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ABSTRACT
OPTIMUM DESIGN OF STEEL STRUCTURES VIA DIFFERENTIAL
EVOLUTION ALGORITHM AND APPLICATION PROGRAMMING
INTERFACE OF SAP2000

Dedekargınoğlu, Özgür
M.Sc., Department of Civil Engineering
Supervisor: Assoc. Prof. Dr. Oğuzhan Hasançebi

February 2012, 144 pages

The objective of this study is to investigate the use and efficiency of Differential
Evolution (DE) method on structural optimization. The solution algorithm
developed with DE is computerized into software called SOP2011 using VB.NET.
SOP2011 is automated to achieve size optimum design of steel structures
consisting of 1-D elements such as trusses and frames subjected to design
provisions according to ASD-AISC (2010) and LRFD-AISC (2010). SOP2011
works simultaneously with the structural analysis and design software SAP2000
in order to find the global or near optimum designs for real size truss and frame
structures in which the optimization problem is classified as constrained, discrete
size optimization. Software interacts with SAP2000 through the Open
Application Programming Interface (OAPI), which provides an access to
information of SAP2000 inputs and outputs. It is programmed for finding
reasonable and optimized results for truss and frame steel structures by choosing
iv

appropriate ready sections for structural members considering the minimum
weight via DE technique.

Based on the comparison of the obtained results with the literature, DE algorithm
with penalty function implementation is proved to be an efficient optimization
technique amongst several major methods used for discrete constrained size
optimization of real size steel structures. Also, it has been shown that by using
optimized designs obtained by DE, weight of the structures can be reduced up to
67.9% for steel truss structures and 41.7% for steel frame structures compared to
SAP2000 auto design procedure, hence resulting a significant saving of materials,
cost, work hours and energy required for the project.

Key Words: Structural Optimization, Differential Evolution, Size Optimization,
Discrete Optimization, Steel Frames and Trusses
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ÖZ
ÇELĠK YAPILARIN DĠFERANSĠYEL EVRĠM ALGORĠTMASI ARACILIĞIYLA
OPTIMUM TASARIMI VE SAP2000’NĠN UYGULAMA PROGRAMLAMASI

Dedekargınoğlu, Özgür
Yüksek Lisans, ĠnĢaat Mühendisliği Bölümü
Tez Yöneticisi: Doç. Dr. Oğuzhan Hasançebi

ġubat 2012, 144 sayfa

Bu çalıĢmanın amacı Diferansiyel Evrim (DE) metodunun yapısal optimizasyonda
kullanımını ve verimliliğini araĢtırmaktır. DE ile oluĢturulan çözüm algoritması
SOP2011 adlı uygulamaya programlanmıĢtır. SOP2011, ASD-AISC ve LRFDAISC tasarım kodu hükümlerine bağlı olan, 1 boyutlu kafes ve çerçeve elemanları
içeren çelik yapıların kesit optimizasyonunu yapmak üzere programlanmıĢtır.
SOP2011, yapı analiz ve dizayn programı olan SAP2000 ile beraber çalıĢarak
limitlenmiĢ ayrık boyut optimizasyonu olarak tanımlanmıĢ olan, gerçek boyutlu
kafes ve çerçeve yapılarının optimum ya da optimuma yakın tasarımlarını
bulmaya çalıĢır. SOP2011 VB.NET programlama dili kullanılarak tasarlanmıĢtır.
Bu program SAP2000 girdileri ve çıktılarıyla ilgili bilgilere eriĢim sağlayan Open
Application Programming Interface (OAPI) kullanımıyla SAP2000 ile etkileĢime
girer. Program, DE tekniğini aracılığıyla yapısal elemanlara uygun hazır kesitler
atayarak çelik kafes ve çerçeve sistemler için yapının ağırlığını göz önünde
bulundurarak, makul ve optimize edilmiĢ sonuçlar bulmak üzere tasarlanmıĢtır.
vi

Bu tezle beraber, yapıların ağırlığının en aza indirgenmesi hedefine yönelik
olarak, AISC-ASD tasarım kodunun getirdiği limitlere dikkat edilerek yapılan
gerçek boyutlu çelik kafes ve çerçeve yapılarının ayrık boyut optimizasyonunda
penaltı fonksiyonu eklenmiĢ DE methodunun en verimli yüntemlerden birisi
olduğu kanıtlanmıĢtır. Ayrıca, SAP2000 otomatik tasarım prosedürüyle elde
edilen sonuçlara kıyasla, DE ile optimize edilmiĢ tasarımlar kullanarak çelik kafes
yapılarının ağırlığının %67.9, çelik çerçeve yapılarının ağırlığının %41.7 gibi
değerlere kadar azaltılabileceği gösterilmiĢtir ve bu sonuç olarak

proje için

gerekli olan malzeme, maliyet, iĢ süresi ve enerji gibi kalemlerde önemli ölçüde
tasarruf sağlayacaktır.

Anahtar

Kelimeler:

Yapısal

Optimizasyon,

Diferansiyel

Evrim,

Optimizasyonu, Ayrık Optimizasyon, Çelik Çerçeve ve Kafes Sistemler
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CHAPTER 1
INTRODUCTION

Structural steel became one of the most beneficial and widely used construction
materials lately in Europe and USA. AISC states that it has been the market
leader for framing systems for non-residential building construction considering
the market share and cost, which is also chosen by designers and project owners
for framing systems with 55% market share in USA (www.aisc.org). It is obvious
that structural steel has started to replace other materials and it can be used for a
large variety of construction branches by providing larger clear spans, same
structural

requirements

with

smaller

columns,

complete

recyclability,

economical design flexibility, reduced construction time, reduced foundation and
construction

financing

costs,

especially

by

providing

superior

seismic

performance.

Creation of every steel construction, from a simple flag pole to a world marvel
like Eiffel Tower requires a lot of steps to be completed with a perfectionist
approach from start to the end, and the design of the structure is one of the most
important steps of this process. It always has been the ambition of the engineers
to come up with the best design for the project at their hands. Some designers
may consider economy, some designers may consider aesthetics and others may
consider safety as a primary criterion, but none of these criterions are dispensable
for them. Engineers always try to find the balance between all these criterions
while searching for the optimum design. This is where the structural
1

optimization with meta-heuristic search methods becomes beneficial, because
there are usually unlimited number of acceptable designs for every project, but
not all of them are economic to build and it is almost impossible to find the
optimum design by deterministic design methods for a specific project.

Structural optimization techniques help the structural engineers and designers to
find the most appropriate and efficient design for their projects by considering
thousands of design options with different structural member combinations
during the computations.

1.1 Motivation for Research
From the first usage of optimization to current time, large numbers of
optimization methods have been presented and performance of the optimization
has developed significantly along with emergence of new techniques. However,
structural optimization has remained as an academic subject for researchers
mostly and found only a limited number of applications in engineering design
practices carried out by project offices. It is aimed to improve the discipline of
structural optimization to be useful and applicable for any steel truss and frame
structure by using an effective optimization technique with a dependable
structural analysis tool.

In year 2008, Computers and Structures Inc. company presented a great
opportunity to engineers by developing Open Application Programming
Interface (OAPI), which allows users to access to data and interact with the
inputs and outputs of the SAP2000 by using computer programming. OAPI
provides numerous functions which allow the user to interact with SAP2000 and
makes it possible to use almost every function of the program through a properly
2

developed computer program. Users can open SAP2000, generate new models,
modify inputs, configure the options, make designs, reach any information
required, and check the output, etc. just by using the required function from the
OAPI library for the specified task.

Since SAP2000 is one of the widely accepted and verified structural analysis and
design software, by taking advantage of OAPI and integrating efficient
optimization algorithms to this software, it becomes possible to come up with the
optimum designs subjected by steel design codes. Also, the results can be checked
and outcome can be modified according to the needs of the engineers.

To conclude, structural optimization can be used as a practical tool for structural
engineers and designers, to develop better designs which requires minimum
amount of material and energy to build, without disregarding the safety issues by
considering design code provisions.

1.2 Differential Evolution
As research on optimization is continuing, new methods have been established
and some of these new techniques are developed by modifying existing methods
(Biesbroek, 2006). It is a known fact that one of the most effective optimization
branches is evolution algorithms, and genetic algorithms is the most popular
branch of evolution algorithms. Biesbroek (2006) claims that the Differential
Evolution is one of the new adapted methods related to other techniques, which
is formed from genetic algorithms working with differences of vectors for
perturbing the vector population.

3

There are obvious similarities between genetic algorithms and differential
evolution methods however; DE uses the vector distances to search through the
design space instead of coding or decoding the solutions (individuals) to evaluate
(Biesbroek, 2006). DE is a very effective optimization technique, which carries
the general characteristics of evolution algorithms such that the good individuals
survive and become effective in generating the following solutions and poor
solutions are eliminated during the evolutionary process. Thus, with every new
generation the population gets updated with more favorable designs which will
eventually lead the search towards the optimum design or an acceptable near
optimum design.

1.3 SOP2011
SOP2011 (structural size optimization program), is a computer program which is
developed in this thesis by using VB.NET programing language. SOP2011 enables
the user to interact with the inputs of a project prepared in SAP2000 and to get
the results after the optimization process is complete or a satisfactory design is
obtained. In SOP2011, OAPI functions are used to access SAP2000 v14 and
differential evolution algorithm is integrated to the program for the optimization
process in order to work simultaneously with SAP2000 version 14. SOP2011 is an
easy to use program with a very simple and organized menu, which enables users
to achieve member grouping, section assignments on generate member groups,
material modifications, etc., aside from structural optimization process. During
the evaluation of the designs, SOP2011 also considers constraints subjected to the
steel structures such as stress, stability and displacement limitations according to
various design codes.

4

1.4 Size Optimization for Optimum Weight
In structural design, optimization can be applied in three categories, which are
size optimization, shape optimization and topology optimization. This study
belongs to the size optimization in which shape and topology of the structural
members are kept unvarying and sizes (cross-sections) of the members are
selected. Since the program is working with SAP2000, the ready sections
included in profile lists library of SAP2000 are used to size structural members.
This optimization problem is referral to as discrete optimization where the
sections can only be chosen from a discrete set of values. It can be said that
differential evolution algorithm is implemented to find the best combination of
ready sections that lead to minimum design weight of a given structure, subjected
to constraints according to code provisions.

1.5 Thesis Scope
As it is mentioned before, the main purpose of this study is to develop a computer
software that uses differential evolution technique as the optimization tool and
evaluate the efficiency of resulting software and differential evolution technique
in optimum design of real size truss and frame steel structures, to show that
discrete structural size optimization can be used practically for optimizing real
size projects. It is noted that the optimum design can be guaranteed neither with
optimization technique employed in the program nor with other techniques;
since it is a very difficult task to determine the global optimum of complex
problems with multiple design parameters and multiple constraints which
sometimes require lengthy computations. However, the software, in most cases
produces significantly better designs than those provided by SAP2000’s auto
design procedure if the program is properly configured and appropriate options
are assigned.
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The optimization research conducted in this thesis is classified as discrete
optimization study, implying that the design variables can only have discrete
values like integers. The program is automated to assign the ready sections to
structural members and those ready sections are already in steel profile lists
library of SAP2000 or they can be defined by the user using appropriate
comments of SAP2000.

By using SAP2000’s OAPI functions and implementing differential evolution
method, it is primarily aimed to develop a program that achieves the minimum
weight design of steel structures, including steel trusses and frames by
considering the stability, stress and displacement capacities. However, by
configuring the program appropriately, it is possible to adjust the priority of
stability, stress or displacement constraints so that the program also provides a
better understanding on the model’s behaviors during the optimization process
under different constraint conditions.

To conclude, this program should be considered as an auxiliary tool for engineers
to discover new and possibly better design options for their projects and help
them to evaluate the results of their designs within the boundaries of constraints
and limitations.

1.6 Outline of the Thesis
In Chapter 2 general information about structural optimization concepts,
structural systems that are handled with the differential evolution algorithm and
constraint handling techniques are mentioned. Chapter 3 reviews the
development and applications of differential evolution method in the literature,
including the simplest form of the algorithm, history of the technique, studies
6

about structural optimization, and its applications areas. Chapter 4 is the problem
statement part where the objective function this optimization study is defined in
detail. Chapter 5 discusses the methodology of differential evolution algorithm
with modifications carried out and the resulting program SOP2011 developed
with DE for optimizing steel structures. In Chapter 6, detailed information about
test examples and results that are obtained by both DE and SAP2000 are given;
also comparison of these results with the literature and discussion of found
results is stated. Chapter 7 contains summary of the thesis, contributions of the
research, conclusion and recommendations sections. Appendix A consists of a
guide for details about preliminary preparations that should be done before
starting SOP2011 and how to use SOP2011. Details of the used OAPI functions
are given at Appendix B. Appendix C consists of visual data about stress and
volume illustrations of the text examples and comparison of SAP2000 auto design
procedure results with optimized DE results.
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CHAPTER 2
STRUCTURAL OPTIMIZATION CONCEPT

2.1 Introduction
With the advances in structural material and construction technology, the search
for better designs accelerated. Deterministic design procedures were dominant at
the early stages of this search however structural designers headed towards
different design techniques to come up with more efficient designs that require
less material and man hours to build. One of these respectively new design
techniques is non-deterministic design concept which is based on probabilistic
approach to structural design that is also used at a large number of the structural
optimization methods. There is always more than one feasible design for a
specific project but the aim is finding the best of it in terms of minimum material,
minimum cost and maximum structural performance.

This study addresses the optimization of truss structures and frame structures by
using an effective evolutionary optimization algorithm called Differential
Evolution, by determining the cross sectional areas of the structural members for
minimizing the weight of a given structure. Structural optimization problems are
constrained optimization problems with stress, displacement, stability and some
other limitations. In this chapter some fundamental information about steel truss
and frame structures are given and structural optimization types are also handled
to provide a general understanding on the subject.
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2.2 Truss Structures
A truss structure is a set of triangular structural units that are built with straight
members. End points of these members are connected to each other at joints
which are also called as nodes, and they are assumed to be pin joints with one
degree of freedom (dof). It is assumed that all the external forces and reactions act
on the joints and they are transmitted to structural members, which will cause
compressive or tensile forces on the members. Since the members are connected
with pin joints, moments are completely excluded and ignored.

Figure 2-1: A steel dome to illustrate 3-d truss system.

Aside from material properties like modulus of elasticity and Poisson’s ratio, only
cross sectional area is required to define the properties of a structural member of
a truss structure, since it is just subjected to axial loading only. A twodimensional truss element has two local dof and four global dof with two
translational dof at each end of the member. A three-dimensional truss member
also has two local dof but it has three translational dof at each end of the member
which sum up to six global dof. There are no rotational degrees of freedom for
both cases due to having pin joints in which moment effects are ignored.
9

Displacements occur at the nodes of the structure. The structural requirements
are imposed as behavioral constraints on displacement of joints, axial stress and
slenderness ratio of the truss members. A truss structure example is shown in Fig.
2-1.

There are two types of truss structures. One of them is planar truss in which all
the structural members, joints and loadings of the structure are placed within a
two dimensional plane. The other one is space truss which has structural
members, joints and loadings on three dimensions. Space trusses are used to assess
performance of DE in structural optimization.

2.3 Frame Structures
Frame structures contain structural members which provide a stable frame
formed with columns and beams that support the whole structure. At frame
structures, forces and reaction of these forces act not only of the nodes but also
on the frame members as in-span loads.

Elements of frame structures carry bending and torsional loads aside from axial
loads unlike the truss structures, because of having rigid connections at nodes
which will result in additional three rotational degrees of freedom at both ends of
the member. With the three translational degrees of freedom at both ends, a
three-dimensional frame member has 12 global dof that can resist loadings at any
direction except transverse shear forces and bi-moments (McGuire et al., 2000).
Aside from material properties of modulus of elasticity and Poisson’s ratio, to
define the structural properties of a structural frame member cross sectional area,
torsional constant, bending moments of inertia and section modulus of two
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dimensions are required so that the stresses and displacements of the member can
be calculated.

There are two different types of frame structures in general which are 2dimensional planar frames and 3-dimensional space frames. To show the
efficiency and adaptability of the program the optimum design of two planar
frame and two space frame examples are studied in the thesis. Also different
constraint provisions according to various design codes are applied on the frame
structures that are studied. The constraints used are discussed in detail in section
4.2.

2.4 Structural Optimization
Structural optimization can be defined as minimization of the weight or volume
of the structure by changing the arrangement and the sizes of the structural
members, subjected to stress and displacement constraints. Hence, the objective
function is usually chosen as minimization of weight or volume. This
minimization can be done by adjusting the location of the structural components,
orientation of structural members and connectivity between them, or changing
the sizes of the structural members. According to the methods employed for
minimization of weight or volume, structural optimization can be classified into
three categories as: shape optimization, topology optimization and size
optimization.

2.4.1 Shape Optimization
Shape optimization focuses on finding the best possible geometrical arrangement
of the structural members without changing the connectivity between them.
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This geometrical variation becomes possible by changing the locations of the
joints.

Figure 2-2: Shape optimization illustrations (from http://www.opteng.com.tr/shmoptimization-en.html).

Shape optimization is generally implemented together with size optimization,
where the sizes of the members are continuously updated while the structural
geometry is changing. Two different types of shape optimization examples are
shown in Fig. 2-2.

2.4.2 Topology Optimization
Topology optimization techniques search for the best possible arrangement of
structural members by distributing them appropriately on a specified design
space in order to meet the structural requirements for both discrete and
continuous optimization problems. In topology optimization shape and the
topology of the structure varies continuously with the arrangement of the
structural members.

12

Figure 2-3: Illustration of size, shape and topology optimization (from http://www.feaoptimization.com/optm/index_e.htm).

Topology optimization can be applied exclusively or with the combination of
shape and size optimization. Topology optimization has been used for modeling
of real time projects.

2.4.3 Size Optimization
In size optimization it is aimed to find the best possible combinations of the cross
sectional areas assigned to the structural members. Size optimization of a tower
structure is illustrated in Fig. 2-4. This optimization type can be used for trusses,
frames and other structures. In size optimization problems only the cross sections
of the structural members varies where the shape or the topology of the structure
are kept constant. In sizing the members, it may be important to consider the
geometrical compatibility between the members in a structural system that
connects into the same joints.
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Figure 2-4: Illustration of size optimization of a tower structure.
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CHAPTER 3
LITERATURE REVIEW OF DIFFERENTIAL
EVOLUTION TECHNIQUE

3.1 Introduction
Differential Evolution is firstly pioneered by the studies of Price (1994) that
aimed to solve mathematical fitting problems which is presented to him by Storn.
After this initial step, DE algorithm became the main research subject for Price
and Storn, in which they have a crucial role in the development of DE algorithm
as a meta-heuristic optimization technique.

As it is mentioned before DE algorithm is derived from Genetic Annealing which
is developed by Price and this study is published in 1994 at Dr. Dobb’s Journal. It
is stated by Price et al. (2005) that “Genetic Annealing is a population-based,
combinatorial optimization algorithm that implements an annealing criterion via
thresholds.” in order to describe genetic annealing. Considering the given
description about genetic annealing Storn and Price (1997) stated that instead of
using bit string encoding feature of genetic annealing, the differential evolution
algorithm is modified to use floating point and arithmetic vector operations
instead of logical operations. By integrating the applied changes the procedure of
differential mutation is presented by Storn and Price (1997) where it has been
noted, the need of the annealing factor for pair wise selection is not required if
the differential mutation is combined with discrete recombination. From this
15

point, the DE is literally described by its founders as “Differential Evolution… a
simple and efficient adaptive scheme for global optimization over continuous
spaces.” (Storn and Price, 1997).

Figure 3-1: Schematic Specification of Differential Evolution (Feoktistov, 2006).

In Fig. 3-1 classification of differential evolution algorithm is presented by
Feoksitov (2006) in which DE is specified as a meta-heuristic, population based
technique under the branch of combinatorial optimization method with
approximation approach.
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3.2 The Algorithm of Differential Evolution:
The algorithm of the differential evolution can be outlined in the following
which is quoted from Pedersen (2010).
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The algorithm given above is taken from one of the recent publications on the
subject matter. However in this thesis, some modifications are carried out on the
canonical algorithm in order to get better results and these adjustments will be
described in detail in Chapter 4 and Chapter 5. Figure 3.2 shows a flowchart of
DE as presented by Storn (2008).

Figure 3-2: Flowchart of classical differential evolution (Storn, 2008).

A pseudo-code for classical differential evolution algorithm is presented in the
following as quoted from Price (2008).
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Figure 3-3: Pseudo-code for classic DE (DE/ran/1/bin) (Price, 2008).

To clarify the methodology and procedure of differential evolution algorithm, the
process can be stated step by step as follows:
1st Step: Required parameters such as iteration number (gmax) population size (Np),
mutation factor (F), crossover rate (CR) and mutation functions are
selected.
2nd Step: Initial population is generated by perturbing some variables of a
candidate design.
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3rd Step: Fitness score of each individual is calculated. Individuals are evaluated
according to their fitness scores and best individual is determined to be
used at further steps.
4th Step: For each individual of current generation, a mutation vector is generated
by using the chosen mutation function.
5th Step: Crossover process is applied between each individual and its
corresponding mutant vector, in order to form trial vectors of current
generation.
6th Step: Fitness scores of trial vectors are calculated to be evaluated at selection
step.
7th Step: The fitness score of each individual and its corresponding trial vector are
compared. The better is selected to be the parent individual of the next
generation.
8th Step: After the selection operation, fitness scores of all individuals of new
generation are compared and the individual with the best fitness score is
determined to be the best design of current generation.
9th Step: If a satisfactory result is obtained or a stopping criterion is met with the
latest best individual iterations can stop and best individual can be
presented; if not, steps between 3 and 9 are repeated until required
conditions are provided.

3.3 History of Differential Evolution Method
The differential evolution gained its first accomplishment at the First
International Contest on Evolutionary Optimization in May 1996, which took
place

simultaneously

with

the

1996 IEEE International
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Conference

on

Evolutionary Computation, where the Differential Evolution won the third place
on the proposed benchmarks. Storn and Price (1997) wrote an article
incorporating their good results with DE, which was published in Dr. Dobb's
Journal in April 1997. They published another article entitled, "Differential
Evolution -- A Simple and Efficient Heuristic for Global Optimization over
Continuous Spaces", in December 1997, in Journal of Global Optimization. In
these papers the advantages of DE compared to other heuristic optimization
methods were presented and the DE has been introduced worldwide. In 1999, in
the compendium “New Ideas in Optimization” the DE algorithm had been
summarized by Price. Various coding types and different applications of DE are
published

in

official

web-site

of

Storn

(2010)

in

the

link

“http://www.icsi.berkeley.edu/~storn/code.html”. In another web-site located at
the link “http://www.lut.fi/~jlampine/debiblio.html” Lampinen (1998) presented
an official bibliography of DE, where all publish materials between the dates
1995 and 2002 as well as some other links about DE are listed. From this point
the development stage of DE starts and the subject has been studied by lots of
researchers by using the method itself of by combining it with other optimization
methods. Some of these studies are listed as:
In 2003, the Differential Evolution was tried to combine with Particle
Swarm Optimization by Zhang and Xie.
In 2004, crowding based Differential Evolution is presented by R.
Thomsen.
Again in 2004, a parallel implementation of Differential Evolution is
demonstrated for multi population optimization by D. Zahaire.
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3.4 Literature Review
Differential evolution method has been used for solving optimization problems
that belong to different disciplines of engineering and science. Although
structural optimization is the main focus of this thesis, some other literature
findings aside from the use of DE on structural optimization, are also included in
this chapter in order to illustrate the effectiveness and adaptability of the DE
optimization method.

3.4.1 Studies Related to Structural Optimization with DE

Figure 3-4: 25-member truss model (Wu and Tseng, 2007).

In their research Wu and Tseng (2007) studied the size optimization of 25member and 10-member truss structures with continuous variables and shape
optimization of 10-member truss structure having stress and displacement
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constraints, where the differential evolution method is presented as a disjunctive
method for these types of problems.

Table 3-1: Comparison of DE results for 25-member truss model with the results
of other techniques (Wu and Tseng, 2007).

They aimed to prove the effectiveness and the efficiency of differential evolution
algorithm by comparing it with the other techniques. Result of the differential
evolution technique is shown in Table 3-1 which provided a better solution for
25-member 10-node truss structure than other methods.

As a conclusion of their study, Wu and Tseng (2007) stated that,
For solving size and topology optimization cases of truss structures,
differential evolution algorithm is a very efficient tool which makes it an
alternative method for structural optimization.
Better results have been obtained than the other methods, without
violating stress and displacement constraints.
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Another study about the use of DE is carried out by Vu and Werner (2009) for
steel frame optimization. They stated that, optimized steel frame designs contain
a mixed set of real size hot-rolled profiles and built-up I sections and that are
sized using DE optimization method are better than the original designs proposed
by the manufacturers. Depending on the results obtained from three test models,
namely, a bowstring frame support glass facade, a frame with 27.1m span length
and a frame with truss system, the designs obtained from these problems by using
DE algorithm are lighter than original manufacturer solutions from 9% to 27%,
which in fact proved the efficiency of DE method in real projects. They also
remark that considering the performance of DE on generating efficient and high
quality designs, DE-Algorithm can be used instead of traditional design
techniques.

Silva et al. (2008) dealt with a constraint handling technique for DE in
engineering optimization. Differential evolution method was implemented in
conjunction with an adaptive penalty technique (APM) that has shown an
efficient performance with genetic algorithms and tested with five different
examples from the literature. As a result of their research it is deduced that the
implementation of APM to differential evolution has increased the performance
of DE in solving constrained optimization problems. They also stated that DE
with APM can be used to solve more complicated optimization problems
depending on the performance and efficiency of the algorithm.

Another study was carried out by Leps (2004) about optimization of civil
engineering problems, in which a modified version of the algorithm referred to as
Simplified Atavistic Differential Evolution (SADE) was tested and compared with
three other optimization methods. It was stated that, by changing the parameters
within a nonlinear finite element analysis, SADE was used for obtaining the
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required parameters. Based on the results gathered from test functions and
considering the benefits and deficits of the techniques, SADE method was
recommended because of the lesser number of parameters employed and the
compatibility of the technique.

Tang et al. (2008) published an article about the use of differential evolution
algorithm for structural system identification. A DE strategy is utilized to
estimate parameters of structural systems, which could be formulated as a multimodal numerical optimization problem with high dimension. The study was
carried out without prior knowledge of mass, damping and stiffness with a
limited amount of output data, to demonstrate the how effective the differential
evolution method is. The authors used two different structural systems to
evaluate the efficiency of DE strategy. One of them is 8 degree of freedoms (DOF)
system and the other one is 20 DOF system. The DE is compared with Genetic
Algorithms (GAs), Search Space Reduction Method (SSRM), Particle Swarm
Optimization (PSO) and a modified GA based on migration and artificial
selection (MGAMAS) strategy. As a result they concluded that, it is easier to
apply DE for structural system identification problems, and it required less
parameters or configurations than PSO, GAs or MGAMAS. The DE proved to be
obviously and constantly superior to PSO for problems with limited mass
information and it is almost as good as SSRM.

Another study with DE has been carried out recently by Turan and Yurdusev
(2011) about a different application field of civil engineering, which is about
optimization of cross sections of open canals with different geometries The
objective function in this study was to find the minimum cost of a canal subjected
to a specific discharge conveyed by necessary amount of flow, by optimizing the
open canal cross sections. DE algorithm was used for optimizing different types of
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canal cross sections with circular, triangular, rectangular, and trapezoidal
geometries; which have been proved to be applicable and capable of providing
satisfactory results for optimization of open canal cross section design problems.

3.4.2 Studies Related to Method Itself and Other Usage Areas of DE
In his study Biesbroek (2006) has compared the differential evolution method
with widely used genetic algorithms method by testing some distinctive orbits
between the planets. Different options of both algorithms have been tested in
order to compare the best cases of both algorithms. Also, the best parameter
options for DE algorithm were investigated in this study. Three different
interplanetary trajectory optimizations have been used to test DE method against
genetic algorithms. As a result of this study, Biesbroek (2006) stated that DE
method gave a better result than genetic algorithms for each problem. It is also
emphasized that generally a low population size having members close to 20
gives the best results. When there was 5 and 9 design variable parameters best
result was obtained with a 0.7 weight factor (F). For the case with 8 design
variable parameters, the best result was obtained by using 0.8 as a weight factor.

Another study on the parameter sensitivity of differential evolution is carried out
by Pedersen (2010) in order to determine a useful selection of pre-assigned
parameters that will lead differential evolution algorithm to better results easily.
By considering the performance of parameters on benchmark problems with
different dimension properties and optimization process lengths, a table is
presented including differential evolution parameters that might be expected to
perform well as an initial choice (Pedersen, 2010). These parameters for different
optimization cases are tabulated in Table 3.2 in which NP is the population size,
CR is the crossover rate and F is the mutation weight factor.
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Table 3-2: Differential Evolution parameters for various problem configurations
(Pedersen, 2010).

In their study Vesterstrom and Thomsen (2004) made a comparison between
differential evolution method, particle swarm optimization method and
evolutionary algorithms according to their performance on some numerical
optimization examples. These three methods have been compared by using 34
known benchmark problems. An outstanding performance of DE algorithm was
observed in comparison to Particle Swarm Optimization and Evolutionary
Algorithms. They classified DE as a technique, which is simple, robust and fastconverging, finding the optimum in almost every run. In addition, it has few
parameters to set, and the same settings can be used for many different problems.
They also stated that, DE is a worthwhile tool for real-world applications such as
reactive power and voltage control which also had given better results than
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Particle Swarm Optimization and Evolutionary Algorithms on most of the
numerical benchmark problems (Vesterstrom and Thomsen, 2004).

Differential evolution was also employed for a study on optimization of the main
body of the aircrafts by Spallino (2001) with aim of weight minimization of CFRP
fuselage which is constrained by mechanic and technologic limitations.
Differential evolution method was found to be a decent design tool based on the
satisfying results obtained from technologically and mechanically constrained
CFRP fuselage structures.

Another study was carried out in order to find global optimum of mixed integer
non-linear programming (MINLP) problems of chemical engineering field by
Babu and Angira (2002). In the study DE method is compared with Genetic
Algorithms (GAs) and Simplex & Simulated Annealing (M-SIMPSA) techniques.
According to the results of seven case studies, DE was found to be more reliable
and efficient method for solving optimization problems of non-convex non-linear
problems. Better performances can be obtained by reformulating DE to eliminate
constraint equalities, resulting in 100% convergence to global optimum. When
compared to other two population-based optimization techniques; namely, MSIMPSA and GAs, DE provided the best results for all of the case study problems.

3.5 Summary
Considering the previous studies in the literature, it is observed that DE can be
adapted almost every optimization problem of different engineering disciplines
and it is a very efficient optimization method at structural optimization problems.
With the application of appropriate modifications and selection of decent
parameters, DE becomes one of the most effective population-based optimization
28

algorithms. As a result, it is decided to be used as the optimization operator of the
developed software at this thesis by being easy to use, adaptable and effective at
structural optimization problems.
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CHAPTER 4
PROBLEM STATEMENT

4.1 Introduction
The objective of this study is to investigate the use and efficiency of Differential
Evolution on structural optimization. The solution algorithm developed with DE
is computerized into a software called SOP2011, which is discussed in detail in
Chapter 5. SOP2011 is automated to achieve size optimum design of steel
structures consisting of 1-D elements, such as trusses and frames subjected to
design provisions according to ASD-AISC (2010) and LRFD-AISC (2010).
Problem statement of this thesis should be done according to these design codes,
since the objective function varies in order to satisfy the requirements of
different design code provisions.

4.2 Code Based Design of Steel Structures
The formulation of the design optimization problem of a steel structure according
to a steel design code yields to a discrete programming problem, if steel profiles
for its members are to be selected from available steel sections list. A
mathematical formulation of this design optimization problem depends on the
type of the steel structure under consideration as well as the steel design code
employed for design purposes. In the following, the problem statement is
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presented for different types of structures (trusses and frames) and different types
of design codes (AISC-ASD and AISC-LRFD).

4.2.1 Steel Trusses
For a pin jointed steel truss structure consisting of N m members

that

are

grouped into N d design variables, formulation of the optimum design
problem yields the following discrete programming problem.

Find a vector of integer values I

(Eqn. 4.1) corresponding to the sequence

numbers of steel sections in a given profile list
IT

I1 , I 2 ,..., I Nd

(4.1)

to generate a vector of cross-sectional areas A for N m members of the truss
(Eqn. 2)
AT

A1 , A2 ,..., ANm

(4.2)

such that A minimizes the objective function

Nm

W

m

Lm Am

(4.3)

m 1

and satisfies the following constraints:
gm

sm

m

(

)

m

(

(4.4)

)

1 0, m 1,.., N m

(4.5)

m all

d j ,k
j, k

1 0, m 1,.., N m

m all

(d j ,k ) all

1 0,

j 1,.., N j

(4.6)
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where W is the weight of the truss structure; Lm ,
weight of member m, respectively;

gm

sm

,

j,k

and

Nj

m

are the length and unit

is the total number of joints; the functions

are referred to as constraints being bounds on stresses,

slenderness ratios and displacements, respectively;

m

and

(

)

m all

are the

computed and allowable axial stresses for the m-the truss member, respectively;
m

and

(

)

m all

are the slenderness ratio and its upper limit for m-th member,

(d j ,k )all respectively; finally d j ,k and are the displacements computed in the k-

th direction of joint j and its permissible value, respectively.

4.2.1.1 AISC-ASD
In ASD-AISC design code provisions, allowable tensile stress for steel members is
calculated as in Eqn. (4.7).
all

0.6 Fy

all

0.5Fu

(4.7)

where Fy is yield tensile strength and Fu is ultimate tensile strength of the
material. The smaller of the two formulas is considered to be the upper level of
axial stress for a tension member.
For calculating allowable tensile stress of structural members under compression,
they should be evaluated considering the elastic and inelastic buckling as failure
modes, Eqn. (4.8 - 4.10).
2

Cc

all

12 2 E
,
23( K m Lm / rm )3

m

2

E

(4.8)

Cc (Elastic buckling case)

(4.9)

Fy

K m Lm
rm
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all

( K m Lm / rm ) 2
1
Fy
Cc2
,
5 3( K m Lm / rm ) ( K m Lm / rm )3
3
8Cc
8Cc3

m

K m Lm
rm

Cc (Inelastic case) (4.10)

where Cc is critical slenderness ratio, E is the modulus of elasticity.

m

is the

slenderness ratio of the member which is compared with critical slenderness ratio
in order to decide how the steel member buckles under compression. If the
slenderness ratio of a member is greater than critical slenderness ratio then it is
assumed that the steel member tends to buckle elastically. If the slenderness ratio
of a member is smaller than critical slenderness ratio then it is assumed that the
steel member shows inelastic behavior. Allowable compressive stress for the
member differs according to the behavior of the member.

Also, the maximum slenderness ratio is limited to 300 for tension members, and
it is recommended to be 200 for compression members. Hence, the slenderness
related design constraints can be shown as in Eqn. (4.11 - 4.12).

m

K m Lm
rm

200

m

K m Lm
rm

300

(Compression member)

(Tension member)

(4.11)

(4.12)

where K m is the effective length of the truss member, Lm is the length of the
member and rm is the minimum radii of gyration.

4.2.1.2 AISC-LRFD
Allowable tensile stress for steel frame members under tension loading is;

33

Pnt

Ag Fy

(4.13)

where Ag is the gross cross sectional area of the member and Fy is the yield
strength of the material in which Put tensile stress should be lower than
where Pnt is the nominal axial tensile strength and

t

P

t nt

resistance factor for tension

equal to 0.9.

Compressive stress Puc on a frame member under compression should be checked
as;

Puc
c Pnc
where

c

1,

Pnc

Ag Fcr

(4.14)

is the resistance factor for compression equal to 0.85 (0.9 for angle

sections), Pnc is the nominal axial compressive strength of the member and Fcr is
the critical compressive stress.
2

Fcr

(0.658 c ) Fy , if

Fcr

(

0.877
2
c

Kl
r

c

where

c

) Fy , if

c

c

1.5

1.5

(4.15)

(4.16)

Fy
E

(4.17)

is the column slenderness parameter, K is the effective length factor, l

is the laterally unbraced length of the member, r is the minimum radii of
gyration and E is the elasticity modulus.

For stability constraint, slenderness ratio of the members should be checked by
considering either the member is under compression or tension.
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m

lm
rm

200

(Compression member)

(4.18)

m

lm
rm

300

(Tension members)

(4.19)

where lm is the unbraced length of the member and rm is the minimum radii of
gyration.

4.2.2 Steel Frames
For a steel frame consisting of Nm members that are collected in Nd design groups
(variables), the optimum design problem yields the following discrete
programming problem, if the design groups are selected from steel sections in a
given profile list.

Find a vector of integer values I (Eqn.

1)

representing

the

sequence

numbers of steel sections assigned Nd to member groups
IT

I1 , I 2 ,..., I Nd

(4.20)

to minimize the weight (W ) of the frame
Nd

W
i 1

where Ai and

i

Nt
i Ai

Lj
j 1

(4.21)

are the length and unit weight of the steel section adopted for

member group i, respectively, Nt is the total number of members in group i, and

Lj is the length of the member j which belongs to group i.
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4.2.2.1 AISC-ASD
For flexural members with axial compression on it the governing one of the
following constraints should be used if axial stress to allowable axial stress ratio is
greater than 0.15;
If

fa

0.15;

all

fa
all

fa
0.6 Fy

Cmmaj fbmaj

Cmmin fbmin

fa
1
Fbmaj
Fe'maj

fa
1
Fbmin
Fe'min

fbmaj

fbmin

Fbmaj

Fbmin

1 0
(4.22)

1 0
(4.23)

For flexural members with axial compression on it the following constraint
should be used if the axial stress to allowable axial stress ratio is lesser or equal to
0.15;

If

fa

0.15;

all

fa
0.6 Fy

fbmaj

fbmin

Fbmaj

Fbmin

1 0

(4.24)

For flexural members that are subjected to tension, then the constraint below
should be used;

fa
0.6 Fy
where f a axial stress,

all

fbmaj

fbmin

Fbmaj

Fbmin

1 0
(4.25)

is the allowable axial stress which is described

previously, Fy is the yield strength of the material,

f bmaj and fbmin are the

flexural stresses caused by bending respectively for the major and minor axes,
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Fbmaj and Fbmin are the major and minor allowable bending compressive stresses,
Fe'maj and

Fe'min are the modified major and minor Euler stresses which are

multiplied with 12/23 as a factor of safety, Cmmaj and Cmmin are the reduction
factor coefficients for demonstrating the moment distribution on member given
at AISC-ASD as:
Table 4-1: Moment distribution reduction factor coefficients (Computers and Structures
Inc., 2000).

Shear stress of the frame members should also be checked according to;

fv

Fv

0.4Cv Fy

(4.26)

where f v is the shear stress of the member, Fv is the allowable shear stress and

Cv is the web shear coefficient.

Slenderness ratio constraints for frame structures are same with the truss
structures.
m

K m Lm
rm

200

(Compression member)

(4.27)

m

K m Lm
rm

300

(Tension members)

(4.28)
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Frame structures are constrained with displacement limits also as follows;
Maximum lateral displacement

Inter-story drift

H
400

h
400

(4.29)

(4.30)

where H is the height of the structure and h is the height of the story.

Finally, geometric constraints are also considered between beams and columns
framing into each other at a common joint for practicality of an optimum
solution generated. For the two beams B1 and B2 and the column shown in Fig.
4-1, one can write the following geometric constraints:

Figure 4-1: Beam-column geometric constraints (Hasançebi et al., 2010).
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b fb

1.0 0

b fc

(4.31)

b 'fb
(d c

where

b fb b fb
,

and

b fc

column, respectively,

2t f )

1.0

0

(4.32)

are the flange width of the beam B1, the beam B2 and the

dc

is the depth of the column, and

tf

is the flange width of

the column. Eqn. (4.31) simply ensures that the flange width of the beam B1
remains smaller than that of the column. On the other hand, Eqn. (4.32) enables
that flange width of the beam B2 remains smaller than clear distance between the
flanges

(dc

2t f ) of the column

. Although the geometric constraint is

implemented in the software, it is not used in evaluation of designs in this thesis
in order to avoid extravagant computations.

4.2.2.2 AISC-LRFD
Axial and bending stresses are checked in a combined manner for frame
structures, considering the axial ratio.

For

For

Pu
Pn

0.2 ,

Pu
Pn

0.2 ,

Pu
Pn

Pu
2 Pn

8
9

M umaj
b

M nmaj

M umin
b

M nmin

M umaj

M umin

b M nmaj

b M nmin

1
(4.33)

1

where Pu is the axial stress, Pn is the nominal axial strength,

(4.34)

axial resistance

factor, M umaj and M umin factored major and minor moments of the member, M nmaj
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and M nmin is the nominal bending strength in major and minor directions
respectively,

b

is the resistance factor for bending equal to 0.9.

For shear stresses the following constraint is applied,

Vu
vVn

1
(4.35)

where Vu shear stress on the member, Vn is the nominal shear strength of the
member and

v

is the shear resistance factor which is equal to 0.9.

Stability of the frame members should also be checked similar to truss members
as following equations;
m

lm
rm

200

(Compression member)

(4.36)

m

lm
rm

300

(Tension members)

(4.37)

where lm is the unbraced length of the member and rm is the minimum radii of
gyration.

Frame structures are constrained with displacement limitations as follows;
Maximum lateral displacement

Inter-story drift

H
400

h
400

where H is the height of the structure and h is the height of the story.

Geometric constraints are also applied as it is stated recently in part 4.2.2.1.
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(4.38)

(4.39)

4.3 Constraint Handling Concept
Almost all meta-heuristic techniques are basically unconstrained optimization
methods. This study is also focus on solving constrained optimization problems
with stress, stability and displacement limitations. When solving constrained
optimization problems with meta-heuristic techniques various kinds of constraint
handling methods are implemented, affecting performance and efficiency of the
optimization algorithms. Most popular constraint handling techniques such as
penalty functions, special operators, repair algorithms, hybrid methods, etc. are
presented by Coello (2002). Two of these techniques come forward amongst as
they are more commonly used by the researchers in the field of evolutionary
computation. These two methods are death penalty and penalty function
implementation.

4.3.1 Death Penalty
Death penalty approach can be defined as the simplest way of handling
constrains in which the objective function value becomes infinite if any
constraint violation occurs with a particular solution. This way all infeasible
solutions are automatically disregarded and search process continues only in
feasible search space. Although death penalty approach is an easy to use
constraint handling method with lesser requirement of calculation, it has some
shortcomings.
One of the shortcomings of death penalty is stated by Coello (2002) that
the search process may stuck at the initial stage of an evolutionary
algorithms, since the initial population is randomly generated and there is
a high possibility of constraint violation occurrence for every individual
for heavily constrained optimization problems.
41

Another drawback of death penalty is stated by Hasançebi et al. (2009) as
searching through both feasible and infeasible regions enables the
possibility of reaching optimum from both region, however by using
death penalty search space becomes limited with only feasible regions
which usually makes it inefficient.

4.3.2 Penalty Function Implementation
Penalty function approach is also a simple and useful constraint handling
technique. In penalty function approach, infeasible results are penalized
proportionally with the amount of constraint violations but they will not be
disregarded. In doing so, both feasible and infeasible regions of the search space
are kept available for optimization algorithm to search. It is stated that, by
evaluating both feasible and infeasible regions of the search space, it becomes
possible to find the optimum solution from any direction (Hasançebi et al., 2009).
Unlike the death penalty technique, penalty function approach eliminates the
possibility of search stagnation, especially at the initial stage of the DE algorithm
where the individuals of the first population are generated and evaluated.

Death penalty and penalty function implementation methods are considered to
be used for constraint handling. After the evaluation of the techniques, penalty
function implementation approach is found to be more effective. Also,
considering the previous studies at the literature it is observed to be working
efficiently along with an evolutionary optimization method.

Considering the fact that penalty function approach is easier to implement and
also efficient with a proper selection of parameters, constraints are dealt with a
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penalty function implementation in this thesis. Finally, a constrained objective
function is defined to evaluate infeasible designs, which proportionally penalizes
the designs with respect to the sum of constraint violations; as it is formulated in
Eqn. (4.40).
Nm

W 1

gm
m 1

In Eqn. (4.40),

Nj

Nm

3

sm
m 1

d j ,k
j 1 k 1

is the constrained objective function, and

(4.40)

is referred to as

the penalty coefficient, used to tune the intensity of penalization as a whole.

4.4 Summary
By applying the modifications for ASD-AISC (2010) and LRFD-AISC (2010)
design code provisions on the initial objective function which is minimization of
the weight of the steel structures, design problems are directed to a more
controlled stochastic optimization procedure. With the penalty function
implementation, DE algorithm becomes more efficient at discrete structural size
optimization of both real size steel trusses and frames.
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CHAPTER 5
DIFFERENTIAL EVOLUTION METHODOLOGY
AND SOP2011

5.1 Introduction
Differential Evolution technique has proved to be a reliable and efficient
optimization method considering the previous studies in the literature. It can be
applied to different types of optimization problems in different civil engineering
disciplines and it can be used for all types of structural optimization problems
including topology optimization, shape optimization and size optimization (Wu
and Tseng, 2007).

This study focuses on discrete size optimization of real size truss and frame
structures by using structural steel ready sections. It is aimed to find the
minimum weight of the steel structures by choosing the most suitable sections for
the members, while satisfying a set of constraints controlling the structural
behavior. DE algorithm and the developed software operate in accordance with
SAP2000 to find the global optimum or near optimum designs by evaluating the
outputs of SAP2000 and then interacting with it for modifying the inputs of the
subjected optimization problem.

In this chapter outline of differential evolution technique employed in SOP2011
is discussed broadly, including the modifications carried out with respect to a
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standard implementation of the technique. Also, SOP2011 is overviewed and
capabilities of the program are introduced.

5.2 Differential Evolution Methodology
Brief information and the fundamentals of DE are presented in the previous
chapters. In this section, implementation of the algorithm will be explained in
more detail with respect to the problem at hand and modifications carried out
with respect to a standard implementation will be highlighted. To provide a
better understanding of the methodology the procedure of DE technique is stated
step by step in detail.

5.2.1 Section Pool
Before initiating the design process with DE, it is necessary to prepare a section
pool, where a set of steel sections selected from available profile lists in the design
code are collected and sorted in descending order considering the cross section
areas. The sequence numbers assigned to these sections vary between 1 to total
number of sections (Ns) included in the section pool. This sequence number is
treated as design variable. For example, if there are 272 steel sections in the pool
and 15 member groups in the structure to be designed, an integer number
between 1 and 272 is assigned to each member group. The cross sectional
properties of the steel members become available from the steel ready section
pool using the sequence numbers, to be used at further stages of optimization
process.

45

5.2.2 Initial Population
Differential evolution is a population based search technique, which means that
the algorithm is implemented with a population of designs rather than a single
design. Hence, an initial design population is generated at the first step. The
members of this initial population are usually generated randomly. This strategy
is plausible however it takes a long time for the algorithm to converge to an
acceptable design with appropriately sized members. In order to expedite the
search process with DE, in this study initialization of first design population
around an acceptable design is adopted. This acceptable design for a problem is
generated by using auto design procedure of SAP2000. Auto design procedure of
SAP2000 can be clarified with the following steps.
1st Step: All of the structural members are assigned with the auto section list
which includes all the ready sections in the section pool.
2nd Step: Run analysis and structural steel design operations are repeated until a
stable design with constant sections is obtained.
3rd Step: For each member group, the ready section with the largest cross section
is assigned to all of the structural members in that group.

The designs in the initial population are initialized such that for each design
some decision variables are taken directly from corresponding values of the
variables in the acceptable design, while others are assigned by perturbing
corresponding values of the variables in the acceptable design using a geometric
distribution. The geometric distribution has a probability density function as
given by Eqn. (5.1).

P( g )

1
1

1

g

1
1

46

,g

0,1, 2,...,

(5.1)

where g corresponds to a geometrically distributed random integer number and
represents the mean of this specific distribution. For various values of

=5,

10, 20 and 40, the shapes of probability density function is plotted in Fig. 5-1.

Figure 5-1: Random number distribution with geometric approach (Hasançebi, 2006).

In this study the mean parameter

is associated with the number of discrete

sections in the section pool used to size the members, and is formulated as
follows:

Number of Ready Sections

(5.2)

Most programming language falls short of a library to generate a random number
sampled according to a geometric distribution. However, one can easily generate
a geometrically distributed number g using the Eqn. (5.3).

g

log(1 ri )
log(1 1/ (1
))
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(5.3)

where g is a geometrically distributed random number and r is a uniform number
sampled between 0 and 1, i.e, r

0,1 .

The initialization of a design in the initial population is performed as follows:

Suppose

xa

[ xa1 , xa 2 , xaj ,..., xaN ] represents the acceptable designs generated

using the auto design procedure of SAP2000, the new design xi

[ xi1 , xi 2 , xij ,..., xiN ]

can be formulated as follows:

(5.4)

For each variable a uniform random number r is generated between 0 and 1. If r
is smaller or equal to 0.33, then the variable xij is taken same as that at the
acceptable design. Otherwise, a random number g is sampled according to the
geometric distribution formula given in Eqn. (5.3) and it is either added to or
subtracted from the corresponding value of the design variable in the acceptable
design. By using the geometric distribution the required variety in the initial
population is provided with a reasonable randomization by linking the geometric
distribution function to section pool size.

5.2.3 Calculation of Fitness
After the population is generated, the fitness score of each individual is calculated
to be used at further steps. As mentioned before, the objective function is the
minimization of the weight of steel structures and the fitness score is calculated
by considering weight of the structure combined with the penalty function as in
explained in Chapter 4, Section 2 “Problem Definition”.
48

5.2.4 Mutation
The aim of the mutation step is to perform a variation in search procedure.
Mutation is implemented to steer the designs of the current population to
possibly better design points, while providing the required diversification on
design parameters. Also, by using the mutation operator, search engine is forced
to discover new areas at design space. Five different formulas are used in this
study within the mutation operator to form a mutation vector vi(G+1) = (vi1(G+1),
vi2(G+1), vi3(G+1), … vin(G+1)), for each individual xi(G), i=1,2,…,NP at generation G.
These formulas are:
vi(G+1) = xr1(G)+F1(xr2(G)-xr3(G))

(5.5)

vi(G+1) = xbest(G)+F1(xr1(G)-xr2(G))

(5.6)

vi(G+1) = xi(G)+F1(xbest(G)-xi(G)) + F2(xr1(G)-xr2(G))

(5.7)

vi(G+1) = xbest(G)+F1(xr1(G)-xr2(G)) + F2(xr3(G)-xr4(G))

(5.8)

vi(G+1) = xr1(G)+F1(xr2(G)-xr3(G)) + F2(xr4(G)-xr5(G))

(5.9)

Figure 5-2: Two dimensional example of an objective function showing its contour lines and
the process for generating mutation vector for formula 5.6. (Storn and Price, 1997).

where F1 and F2 are positive real valued pre-defined parameters reffered to as
mutation constants that control the diversification of parameters of the mutation
vector; xbest(G) is the best individual of the population at generation G with respect
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to fitness scores of individuals; r1, r2, r3, r4, r5 are the index numbers of five
different individuals selected between 1 and Np, where Np is the total number of
individuals in the population (Tang et al., 2008).

5.2.5 Crossover
After the mutation vector is generated, the crossover operator starts to exchange
the design parameters between current individual and the mutation vector. The
exchange is done according to the crossover rate (CR) which is assigned by the
user. It is a real number between 0 and 1 that indicates the probability of
application of crossover. In fact, CR decides the proportion of the mutation
vectors which will replace the current design parameters. The crossover operator
takes each individual and each design parameter of that individual separately.

Current
Design

Trial
Design

Mutation
Vector

x1

x1

v1

x2

If
random>CR

v2

If
random<CR

v2

x3

x3

v3

x4

v4

v4

xNm-1

vNm-1

vNm-1

xNm

xNm

vNm

Figure 5-3: Trial vector generation process (crossover).
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The operator randomly generates a real number between 0 and 1 for each design
parameter and then compares it with the CR. If the random number is higher
than the CR the operator choses the mutation vector, if it is lower than the CR
operator choses the current design variable for trial vector (Rainer and Storn,
1997). When this action is carried out for all design variables of the individual, a
trial vector is formed. This action takes place for all the individuals in the
population. Crossover process is shown in Fig. 5-3.

Figure 5-4: Differential Evolution Algorithm Process Chart.
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5.2.6 Selection
After the trial vectors are formed, their fitness scores are calculated. Then, each
individual is compared to its corresponding trial vector according to their fitness
scores. If the current individual is better, it remains for next generation.
However, if the trial vector has a better fitness score, it replaces the current
individual in order to become the parent vector of next generation. Hence, by
eliminating the unfit individuals and by keeping the fittest ones, selection process
facilitates the evolution of the population and leads it to better generations with
fitter individuals eventually.

5.2.7 Application of Differential Evolution
To summarize the methodology and procedure of differential evolution
algorithm, the process can be stated step by step as follows:
1st Step: Required parameters like mutation factor, crossover rate and mutation
functions are selected.
2nd Step: Initial population is generated by perturbing (according to geometric
distribution) some variables of a candidate design generated using
SAP2000 auto design procedure.
3rd Step: Fitness score of each individual is calculated. Individuals are evaluated
according to their fitness scores and best individual is determined to be
used at further steps.
4th Step: For each individual of current generation, a mutation vector is generated
by using one of the mutation functions given in Equations (5.4) through
(5.8).
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5th Step: Crossover process is applied between each individual and its
corresponding mutant vector, in order to form trial vectors of current
generation.
6th Step: Fitness scores of trial vectors are calculated to be evaluated at selection
step.
7th Step: The fitness score of each individual and its corresponding trial vector
should are compared. The better is selected to be the parent individual of
the next generation.
8th Step: After the selection operation, fitness scores of all individuals of new
generation are compared and the individual with the best fitness score is
determined to be the best design of current generation.
9th Step: If a satisfactory result is obtained or a stopping criterion is met with the
latest best individual iterations can stop and best individual can be
presented; if not, steps between 3 and 9 are repeated until required
conditions are provided.

Process steps and iteration cycle of differential evolution algorithm network is
shown in Fig. 5-4.

5.3 SOP2011
The solution algorithm developed with DE is computerized into a software called
SOP2011. It is automated to achieve size optimum designs of frame and truss type
steel structures according to various design codes, such as ASD-AISC (2010) and
LRFD-AISC (2010). In this section, some functions and capabilities are briefly
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introduced. A more comprehensive tutorial about the use of the software is
provided in Appendix A.

5.3.1 General Information about SOP2011
The program SOP2011 is created and developed in this study in order to find the
global optimum or near optimum solutions of frame and truss type steel
structures. SOP2011 is compiled using VB.NET programming language since it is
highly suitable for developing applications using Open Application Programming
Interface (OAPI) of SAP2000. OAPI provides with a list functions that allow the
users to have an access to many functions and capabilities of SAP2000 from other
applications.

SAP2000 is a standard structural design and analysis software. Although SAP2000
is one of the most reliable analysis and design software in the market, it doesn’t
come up with satisfactory designs if there is any limitation for displacement. To
improve these designs, the engineer or the structural designer should spend an
excessive amount of time and work for resizing and reanalyzing the design,
which may even be insufficient for a satisfactory result compared to an optimized
design. SAP2000 v14 also lacks the ability of assigning sections considering the
member grouping during the auto-design procedure.

The developed software SOP2011 covers all these subject by using a very efficient
optimization operator implemented with the one of the most effective constraint
handling techniques which considers stress, stability and displacement
limitations during the evaluation of the generated design options.
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5.3.1.1 Preparations to SOP2011
As it is mentioned before, SOP2011 is a program which is compatible only with a
fully functional, ready to use SAP2000 v14 including SAP2000’s own ready
section profile list library and design code files. Also one of the most common
text documents is required which is “Notepad” with “.txt” extension.

Although program could be developed to create the whole initial structural
design it is aforethought that, doing so would be unnecessary repetition of work
since users can initiate the program with the designs they created by using
SAP2000 which would be more familiar and easier for them. Therefore, SOP2011
is kept simple with the optimization process and capable of some other beneficial
task that SAP2000 cannot do or is not practical to be done with.

To use SOP2011 some preliminary preparations must be done carefully in order
to avoid any error or program crashes. These steps can be listed as:
1st Step: The target design should be drawn thoroughly and it must be checked if
everything (joints, frames, joint restraints, lengths, units, etc.) is in order.
2nd Step: Load assignments should be done, load cases and load pattern should be
should be defined accordingly. Units of loads must be coherent with the
other components.
3rd Step: Required load combinations must be defined and they must be named
according to SAP2000 default configuration (COMB1, COMB2 ...).
4th Step: Load combinations that are defined at Step 3 must be assigned as design
combos and “Automatically Generate Code-Based Combos” option should
be unchecked.
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5th Step: Material properties must be checked and modified if necessary by
considering units of other design components.
6th Step: Design code must assigned as ASD89 (or LRFD93) and consider
deflection option should be assigned as “Yes” from the View/Revise
Preferences part.
7th Step: Target displacement option for a couple of most critical joints
(displacement-wise) should be assigned with the displacement limit for all
load cases.
8th Step: A grouping document must be prepared by using notepad.
These preliminary preparation steps and a guide about usage procedure of
SOP2011 are presented in detail at Appendix A.

5.3.1.2 SOP2011 Process Steps
Program is designed to present different options for the users and every detail of
the program can be found at Appendix A, so in this section only the main tasks
are mentioned and the operational procedure of the program is introduced. After
the preliminary preparations are carried out, SOP2011 can be started and the
steps below are needed to be followed for the design model subjected to the
program.

1st Step :

By using the SOP2011, target design should be opened.

2nd Step: By browsing the member grouping text document, grouping data and
material list of the frame members should be imported and assigned.
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3rd Step: After grouping step, ready sections that are planned to be used at steel
design should be selected from the ready section list and then assigned to
the decision variables.
4th Step: An initial design should be (SAP2000’s standard design procedure) done
just to make sure that there is no problem at grouping or design code
assignments and outputs can be used later to make comparison between
this initial SAP2000 design and the optimum or near optimum design that
is provided by SOP2011.
5th Step: This is the most important step in which all the DE options should be
configured and all pre-assigned parameters such as, number of iterations,
number of population, mutation method, mutation factors, crossover rate,
displacement limit, number of load combinations and penalty function
multiplier, must be assigned.

After the steps above are completed, the iterative operation starts to search the
design space for optimum or near optimum solutions. This is where the main
process of the program takes places. All the preparations listed above should be
completed before this stage. With the initiation of iterations of DE algorithm,
SOP2011 starts to send modified inputs for every design and receives analysis and
design results as outputs to evaluate individuals (designs) and to initiate the next
iteration. Also SOP2011 informs the user about fitness and weight of best design,
average fitness score of all individuals of the population, constraint violations of
currently evaluating individual and best design, number of completed iterations
and section results of the best design. Iterations and program network is shown
in Fig. 5-5.
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Figure 5-5: SOP2011process steps, background operation and outcomes.

5.3.2 SOP2011 & OAPI Functions
Computers and Structures Inc. company released Open Application Programming
Interface (OAPI) along with the SAP2000 v.11 which enables the users to access
to every sophisticated analysis and design actions and results. By using simple
computer programming, structural designers can create a link between their
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program and SAP2000, allowing model transferring, complete control of
SAP2000 and outputting design information and analysis results from SAP2000.
Thus, all the required data for structural optimization is extracted from SAP2000
by using OAPI functions. Details of the used OAPI functions are given at
Appendix B.
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CHAPTER 6
RESULTS OF TRUSS AND FRAME EXAMPLES AND
DISCUSSIONS

6.1 Introduction
In this chapter several test problems are studied to evaluate the performance of
the DE algorithm in structural optimization as well as to demonstrate the
practical features of SOP2011. The structures are designed for minimum weights
considering size variables only. Three steel truss structures and four steel frame
structures are studied in all. These examples are chosen specifically in order to
test the performance of the algorithm under different design considerations. The
results are obtained for each problem with a computer having 4.00 GB DDR3
RAM and Intel Core i5 CPU M450 2.40 GHz processor over a predefined number
of maximum generation imposed. For all examples AISC ready sections available
in the section database of SAP2000 are used and ASD-AISC (2010) and LRFDAISC (2010) are used as the design code. Material properties of steel are kept
constant for all examples and assigned as:
Modulus of Elasticity (E) = 29000ksi (203893.6MPa)
Yield Stress (Fy) = 36ksi (253.1MPa)
Ultimate Tensile Stress (Fu) = 45ksi (316.4MPa)

The following parameters of differential evolution algorithm are generally used
during the numerical studies:
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DE/current-to-best/1/bin: vi(G+1) = xi(G)+F1(xbest(G)-xi(G)) + F2(xr1(G)-xr2(G))

as

mutation function stated at equation (5.6).
F1 = 0.85

F2 = 0.70

CR = 0.80 or 0.90
NP = 50

as mutation constants,

as crossover rate

as number of individuals in a population (population size).

The results obtained from penalty function integrated differential evolution
algorithm by SOP2011 are compared with the other methods in the literature as
well as those of SAP200 auto design procedure. It is important to note that
member grouping cannot be carried out in conjunction with SAP2000 auto
design procedure. Hence once a design is obtained using SAP2000 the strongest
section (the one with the largest cross-sectional area within a group) is identified
for each member group and this section is assigned to all members of the
respective group.

6.2 Truss Problems
Three different pin-jointed truss examples are solved with SOP2011.

6.2.1 354-Member Braced Truss Dome
Fig. 6.1 shows plan, elevation and 3-D views of a braced dome truss with 40 m
(131.23 ft) diameter designed for covering the top of an auditorium at an
elevation of 10 m (32.8 ft). The dome has a height of 8.28 m (27.17 ft), and
consists of 127 joints and 354 members. The 354 members are grouped into 22
independent design variables (Fig. 6.1), which are selected from a database of 37
circular hollow sections in ASD-AISC steel profile list. For design purpose, the
dome is subjected to following three load cases considering various combinations
of dead (D), snow (S) and wind (W) loads calculated according to the provisions
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Figure 6-1: 3D view, top view and side view of 354-member braced truss dome
(Hasançebi et al., 2009).
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of ASCE 7-98 (1998) : (i) D + S, (ii) D + S +W (with negative internal pressure),
and (iii) D + S +W (with positive internal pressure). It is important to notice that
the load cases resulting from unbalanced snow loads are disregarded in the study
to avoid excessive computational burden. The illustrations of the three load cases
are shown in Fig. 6-2. It has been assumed that dead and snow at on the projected
area, while wind load acts on the curved surface area. Sandwich type aluminum
cladding material is used, resulting in an assumed dead load pressure of 200 N/m2
including the frame elements used for the girts. The design snow load ps (in
kN/m2) is computed using the following equation in ASCE 7-98:
ps (kN/m2)= 0.7 Cs Ce Ct I pg

(6.1)

where Cs is the roof slope factor, Ce is the exposure coefficient, Ct is the
temperature factor, I is the importance factor, and pg is the ground snow load.
These factors are calculated and/or chosen as follows: Cs=1.0, Ce=0.9, Ct=1.0, I=1.1
and pg=1.1975kN/m2 (25.0lb/ft2), resulting in a design snow pressure of
ps=830N/m2 (17.325lb/ft2). To compute the wind design load, first the velocity
pressure is computed using the following equation in ASCE 7-98:
qh = 0.613 Kz Kzt Kd V2I

(6.2)

where qh (in N/m2) is the velocity pressure evaluated at mean roof height, Kz is
the velocity exposure coefficient, Kzt is the topographic factor, Kd is the wind
directionality factor, V (in m/s) is the basic wind speed, and I is the importance
factor. These factors are assigned to following values for the dome: Kz = 1.07 for a
mean roof height of 14.14 m (46.4 ft), Kd = 0.85, Kzt = 1.087, I = 1.15, and V=40m/s
(90 mph), resulting in a velocity pressure of 1115 N/m2. Next, the design wind
pressure is computed considering a combined effect of internal and external
pressures acting on the roof, as follows:
pw = qh G Cp - qh (GCpi)

(6.3)
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Figure 6-2: 3 load cases for 354-member braced truss dome (Hasançebi et al, 2009).

where pw is the design wind pressure, G is the gust effect factor (taken as 0.85), Cp is the
external pressure coefficient, and (GCpi) is the internal pressure coefficient. The first
term in this equation considers the effect of external pressure, while the effect of
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internal pressure is accounted for by the second term. To calculate external wind
pressure, the dome is divided into three parts; a windward quarter, a center half and a
leeward quarter as recommended by ASCE 7-98. The external pressure coefficient Cp is
then calculated for each part considering rise-to-span ratio of the dome, as follows:
Cp=0.0105 for windward quarter, Cp = -0.907 for center half and Cp = -0.5 for leeward
quarter. On the other hand, GCpi is taken as –0.18 and +0.18 in the second and third load
cases over the entire internal surface to take into account the suction and uplift effects of
the internal pressure, respectively. The net pressure acting on different parts of the dome
is obtained by combining internal and external wind pressures as per Eqn. (6.3) (see Fig.
6-2). The stress and stability limitations of the members are calculated according to the
provisions of ASD-AISC (2010). The displacements of all nodes are limited to 11.1 cm
(4.37 in.) in any direction.
Table 6-1: Best design of 354-member braced truss dome obtained with DE.

The auto design procedure of SAP2000 has led to the minimum weight of
14529.5kg (32032.07lb) for the model, however after the result is examined it has
been observed that the result obtained by SAP2000 is not feasible which has a
penalty function multiplier of 1.56 that leads to a fitness score of 49939.7 (lb as
unit). DE algorithm finds an optimum result by starting to the iterations from
initializing the design obtained by SAP2000 (which has the same 21 design
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variables values but Group 4). The result obtained with DE is 14760.8kg
(32542.3lb) for both weight and fitness score which is tabulated in Table 6-1 with
sections assigned for each group. Also, the iteration history of the algorithm is
plotted in Fig. 6-3, which shows the variation of the fitness of the best individual
throughout the iterations. Optimization duration of DE is 18 hours.

Figure 6-3: Design history of 354-member truss dome

6.2.2 582-Member Space Truss Tower
The third design example is an 80 m long, 582-member truss tower shown in Fig.
6-4. The tower is optimized for minimum weight with the cross-sectional areas of
the members being the design variables. The symmetry of the tower around xand y-axes is considered to group the 582 members into 32 independent size
variables. A single load case is considered such that it consists of lateral loads of
5.0 kN (1.12 kips) applied in both x- and y-directions and a vertical load of -30
kN (-6.74 kips) applied in the z-direction at all nodes of the tower. A discrete set
of 137 economical standard steel sections selected from W-shape profile list based
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Figure 6-4: 3D view, top view and side view of 582-member space truss (Hasançebi et al,
2009).
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on area and radii of gyration properties is used to size the variables. The lower
and upper bounds on size variables are taken as 6.16 in.2 (39.74 cm2) and 215.0
in.2 (1387.09 cm2), respectively. The stress and stability limitations of the
members are imposed according to the provisions of ASD-AISC (2010). In
addition, the displacements of all nodes are limited to 8.0 cm (3.15 in.) in any
direction.
Table 6-2: Best design of 582-member space truss tower obtained with DE.

After applying auto design procedure of SAP2000 for the test example,
467240.54kg (1030089.1lb) is obtained as weight and fitness score where DE
algorithm come up with a result of 167284.0 kg (368798.07lb) for the weight of
the structure with the assigned sections that are shown in Table 6-2.
Optimization duration for this example is 23 hours.

6.2.3 693-Bar Braced Barrel Vault
The second example shown in Fig. 6-5 is a three dimensional braced barrel vault
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Figure 6-5: 3D view, top view, side view of 693-bar braced vault (Hasançebi and ÇarbaĢ,
2011).
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consisting of 259 joints and 693 members that are grouped into 23 independent
size variables considering the symmetry of the braced barrel vault about
centerline. The member grouping scheme is given in Fig. 6-5-a. The dimensions
of the barrel vault are shown in the Fig. 6-5-b and c. It is assumed that the barrel
vault is subjected to a uniform dead load (DL) pressure of 35 kg/m2, a positive
wind load (WL) pressure of 160 kg/m2, and a negative wind load (WL) pressure of
240 kg/m2. For design purposes, these loads are combined under two separate
load cases as follows:
1st Load Case: 1.5D + 1.5Wp=1.5 (0.343 + 1.570) = 2.87kN/m2
2nd Load Case: 1.5D - 1.5Wn=1.5 (0.343 - 2.342) = -3.00kN/m2
along z-direction. The displacements of all joints in any direction are restricted to
a maximum value of 0.254 cm (0.1 in). The strength and stability requirements of
steel members are imposed according to ASD-AISC (2010). The structural
members are adopted from a list of 37 circular hollow sections issued in ASDAISC (2010) design specification.

Table 6-3: Best design of 693-bar braced barrel vault obtained with DE.
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Design result obtained by auto design procedure of SAP2000 is 15691.35kg
(34593.5lb) for weight and fitness score which means there are no constraint
violations. The weight and fitness score of the designed obtained by DE
algorithm is 5038kg (11106.88lb) without any constraint violations. The best
design obtained by DE method is tabulated in Table 6-3 with sections assigned
for each member group and the iteration history of the algorithm is plotted in
Fig. 6-6, which shows the variation of the best individual throughout the
iterations. Optimization duration is 29 hours.

Figure 6-6: Design history of 693-bar braced vault

6.3 Frame Problems
One planar and two space frame structure examples are tested with the program
using ASD-AISC (2010) design code provisions. DE is also tested according to
LRFD-AISC (2010) design code provisions with one space frame and one planar
frame steel structure.
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6.3.1 132-Member Unbraced Space Steel Structure
The first example shown in Fig. 6-7 is a three dimensional unbraced (swaying)
steel frame consisting of 70 joints and 132 members that are grouped into 30
independent size variables (Fig. 6-7-b) to satisfy practical fabrication
requirements. The columns are selected from the complete W-shape profile list
consisting of 297 ready sections, whereas a discrete set of 171 economical sections
selected from W-shape profile list based on area and inertia properties is used to
size beam members. Both gravity and lateral loads are considered in designing the
frame. Gravity loads are calculated the using the same design considerations as in
the previous example, yielding uniformly distributed loads on the outer and
inner beams of the roof and floors given in Table 6-4. As for lateral forces,
earthquake loads (E) are considered. These loads are computed as to equivalent
lateral force procedure outlined in ASCE 7-05 (2005), resulting in the values
given in Table 6-4 that are applied at the center of gravity of each story as joint
loads.

Table 6-4: Gravity and lateral loads on 132-member frame (Hasançebi et al., 2009).
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Figure 6-7: 3D view, top view and side view of 132-member unbraced space steel frame
(Hasançebi et al., 2009).
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Gravity (G) and earthquake (E) loads are combined under two loading conditions
for the frame:
1st Load Case: (G + E) in positive x direction
2nd Load Case: (G + E) in positive y direction

The combined stress and stability constraints are imposed as explained in Chapter
4. The joint displacements in x and y direction are restricted to 1.53 in (3.59 cm)
which is obtained as height of frame/400. Furthermore, story drift constraints are
applied to each story of the frame which is equal to height of each story/400.
Geometric constraint is ignored in order to avoid extravagant computational
requirements.

Table 6-5: Best design of 132-member 4 story irregular frame obtained with DE.

Weight and fitness score of the design obtained by using standard SAP2000 auto
design procedure is 110764.14kg (244193.12lb). Best design obtained by using DE
algorithm resulted in a weight and fitness score of 64642.44kg (142512.19lb). The
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best design obtained by DE method is tabulated in Table 6-5 with sections
assigned for each member group and the iteration history of the algorithm is
plotted in Fig. 6-8, which shows the variation of the best individual throughout
the iterations. Optimization duration is 22 hours for 132-member steel frame.

Figure 6-8: Design history of 132-member unbraced space steel frame

6.3.2 162-Member Braced Planar Steel Frame
Fig. 6-9 shows plan and elevation views of a 162-member braced (nonswaying)
planar steel frame, which actually represents one of the interior frameworks of a
steel building along the short side. It is assumed that all the beams and columns
of the frame are rigidly connected, while the diagonals of X-braced truss are pin
connected. The 162 members of the frame are grouped into 38 independent size
variables to satisfy practical fabrication requirements such that exterior columns
are grouped together as having the same section over two adjacent stories, as are
interior columns, beams and diagonals, as indicated in Fig. 6-9-a. The complete
wide-flange (W) profile list consisting of 297 ready sections in ASD-AISC (2010)
is used to size column members, while beams and diagonals are selected from
75

discrete sets of 171 and 147 economical sections selected from W-shape profile
list based

Figure 6-9: Side view and plan view of 162-member braced planar steel frame
(Hasançebi et al., 2010).

on area and inertia properties in the former, and on area and radii of gyration
properties in the latter. The frame is subjected to a single loading condition of
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combined gravity (dead, live, and snow loads) and lateral loads (wind loads) that
are computed as per ASCE 7-05 (2005) based on the following design values: a
design dead load of 60.13 lb/ ft2 (2.88kN/m2), a design live load of 50 lb/ ft2
(2.39kN/m2), a ground snow load of 25 lb/ ft2 (1.20 kN/m2) and a basic wind speed
of 105mph (46.94 m/s). These results in a uniformly distributed gravity load of
1,292.78 lb/ft (18.87kN/m) on top story beams, and of 1732.70 lb/ft (25.29kN/m)
on other story beams. Lateral (wind) loads acting at each floor level on windward
and leeward faces of the frame are tabulated in Table 6-6. The combined stress,
stability, and displacement limitations are imposed according to provisions of
ASD-AISC (2010), as explained in problem formulation, where geometric
constrains are disregarded in order to evade excessive computations.

Table 6-6: Wind loads on 162-member braced planar steel frame (Hasançebi et al., 2010).
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Auto design result of SAP2000 weights 113659.36kg (250576.39lb) with a fitness
score of 1179589.64(kg as unit) with the 9.38 penalty function multiplier caused
by violations from strength and stability constraint. Weight of the best design
obtained by using DE algorithm is 108774.71kg (239807.18lb) with the same
fitness score meaning there are no constraint violations. The best design obtained
by DE method is tabulated in Table 6-7 with sections assigned for each member
group. Optimization duration for 162-member planar frame is 24 hours.

Table 6-7: Best design of 162-member braced planar steel frame with DE.

6.3.3 568-Member Braced Space Steel Frame
The last design example is an unbraced space steel frame consisting of 256 joints
and 568 members that are collected in 25 member groups. Fig. 6-10 shows 3D,
elevation and plan views of this frame; and member grouping details are
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presented in Fig. 6-11. The same sets of profile lists used in the previous example
are considered here for the sizing of column and beam members.

Figure 6-10: 3D view, top view and side view of 568-member unbraced space steel frame
(Hasançebi et al., 2010).
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The frame is subjected to two loading conditions of combined gravity and wind
forces. They are calculated using the same design considerations as in the
previous example using a basic wind speed of 105 mph (46.94 m/s). The resulting
gravity loading on the beams of roof and floors and the wind loading is tabulated
in Table 6-8. In the first loading condition, gravity loading is applied with wind
loading acting along x-axis, whereas in the second one wind loading is acted
along y-axis. The combined stress, stability and displacement constraints are
imposed according to the provisions of ASD-AISC (2010), explained in Chapter 4.

Figure 6-11: Member grouping of 568-member unbraced space steel frame (Hasançebi et
al., 2010).
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Table 6-8: Gravity and wind load assignments on 568-member unbraced space steel
frame (Hasançebi et al., 2010).

Table 6-9: Best design of 568-member unbraced space steel frame with DE (ASD).
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Classic SAP2000 design procedure considering member grouping resulted in
weight and fitness score of 251014.43kg (553392.06lb). DE algorithm comes up
with a result of 238591.42kg (526004lb) weight and fitness score which means no
constraint violations occurred. The best design obtained by DE method is
tabulated in Table 6-9 with sections assigned for each member group and the
iteration history of the algorithm is plotted in Fig. 6-12, which shows the
variation of the best individual throughout the iterations. Optimization of the
568-member unbraced space steel frame took 42 hours.

Figure 6-12: Design history of 568-member unbraced space steel frame.

6.3.4 568-Member Braced Space Steel Frame (LRFD)
Same design example is also solved by using LRFD-AISC (2010) design code
provisions and corresponding penalty function adjusted according to this
provisions. In this case, 230 ready sections from SAP2000’s AISC13M file are used
for columns and beams. Standard SAP2000 auto design procedure come up with a
design weighing 551815.8lb with a penalty function multiplier of 12.82 caused by
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story drift violation which results a fitness value of 7072439.47 (lb as unit).
However, by using DE with LRFD penalty function implementation a design
with 455978.22lb weight and fitness score is obtained. Optimization duration of
568-member steel frame according to LRFD is 53 hours.
Table 6-10: Best design of 568-member unbraced space steel frame with DE (LRFD).

6.3.5 85-Member Unbraced Planar Steel Frame (LRFD)
Last frame structure example solved is a 85-member unbraced planar steel frame
in which 85 structural members are separated into 21 groups to be assigned from
SAP2000’s AISC wide flange list.

The model is subjected to one load case

according to LRFD-AISC (2010) design code provisions which is;
1.2 DL + 1.6 LL + 0.5 SL
in which DL is dead load of 2.88kN/m2, LL is live load of 2.39kN/m2 and SL is
ground snow load of 1.20kN/m2 (Saka and Hasançebi, 2009).
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Grouping of the structural members, elevation and plan details of the model is
given in Fig. 6.13. Constraints are applied according to LRFD-AISC (2010) design
code provisions.

Figure 6-13: Member grouping and other details of 85-member unbraced planar steel
frame (Saka and Hasançebi, 2009)

Weight and fitness score of the design obtained by using standard SAP2000 auto
design procedure is 58611.85kg (129217.26lb). Best design obtained by using DE
algorithm is resulted in a weight and fitness score of 39035.82kg (86059.26lb).
The best design obtained by DE method is tabulated in Table 6-11 with sections
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assigned for each member group and the iteration history of the algorithm is
plotted in Fig. 6-14, which shows the variation of the best individual throughout
the iterations. Optimization of 85-member unbraced steel frame took 26 hours.

Table 6-11: Best design of 85-member unbraced planar steel frame with DE (LRFD).

Figure 6-14: Design history of 85-member unbraced planar steel frame.
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6.4 Discussion of the Results
First of all, one of the most satisfying observations about the found results by
SOP2011 is that the final optimized designs of all test examples are feasible
designs according to ASD-AISC (2010) design code provisions, which are also
double checked with LRFD-AISC (2010) code provisions and confirmed that
there are no constraint violations. The two frame design examples that are solved
according to LRFD-AISC (2010) design code provisions are also resulted in
feasible designs. It points out the reliability and efficiency of the developed
software and used optimization method in discrete structural size optimization.

Another initial observation about the results obtained by developed software and
auto design procedure of SAP2000 v14 is that the DE technique came up with a
better design than auto design procedure of SAP2000 when the fitness scores are
considered and DE with penalty function implementation had dominated for all
test examples especially when the displacement limitation becomes the
governing constraint.

Weights of the designs are tabulated below and considered as a comparison
criterion. However, fitness scores are also stated for infeasible designs in order to
provide a better understanding on the performances of these designs.

6.4.1 Discussion of the Results of Truss Examples
For the first example of truss models in which stability and stress constraints are
governing, there is a difference between fitness scores of DE and SAP2000
although the assigned sections to 21 size variables are the same. Only section of
Group 4 is different, which is P3 from AISC circular section list in design
obtained by auto design procedure of SAP2000, and P3.5 for design obtained by
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DE. This one group with different section assignment caused 1.56 of penalty
function multiplier that leads to 49939.7lb fitness score including stability and
stress constraint violations. When the initial design of SAP2000 before rounding
up the sections according to grouping is examined, there isn’t any constraint
violation occurrence. However, after the largest cross section in a group is
assigned to all members of that group, it is observed that with the changes on
cross sections of the members, axial forces concentrate at some portions of the
structure, hence the members at these locations fail under increased axial forces
and also becomes unstable.

Table 6-12: Comparison of DE with other optimization techniques for 354-bar dome.
Design/Opt.
Method
Weight (lb)

DE

SA

ESs

PSO

ACO

TS

HS

SGA

32574.9 32542.3 32664.4 32664.4 33866.6 35370.1 35394.6 36641.4

It is stated that the best weight for 354-bar truss dome was obtained by Simulated
Annealing (SA) technique as 32542.3lb, Evolution Strategies (ESs) and Particle
Swarm Optimization (PSO) resulted in 32664.4lb, Ant Colony Optimization
(ACO) 33866.6lb, Tabu Search (TS) 35370.1lb, Harmony Search (HS) 35394.6 and
lastly Standard Genetic Algorithms (SGA) resulted in 36641.4lb (Hasançebi et al.,
2009). DE stands at the second space after the SA when it is compared with the
tabulated results of other techniques in Table 6-12, by using the advantage of a
good initial design generated by SAP2000 which performed well aside from
section round up problem.

For second truss structure model 582-member space tower, displacement
limitation also becomes an active constraint aside from stress and stability
constraints. SAP2000 auto design procedure comes up with a design weighing
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1030089.1lb and DE improved this initial design to a final one weighing
368798.1lb. There isn’t any constraint violation for both methods; however
efficiency of the design obtained by DE is significantly better compared to design
obtained by auto design procedure of SAP2000.

Table 6-13: Comparison of DE with other optimization techniques for 582-member
tower.
Design/Opt.
Method

DE

SA

ESs

PSO

ACO

TS

HS

SGA

Weight (lb) 368798.1 365199.1 364205.5 363795.7 370087.3 368472.1 377483.2 384583.8

In their study about discrete optimization of real size truss structures, it is
presented that the best weight for 582-member space truss tower is a result of
PSO method with 363795.7lb weight followed by ESs, SA, TS, ACO, HS and SGA
which resulted in designs that have 0.1%, 0.4%, 1.2%, 1.7%, 3.8% and 5.7% more
weights respectively, than the design obtained by PSO (Hasançebi et al., 2009).
DE result stands at 5th position when it is compared with the results of other
optimization methods in Table 6-13, with 368798.1lb of weight, 1.37% heavier
than the design obtained by PSO.

For last truss structure example 693-bar braced barrel vault, the displacement
constraint kept as an active constraint aside from stress and stability in order to
double check the previous consequences. There isn’t any constraint violation for
both techniques, where auto design procedure of SAP2000 came up with a design
weighing 34593.5lb and DE resulted in a weight of 11106.9lb that is almost 68%
lighter than the design obtained by auto design procedure of SAP2000, which
confirms the fact that initial SAP2000 designs can be improved to lighter ones by
using differential evolution method.
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Table 6-14: Comparison of DE with other optimization techniques for 693-bar braced
barrel vault.
Design/Opt.
Method

DE

ACO2

ACO1

Weight (lb)

11106.9

12133.5

13379.2

In their study Hasançebi and ÇarbaĢ (2011) stated that the minimum weights for
693-bar braced barrel vault are found as 13379.2lb by standard ant colony optimization
(ACO1) and 12133.5lb by ranked ant colony optimization (ACO2) that they

mentioned the performance of ACO1 is not good enough by being much heavier
than optimum and worse than the result of ACO2 (2009, p.102). DE result takes
the 1st place when it is compared to the results of ACO2 and ACO1 in Table 6-14,
with 11106.9lb of weight, 2.66% lighter than the ACO2 result.

6.4.2 Discussion of the Results of Frame Examples
Before discussing the results of frame problems, it should be stated that there is a
difference between the results obtained in this study and the results referenced
from the literature, about evaluation of frame members. This difference is about
the bending strength evaluation of frame members caused by using different
calculation methods of bending coefficient (Cb). An updated version of bending
coefficient formula had been used by the researchers whom presented the
referenced studies below. This updated formula is shown in Eqn. 6.1 as;
Cb

2.5M max

12.5M max
2M A 4M B 3M C

(6.1)

in which Mmax is the absolute value of the maximum moment in the unbraced
beam segment, MA is the absolute value of the moment at the quarter point of the
unbraced beam segment, MB is the absolute value of the moment at the center
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point of the unbraced beam segment, MC is the absolute value of the moment at
the three quarter point of the unbraced beam segment length. Using bending
coefficients calculated with this formula for frame members increases their
bending capacities for some occasions. Hence, the results in the literature have
the edge in the evaluation of strength constraint. However, the results in this
thesis are analyzed by using the initially presented bending coefficients of AISCASD89 and AISC-LRFD93 design codes that are implemented in SAP2000 v14.
Also, this update cannot be implemented indirectly with programming because
there is no corresponding OAPI function for required parameters. This factor
should be kept in mind during the discussion of the results.

Feasible designs are obtained by using DE and auto design procedure of SAP2000
for first frame structure model 132-member 4 story irregular building, without
any constraint violations. SAP2000 design weights 244193.1lb which is improved
by DE to a design 41.8% lighter, weighing 142512.2lb. It is obvious that the
outcome of DE is far better than initial design obtained by auto design procedure
of SAP2000.

Table 6-15: Comparison of DE with other optimization techniques for 132-member 4
story irregular building.
Design/Opt.
Method
Weight (lb)

DE

iSA

TS

HS

142512.2 138874.7 142710.9 143135.3

To have an idea about discrete optimization performance of DE on steel frame
structures result of DE is compared with the final design results of some other
techniques tabulated in Table 6-15. presented by Hasançebi et al. (2009) that best
design result for 132-member 4 story irregular building was obtained by iSA with
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a weight of 138874.7lb, a design weighing 142710.9lb was obtained by TS and
143135.3lb obtained by HS. DE proved to be an efficient optimization technique
for frames by standing between the best method for this example, iSA and other
methods with the final design weight of 142512.2lb which is just 2.6% heavier
than the best design in literature.

The results of second frame structure model, 162-member planar frame structure
has some similarities with the first truss model structure model outcomes by
means of SAP2000’s failure caused by member rounding up for member
grouping. The design result of SAP2000 weights 250576.39lb with a fitness score
of 2350406.5lb with the 9.38 penalty function multiplier caused by violations of
strength and stability constraints. However, weight of the best design obtained
by using DE algorithm is 239807.18lb with the same fitness score meaning there
are no constraint violations. To have a better understanding on the DE design
result, comparing it with the results obtained by other meta-heuristic
optimization techniques assumed to be healthier than comparing it with the
infeasible design obtained by auto design procedure of SAP2000.

Table 6-16: Comparison of DE with other optimization techniques for 162-member
planar frame structure.
Design/Opt.
Method
Weight (lb)

DE

aHS

sHS

TS

ACO

PSO

sGA

239807.2 232323.2 271106.4 238006.9 243715.6 252880.5 259575.9

Hasançebi et al. (2010) stated that the best design is obtained by adaptive HS
weighs 232323.2lb which is followed by TS with 238006.9lb, ACO with
243715.6lb, PSO with 252880.5lb, sGA with 259575.9lb and standard HS with
271106.4lb weighing designs. The weight of the design obtained by DE is very
close to the weight of design obtained by TS which is the 3rd best result after aHS
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and TS according to the comparison in Table 6-16 which can be stated that even
though the initial design obtained by SAP2000 used to generate the population
for DE is an infeasible design, DE proved to be proficient to come up with an
adequate near optimum design result.

The last frame example solved with respect to ASD-AISC (2010) design code
provisions is 568-member unbraced space steel frame in which both auto design
procedure of SAP2000 and DE algorithm resulted in feasible designs. SAP2000
shown a better performance for this model than the previous frame examples
with a design weighing 553392.1lb and there isn’t any constraint violation. This
performance of SAP2000 reflected to performance of DE since the outcome of
standard SAP2000 design procedure is used for generation of initial DE
population. Hence, DE resulted in with a design 5.05% lighter than SAP2000
design, weighing 525434.9lb, which is also feasible without any constraint
violations.

Table 6-17: Comparison of DE with other optimization techniques for 568-member
unbraced space steel frame structure.
Design/Opt.
DE
Method
Fitness
526004
Score (lb)

SA

ESs

PSO

ACO

TSO

HS

SGA

526370.8 503953.6 558346.2 532353.7 518458.4 571159.7 541380.5

It is stated by the authors that the best design with minimum weight was a result
of ESs method weighing 503953.63lb followed by design obtained by TS method
weighing 518458.35lb, design of SA method weighing 526370.76lb and ACO,
SGA, PSO, HS techniques which are 5.6%, 7.43%, 10.8%, 13.3% heavier
respectively than the design obtained by ESs technique (Hasançebi et al., 2010).
The design obtained by DE is compared with these results, tabulated in Table 617 and it is observed that the DE stands at 3rd place after ESs and TS techniques,
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which confirms the fact that DE is an effective optimization technique for real
size frame structures.

SOP2011 is also tested with respect to LRFD-AISC (2010) design code provisions
by solving two frame examples in order to point out the capability of the
developed software on discrete size optimization of steel structures with different
design code provisions.

The first example is the same 568-member unbraced space steel frame discussed
above. Auto design procedure of SAP2000 came up with a result of 1012276lb
weight and fitness score without any constraint violations according to LRFDAISC (2010) design code provisions. DE improved this result to a significantly
better one weighing 455978.2lb. As it is occurred before when the displacement
constraint becomes governing, SAP2000 auto design procedure comes up with
feasible but almost 2.2 times heavier design than optimized design obtained by
DE.

For 85-member unbraced planar frame structure auto design procedure of
SAP2000 resulted in a design weighing 129217.3lb with the same fitness score
meaning there has been no constraint violations. DE improves this result with an
86069.3lb weighing design which is 33.4% lighter than the outcome of auto
design procedure of SAP2000.

To conclude, depending on the results discussed above, DE with penalty function
implementation is proved to be a reliable and efficient optimization technique by
providing designs significantly lighter than the designs obtained by standard
SAP2000 auto design procedure and stands at mid ranks compared to other nondeterministic optimization techniques when its performance on discrete size
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optimization of real size steel structures is considered. Hence, for saving material,
and reducing cost and required energy to build a steel structure with same
functionality, SOP2011 with DE is proved to be an effective optimization tool.
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CHAPTER 7
SUMMARY, CONCLUSION AND
RECOMMENDATIONS

7.1 Overview
This chapter includes a summary of the research process of this thesis, overviews
the contributions of the thesis according to gathered facts, also provides a
conclusion considering the features of the differential evolution algorithm with
SAP2000 concept covering discrete structural size optimization of steel
structures. Finally, recommendations about the subject and potential future work
areas are stated.

7.2 Summary
The objective of this study is to investigate the use and efficiency of Differential
Evolution on structural optimization. The solution algorithm developed with DE
is computerized into a software called SOP2011. SOP2011 is automated to
achieve size optimum design of steel structures consisting of 1-D elements, such
as trusses and frames subjected to design provisions according to ASD-AISC
(2010) and LRFD-AISC (2010) by interacting with SAP2000. By using the data
extracted from SAP2000, the software is programmed to do discrete size
optimization of real size truss and frame steel structures. It is also aimed to test
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the performance of penalty function implemented DE algorithm as optimization
operator, on real size truss and frame designs.

At the initial stage of the thesis, literature search is done about DE technique,
structural optimization with DE and constraint handling methods. Also a good
commanding on structural analysis and design software SAP2000 and
programming language VB.NET was required. Unlikely to SAP2000, advanced
programming with VB.NET concept was entirely a new area of work. Especially
figuring out how to form links between VB.NET and SAP2000 by using
SAP2000’s OAPI functions required lots of trials. After a deep investigation on
OAPI functions and reference files are carried out, learning progress of VB.NET
and using it for programming DE, penalty function and other required features
for the software proceeded simultaneously.

Once the software SOP2011 is developed and became ready to use, another
literature review was carried out for constrained real size truss and frame
optimization problems that could be used for discrete size optimization with the
aim of weight minimization in order to test the performance of DE. By using
three truss and four frame design examples on the literature with different
structural properties and different governing constraints according to different
design code provisions, DE is tested and compared with the results gathered from
the literature and with the results that are obtained by using auto design
procedure of SAP2000. Results are used to examine and point out the capability
and effectiveness of DE and provided a quantitative comparison of optimization
efficiency of the penalty function implemented DE technique, which is discussed
in detail in Chapter 6.
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7.3 Contributions of the Research and Conclusion
This study on discrete size optimization of truss and frame structures with DE
was carried out to present the use and performance of DE that is used for
generating feasible and applicable designs not only for the benchmark problems
but also for constrained real size truss and frame structures. These generated
designs can be modeled, modified and checked with the structural design and
analysis software SAP2000 by seeking out the best arrangement of cross sections
on grouped structural members with the aim of weight minimization. It is also
aimed to point out the efficiency of the near-optimum designs obtained by DE
compared to designs obtained by using auto design procedure of SAP2000.

Most of the studies in the literature about structural optimization with DE have
been covering continuous optimization of simple, old-fashioned benchmark
problems presented a decade ago. One of the most important contributions of this
thesis is that the outcomes of this study significantly extended the areas covered
by DE about structural optimization subject towards the discrete structural size
optimization zone by providing feasible and applicable near optimum designs for
real size truss and frame structures by assigning real size structural steel ready
sections from SAP2000’s profile lists library.

Another consequence of this study is that the provided feasible designs by using
SOP2011 with DE are all generated by considering constraints subjected to the
structures with respect to ASD-AISC (2010) and LRFD-AISC (2010) design code
provisions which can be actually applied on site after they are checked and
confirmed by an authorized structural or civil engineer.

97

Finally, by being able to work interactively with SAP2000, which is a reliable
structural design and analysis tool that most of the structural designers are
familiar with, discrete size optimization of steel structures with DE becomes
more practical by using SOP2011 just by following specified instructions at
Appendix A. Truss or frame designs, constraints, loading conditions, materials,
etc. can be modified or changed to satisfy the needs of the designer from
SAP2000 and then it can be used for optimization process. This feature also
works vice versa, as the designs obtained by the developed software can be
examined from SAP2000 and can be modified if necessary.

Aside from discrete size optimization of steel structures, there are some
additional features of developed software that can be useful, such as:
 It can be used for assigning same ready sections for specified structural
member groups like 1st floor beams, 3rd floor columns, etc., since the
developed software is able to generate designs with member grouping.
 The software can be used to check whether there are any constraint
violations.
 It can be used for just for grouping of the structural members by only
creating text file as specified at Appendix A.
 It can be used for implementing new material data and creating auto
select steel profile lists from SAP2000’s profile lists library.
As a conclusion, aside from practical aspects of the presented work, depending on
the obtained results, DE algorithm with penalty function implementation
working simultaneously with SAP2000 v14 is proved to be an efficient discrete
size optimization method for truss and frame steel structures considering the
constraints subjected to optimization problems according to the ASD-AISC
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(2010) and LRFD-AISC (2010) design code provisions with the aim of
minimization of the weight of the structures. It has been shown that by using
optimized designs obtained by DE, weight of the construction can be reduced up
to 67.9% for steel truss structures and 41.7% for steel frame structures which also
results a significant saving on cost, work hours and energy required for the
subjected project consequently.

7.4 Final Recommendations and Comments
As it is mentioned before differential evolution method is a non-deterministic
search technique which has a stochastic nature, meaning it has a randomized
temperament that is controlled with mutation vectors, mutation weight factors
and crossover rates. Hence, to obtain a satisfactory result, different variations of
these parameters needed to be tried in order to build an experience on the
subject. Different parameters can result better at different optimization problems.

Optimization process takes more time than expected since there is a lot of data
transfer between the developed software and SAP2000. To overcome this
drawback parallel computing can be used which will eventually decrease the
duration of optimization duration. It is also very important to minimize the
number of design variables and the number of sections that would be assigned to
these variables as possible, in order to reduce the computational expense of
optimization process. It has been observed that computation duration of the
models with lesser size variables is significantly shorter.

Depending on the gained experience during the testing stage, it can be said that
the initial design obtained by SAP2000 auto design procedure is very important,
since it is used for initial population generation of the optimization process. If
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this initial design is convenient, the DE algorithm displays a better performance.
Depending on this observation, outcome of optimization process can also be used
to regenerate a new population for a new run when the optimization process got
stuck in a local minimum.

Finally, it should be kept in mind that, this software is developed to be an
auxiliary tool for civil engineers or structural designers to discover new and
possibly better design options for their projects and help them to evaluate the
steel structures within the boundaries of design code provisions. It shouldn’t be
forgotten that this software is not an analysis or design program itself, so the
outcomes of this software must be checked by the structural designer and can be
applied only if the results are verified by an authorized civil or structural
engineer.

7.5 Future Research
The developed software SOP2011 is designed to work with SAP2000 v14, which
was the latest SAP2000 release of Computers and Structures Inc. company when
the programming stage is completed; however a new version of SAP2000 is
released lately as version 15 which is supposed to have a better performance with
new design codes, etc. The software can be modified in order to work along with
the new release SAP2000 v15. It can also be modified to work simultaneously
with ETABS if a similar OAPI document for ETABS becomes available. Also, if
the OAPI document for SAP2000 will be updated with new functions that will
enable the user for programming a solution for the bending coefficient by
updating the formula which will improve the software significantly.
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The program can be equipped with other design code options to provide
optimized results for a wider range of user population in order to meet their
requirements and can be used to provide a quantitative comparison between
designs that are optimized according to different design code provisions.

After the optimization process, structural members are forced excessively to their
limits hence reliability precautions such as double loop approach or inverse
reliability approach can be considered and implemented to optimization
algorithm.

Lastly, because of the stochastic nature of the algorithm, optimization process
requires excessive amount of time to come up with an acceptable design. It is
known that DE follows a stochastic pattern controlled by pre-assigned
parameters like mutation vector type, crossover rate and mutation factors which
are kept constant during the optimization process. Penalty function multiplier is
also kept constant which controls the weight of penalty function. It has been
observed that different parameters may perform better at different stages of the
optimization process. To shorten the duration of the optimization, pre-assigned
parameters can be modified during the iterations and a dynamic penalty function
can be used according to some information such as average fitness score and
iteration number. Hereby the optimization algorithm can be controlled further
during the iterative process and efficiency of the developed software can be
increased.
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APPENDIX A

DETAILS AND USER GUIDE OF SOP2011

To use SOP2011 some preliminary preparations must be done carefully in order
to avoid any error or program crashes. These steps can be listed as:
The target design should be drawn thoroughly and it must be checked if
everything (joints, frames, joint restraints, lengths, units, etc.) is in order.
Load assignments should be done, load cases and load pattern should be
should be defined accordingly. Units of loads must be coherent with the
other components shown in Fig. A-1.
Required load combinations must be defined and they must be named
according to SAP2000 default configuration (COMB1, COMB2 ...).

Figure A-1: Illustration of load cases and load combinations.
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Load combinations that are defined at Step 3 must be assigned as design
combos and “Automatically Generate Code-Based Combos” option should
be unchecked as it is shown in Fig. A-2.

Figure A-2: Assigned load combinations and unchecked status of automatic code
based load combination option.

Material properties must be checked and modified if necessary by
considering units of other design components.
Design code must assigned as ASD89 (or LRFD93) and consider deflection
option should be assigned as “Yes” from the View/Revise Preferences part.
Target displacement option for a couple of most critical joints
(displacement-wise) should be assigned with the displacement limit for all
load cases.
A grouping document must be prepared by using notepad exactly as it is
shown in Fig. A-4. Each member id must be separated with comma and
each local member group between two specific member id must be stated
with a dash between these member ids as: 368-375
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Figure A-3: Design code options and deflection consideration status.

Figure A-4: Member grouping notepad file with .txt extension.
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After the preliminary preparations are done thoroughly SOP2011 can be started.
Initial screen of the program is shown in Fig. A-5 with main screen and quick
menu tool bar to provide easy and practical approach on each step.

Figure A-5: Main screen and quick menu.

First step is the opening the target design with SOP2011 as it is illustrated in
Fig.A-6.

Figure A-6: Opening the target design.
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After the target design is opened, member grouping and material assignment
should by using the previously prepared grouping text file.

Figure A-7: Member grouping and material assignment.

The next step is preparing the ready section lists for these groups which can be
done either by uploading the pre-assigned section in SAP2000 design or by
uploading ready sections from SAP2000’s profile library.

Figure A-8: Ready section assignment options to member groups.
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“Sections” button on quick menu is linked to uploading ready section from
SAP2000’s ready section library which is more useful option shown in Fig. A-9.

Figure A-9: Ready section assignment options to member groups.

Figure A-10: Pre-design with SAP2000.
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After the section lists are assigned to specific member groups, initial SAP2000
design should be done with the form opened from “4th SAP Design” button in
order to set and clarify the specified options up to this stage.

Finally last form that is linked to “5th Optimization” button should be opened and
all the required parameters must be assigned by considering structure type,
design code, number of load cases, displacement limitations and optimization
parameters should also be assigned before the optimization operation is started.
These procedures takes place at the most important form of the program shown
in Fig. A-11.

Figure A-11: Optimization main form including model options, optimization options,
latest best design screen and optimization history information screen.
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APPENDIX B

OAPI FUNCTIONS

Followings are the OAPI functions used at SOP2011:

 SapObject.ApplicationStart()
 SapModel.InitializeNewModel

Figure B-1: SAP2000 startup and initializing new model.

These functions above are used for starting SAP2000 application and initializing a
new model at SAP2000 shown in Fig. B-1.
 SapModel.File.OpenFile(FileName)
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To open a specific SAP2000 model, this function should be used in which

FileName in between the parenthesis should be changed with the file location
such as:
 SapModel.File.OpenFile(D:\Ozgr\Desktop\Examples\693-BAR BRACED
BARREL VAULT)

To be able to make changes on an opened model, it should be unlocked if it is
locked from the latest use and this is the corresponding function (Fig. B-2).
 SapModel.SetModelIsLocked(False)

To change the units of the model the following function should be used (Fig. B2).
 SapModel.SetPresentUnits(lb_in_F, kN_m_C, kgf_m_C, etc.)

Figure B-2: Unlocking SAP2000 model and setting units.

For getting the existing material name list:
 SapModel.PropMaterial.GetNameList(NumberNames, MyName)
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To create a new material and to modify or change the structural or isotropic
properties of an existing one, following functions can be used by changing
parameter names with the values:

Figure B-3: Material generation and modification.
 SapModel.PropMaterial.SetMaterial(MaterialName,
Sap2000.eMatType.MATERIAL_STEEL)
 SapModel.PropMaterial.SetOSteel(MaterialName, Fy, Fu, eFy, eFu, SSType,
SSHysType, StrainAtHardening, StrainAtMaxStress, StrainAtRupture)
 SapModel.PropMaterial.SetMPIsotropic(MaterialName, e, u, a, g)

To get material names or information about material properties same functions
above

should

be

changed

from

“…Propmaterial.Set….”

to

“…Propmaterial.Get….”.

These OAPI functions are used for defining a new group and assigning frame
members to the created group as it is shown in Fig. B-4:
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 SapModel.GroupDef.SetGroup(GroupName)
 SapModel.FrameObj.SetGroupAssign(FrameName, GroupName)

Figure B-4: Material generation and modification.

To assign frame sections to groups first frame section list must be obtained or new
frame sections must be imported and the corresponding functions are:
 SapModel.PropFrame.GetPropFileNameList(SectionFileName, NumberNames,
MyName, MyType, SectionType)

 SapModel.PropFrame.ImportProp(FrameName, MaterialName, SectionFileName,
FrameName)

Figure B-5: Ready section assignment to created member groups.

After creating the groups and obtaining the section lists, auto select list can be
created by,
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 SapModel.PropFrame.SetAutoSelectSteel(AutoName, FrameId, MyName,
FrameName)

To start steel design operation frame objects must be assigned with frame sections
or auto select lists by using the following function.
 SapModel.FrameObj.SetSection(FrameID/GroupName,
SectionName/AutoSelectListName, ItemType)

Before running analysis design code can be assigned by the following OAPI
function as it is illustrated in Fig. B-6:
 SapModel.DesignSteel.SetCode(AISC-ASD89)

Figure B-6: Design code assignment.

The model must have a file path defined before running the analysis. A file path
is already defined, if the model is opened from an existing file. If the model is
created by using OAPI functions, the saving function must be used with a file
name before running the analysis.
 SapModel.File.Save

To evaluate target model it is needed to be analyzed by using the following
function. The analysis model is automatically created as part of this function.
 SapModel.Analyze.RunAnalysis
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Figure B-7: Starting structural analysis.

The next function is used for making steel design. To make a steel design
successfully, frame members should be assigned with frame sections or auto
select lists as mentioned above.

Figure B-8: Structural design procedure.
 SapModel.DesignSteel.StartDesign

After steel design is completed frame objects can be checked whether they passed
or did not pass by the following function. This function also retrieves the names
of frame objects which did not pass design check.
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 SapModel.DesignSteel.VerifyPassed(NumberItems, n1, n2, MyName)

To control if any frame objects are assigned with different sections or have any
different design results following function can be used.
 SapModel.DesignSteel.VerifySections(NumberItems, MyName)

After the design procedure is completed, to calculate weight of the structure,
each

frame

object

is

individually

taken

into

account.

Since

Weight=Length*Area*Unit-Weight information about these components should
be extracted. For length a combination of 3 functions are used; one of them is for
getting id of start and end points the others are for learning the coordinates of
these points, so that the length of the frame can be calculated. These coordinates
are shown in Fig. B-9.

Figure B-9: Coordinates of start and end points of a structural member.

 SapModel.FrameObj.GetPoints(rfst2.kesitid(i), Point1, Point2)
 SapModel.PointObj.GetCoordCartesian(Point1, x1, y1, z1)
 SapModel.PointObj.GetCoordCartesian(Point2, x2, y2, z2)

To get area of the frame, the OAPI function that gives the properties of the frame
section is used.
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 SapModel.PropFrame.GetSectProps(SectionName, Area, As2, As3, Torsion, I22,
I33, S22, S33, Z22, Z33, R22, R33)

Figure B-10: Area and other properties of a frame section.

And the following function gives the unit weight of the material which is
assigned for the specific frame section.
 SapModel.PropMaterial.GetWeightAndMass("STEEL", w, m)

To evaluate analysis and design results, a couple of different OAPI functions are
required to be used for different control criterions. Before using these functions
first
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Figure B-11: Selection of design combinations.

all loading combination cases should be deselected and the one that will be
evaluated should be selected. And the OAPI function for these tasks respectively
given as:
 SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput
 SapModel.Results.Setup.SetComboSelectedForOutput(ComboName)

Then, to obtain the displacements of the joints, first joint list should be extracted.
 SapModel.PointObj.GetNameList(NumberNames, Jointid)

Figure B-12: Displacement values of selected joint.
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The following function is for displacements of the joints where U1 represents X
direction, U2 represents Y direction and U3 represents Z direction (Fig. B-12).
 SapModel.Results.JointDispl(Jointid, Sap2000.eItemTypeElm.ObjectElm,
NumberResults, Obj, Elm, LoadCase, StepType, StepNum, U1, U2, U3, Rot1,
Rot2, Rot3)

To obtain forces on frame objects the following OAPI function is used as it is
shown in Fig. B-13.
 SapModel.Results.FrameForce(PopRfsts(i).kesitid(k),
Sap2000.eItemTypeElm.ObjectElm, NumberResults, Obj, ObjSta, Elm, ElmSta,
LoadCase, StepType, StepNum, P, V2, V3, T, M2, M3)

Figure B-13: Subjected forces on a structural member and allowable stress limits for this
specific member.
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Since analysis and design results of study is based on design code of American
Institute of Steel Construction, axial, compressive and tensile stress checks done
according to limitations stated at AISC-ASD89.
 SapModel.DesignSteel.AISC_ASD89.GetOverwrite(FrameId, ItemId, Value,
ProgDet)

The function above is used for obtaining different values by changing the ItemId.

Every detail about functions can be found at SAP2000’s OAPI function library
which

is

provided

with

SAP2000

“SAP2000_API_Documentation”.
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APPENDIX C

EXAMPLE DETAILS

This part of the appendix includes screen captures of results obtained by SAP2000
auto design procedure and differential evolution with penalty function
implementation to provide a physical comparison of results according to stress
ratios and volume illustrations of final designs. Outcomes of the test examples
obtained by SOP2011 are presented in this Appendix. Final results are tested
according to AISC-LRFD93 design code and analysis results are also presented.

C.1 354-Bar Truss Dome

a) SAP2000 auto design

b) Optimized DE design

Figure C-1: Stress comparison of 354-bar truss dome results obtained by SAP2000 auto
design and optimized DE design.
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a) SAP2000 auto design

b) Optimized DE design

Figure C-2: Volume comparison of 132-bar truss dome results obtained by SAP2000 auto
design and optimized DE design.

C.2 582-Bar Truss Space Tower

a) SAP2000 auto design

b) Optimized DE design

Figure C-3: Stress comparison of 582-bar truss space tower results obtained by SAP2000
auto design and optimized DE design.
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a) SAP2000 auto design

b) Optimized DE design

Figure C-4: Volume comparison of 582-bar truss space tower results e results obtained by
SAP2000 auto design and optimized DE design.
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C.3 693-Bar Braced Barrel Vault

a) SAP2000 auto design

b) Optimized DE design

Figure C-5: Stress comparison of 693-bar braced barrel vault results obtained by
SAP2000 auto design and optimized DE design.

a) SAP2000 auto design

b) Optimized DE design

Figure C-6: Volume comparison of 582-bar truss space tower results e results obtained by
SAP2000 auto design and optimized DE design.
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C.4 132-Member 4 Story Irregular Frame

a) SAP2000 auto design

b) Optimized DE design

Figure C-7: Stress comparison of 132-member 4 story irregular frame results obtained by
SAP2000 auto design and optimized DE design.

a) SAP2000 auto design

b) Optimized DE design

Figure C-8: Volume comparison of 132-member 4 story irregular frame results e results
obtained by SAP2000 auto design and optimized DE design.
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C.5 162-Member 2-D Planar Frame

a) SAP2000 auto design

b) Optimized DE design

Figure C-9: Stress comparison of 162-member 2-D planar frame results obtained by
SAP2000 auto design and optimized DE design.
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a) SAP2000 auto design

b) Optimized DE design

Figure C-10: Volume comparison of 162-member 2-D planar frame results obtained by
SAP2000 auto design and optimized DE design.
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C.6 568-Member 10 Story Frame

a) SAP2000 auto design

b) Optimized DE design

Figure C-11: Stress comparison of 568-member 10 story frame results obtained by
SAP2000 auto design and optimized DE design.

a) SAP2000 auto design

b) Optimized DE design

Figure C-12: Volume comparison of 568-member 10 story frame results obtained by
SAP2000 auto design and optimized DE design.
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C.7 SOP2011 Outputs
SOP2011 outcomes of the test examples are shown below along with the model
options and optimization parameters.

Figure C-13: Final result of 354-bar truss dome along with the model options and
optimization parameters obtained by DE.
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Figure C-14: Final result of 582-bar truss tower along with the model options and
optimization parameters obtained by DE.
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Figure C-15: Final result of 693-bar truss barrel vault along with the model options and
optimization parameters obtained by DE.
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Figure C-16: Final result of 132-member 4 story irregular frame along with the model
options and optimization parameters obtained by DE.
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Figure C-17: Final result of 162-member 2-D planar frame along with the model options
and optimization parameters obtained by DE.

136

Figure C-18: Final result of 568-member 10 story space frame along with the model
options and optimization parameters obtained by DE.
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Figure C-19: Final result of 85-member 15 story unbraced frame along with the model
options and optimization parameters obtained by DE.
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C.8 Stress Distributions of the Members According to LRFD
As it is mentioned before, results obtained by DE algorithm according to ASDAISC design code provisions are double checked with respect to AISC-LRFD
design code provisions in order to present reliable designs for optimized models.
Screen captures from SAP2000 analysis results for optimized designs are shown
below.

Figure C-20: Analysis result of optimized design of 354-bar truss dome with respect
AISC-LRFD93.
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Figure C-21: Analysis result of optimized design of 582-bar truss tower with respect
AISC-LRFD93.
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Figure C-22: Analysis result of optimized design of 693-bar truss barrel vault with
respect AISC-LRFD93.
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Figure C-23: Analysis result of optimized design of 132-member 4 story irregular frame
with respect AISC-LRFD93.
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Figure C-24: Analysis result of optimized design of 162-member 2-D planar frame with
respect AISC-LRFD93.
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Figure C-25: Analysis result of optimized design of 568-member 10 story space frame
with respect AISC-LRFD93.
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