | 121 13.6| 0.1 | 122
Xesos[M] | 23.0 | 23.0| 245| 0.1 | 235
xmoam] | 120 | 9.2 | 154| 01 | 128
xia0s[m] | 36.2 | 36.2| 39.5| 0.1 | 36.7
Xemoa[m] | 120 | 9.2 | 154 | 0.1 | 11.4
Xssos[M] | 36.2 | 36.2| 40.0| 0.1 | 36.2
Xono2[m] | 5.5 | 4.6 | 6.0 | 0.1 5.1
Xonos[M] | 27.2 | 27.2| 31.0| 01 | 29.6
Xocos[m] | 18.0 | 10.3| 19.9| 0.1 | 12.8
Xecos[m] | 10.6 | 10.6| 11.9| 0.1 | 11.0
Xoc2lm] | 5.5 | 3.1 | 5.9 | 0.1 4.6
o,[MPa] | 1400 | 1350| 1400 5.0 | 1360

Simultaneously, the tendon layout has been parainete Thanks to active role of
prestressing, we can change distribution of intefor@es using a modification of tendon
geometry. The independent variables of the teg@mmetry are displayed in red colour in
Fig. 7.32.

105



Dissertation thesis Luk&s Dlouhy

A X5A02 X5A03

X4B04 X4B05

*>—e *—o
03A X4B08 X4B09
X4B10
°
X3A14 X3A15
e @
} ° - X5A04 X5A05 NSOBO!
X3A16 X4B06 X4B07
5
XSAOI.\. 0SA

X5A02 X5A03

Fig. 7.32 Tendon scheme in typical span
7.4.3 Constraints

As has been discussed in chapter 7.1.4, the cenbretges have to satisfy many
kinds of design checks. Nevertheless, not all efrttmust be necessarily included in the
optimization. Therefore, the check of allowable @@te stresses during construction and
in services has been introduced as constrainteirofitimization. An ultimate cross-section
capacity is checked using interaction diagram. Aasheffect is verified by comparing
shear capacity of cross-section with acting shewref Because the structure is relatively
long and thick, fatigue verification can be alsgngicant. The fatigue check is performed
for concrete and prestressing reinforcement seglgratee Chapter 7.1.4. In general, the
constraints are the same like for the previous gtan(see double T-section bridge in
Chapter 7.3.3). Additionally, the fatigue checkperformed according to EN1992-2 (see

constraints for fatigue verification mentioned id.4).
7.4.4 Optimization algorithm and results

This large structure is built and prestressed imymeonstruction stages. Thus,
to determine optimum geometry and number of tendmarsot be simple procedure.
In order to make correct optimization, the methddnodified simulated annealing has
been used. This algorithm has found several optisiuom the population of 50 members.

These optimums were analyzed and only some of gaisfied all of the checks required
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by the code. Totally, 414 iterations have been dbimdortunately, the whole optimization
procedure last 274 hrs. The most of not acceptdatisos were refused due to not
satisfying check of allowable concrete stresses dbaracteristic combination. The
calculated concrete stresses very often exceededahle tensile strength of concrete
during execution. The comparison of the acceptetimmn with the initial state is
illustrated in Tab. 7.12 and Tab. 7.13. The sofuti@.1 allows like for initial solution the
using of 19 strand tendons. Nevertheless, it issiptes to use only four tendons of
geometry A and B. In addition, the tendon with getny C consists of only 17 tendons.
The optimal values of tendon geometry are showhain. 7.11 and number of strands and
tendons in Tab. 7.11. This configuration of optimgoiution brings saving about 18%.
Next, the optimization offers also other solutiodswever, the solution save huge amount
of kilograms of post-tensioned reinforcement, thapnot be used due to not satisfying of

constraints (see Tab. 7.12).

Tab. 7.12 Comparison of optimum with initials

Nia | Nig | Nic | Nga | Ngg | Ngc
TG BT
Initial 19|119/19| 5 | 5| 5
Sol. 1 19|19 17

4
Sol. 2 17|17 15| 4
5
5

Paramete

Sol. 3 15|15 19
Sol. 4 19| 19| 17

4|5
4|5
5| 3
5|5

Tab. 7.13 Ratios of particular check for optimums

Check A| Check B| Check C| Check D| Check E| M, | Save
[ [ [ [ [ kg | [%]
Initial 0.921 0.821 0.913 0.772 0.965 | 56565.45| -
Sol. 1 1.000 0.911 0.991 0.789 0.978 | 46099.99| 18.5
Sol. 2 0.999 0.939 1.008 0.799 0.997 | 41153.04| 27.2
Sol. 3 0.987 0.902 1.011 0.796 0.996 | 42997.48| 23.9
Sol. 4 0.941 0.840 0.969 0.788 0.982 | 55640.56| 1.6

Solution

Where CheckA — check of allowable concrete stresseaximum from the
construction and serviceability stages; CheckB ecklof capacity of cross-section using
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interaction diagram in ULS; CheckC — check of shezggracity; CheckD — maximum ratio
of fatigue check for concrete and prestressingfoesement; CheckE — check of

prestressing reinforcement.
When we look on the distribution of the maximalaodtom all checks on the number

of iterations (see Fig. 7.33), we can conclude ¢ixample is highly constrained. There is
visible tendency to converge close to 1.0 but @elyeral solutions fulfil the constraints of
checks. Furthermore, this effect is also transpaferm the dependency of objective
function on number of iterations (see Fig. 7.34he TMSA algorithm hardly finds the

optimum and thus, the value of objective functishspread over the whole investigated

space.
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Fig. 7.33 Evaluation of maximal constraints on nemd iterations
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Fig. 7.34 Evaluation of objective function on numbgiterations
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The ratios of allowable concrete stresses cheak (FB5), check of capacity using
interaction diagram (Fig. 7.36) for solution nore aery close to limit ratio 1.0. These

values are envelopes from all construction stages.

Q [{e] Q
a &) a
— O

0,84

Fig. 7.35 Ratio of envelopes from all constructaom serviceability stages for allowable
concrete stresses check

Fig. 7.36 Ratios of ULS by inter. diagram checkderviceability stage

If we compare tendon geometries for nine spangbrithere are main differences in
positions of horizontal arc vertexes. A full linepresents optimal tendon geometry in
comparison with initial dashed line.

L1=22.0 ) L,=27.0 L3=27.0 ] L4=27.0

Ls=34.0 L6=25.0 L+~=23.0
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®

Fig. 7.37 Comparison of tendon geometries (dasimatiid| full=optimized)
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7.5 Conclusions

At the beginning of this chapter, the preconditidos successful optimization of
post-tensioned concrete bridges have been definBde process of optimization was
explained in particular chapters focused on pararzettion, constraints and the selection
of the optimization method. Special attention wasdpto different types of objective
function. In the previous examples we analyzedethypical cases of the optimization of
post-tensioned concrete bridges. The bridges haea Hescribed and parameterized. The
constraints were defined. A different shape of cibje function has been used for
a particular bridge. Finally, the comparison wtle initial solution has been shown.

Consequently, the check of allowable concrete strehas turned out to be the most
critical check of the post-tensioned concrete l@iddo avoid an excessively time
consuming calculation with many checks, it can fiieient to optimize the structure only
for allowable concrete stresses.

In general, the results of the optimization procgsswed that the MSA method is
a robust tool for optimization of such kind of sttwres. As can be seen for the
optimization of a post-tensioned bridge, the ral@aving depends on the defined type of
objective function. The optimization processes warke decreasing of objective function
about 24%, 17% and 18.5%, for three girders, doubBigection and deck bridge,
respectively.

This optimization process can be efficient for degudesign of concrete bridges.
Additionally, it can be suitable mainly in casesen the design of tendon geometry is
affected by a complicated construction processypical case can be the design of tendon

geometries in a vertical construction joint.

111



Dissertation thesis Luk&s Dlouhy

8 OPTIMAL DESIGN OF PRESTRESSID FLOOR SLAB BASED ON_ MINIMUM

DEFLECTION

In previous chapterthe optimization methods have been usedthe design of
prestressed concrete brid¢ A typical suitable using of optimizaticagorithm for design
of tendon geometry in floor slab described in this chapter. Tls&ructure ofa shopping
centre designed by HELIKA a.cconsists ofseveral blocks. The investigated part
situated in the second sto of one of them. Fig. 8.1 showserall view on theblock of
the shopping centre. Aapplication of hidden prestressed girminimizes the using of
internal column supporting the flc in the entrance hall. The outcomkthis optimisatior
is to find such geomst of the hidden girder, geometry of the tendon auognber of
necessary strands to get minimal deflection ofthb

Fig. 8.10verall view on the block cthe shoppingentre

The circular and rectangular lumns are made from concrete class C45/55 v
the 350 mm deptfiioor slabs are from the C25/3 The permanent (selfweight, c-in-
place toping and dead) together with variable (cenzial objects, escalatand fire truck)
loads act on top storeyAn analysis, design and checks are performed accortir
Eurocodes. Aurpose of this exampfocuseson the top floor slab with hidden prestres

girder where the deformations from the dead andbkr load are unfavourab
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The linear deflections from quasi-permanent contimna(without prestressing)

concentrate in the middle part of the slab (see &®). The maximum value ts12.6 mm.
Therefore, designed hidden prestressed girder reit®$ undesirable effects of
deformation to acceptable values. It transversatBnsmits the deformation using

prestressing tendons and spreads the load totdrallamembers (see Fig. 8.3).

Uz [mm]
24
1.0
0.0
-1.0
20
-3.0
-4.0 ¢
5.0
6.0
70
8.0
9.0
-10.0
-11.0
-12.8

Fig. 8.3 Hidden girder (marked red) in the slab
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8.1 Definition of optimization task and parameterizatior

The parameterization of hidden girder was the Btsp of the optimization. Bo
overhangs above thatermediate supports were selectecindependent variabl L; and
L, (see Fig. 8.4).

R R T\ R N
| /151 IR A
&) , L [ l 7]
f ,_ll L ;1|' ~ Lo 7
R ,

Fig. 8.4Hidden girder parameters (view in XY pla

A varying number of typical seven wires strands §80S’-15.7) were prestressed
against to rectangular hidden girdDependently calculated wid® (see formulé7.1) and
a variable girder depthHj are considered as crossetion dimensionsThe last sets
of variables were coordinates of tendon geometry Fig. 8.5).A maximal distance of
tendon axis from thepper or lower surface remains unchanged 90 mm. A vertical
geometry of the tendorelates to bottom surface of the slab. Tleadgth and geometry «
tendon were modifiedith respec of total length of the girdeiherefore, one independe
variableAz is onlyconsidered for calculation of vertical coordinz; (z; = z — Az). Other
parameterg, andz; are based on crc-section depthz, = H — ¢) or constar (zz = const).
The fixed properties of initial stresses (1- MPa) with 6 mm anchorage setaracterize
used prestressing system. Fin, optimized numbers oftmnds were transformed
groups of “monostrands’Each group consists of four of them (d&g. 8.6). The total
width of the girder B) is calculated based tthe number of required strands accordin

the following formula

B =2 Chom + Ngroup - Ws + wq) + np - wgy, (8.1)
where
n; Is a totahumber of required strar,
Ngq is anumber of strands in group; default ,
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-~
H
A<
Lu L |
/1 /1 | A
Fig. 8.5 Schematic tendon geometry (view in XZ plan
Ngroup IS @ NUMber of groups with,,; strands,
Ngroup = roundup (nn—; - 1) , (8.2)
np is a number of resting strands,
np = Ny — Ng1 * Ngroup: (8.3)
7 is a width of strand group withy,; strandsws = ng; + wg; = 0.08 m,
wq is a distance between group of strangg= 0.08 m,
Ws1 is a width of one strandsai;; = 0.02 m,

Chom IS Nnominal cover of strands based on Chapter 4rdm [133]c,om =
0.04 m.

0000
l :ngl.wsl l:

_7l40 ﬂI/ W; L ﬂl/Wgﬂ L

nom
B

Fig. 8.6 Distribution of monostrands in the girder

Longterm losses of prestressing and rheologicatetin concrete were neglected for
this example. Tab. 8.1 shows all optimized paramsetegether with limits used in
optimization algorithm.
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The target of this optimisation is to find such gedry of the hidden girder,
geometry of the tendon and number of necessargdstrto get minimal linear deflection.
In case of nonlinear deflection investigation, whis not part of this study, the results can
be different due to changes of the axial force fium@stressing. Hereby, the stiffness can
be also changed and influences the results.

The presented study includes verification of mirdimegative deflection in the span
and positive above support of hidden girder. Thengple is complicated for design
because each change of the overhang lengths samtiff modifies deflection of the
girder. Additionally, the overhangs influence thedléction outside of the girder parallel to
longitudinal axis of the girder where upwards deften concentrates too. This effect is
clearly seen in the following figures with constamimber of strands. A short overhangs
(see Fig. 8.7) cause negative deflection in the sal positive outside of the overhangs.
The increasing of the overhangs length (Fig. 8€Xrelase deflection outside of them and

turn over deflection in the span to the positivhiea.

Tab. 8.1 Independent variables with limits

Variable Initial Min Max
L4[m] 3.138 2.0 4.8
Lo[m] 4.168 2.0 6.8

-] 55 40 60

Az [mm] 300 50 300

H [m] 0.75 0.35 0.75

Uz-max [mm’
-0.

33

Fig. 8.7 Deflection with minimal lengths of overlgsnl; = 2.0 m,;L,= 2.0 m; minimum)
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Uz-max [mm]
-0.1

32

Fig. 8.8 Deflection with minimal lengths of overfgsn(,; = 3.138 m,L,=4.168 m;
initials)

Uz-max [mm]
=01

21

Fig. 8.9 Deflection with maximal lengths of overar; = 4.8 m,;L,= 6.8 m; maximum)
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8.2 Obijective function

Initially the optimization of structure should emalminimal deflection from quasi-
permanent combination of the load. Nowadays desfgcheap structure is another very
important aspect. Generally two views on optim@afprocess exist based on the objective
function. This function can be defined for

* minimal deflections and for
* minimal costs.

Generally, this example is typical case of mulfjeative optimization task which
result to sets of Pareto-optimal solutions. Howeaedool for multi-objective optimization
has not been developed yet in EOT, the Pareto-apfirontier can be evaluated after the

optimization process. The results are comment&thempter 8.4.
8.2.1 Minimal deflection

The first possibility of optimization is objectivRinction defined based on the
minimal deflection. Maximal Y, ma) and minimal U, nin) deflection are evaluated for
quasi-permanent combination. General shape of tibgeftinction is expressed as follows

f(x) = min(U,) , (8.4)
where
U, =[abs(Uymax); abs(Uymin)] - (8.5)

The geometrical constraints of all independentaldes were applied for this study

(see Tab. 8.1). Additionally, the geometrical comsts get limit the tendon end node

geometry. The vertical coordinate has to satiséyftlowing formulas

g =7-1<0, (8.6)
gz(x)=HZ—/12—120. (8.7)

Moreover, the value; is calculated dependently of the valtyg. Similarly, the
value z, depends on the depth of the girder (see Fig. 8t5tdndon geometry). An
economic effect is evaluated as informative faotdy.

8.2.2 Minimal costs

As already said, the second possibility is evatuatdf total material cost of the
girder. Therefore, valu€,, is considered as an objective function of hiddedeg in term

of minimization
f(x) = min (Cp,) , (8.8)
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where
Cc = Cunite * Ve (8.9)
Cp = Cunitp * Mp (8.10)
Cn = Cc + Cp. (8.11)

Explanation to the values abowg:— volume of concrete in ?nMp — total weight of
prestressing tendons in k@unitc — costs of concrete in 200 €3f,nCunit,p — costs of
prestressing tendon 4 €/kg.

In addition to this objective function, several staints are defined. Similarly,
geometrical constraints related to vertical cocaths of tendon geometry are used.
A verification of deflection is transformed to tlede of constraints. Generally, it is
impossible to set deflection constraints equaldmzA limit deflection U, jim = 3 mm)

proved as a reasonable value for deflection cansiapressed as follows

Uz

gs(x) = ~1<0. (8.12)

Uz,lim

8.3 Optimization process

Although, two possibilities of objective functioase defined, the same optimization
process is used for both. In general, number @ings is discrete independent variable.
Therefore, method handling with this type of valeahas to be used. This example is
typical case where combination of more optimizaatgorithms brings better solution than
using one method only. Several testing proves tlestnsuitable method modified
simulated annealing (MSA) with combination of seafied quadratic programming (SQP).
Method of MSA finds optimal number of strands asbgl optimum and estimates local
optima of the overhangs, girder geometry and tengleometry. While SQP method is
usable for continuous variables only, discreterogtinumber of strands found based on

MSA method was set as constant in the further apétion process.
8.3.1 Optimum for minimal deflection

The MSA method is based on 33 bits size populaflatally 15 steps of simulated
annealing are used in the optimization process.ebh\ar, the configuration of parameters
is accepted for certain level if the 15 successhlutions are found or maximally 150
solutions run. An applying of MSA method with oljjge function based on the minimal

deflection brings the results mentioned in the Bab. The optimization task is constrained
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by the geometrical limits only. These limits are swict and give relatively wide space for

convergence of the method. Finally, optimizatiomgass has been finished after 555

iterations. The evaluation of the iteration on digective function (minimum deflection)

is seen in Fig. 8.10. We can see the minimal absaleflection 2.335 mm is achieved with

44 pieces of strands. Although, the deflectiomseéo be acceptable, the cost effect of

this solution is not such economical in comparigath the second possibility (see Chapter

8.3.2). The total cost of this girder is almost7I® € with minimal deflection 2.335 mm.

An improvement of optimum from MSA method by theS@ethod does not achieve any

decreasing of deflection in this case.

Tab. 8.2 Optimum found for minimal deflection tdskMSA method

Soluti L1 L2 N H Nz, Uz Cm
onno. | [m [m] [-] [mm] | [mm] | mm] [€]
Sol.1| 4.128| 4.952 44 750 150 2.335 13 639
Sol.2 | 3.918| 5.456 51 680 250 2.469 15214
Sol.3 | 3.652 5.456 56 730 250 2.493 17 118
Sol. 4| 4.240 4.880 52 720 220 2.561 15 780
Sol.5| 3.876| 5.336 44 750 200 2.567 13702
14,000
12,000 | : i .
£ 10000 |- ; by .
= . rl . L] . *
S 8.000 [ et vt S e .
E . . . L] . L] - . L] ™
= 6,000 -‘. * Y - S
§ ’.y *.. ] . { ‘ .“.a'. % [ ] .. ‘. * . ."... L] ':
% 4.000 e : - .' \ﬂ”u* ‘ ";: - t‘ 3o 3
= * * 0. * .5 ] e, 0'0 L1 o'e *t t|"x" rw“‘."’ l\#"
2,000
0,000
0 100 200 300 400 500

Number of iterations [-]

Fig. 8.10 Minimum deflection objective function tre number of iterations
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4,00
3.80

2,00 : ! ! ! ‘. '. '.
0 2 4 6 8 10 12 14
Simulated annealing steps [-]

Fig. 8.11 Evaluation of minimal deflection on simtdd annealing steps

Finally, the deflection of the slab from the qupsrmanent combination with
optimized number of tendon, geometry of tendon dintknsions of the girder is shown in
Fig. 8.12.

Uz-min [mm]

24

Fig. 8.12 Deflection from quasi-permanent combmafor optimal solution
8.3.2 Optimum for minimal costs

As already said in Chapter 8.2, two possibiliti€s optimization are available.
The second one is expressed on the minimizatiaiotaf costs. Again the MSA method
based on 32 bits size population is used togetbestdps of simulated annealing. An
optimization process found the optimal results afiables summarized in Tab. 8.3.
Additionally, two types of constraints are usedhis case (see Chapter 8.2.2.). The using

of these two levels of constraints causes biggeruatnof required iteration for achieving
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of the convergence criteria. Totally 1950 iteratiomere needed. The evaluation of the

objective function on 15 simulated annealing stepseen in Fig. 8.13. The minimal
calculated objective function is 12 800 € with 2881 negative deflection in the span.

16000 -
15500 -
15000 -
14500 -
14000 -
13500 -
13000 - . : :
12500 --------- H—ES@O--§12800-*}%800
12000 | | : | : | i

0 2 4 6 8 10 12 14

Simulated annealing steps [-]

Total Costs [€]

Fig. 8.13 Evaluation of minimal deflection on simtéld annealing steps

When the found optimum is improved by more accu&f¥ method the minimal
costs even decreases. Finally, the minimal costd2r050 € (see Fig. 8.14) with 3.0 mm
negative deflection. It means saving about ano@%r towards to MSA optimum. A

displaying of linear deflection of optimal solutidrom quasi-permanent combination is
seen in Fig. 8.15.

< 11500 g4 A S S

'
—————————————————————————————————————————————————————————————————————————

Total Costs

B o L e T e it DLECEEP Ry

'
——————————————————————————————————————————————————————————————————————————

8000 : : : '. a |
0 50 100 150 200 250 300
Number of iterations [-]

Fig. 8.14 Improvement of the minimal costs using?S@ethod
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Tab. 8.3 Optimum found for minimal costs task by M@&ethod

Solution L, L, N H Az, U, Cn
no. [m] [m] [-] [mm] | [mm] | mm] | [€]
Sol. 1 4.086| 4.784 42 720 90 2.88 12800
Sol. 2 4.156| 5.336 45 720 160 28 13745
Sol. 3 2.140| 4.712 50 690 70 297 13810
Sol. 4 2.140| 4.904 51 670 60 295 13888
Sol. 5 4.030| 2.768 51 690 60 279 13981
Tab. 8.4 An improved optimum using SQP method
Solution | L L, n H Az, U, Cm
no. [m] [m] [-] [mm] | [mm] | mm] | [€]
Sol. 1 4.086 | 4.784 42 720 90 2.83 12 8p0
MSA
Improved| 3.980 | 4.848 40 723 50 3.0q 12 049
by SQP.

Fig. 8.15 Deflection from quasi-permanent combomafor optimal solution
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8.4 Conclusions

The prestressed hidden girder of concrete floor been optimized. Initially, the
minimizations of linear deflections were requirétevertheless, the optimization of the
structure also focused on the minimization of tatests. Both views found acceptable

solutions. The comparison of both methods is ptesein Fig. 8.16.
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Fig. 8.16 Comparison of both objective function

If the total costs are compared for both types lgective functions, the objective
function based on total cost achieves a bettermapti. Oppositely, the transforming
minimal deflection to constraints is not such s$tiilkie minimization of deflection alone.

Generally, both objective functions can be usedréarching of the optimum. The
number of iterations needed for optimization istheocriterion for the selection of proper
objective function. Typically, objective functiormsed on the minimization of deflection is
less constrained. Therefore, this approach needshness iterations than the second
possibility (555 iterations for MinUz and 1950 fdinTotalCosts). The optimization based
on the minimal Total costs requires almost 4 timewe iterations than minimization of
deflection. A final decision is composition of memed aspects.

When the graphs of minimal deflection dependentatal costs are evaluated, we

can clearly see that the example gives set of Gamimal solutions. A list of the
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acceptable solutions represents what is calledPdweto frontier. The dependency of
minimal deflection on total costs for MinUz is shown Fig. 8.17. Similarly, the Pareto
optimal solutions for the objective function Min&&€Cost are represented in Fig. 8.18. The
curves distributions correspond with the receivedults from particular optimization
(MinUz and MinTotalCost).
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Fig. 8.17 Dependency of minimal deflections onltotests for MinUz — valid solutions
within Pareto frontier
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Fig. 8.18 Dependency of minimal deflections onltotests for MinTotalCost — valid

solutions within Pareto frontier

Additionally, it can be interesting to know whichesign variables the most
significantly affect the optimal design. Thus, tt@mparative graphs have been prepared
for variant MinUz. As can be seen from the grapRg.(8.19), the most important
parameters are number of strands and eccentrititiyeotendon at the end of the girder.
These variables are almost unchangeable. The remggarameters do not such influence

the solutions on the Pareto optimal frontier.
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Fig. 8.19 Dependency of design variables on taiatscfor MinUz on the Pareto frontier

As a final conclusion of this chapter, we inclimemiinimization of the deflection. In

this case, the defining of optimization tasks dmd#ged on the defection gives very quality

solutions also related to total costs. Especidlye required time for optimization is

significantly lesser.
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9 DESIGN OF CABLE-STAYED BRIDGES USING OPTIMIZATION ALGORITHMS

Cable-stayed bridges belong to large and sophisticstructures used all around the
world. They are also very popular from the aesthatid architectonical point of view. The
bridges usually overcome long distances over rjvéegp valleys, etc., where it is not
possible to use intermediate supports. Generally,can distinguish three basic load-
bearing elements (i) cables, (ii) deck and (iii)Jgmg, see Fig. 9.1. None of them can be
considered separately, therefore, interaction betwihe particular elements is required

[10]. This system can be varied by changing thempghapes and the cable arrangements.

N

A

Fig. 9.1 Cable-stayed bridge

57

The structural behaviour of cable-stayed bridgdsased on the tensile forces in the
steel cables which produce a compressive streseinleck and pylons. A model of the
deck can be compared with elastic foundation suppor the points of cable-deck
connections. The effectiveness of these supportmdee evident in case of the axial
stiffness of the cables increases. Cable-stayedgési are usually highly statically
indeterminate structures. Hereby, a structural Weba is influenced by the cable
arrangement and cables, deck and pylons stiffnessbdtion. In addition to the static
analysis of dead and live load, the dynamic anslgsid that of wind loads, a detailed
investigation of the construction sequence is d&den

However, the construction of cable-stayed bridgesxceptional several studies have
been already published related to optimizatiorha kind of structures in the past. Sigso
and Negrao [109] published article dealing withilmad design of cable-stayed bridge with
box girder deck. They developed special computatiatgorithm enabling optimal design
of bridge based on the minimal and maximal stressables and deflection limit. Theirs
method was based on the pseudo-linear analysisoohefing Ernst modulus (see Chapter
9.2.2). Sung, Chang and Teo [116] performed themgbtdesign of the Mau-Lo Hsi cable-
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stayed bridge in Taiwan based on the engineerimpgoagph expressed by the minimal
strain energy of the system. The optimization maddeluded restriction related to the
displacements of the pylon and limitation of thevedopes of the cable forces. Venkat,
Upadhyay and Singh [120] studied possible usingesfetic algorithm for design of two
pylon cable-stayed bridge. They searched optintaledarces in stays, ideal dimension of
the box deck and tubular pylon. The optimum desigis carried out by taking total

material cost of bridge as objective function.

9.1 Design

There exist many methods for design of cable-stdyattes. All methods require
tensile forces in the cables which reduce the mgndioments in the deck and pylons. In
that case the deck and pylons are under compression

A predesign of the initial forces in cables is luhsa the final structural model. The
simplest method for cable forces estimation comsideck like simply supported beam by
cables (see Fig. 9.2). It results to preliminarjugaof a cable area. The different purpose is
assuming bridge deck like a continuous beam anddhbkes provide rigid supports for the
deck. Therefore, vertical component of the cableds equal to support reactions in the

continuous beam.

l t 1 K

Lon i
! 2 2

Pii1 e

Fig. 9.2 Balancing of deck load by the cables

Generally, the cable-stayed bridges contain a laigiount of cables causing the
structures very complex and difficult. In this cages very complicated to design optimal
cable forces to satisfy all necessary restrictidrigerefore, it is almost inevitable to use

some more sophisticated method for design of cstialged bridges. Several methods have
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been developed in the past. Let us mention dynaetéxation method or form-finding
method for instance. Unfortunately, the methods camplicated for daily use. We can
assume the using of optimization algorithm mentibme this thesis can bring more

effective tool for design of cable forces.

9.2 Analysis of cable-stayed bridges

The previous chapter commented available desighadstof cable-stayed bridges.
Similarly, several calculation methods can be usednalysis. Theirs using depends on
the level of the expected results. If we performtiahdesign it is sufficient to use linear
analysis with relatively rough results. Another wafyanalysis it to simulate construction
process by the construction stages analysis. Awhdiliy, this can be extended by the
introducing of rheological effect like creep andriskage (time dependent analysis).
Nevertheless, the cable behaviour is charactetisethe sagging effect. Therefore, the
most realistic behaviour gives the geometrical maar calculation. The partial replacing
of them is the using of linear or staged analysith wnodified cable E modulus of

elasticity.
9.2.1 Linear analysis

Linear analysis is the simplest kind of the caltatahow can be predesigned initial
values of cables forces. A purpose of this calcuhats based on the final scheme of the
structure. The cable forces transfer self-weighthefstructure within all permanent loads.
The results of linear analysis have to satisfy gnibed tolerances of the bending moments
and the deflections of the deck and the pylonsiwiplurpose of allowable tensile stresses
in the cables. Generally, this analysis is the fitsp of the design.

Generally, the cables are defined using 1D memilsghsvery low axial and bending
stiffness. The initial stress is not automaticadligen into account together with the cable
cross-section for linear analysis. This behaviaupmatically causes huge deformation of
cables it selves and higher deformation of deck@mon (see Tab. 9.2). Consequently, it
is recommended to analyze cable stayed structyrdDi& module or use geometrically
nonlinear analysis. A module TDA [92] is very sagildated part of SCIA Engineer
enabling effective solving of any kind of the stuwre within initial stresses caused by

prestressing. The applying of TDA and GNL are comi®e in the next text.
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9.2.1.1 Unknown load factor

An analysis of cable-stayed bridge usually starith inding the optimal cable
forces for the final shape of the structure unteselfweight. The MIDAS software [135]
introduces special function called “Unknown Loacttea’ for calculation of the optimal
cable forces. The unit tensile forces are applagdeich cable to achieve an optimal state
of the structure. When the linear analysis is pengéxd, the programme calculates the effect
of the unit tension load on the structure, see %ig. Therefore, the unknown load factor is
calculated for each cable as a response on thdanmsion load. Furthermore, the optimal
forces in the cables are determined based on tloesk factors. Additionally, several
restrictions have to be taken into account for ropti forces in the cables. The main
constraints are bending moments in the deck, disptents of the pylons and deck,
respectively. The bending moment constrains redtecenaximal value by changing
moment distribution into shape of a continuous he@he displacements are restricted to
the top node of the pylon and the connection p@nteng cables and deck.

B —1139.3

Fig. 9.3 Displacements (top) and bending momerg#din) on the unit tension load
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9.2.2 Linear analysis with modified cable E-modulus

As you can read in Chapter 9.2.4, a nonlinear amalis the best calculation
simulating real behaviour of the structure. Somesira required time of nonlinear analysis
can be very large. Therefore, the equivalent methhade been developed. One of them is
pseudo-linear analysis based on the Ernst modejplaaing nonlinear behaviour of the
whole structure by the recalculated cable modufudasticity.

l. =1l/cos(a)

4l 1

Fig. 9.4 Determination of modified E modulus ofable

Generally, the axial stiffness of cables dependsaanfactors, (i) axial deformation
of the cable and (ii) the sagging of the cable (Sige 9.4). The deformation is calculated
based on the elastic behaviour of the cable. Tlygiisg effect causes softening of the
cable stiffness. Therefore, the nonlinear calcotais the most suitable analysis method.
When the structure is huge, the cables have laggirsg and it concludes to relatively low
stiffness. Oppositely to small structure where slagging effect is almost neglected the
behaviour of cables became to linear truss elenvghen we assume elastic behaviour of
the cable element during calculation the nonlirszayging effect of cable complicates the
structural analysis. Thus, it is recommended theguef modified tangent E modulus in

the linear analysis written as follows

212
L=l rh (9.1)

En. E = 1203

whereE is the initial E modulusy is the weight of cabld,is the horizontal length of
the cable and is the initial stress in cable. As can be seemftbe formula above, the

modified E modulus consists of initial E modulugpnesenting linear behaviour and
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sagging effect expressed by the second term. jrtak formula of modified E modulus

can be expressed as follows

E

22 .
Y 3E
120

Eny = (9.2)

When we assume elastic behaviour of the cable elechaing the calculation the
nonlinear sagging effect of cable complicates threctural analysis. Therefore, it is
recommended the using of tangent E modulus initieal analysis. For the applying of
tangent modulus, the initial cable stresses areimed) only. Hereby, the calculation comes
to simplified and easier to use.

The main disadvantage of this method is that differErnst modulus has to be
calculated for each cable and for particular loaddaased on its stress level. The stresses
in the cables vary within certain range. Nevertbgldhe minimum tensile stresses are
required in the cables to introduce proper stifndshis limit can be defined as a constraint
in the optimization task. Therefore, an averagesEmmodulus is efficiently used for each
cable, but for all the loadcases. This value carsidhigher stresses in the cables than real
behaviour of the structure.

As you can read in [11], the modified E modulugmgortant to use for long cables
with low initial stress. The cables with horizontahgth of 200 m stressed on 400 MPa
have values of modified E modulus almost eq#ia=(0.94E,). To include Ernst modulus
into analysis we have to increase the span lengtte than 200 m. For this structure, the
efficiency of cables rapidly decreases and modikeshodulus should be considered. It is
recommended to calculate modified E modulus lke- 0.80E, for bridges with span
400 m and stress in cables equal to 400 MPa. Thesable stayed-bridges with medium
long span, where the dead load is significant aedoermanent stress in cable is relatively

high, the including of modified E modulus can begleeted.
9.2.3 Construction stages analysis

What is the characteristic for cable stayed brigdgthat process of construction is
divided into several stages. A purpose of thisuaton is based on the taking the self-
weight of one segment by the one or pair of a cbEpan-by-span construction
combining the cantilever construction method wilkmension by cables belongs to typical
processes. Let us assume example from Chapteio®sghbwing of typical construction

stages for this simple example. The process is shiowhe following figure.
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Stage 1 - pylon Stage 2 — deck L
Stage 3 —deck P1 Stage 4 — cable C3
Stage 5 — cable C2 Stage 6 — deck P2

[ —

} |

In this case, the optimal design of cable forcessdwot only focus on final structural

Stage 7 — cable C1 Stage 8 — deck P3

Fig. 9.5 Construction stages of cable stayed bridge

scheme of the structure but the verification shdagddalso done for particular construction

stages to satisfy all required constraints.
9.2.4 Nonlinear analysis

Because of the high deflections of the cables anchied PA effect are typical the
cable-stayed bridges are usually solved using geaaknonlinear analysis. In this case
nonlinear cable elements are defined.

When the main span length increases, the nonliaealysis has to be considered.
Additionally, the geometrical nonlinear analysi®sli be investigated for final and each
construction stages which can be complicated fiyelaable stayed structure with many

construction stages.

9.3 Optimization

Since the cable stayed bridges are statically @rdehate structures there is no
general solution for calculating the initial calfteces directly. Usually it is an iterative
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process to find an economical solution. These &iras may benefit from the use of
structural optimization techniques for preliminadgsign improvement. Generally, it is

possible to achieve an optimal state of the strachy the suitable adjustment of the
cables. This state typically introduces compressivesses in the deck and pylons within
only small bending effects. A minimization of theal bending energy accumulated along
the girder tends to optimal state of the cableeslayridges. Hereby, very slender decks
from different materials are usually designed. he fprevious chapters, we optimize
structures based on minimal material costs. Hereamefinding particular number of

tendons in the cables to satisfy constraints ofdlmn moments in the deck and

displacement of the deck and pylon.

9.3.1 Obijective functions

As has been mentioned above, the optimization lolieestayed bridge is focused on
the finding an optimal forces in the cables. Thiesees should cause a compression in the
deck and pylon within elimination of the bending ment distribution in the deck.
Additionally, the displacements can be limited I tmaximal values. Therefore, the
objective function concerns the minimization of thending moments distribution in the
deck. The maximum value of the bending moments fibwn maximal positive and

minimal negative in absolute values is minimized
f(x) = min (max (abs(My‘maX); abs(My,min)) : (9.3)
9.3.2 Design variables

An optimized design can be reached by the fornadatf the proper design
variables. When we optimize a total material chstdimension of deck cross-section are
decreased. Besides, the cable shape and presirdesi@l are the more important
parameters influencing the stress distributionhi@ whole system. The cable forces are
characterized by the number of tendog) iy the cable which can be different for particula
cable. The maximal cable forces are restricted Hyy limited value of cable stress
(Ocabieim)- This value is usually considered as follows

Ocablelim = 0.45 fpk - (9.4)
where f, is the characteristic tensile strength of the ¢endnaterial. Hereby,

the design variables are defined.
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9.3.3 Constraints

When the objective function deals with the bendimgment distribution in the deck
the other restrictions are transformed to condsain general, the constraints can be split
to the following groups.

+ Displacement constrainsthese constraint includes

o Deformation of the top of the pylon

910 = Borosl g (9.5)

811m

o Deformation of the deck
go(x) =6p=0. (9.6)

+ Allowable stress in cables the minimal and maximal forces are defined

using the particular initial cable stresses

ga(x) =—"cable _1<0. (9.7)

Ocable,lim

» Compression in the deck and pylerorrectly and efficiently designed cable-

stayed structure introduces the compression fancége deck and pylon
ga(x) =Np <0, (9.8)
gs(x) =Np <0. (9.9)
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9.4 Optimal design of cable-stayed bridge

In the following text, we will explain the optimalesign of cable forces of simple
example of the cable-stayed bridge using optinopatigorithm. The concrete deck from
material C35/45 has rectangular cross-sectionXQl® m). The pylon is made from steel
(S355) with tubular cross-section 1.0 m width afidrdm thick tube. A target of this
example is to find the optimal cable forces andsBafall restrictions from constraints.
These forces are designed on the final staticammehas seen in Fig. 9.6. The tendons in
the cables consist of the materials Y1770-15,7. r@lipinary design considers only

the selfweight of the structure.

N3 —A
c3 p 20.0 c2 cl
N2 N1
D
20.0 20.0 20.0 20.0
A 1
80.0

Fig. 9.6 Scheme of cable-stayed bridge examplegson in metres

Finally, several possibilities of analysis are istgated in details. The comparison
concerns the linear analysis with and without Emsidulus of elasticity, construction

stages analysis with and without creep and shrimledigzcts and nonlinear calculation.
9.4.1 Design variables

As was mentioned above, the optimization focusespimal number of tendons in
each cable. The initial stress is considered cahdiased on the characteristic tensile
strength of the tendon strand. It concludes taaindiress in the cables equal to 795 MPa.
Therefore, the initial stress is not defined asgiesariable.

Ocable = Ocablelim = 0.45 * for = 0.45 - 1770 = 796.5 MPa ~ 795 MPa . (9.10)

As we can see from the Fig. 9.6, there are thrdkereint cable geometries.
The design variables concern the optimal amourntheftendons in the particular cable.
Hereby, the three design variables are sgt (> and ng). The initial, minimal and

maximal values of them are seen from the Tab. 9.1.
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Tab. 9.1 Independent variables with limits

Variable Initial Min Max
Nua[-] 40.0 40.0 100.0
Neo[-] 20.0 20.0 70.0
Nea[-] 50.0 50.0 150.0

9.4.2 Constraints

When we speak about the constraints, the same baes been used for the

optimization as mentioned in Chapter 9.3.3. Thecsire has to satisfy the following

constraints.

» Displacement- the displacement of the pylon top node and theection
point of the cables in the deck has to complydt®blished 100 mm limit
values

o Deformation of the top of the pylon

%—130. (9.11)

g,(x) =
o Deformation of the deck
g,(x) =6p=0. (9.12)

e Compression forces the compression forces have to be introducetthen

deck and pylon
g3(x) =Np <0, (9.13)
g4(x) =Np <0. (9.14)

9.4.3 Optimization algorithm

This type of example belongs to typical case whbee evolutionary algorithm
should be used. The necessary numbers of tendotiee iparticular cables are discrete
values with defined step of 1 tendon element. Tloelified simulated annealing is the
appropriately selected optimization algorithm. Autial solution for cable consisting of
1 tendon has the results in the following figureise displacements are in the millimetres
and bending moments in kKNm. We can see from the@gthat the cables with 1 tendon
only are ineffective. The structure behaves like-span continuous beam with supported
pylon.

137



Dissertation thesis Luk&s Dlouhy

9.4.4 Optimum for particular analysis

As already stated, the modified simulated annealngthod is used for the
optimization of this structure. The optimizatiotg@ithm was applied on examples
calculated by the different analysis type. Let ssume the construction stages process
shown in Fig. 9.5. Generally, the population casssf 10 members was used for all
calculation method. The initial annealing tempematwas calculated based on acceptance
of 50 % of members. As we can see from the table. Ba2, the optimal results are
different for particular analysis method. Neveréssl, the behaviour of the optimal
structure tends to the continuous beam scheme wiherecable connections to deck
represent the internal supports. This effect iartyevisible from the shape of bending

moment diagram in Fig. 9.7, which is obtained usinglinear calculation.

Tab. 9.2 Optimums for particular analysis type

LIN PHA TDA GNL GNL
Variable
100 mm 30 mm
N [-] 64 54 64 51 44
Ne2 (] 60 46 58 42 26
N [-] 148 145 114 106 140
On1n2 [Mm] -88.7 -21.0 +89.9 +47.4 +22.9
§p [mm] —99.3 ~58.9 -51.4 +47.4 ~40.5
Syz [mm] —98.1 -88.7 -83.7 +13.0 +42.9
My, min [KNM] —7997.92| —-4119.43 7578.50 514486 -5075.32
My, rmax[KNM] 4887.82 4894.03| -4333.60 4136.61 4169.[77
f(x) [KNm] 7997.92 | 4894.03| 7578.5( 5144.86  5075.82
Length[m] 8744.32 7816.36 7726.24 6662.16 6466.16

As has been already discussed in Chapter 9.2.linthag analysis is not effective for
calculation of cable stayed structure. The statérsan be seen in Tab. 9.2, where the
deformations after linear or construction stagesyais have high deformation of the deck
and pylon, respectively. The initial tensile striesn cables is not automatically taken into
account. A stiffness of the system is increasedhleytruss members doubling the cables.
Theirs axial and bending stiffness improve the aldibn to acceptable values. The

deflections fit the limits for all analysis.

138



Dissertation thesis Luk&s Dlouhy

The distribution of bending moments in the decldgeto continuous beam for all
analysis type. The least values are for nonlineaalysis above the pylon. The
geometrically nonlinear analysis also the mostesily expresses real behaviour of the
cable-stayed structure. The usability of the optation algorithm for nonlinear analysis
can be proved the by more strict deformation limiisus, the displacements limits are set
to value 20 mm, which gives the significantly difat results as mentioned in Tab. 9.2.
The distribution of the displacements and bendingments based on the nonlinear

calculation can be seen in Fig. 9.7.
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Fig. 9.7 Displacements (top) and bending momerdidin) of the optimal solution for

linear calculation

The comparison of deck displacements is showngn%B and bending moments in
Fig. 9.9. for each particular analysis type. Thedir and construction staged calculation
express non-realistic distribution of the displaeats and relatively high values of
bending moments. Especially, a distribution of @ispments and bending moments for
PHA tends to continuous beam, but there is notceffé the tensioning by cables in the
deck. TDA and nonlinear analysis calculate the salmappropriate response of the
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structure. Unfortunately, the missing geometriclmaarity in TDA and rheological effect
in GNL belongs to main problems in these analygies. Finally, when we compare the
total length of used cable in Tab. 9.2, we can Géi provide the most economical
solution. Nevertheless, GNL can be complicated tam& expensive for large statically

indeterminate structures with many loadcases andtagaction stages.
100 Sl R e e o S i, S e :..._._._..._._._..._._._..._.: ............................ REERa SRRt LIN

75 b S S ——— £--loy-{= = -TDA
’ : g 41 GNL (100 mm)
S s ot e - S\ ——GNL (30mm)

Displacements [mm]

=50 -

Bridge length [m]

Fig. 9.8 Deck displacements for the optimal solufimaund by particular analysis type
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Fig. 9.9 Bending moment of deck for the optimabsioh found by particular analysis type
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9.5 Conclusions

The previous chapters clearly indicate the basiecypies of cable-stayed bridges.
Several design and calculation methods were degtiibrelation to theirs disadvantages.
The optimal design of the cable structure focusedhe searching of ideal cable forces in
stays. The optimization algorithm was used for glesirhe method of modified simulated
annealing found the optimal number of tendons islesawhile satisfying all constraints.
The maximal stress in cables is archived by thé ktnength in tendon, bending moments
distribution is analogous to the distribution alangontinuous beam and displacements of
the deck and pylon are within the required limits.

As can be seen from the Fig. 9.8, LIN and PHA &sialgo not automatically take
into account the initial tension stress in cablBse deflections in the connection point
among deck and cable deform downwards. On the bitwed, TDA and GNL respect the
initial stress from the cables. Hereby, the axisdsses of the cables are rapidly increased
and the displacements of the deck change upwardsidition to the stated advantage, the
necessary number of cables decrease due to cgnmgatit initial stresses of the cables (see
Tab. 9.2). Unfortunately, GNL and TDA are not pbssito combine together. The
calculation of geometrical nonlinearity in TDA cdube very efficient analysis type.

Cable stayed-bridges are often highly staticalteterminate structures. Each cable-
stayed structure is unique which leads individwalizlesign of each structure. Therefore,
to find ideal cable forces can be difficult also éxperienced engineer. We can assume the
design of the cable stayed bridge can be improyeithid optimization algorithm described
in this thesis to have another powerful tool whaatm help engineers in their daily work.
Finally, the chapter showed optimization algorithdessnot have to be used only for cost
optimal design but also for the ideal design fréwa $standpoint of the statical behaviour of

the structure.
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10 CONCLUSIONS AND RECOMMENDATIONS

The submitted dissertation thesis dealt with anslgs design variables of concrete
structures using optimization methods in civil emeggring practice. Especially prestressed
concrete structures have been studied. The thrae gonals of the thesis were defined in
Chapter 3. The first of them was a studying of mpation algorithms and their
implementation to general procedure of optimal glessf structure, the second was the
verification of proposed method for simple pressgsconcrete structure and the last the
application of proposed optimization procedure witite most suitable optimization
algorithm to several real examples made from pgestad concrete.

1. The studying and testing of the optimizatioroalfpms showed there is no general
rule that would always say in advance which metigathe best for all optimisation tasks.
In the beginning, the four optimization algorithmere analyzed. If we compare the
convergence of the method the fast method is SQRh® other hand, there is the very
slowly convergent MSA method. Nevertheless, MSAasy robust method which is able
to find the optimum in a wide space of design \J@aa. Obviously, SQP can have a
problem with searching of the global optimum. Thsahility of proper algorithm also
depends on the project characteristics. Relatigeigll projects can be solved by the NM
and SQP method. Genetic algorithms have no probléim the optimization of large
structures. As was expected, DE and MSA need hdedod iterations to find the
optimum. Consequently, it is clear the universgbathm does not exist and each method
IS suitable for different case.

A special tool for analysis of design variablesapfy kind of structure has been
developed [21]. This program enables to repeatadiyfinite element calculation of the
structure, evaluate the results for particular giesiariables and set new group of them for
next run. The developed optimization algorithms aggnthe settings of the new group of
the design variables and decide when the optinoizatask is finished. The XML
document format is used for the data exchangingdet EOT and Scia Engineer [136].
Furthermore, an important aspect is the propercsete of the optimization method.
Correct preparatory work is another significantt droptimization. The parameterization
of the structure, dependencies among the desigables and theirs limit values can turn
out to be crucial.

2. A verification of proposed method for simple giressed concrete structure
proved that only some of them can be efficientlgdutor the optimization of prestressed
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concrete structures. Mathematical programming nusthere often very fast but they are
sufficient in a limited mathematical space. The @ew based method, sequential linear
programming or gradient-based methods are effedtiweptimization of dimensions of
the cross-section, statical model or optimizatibprestressing layout only. Additionally,
they are limited by using only continuous desigmialdes only. A proper technical
solution can be obtained using genetic algorithikes differential evolution or a genetic
algorithm. These methods require more iterationsgoees better results concerning the
optimal diameter and the number of strands or tesddhus, the MSA method seems to
be the most effective algorithm for the optimizatmf prestressed concrete structures. This
method is very robust and suitable for large stmas where we work with dozens of
design variables.

Prestressed structures consist of concrete anttgssisig reinforcement and include
many possible parameters for optimization. Dimemsi@f concrete cross-section are
usually continuous design variables or there atedfin many cases. Diameter of strands,
tendons and number of bars respectively are despaatameters. Combination of two types
of variables concludes to ambiguous optimizatiorthoe. Fully engineer solution can be
obtained using genetic algorithms like differengablution or genetic algorithm. Methods
require more iterations but gives better resultsgifmal diameter and number of strands
or tendons.

3. An application of proposed optimization proceduwith the most suitable
optimization algorithm have been successfully destrated for the design of three types
of postensioned concrete like (i) post-tensionaddas, (i) post-tensioned slabs and (iii)
cable-stayed structures. Each was optimized fradiffarent point of view. The optimal
design of post-tensioned bridges focused on thenmration of prestressing material and
material cost. Besides, the post-tensioned condtete was optimized based on the
minimal deflections which were required by the dasr. A concern of the cable-stayed
structures optimization can be found in minimizatas the bending moments in the deck.

Optimization of prestressed concrete structures ban seen from different
perspectives. The weight of structures is the dnéh@ main criteria for optimization of
concrete structures. Nevertheless, we showed thkcafon of three different objective
functions on the design of a post-tensioned coadratige. We focused on the objective
function based on the minimization of the (i) ar@a,weight of post-tensioned tendons
and (iii) total mass of the structure. As a conidnsthe objective function representing

only the area of prestressing reinforcement inswation does not give objective design of
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structure. The effect of the geometry changes atbegbeam is not included. Thus, the
results can be misleading. AlImost each optimizatésk requires at least one constraint in
practice. Nevertheless, not all of them must buged in the optimization. To prevent too
time consuming calculation including many checksan be efficient to optimize structure
only for allowable concrete stresses. As can be dee the optimization of a post-
tensioned bridge, the rational saving depends end#fined type of objective function.
The optimization process showed decreasing of tbgedunction about 24%, 17% and
18.5%, for three girders, double T-section and deakge, respectively.

The thesis clearly indicated that optimization aifpons do not have to be used only
for cost optimal design but also for the ideal gedrom standpoint of statical behaviour
of the structure. The last chapters dealing withinogation of the cable-stayed structure
showed that optimization can also be used alsérfdmg optimal configurations of highly
statical indeterminate structure. Each cable-statadcture is unique which leads to an
individualized design. Therefore, to find ideal lealforces can be difficult also for an
experienced engineer. We can assume the desigheotdble stayed bridge can be
improved by the optimization algorithm. Consequgntihis thesis should introduce

another powerful tool which can help engineerdgirtdaily work.

10.1 Recommendations for further research

The use of automatic algorithms in civil enginegrinan certainly bring huge
savings. The EOT tool developed as a module todael un civil engineering practice
seems to be promising, even if the total calcutatimme is not negligible in case of the
post-tensioned bridge optimization. The use of |draomputing can be a direction for
further development of EOT. Additionally, the impientation of hybrid optimization
algorithms can be more efficient. These methodseaehhigh quality optimums. A
combination of the robust genetic algorithm witle ticcurate gradient based method can
be a typical example of a hybrid method. The apgilbie of optimization methods on more
examples from civil engineering practice will bevaluable contribution to the field. We
hope these expectations will be proved so that Isimpansparent, and in particular

cheaper structures could be designed in practice.
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Appendix

A STRATEGY SETTINGS OF OPTIMIZATION METHODS IN_EOT

The program EOT provides structural optimization afy kind of structure.
Generally, there are used methods with differertndpation algorithm. The described
optimization methods have the specific settings garticular strategy. Therefore, the

certain values are defined for each algorithm igs thapter.

A.1 Sequential quadratic programming

The specific settings for sequential quadratic progning strategy are displayed in

the following figure.

]

Gradient method - SOP

Property Value
IMaxiter 400
TolX '
TelFun

TolCon

i Diff

mizocDiff

useCentral Def

Fig. A.1Strategy settings for SQP method
Tab. A.1 Explanation of strategy settings for SQ&huad

Value Explanation
MaxlIter Maximal number of iterations in case of hwet non-convergence
TolX Minimal distance between the independent \deis when the values can pe

considered as identical
TolFun Minimal difference of objective function ftihe particular steps of independent

variables when the solutions are considered asaime

A f(x)

;ﬁ o §

Fig. A.2 Toleration of design variables and objeetiunction

TolCon Toleration of constraints. For instance,Jan = 1x10& for check value means

that solution with check value 1.000001 is accepted
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MinDiff Minimal (maximal) difference value. The differend@&x) is set for each
(MaxDiff) independent variable. Therefore, this is calculated from the range lué |t
particular values. We obtain lowet) and upperd,) boundaries within minimal

(Axmin) @and maximal &xmay) difference respectively. The resultant differemss

D

calculated
Axg = max(|d,|; |d,]) - 1077,

where
max (|d,[; |d,]) is a maximum from absolute values of lower andeupp

design variable parameter limit

Afterwards, a difference of design variable corogspng to minimal set
difference is
Axmin - (dz - dl) . Mlnlef,

and difference of design variable correspondingnéximal set difference is
Axpax = (dy; — dq) - MaxDif f.

Hereby, calculated value of used difference iohewing

Ax = max[Axpin; Axg] < AXmax

useCentralDiff| Selection option for determining of derivation apgmation; it can be True ar
False. When the option is True then half of diffexe is offset from the design

variable on both sides. In fact, it is approximatiy line.

Vf_ENf(xo—Ax)—f(xo‘FAx)_ Af
T 6x; 2Ax T 2Ax

A f(x)
df/dx=Afl2 AX
f(xo0-AX) .
f(xo+AX) Af \\_
X

Xo-AX |AX XOAX X0+AX,

Fig. A.3 Approximation of derivation by paraboliccguseCentralDiff= True)

In case of False, the difference is offset from design variable on one sige

only. This characterizes parabolic approximation.
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_£~f(xo)—f(xo+Ax)_£
f_6xi~ Ax ~ Ax

A f(x)
df/dx=Af/Ax

f(xo) .
f(xo+Ax) Af \
| X

>
xol AX leﬂx

Fig. A.4 Approximation of derivation by linaigeCentralDiff= False)

A.2 Differential evolution

The Fig. A.1 shows special settings for differdrgiolution strategy.

et )
Diferential Evolution
Property Value
npopulation |20
Remiax 1000
Fini [1.00
CR [0.90
VTR [1.00e-006

Fig. A.5 Strategy settings for differential evoabri

Tab. A.2 Explanation of strategy settings for DEthod

Value Explanation

npopulation | Number of members in population (marked\#. It is required valueNP >
3) and recommende@P = 10 X p + 10) wherep is number of independent

variables.

Itermax Maximal number of iterations in case of meet non-convergence for particular
population

Fini Mutation constanF € (0; 2), this item multiplies a difference of objective

o

function of two randomly selected members. Theltastuvalue is added to thir

randomly selected member.
Vi = X3k T F (e — X2 k)

When theFini has high value then objective functionigf is “more different”

than two basic selected values

June 2012 168



CR

Crossing constariR € (0; 1)

VTR

Stop criterion; this setting indicates when tladculated objective function can

be accepted as “sufficiently good”.

A.3 Modified simulated annealing

The specific settings for sequential quadratic paogning strategy are explained in

this chapter. As you can see in Fig. A.6, theremaoee values in comparison with other

methods. For practical reason, it is recommend&thamge the first four values only.

=

Maodifed Simulated Anealing
Property Value
Population 20
Num. of iter 20
SUCCMEX 30
countmax 300
Standard emor 5.00e-003
pmtation 1.25%e-001
coef Tmaamin | 1.00e-002
Kspecimen | 4.00e-001
alphamax | 1.50e-001
alphamin 1.00e-002
gammamax | 1.00e-002
gammamin 1.00e-002

Fig. A.6 Strategy settings for modified simulatevh@aling

Tab. A.3 Explanation of strategy settings for M@&athod

174

Value Explanation
Population Number of members in population; itdtsammended this value should be the
very close to bit depth of problem
Num. of iter Number of annealing steps
Succmax Number of accepted iterations in certamptrature level
Countmax Maximal number of iteration in certain parature level which is recommended

as follows countmax = 10 - succmax

Standard errof
(SE)

Maximal available error for constrains; when thepsof variable is not defined
then this value is used for its determination basedthe minimal ¢;) and

maximal @) value.

dy —d;
SE

step =

pmutation

Mutation probability; this value desesba probability which bit of problem
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gets a mutation

coeffTmaxmin

(CTmax,min)

Ratio of maximal and minimal annealing temperatiged for the calculation of

minimal annealing temperature

KSpecimen

Probability ratio of the worst member egtance towards to the best o

Overall probability of member

P =Dr"Dc
where:
ps — acceptance probability of member based on thectibg function (see
point 4 in Chapter 4.1.2.3

p. — acceptance probability of member based on thstiint

Pc A

Pe=1

Tmax

Pe<1
¢ Tmin
7|L“/min Ymax
2 T
Ciim
Olmin
7 7|

c
Olmax

71
Fig. A.7 Acceptance probability based on the canmstr

Alphamax

Value of constraint exceeding when the bemcan be accepted to initi

population for the first temperature level

al

Alphamin

Value of constraint exceeding when the fmemcan be accepted to initi

population for the last temperature level

al

GammaMax

Acceptance probability of the member af/@m independent variables do

satisfy constrain for the first temperature level

ot

GammaMin

Acceptance probability of the member eivean independent variables do r

satisfy constrain for the last temperature level

ot

The alpha and gamma values are logarithmically @pprated between particular

temperature levels.
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A.4 Nelder — Mead

Strategy Settings : I
Nelder-Mead strateqy

Property Value

Max. keration 100

Abs_ tolerance F 1.00e-003

Abs. tolerance x 1.00e-003

p0 | -2.00=-002

alfa | 5.00e-002

beta | 2.00e+000

K | 1.00e+000

Fig. A.8 Strategy settings for NM method

Tab. A.4 Explanation of strategy settings for iédthod

Value Explanation
Max. Maximal number of iterations in case of method rwonvergence
Iteration
Abs. Absolute tolerance of objective function
Toleration F
Abs. Absolute tolerance of independent variable
Toleration x
pO Penalization of objective function calculatedak®ws

L+ K- (pc - Po)bem
alfa
wherep, is penalization of constraint.

alfa Coefficient used for penalization of objectfuaction
beta Coefficient used for penalization of objecfiwaction
K Coefficient used for penalization of objectivenfiion
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