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Summary:

Design of steel frames with non-uniform cross-section members is always a complex
problem. In this study, an algorithm is presented for the optimum design of steel frames
with tapered built-up | sections based on simulated annealing (SA) method. Flexural and
axial constraints of the AISC 2005 code (Allowable Stress Design- ASD) are applied.
The strength constraints take into account the lateral-torsional buckling resistance of
frame segments between the adjacent lateral restraints. Each frame member consists of
one or more segments; each segment has a linearly varying depth, while the flange width
is constant for each segment, it may vary from segment to segment each segment. The
depth at the start and end of each segment, top and bottom flange thickness and, flange
width are all design variables used in the formulation of the design problem. Frame
members are totally laterally restrained at joints, extra restraint points can be optionally
added between joints. By applying the algorithm several design cycles are performed,
the values of the design variables are changed at each design cycle. The cost function is
presented by the total frame weight. The search terminates when the temperature (search
step size) has fallen substantially where, no more economical frame weight can be
obtained. All design variables treated as discrete values, hence, the problem is classified
as a discrete design optimization problem. Because the problem has too many design
variables, heavy computation capacity is needed. Web depths are the dominant design
variables, the simulated annealing (SA) method is used to search for the optimum web
depth, and the process is continued until convergence is obtained. Verification and
numerical examples are presented to demonstrate the practical application of the
algorithm; also a comparison is made with another algorithm used in the literature.



Acknowledgments

| would like to express my special appreciation and thanks to my advisor professor
Dr. Sherif Mourad, who was always available when | asked for his support.

| would also like to thank my committee members, professor Dr. Ashraf
Mamhoud, professor Dr. Nabil Sayed for their brilliant comments and suggestions.
Also, | do thank my colleague Dr. Essam Amin for his support.

A special thanks to all members of my family, especially my mother and my wife
for their support during working on this research.



Dedication

This thesis is dedicated to the soul of my father and to my mother, who always
encouraged and supported me all the way long.



Table of Contents

ACKNOWLEDGMENTS ..ottt I
DEDICATION ...ttt sttt sttt se e st et e st e sbe et e sneesreenteanee e 1
TABLE OF CONTENTS ...ttt i
LIST OF TABLES ...t st VI
LIST OF FIGURES ..ottt ettt ens VIl
ABSTRACT bbbttt ettt re e VIl
CHAPTER 1 INTRODUCTION ....coiiiiiiiiiieiteie et 1
1.1 Main advantages Of Steel StrUCLUIES...........ccevveiiiiieie e 1
1.2 THe DESIGN PrOCESS.....ueeiviiieiteeieeee st sieete st e te et te e e te et esteentesraesreennennes 2
1.3 What iS OPtIMIZALIONT .......ccuoiviiiiiiiiiieeee e 2
1.4 Main Features of a Structural Design Optimization Problem............cc.ccocvivinnnee. 3
1.5 Discrete Variables Optimization Methods............ccooviiiiiieienie e, 5
1.5.1 Branch-and-Bound Method (BBM)..........cccceiiiiiiiiiiniiineseseeeese s 6
1.5.2 Simulated Annealing Method............ccoiiiiiiiiiic s 6
1.5.3 Genetic Algorithms Method ...........c.coviiiiiiicccc e 9
1.6 Optimal Design of Steel Frameworks...........ccocooiiiiiiiiiiice e, 9
CHAPTER 2 OPTIMIZATION PROBLEM FORMULATION AND SOLUTION
TECHNIQUE ...ttt e st et eeneenreeeeenes 11
2.1 INEPOTUCTION . .....itiitiiiieeee ettt et 11
2.2 DESIGN VariabIES........ccviiieiiecce et 11
2.2.1 Independent Design Variables. ..o 11
2.2.2 Dependent Variables. ..o s 12
2.2.3 Problem Design Variables ..o 12
2.3 Design Parameters/Data...........cccveiveiuiiieieeie et se et 12
2.4 Problem ASSUMPLIONS .......ccveiiiieieecie ettt sne s 12
2.5 ODJECHIVE FUNCLION......cuiiiiiiic sttt 13
2.5.1 Minimum Weight via Optimization TeChNiqUe.............ccocvririiiiic e 13

2.6 Constraints 14
2.6.1 Equality and Inequality CONSLraiNTS .........cceerueieiieeiierereee e 14
2.7 The Solver and the OPUIMIZEr ..o 15
2.8 Improving the Optimization PrOCESS .........cccoeiueierierinisieiesie e 15
2.9 Number of Design Variables ..........cccoieiieiie i 16
CHAPTER 3 TAPERED MEMBERS STIFFNESS MATRIX ....coooiiiiiieiiee 17
3.1 The STNESS MALIIX ..o e 17
3.2 Rotational StIFFNESS ..o 19
3.3 CaITY OVEI FACIOIS. ... .eiiiiiii ittt 23
3.4 Evaluation of INtegralS..........ccceeiieiiiie e 25



CHAPTER 4 OPTIMIZATION ALGORITHMS ..o 27

4.1 INEFOTUUCTION ...ttt ettt bbb bbbt 27
4.2 Main AlGOTItNM ..o e 27
4.3 Web Optimization AlGOrithm ..o, 29
4.3.1 The COOlING FACION ......ccuiiiieieieie i 30
4.4 Flanges Optimization AlQOrithm .........cccoiieiiiii e 30
4.5 Critical Point FIaNge DESIGN .........cciveiuiiieiieiecie e 32
CHAPTER 5 DESIGN PROCEDURES ACCORDING TO AISC 2005................ 35
5.1 INrOTUCTION ....ccuviiiie ettt re e b beeneenneas 35
5.2 Allowable Strength Design (ASD) .....cccoieeiiiieiieie e 35
5.3 Design Procedure of Flexural Members According to AISC 2005 ..................... 35
5.3.1 Design of Members FOr FIEXUIE.........cccviveiieie ettt 35
5.3.2 Doubly Symmetric Compact I1-Shaped Members.........cccocvvveivienn e, 36
5.3.3 Doubly Symmetric 1-Shaped with Compact Web and Noncompact or Slender flanges
.................................................................................................................. 37
5.3.4 Other I-shaped Sections with Compact or Noncompact Webs...........cc.cccccevvenennenn. 38
5.3.5 Doubly Symmetric and Singly Symmetric I-Shaped With Slender Webs ............... 40
5.3.6 Adding Member Brace POINTS ..........cccooiiiiiiieieieesee s 42
5.4 Design Procedure of Compression Members According to AISC 2005 ............. 42
5.4.1 Compressive Strength For Flexural Buckling of Members without Slender Elements
............................................................................................................... 42

5.4.2 Compressive Strength for Torsional and Flexural-Torsional Buckling of Members
WIthout SIEnder EIBMENES ........cc.oiieiiiiiiisece e 43
5.4.3 Members with Slender EIBMENTS..........cccooveiiiiviieii e 44
5.5 Design Procedure of 2D Frames According to AISC 2005..........c.cccceeveveiiennn, 45
5.6 Stability and Analysis Methods .............coeiiiiiiiiiiiieee e, 45
5.6.1 General REQUITEMENTS ......cueiviieiiiiiisiesieste et 46
5.6.2 Direct AnalysisS MEtNOU..........cccieiiiiiii e e e 46
5.6.3 INAIreCt METNOUS.......eoieiecice et 47
5.7 Analysis Method Used in this STUAY.........cccooeiiiiiiniiinieeeee e, 47
5.8 Combined Axial and flexural Strength..........ccccooiiiiiiiiiie, 48
5.8.1 Calculating Shear Center and Warping Constant for Singly Symmetric | Sections. 48
5.8.2 Interaction of Flexural and COMPreSSION .........cccveiviieriniiiie e 49
CHAPTER 6 DESIGN EXAMPLES. ... ..o 50
6.1 DeSign EXAMPIE L..c.ooioiiiiieee e 50
6.1.1 Changing the Temperature Cooling Factor ...........cccvoieiiriiiie i 52
6.1.2 OULPUL SECTION TYPR...eiiiieieeeiieie ettt ettt 55
6.1.3 Improving the Speed by Applying Symmetry Conditions ..........ccccccooveverivirenennnnn 56
TN Y= g T U1 o] USSR 57
6.2 Design Example 2 and COMPAriSON........coveriirieriereiisesieiese e 60
6.3 Design Example 3 Single Span Frame ... 60
6.3.1 Effect of Cooling Factor on the Global Minimum Weight...........cccooooniininenennnn. 63
I @11 11 G T=Tod 1 o] o I Y/ o TSR 63
6.3.3 Adding more Member SEGMENTS ..........ciiiiiiie e 64



CHAPTER 7 DISCUSSION AND CONCLUSIONS........c.oooiieiee e 68
7.1 Summary 68

7.2 CONCIUSIONS....c.tiiiiiciiie et 68
7.3 Suggestions for FUuture RESEAICH ...........coeieiiiiiiiiiieeeee e, 69
REFERENGCES ... ..ottt ettt 71

APPENDIX A: DESCRIPTION OF THE DEVELOPED COMPUTER
PROGRAM FOR THE DESIGN OPTIMIZATION OF STEEL FRAMES WITH

TAPERED BUILT-UP SECTIONS (FRAD) .....cccotiiiiiinieieie e 73
A.1 Design of the Program ..........ccceeoeiieiii i 73
A.1.1 Structured versus Object-Oriented Programming Model ..........cc.cccovvvvivenniineiiene. 73
A.1.2 Concepts in Object Oriented Programming........c.ceerererererieiesienisesese e 74

A.2 Programming LANGQUAGE .........cceriririiieieiesie sttt 75
A3 ClaSS DIAGIAIMS ......oouiiiiiiiiiie ittt bbbt bbb 75
A.3.1 Class Hierarchy DIagrams ...........cocererierieiieiiieisise st 75
A.3.2 Collaboration DIagrams.........cccccveiiiieiiieiese st sre st sre e sre e e sreens 78
A.3.3 CalliNg GraphS.....c.ciiiie e e ns 80
AL INPULFIIE e 84
A.4.1 Brace POINTS INPUL.....c..oiiiiiiiiiisiisie ettt nn e 84
AL EITON FIIE o 84
APPENDIX B: INPUT FILES ... 85



List of Tables

Table 1-1 Advantages Of Steel StIUCIUIES........ccveviiiiiiiie e 1
Table 5-1 Comparison of Analysis and Design OPtionS..........cccecvevevvereeiesieeseeie e 45
Table 6-1 Optimum design results of example 1. 51
Table 6-2 Web optimization at mid SUPPOIt (03) ....ceevvereereeiieiieiece e 52
Table 6-3 Optimum design results after applying symmetry conditions ....................... 56
Table 6-4 Exhaustive search output for web dz optimization.............c.cccceveveiieeieiiiennen, 57
Table 6-5 Optimum design results for single span frame..........cccccoiiiiiiiiciciceee 62
Table 6-6 Optimum design results for single span frame with multi-segment members

........................................................................................................................................ 66

Vi



List of Figures

Figure 2-1 Linearly tapered element SEgMENt ...........cccvvieieeieiiievi e 14
Figure 3-1: Frame €lement ...........ooi i 18
Figure 3-2: Unit translation at €Nd J ........ccevveiiiie i 18
Figure 3-3: Unit translation at end K...........cccooeiiiiiiiiiice e 19
Figure 3-4 Unit rotation at the j 8N .........cccooieiiiie i 20
Figure 3-5 Unit rotation at K eNd. ........ccoiieiiiiii e 21
Figure 3-6 Unit vertical displacement at €nd J. ........cccccevvieiieeiiiieie e 23
Figure 3-7 Unit vertical displacement at end K. ..........ccooviiiiiiiiiniieeeeee, 24
Figure 4-1 Main algorithm flow chart............cccooeiiiiiie e 28
Figure 4-2 Web optimization algorithm ..., 29
Figure 4-3 Flanges optimization algorithm ... 31
Figure 4-4 Critical point flange design..........ccooeiiiiiiiiieieee e 33
Figure 5-1 Shear center calCulations .............ccoviieiieie i 48
Figure 6-1 Design of two spans continUOUS DEAM.............cceveirreiene i, 50
FIQUIE 6-2 SECHION X=X ottt e be e nre e nnes 50
Figure 6-3 Relationship between cooling factor (f) and min weight.............cccceoennnee. 53
Figure 6-4 Relationship between cooling factor and Cycle Weight.............cccccevvennene. 54
Figure 6-5 Relationship between total time versus cooling factor ..............c.ccooveveiennee. 55
Figure 6-6 Mid support web depth (ds) versus weight...........ccccocovveiiiieii i 58
Figure 6-7 web depth at mid span 1 (dy) VErsus Weight ..., 59
Figure 6-9 Unsymmetrical two Spans beam ...........cccoovvieieeie i 60
Figure 6-10 Single SPan frame ........cooi i 61
Figure 6-11 Relationship between cooling factor and min. weight..............ccccccovvenane. 63
Figure 6-12 single span frame with multi-sections members.............ccccocvneniienennn, 65
Figure A-1 Main classes NIErarChy ...........ccccovveiiiieiiciecc e 76
Figure A-2 Class CEStructure collaboration diagram...........cccceoeveniieniienenicieeen, 79
Figure A-3 Calling graph for the function Calc_ MN() ......ccceoviieiieiiieceece e 82
Figure A-4 Calling graph for the function Calc_Pn() .......ccoovviiiieniinccee, 83

Vii


file:///C:/Users/tmm/Norton%20Zone/Thesis/thesis-files/Thesis-7-27-fixes.docx%23_Toc397722861
file:///C:/Users/tmm/Norton%20Zone/Thesis/thesis-files/Thesis-7-27-fixes.docx%23_Toc397722873
file:///C:/Users/tmm/Norton%20Zone/Thesis/thesis-files/Thesis-7-27-fixes.docx%23_Toc397722874
file:///C:/Users/tmm/Norton%20Zone/Thesis/thesis-files/Thesis-7-27-fixes.docx%23_Toc397722875

Abstract

Design of steel frames with non-uniform cross-section members is always a
complex problem; computer is widely used in such design problems. In this study, an
algorithm is presented for the optimum design of steel frames with tapered built-up |
sections based on simulated annealing method. AISC 2005 code (Allowable Stress
Design- ASD) flexural and axial constraints are applied to all frame members in the
formulation of the design problem. The strength constraints take into account the
lateral-torsional buckling resistance of frame segments between the adjacent lateral
restraints. Each frame member consists of one or more segments; each segment has a
linearly varying depth, while the flange width is constant for each segment, it may vary
from segment to segment, the depth at the start and end of each segment is treated as a
design variable, top flange thickness, bottom flange thickness and, flange width are all
design variables used in the formulation of the design problem. Frame members are
totally laterally restrained at each frame joint, extra restraint points can be optionally
added between joints, they are restraining the | section at flanges; one flange or both
flanges can be restrained. By applying the algorithm several design cycles are
performed, the values of the frame design variables are changed at each design cycle.
The cost function is presented by the total frame weight. While searching for the
optimum solution the temperature (search step size) decreases linearly because of the
cooling factor (f), the search terminates when the temperature has fallen substantially
where, no more economical frame weight can be obtained. All design variables treated
as discrete values, hence, the problem is classified as a discrete design optimization
problem. Because the problem has too many design variables, heavy computation
capacity is needed. Web depths are the dominant design variables, the simulated
annealing (SA) method is used to search for the optimum web depth, and the process is
continued until convergence is obtained. Exact analysis is performed during all design
cycles to check the validity of the proposed solutions. Verification and numerical
examples are presented to demonstrate the practical application of the algorithm; also a
comparison is made with another algorithm used in the literature. The cooling factor (f)
effect on the optimization process is also studied.
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Chapter 1 Introduction

With lots of advantages, lightweight steel portal frame structures with tapered
members have been broadly used and become one of major structures used in these
years. The span and the height of the structure are become more and more large,
tapered members become more and more usual since they allow significant material
savings and consistent design.

Despite these advantages, the use of tapered members suffers from the lack of
appropriate simple but accurate design formula in most codes of practice. Taper
effects are rather badly accounted for. [1] In the present study a design computer
algorithm is created to design continuous beams subject to flexure and shear effects
and to design portal frames subject to flexure, shear and, axial loadings.

1.1. Main advantages of Steel Structures

Steel is a universally used material. It is used either separately or combined with
other material, e.g. reinforced concrete. Its popularity may be attributed to the
combined effects of several factors, the most important of which are, it possesses
great strength, exhibits good ductility, ease in fabrication, and is relatively cheap.
In addition, steel is the ultimate recyclable material. Several advantages are listed in
Table 1-1 below.

Table 1-1 Advantages of steel structures

Iltem Comments

Ease of erection | No formwork needed and minimum cranage required for the erection,
many parts of the structure can be prefabricated away from the
site, and it is largely self-supporting during erection.

Modifications Either extensions or strengthening is relatively straightforward.
Possible reuse after a structure is disassembled or scrap value even
though not reusable.

Uniformity The properties of steel do not change appreciably with time,
as do those of reinforced-concrete structures.

Low self-weight | Permits large clear spans without intermediate columns

Dimensional Prefabrication in the workshop ensures accurate work and quality

control control.

Properties structural steel has well-defined physical and mechanical
characteristics [6]

Accuracy design constraints using structural steel can

be satisfied more accurately and at less computational
cost compared with using other, more nonlinear, materials such as
reinforced concrete material (AASHTO 1983 ) [6]




1.2. The Design Process

The design of structural steelwork is a process that is based on many contributing
aspects: past experience of successful and unsuccessful construction, laboratory
tests and results of research, combining to ensure structures do not fail.
Structures can therefore be used efficiently and safely but at the same time must be
economically built and maintained.

From this it can be understood that the design process must satisfy two
conflicting aims; economy and safety. Achieving this compromise is not an easy task,
consequently codes of practice have evolved to assist and guide the designer.
However different national codes, for example British and American codes of
practice treat the design problem differently. This may be because the behavior of
steelwork frames, for instance, is not well understood because methods of design
are still at an elementary stage of development. This may be due to the fact
that the problem of design is much less specific than that of analysis.

The question of design or synthesis, involves generating member sizes which are
satisfactory in all respects, under all loading conditions. In most cases, an unlimited
number of designs will meet these requirements. More realistic designs are based
strictly on a trial and error process. The design process starts with the analysis step.
The analysis is performed on an initial member properties or what is called an initial
solution, after analysis the whole structure is checked against design code
requirements for strength and serviceability with any additional constraints required
by the user, this is called the checking step. By the end of the checking step some
parts of the structure will be under-designed (unsafe) and some others will be over-
designed (safe), at this point all parts have to be safe by increasing sizes at where the
structure is unsafe. The next step is to analyze the safe structure and a checking step is
done again and over-design parts will be reduced in size to obtain more optimum
structure. The steps are repeated several times until the optimum weight structure is
reached and sizes cannot be reduced anymore.

1.3. What is Optimization?

The prime objective of structural engineers throughout design history has been to
obtain the optimum structure under the prescribed design condition which can not
only withstand external loads safely but also achieve economic solution.

Optimization is a procedure through which the best possible values of decision
variables are obtained under the given set of constraints and in accordance with a
selected optimization objective function.

Also it can be defined as Finding an alternative with the most cost effective or
highest achievable performance under the given constraints, by maximizing desired
factors and minimizing undesired ones. In comparison, maximization means trying to
attain the highest or maximum result or outcome. From the previous section one
can address several difficulties that may face the structural designer when
utilizing conventional design. Firstly, the skill and experience of the designer, which
could lead to completely different designs. Secondly, the complexity of the treated
structure makes the process of performing several re-analyses and subsequent
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redesigns difficult. Thirdly, there is a difficulty in handling all possible loading cases.
Fourthly, the intended usage of the structure might prevent the designer from
achieving economical design. Fifthly, the alternative design and analysis techniques
might confuse the designer in choosing the appropriate technique. Therefore, the use
of computers has made reliable and accurate analysis much easier, and the
speed with which alternative solutions can be analyzed makes it possible to
achieve  more economical designs than were attainable in the past. Design
optimization is therefore an interesting research topic, and several suggestions and
recommendations for design optimization have been made by design experts
among them. Design optimization is concerned with the problem of the selection of
geometric parameters and mechanical strength properties of the structural elements.
This selection consists of a search for the external solutions, which satisfy the
prescribed criteria, the search being conducted in an objective and rational way that
does not rely on the intuition or special abilities of the designer. Thus, design
optimization takes over that part of the design process, which consists of selecting
sizes and subsequently checking that the required criteria have been met. The
question arises whether the design optimization field can or should fully replace
traditional designing procedures, that is, whether or not the task of optimization is to
embrace all structural parameters so that the solution of an optimization problem
should be equivalent to obtaining a complete design of a structure. This question will
be answered in this research.

1.4. Main Features of a Structural Design Optimization
Problem

In the case of simple elements or even the whole structure, it is possible and
necessary to take into account all requested design criteria in the formulation of
an optimization problem. This is exemplified by the classical simple design
optimization problem. If the structural steelwork is more complex, however, the
problem of including all design criteria in the optimization may prove impossible to
solve by gradient-based techniques like linear and non-linear programming algorithms
as search methods. In such cases it is advisable to include only some of the parameters
in the formulation of the optimization problem. Unfortunately, however, very few
physically meaningful problems in structural design, if any, can be formulated directly
as linear programming (LP) problems without involving a degree of simplification.
Most structural design problems involve highly non-linear constraint and objective
function relationships. In addition, the relationships between the design variables,
which are the members of the structure, are unknown. No one optimization algorithm
can possibly be efficient or even successful in all cases of interest. If all design
problems involve objective functions that were quadratic, with analytic derivative,
then life would be simple. However, in design practice, it is well known that
many problems are vastly more complicated than this. What is worse, often the
function that we are attempting to optimize is not analytically available. It is
only known in the form of a computer code that evaluates the function point by point.



