
 
 

OPTIMIZATION OF TRUSS STRUCTURES USING 
HARMONY SEARCH ALGORITHM 

 
 
 

A Thesis 

Submitted to  

The Temple University Graduate Board  

 

 

 
In Partial Fulfillment 

of the Requirements for the Degree  
MASTER OF SCIENCE 
(CIVIL ENGINEERING) 

 
 
 
 

 
by 

Mohammad Mirza 
August 2020  

 
 

 
 
 
Examining Committee Members: 
Dr. Sanghun Kim (Ph.D.) P.E, Thesis Advisor, Civil and Environmental Engineering 
Department 
Dr. Ahmed Faheem (Ph.D.), Civil and Environmental Engineering Department 
Dr. Mehdi Khanzadeh (Ph.D.) P.E, Civil and Environment Engineering Department 



i 
 

 
ABSTRACT 
 

The design of many engineering systems can be a complex process, which means many 

possibilities and factors must be considered during problem formulation. The process of 

searching for a design that meets both performance and safety standards with reliable impact 

is the goal of structural optimization. Structural optimization is an approach whereby the 

structural design is subjected to being optimized in terms of weight while maintaining all 

design constraints such as stress, strain, and stability. Structural design optimization 

problems involve searching for the minimum of the stated objective function, usually the 

weight of the structure and constructability. Trusses are triangular frame works in which the 

members are subjected to essentially axial forces due to externally applied load at the joints 

only. Truss structures can be optimized by varying the structure’s size, shape, and topology. 

Although combining these three prototypes of optimization can ultimately a yield better 

result, the underlying mathematical model becomes complicated. Over the last decade, new 

optimization strategies based on metaheuristic algorithms have been devised to obtain the 

optimal design for structural systems. Harmony search (HS) is a metaheuristic algorithm 

proposed by Geem et al., inspired by the observation that the aim of music is to search for 

a perfect state of harmony. In this research, the implementation of HS algorithm has been 

applied to optimize the size of truss structures that results in the weight reduction of the 

truss members. The results obtained with HS were compared to those obtained from the 

original sizes before optimization, to verify the influence on the optimal design of truss 

structures subjected to stresses, deflections, vertical and lateral displacements, and buckling 

constrains. 
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CHAPTER 1 

INTRODUCTION 
 
1.1 Background 

Engineering consists of several well-established activities, including analysis, design, 

fabrication, sales, research, and development of systems. The design of a system can be 

formulated as problems of optimization in which a performance measure is optimized while 

all other requirements are satisfied [4]. Many numerical methods of optimization have been 

developed and used to design better systems. The design of many engineering systems can 

be a complex process, which means many possibilities and factors must be considered 

during problem formulation. Structural optimization is mainly the process where the 

structural design is subjected to being minimized in terms of structural members’ weight 

while maintaining all requirements of design constraints [4]. This process can also be 

defined also as the tool of searching for global or local solution of a given structure.  

The designs of optimal structures designs are not limited to those that are most economical 

but could include those with optimized performance characteristics. The term “design” is 

an iterative process that implies analyzing several trial designs one after another until an 

acceptable design is obtained [10]. To be more specific, during the optimization process, 

the trial design is analyzed to determine if it is the best among other trials. Depending on 

the specifications, “best” can have different connotations for different systems. In general, 

it implies that a system is cost-effective, efficient, reliable, and durable [4].  

Above all, structural design optimization is a critical and challenging activity that has 

received considerable attention in the last two decades. Typically, structural optimization 

problems involve searching for the minimum of stated objective function, usually structural 
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weight. The minimum design is subjected to various constraints with respect to performance 

measures such as stresses, displacements, deflection and restricted by practical minimum 

cross-sectional areas or dimensions of the structural members or components. If the design 

variables can be varied continuously in the optimization, the problem is described as 

continuous; while if the design variables represent a selection from parts, the problem is 

considered discrete [16]. Over the last decade, new optimization strategies based on 

heuristic algorithms, such as the genetic algorithm (GA), artificial bee colony algorithm 

(ABC), and particle swarm optimization (PSO), have been devised to obtain optimal designs 

for discrete structural systems and to overcome computational drawbacks of conventional 

mathematical optimization methods [15]. In this research, we will mainly focus on a 

metaheuristic algorithm called harmony search algorithm (HS). We will operate the HS 

algorithm as an optimization tool for truss structures. The reason of using this method 

among other algorithms under new specific constraints such as truss deflection limit, and 

lateral displacements under winds and seismic loads. 

Harmony search is a metaheuristic algorithm that was first developed by Zong Woo Geem 

et al. in 2001. The effectiveness and advantages of HS have been demonstrated in various 

structural types such as bridges, steel buildings and concrete structures [12]. It has been 

applied to solve many optimization problems that are related to the engineering field such 

as frame structures, and other civil engineering applications like river flood model, 

transportation network, Dam pipeline, and water distribution network. Harmony search is a 

music-based metaheuristic algorithm that does not require any mathematical requirements. 

It was inspired by the observation of jazz musicians to search for a perfect state of harmony 
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[13]. The purpose of metaheuristic algorithms is to find a good solution to an optimization 

problem by a trail-and-error process in a reasonable amount of computing time [14].  

 1.2 Problem Statement 

Truss structures can be optimized by varying the structure’s size, shape, and topology. 

Although combining these three classes of optimization can ultimately yield better results, 

the underlying mathematical model becomes complicated. The application of HS algorithm 

to structural optimization has been recently used for truss structures [13]. Structural 

optimization has several constraints that need to be addressed such as applied loads or 

stresses applied to the structures (i.e., point loads or distributed loads), member deflections, 

lateral displacements, and buckling constraints. In structural optimization problems, there 

are two different types of design variables, namely, nodal coordinated and cross-sectional 

areas [30]. The implementation of HS algorithm is limited to its parameters such as pitch 

adjustment rate (PAR), harmony memory size (HMS), and harmony memory considering 

rate (HMCR). These parameters assist the search for solutions and improve the effect that 

HS implies to the structure. Metaheuristic algorithms are a good alternative to deal with 

discontinuous objective function, since they are based on randomization and local search. 

Randomization provides a good way to move away from the local search to a global scale. 

Therefore, almost all metaheuristic algorithms intend to be suitable for global optimization 

[36].  

In this research, the HS algorithm is applied to optimize truss structures that exist in 

Pearson-McGonigle Hall located at Temple University main campus in Philadelphia, PA. 

This truss structure is a parallel chord truss “flat” composed of wide-flange steel shapes. 
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The HS algorithm is used to obtain the optimized cross-sectional area that produces lighter 

weight or thickness for the structural members of trusses involved.  

 

1.3 Research Objectives  

The objectives of this research and analysis are as follows:  
 

• Optimize the size and shape of truss structures, which leads to the reduction of 

weight of the truss structure by using the HS algorithm.  

• Evaluate the optimized structure by finite element analysis (FEA) to satisfy the 

structural constraints that are applied to the building (i.e., stresses, deflections, and 

lateral displacements).  

• Propose design guidelines (Chapter 3) for applying the HS algorithm for structural 

optimization of size and in accordance with the 14th edition American Institute of 

Steel Construction (AISC) [3] design guidelines, and the American Society of Civil 

Engineers (ASCE) Minimum Design Loads for Building and Other Structures 

(ASCE 7-05) [26] design requirements.  

 
1.4 Thesis Outline  
 
Chapter 1: Introduction 

Chapter 2: Literature Review 

Chapter 3: Design Approach and Methodologies 

Chapter 4: Data Analysis and Optimization Results  

Chapter 5: Conclusion  
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CHAPTER 2 

LITERATURE REVIEW 
 
2.1 Introduction  
  
The optimization of structures is divided into three major categories: size, shape, and 

topology. The objective of size optimization is to obtain the cross-sectional areas that 

produce lighter weight or thickness for the structural members. In shape optimization, the 

coordinates of the nodes are to be sought to obtain the optimum structures. Finally, in the 

topology optimization, the goal is to find the optimal connectivity between the members. A 

new optimization method for structures with continuous variables was proposed based on 

the HS metaheuristic algorithm, and its effectiveness and capability were verified from 

comparisons other between other algorithms. The HS algorithm aims to generate a solution 

for a given structure to reach its main goal which is the reduction of weight. The procedure 

for implementing HS algorithm is as follows: (1) initialization of objective function 

(weight); (2) generation of a new harmony vector; (3) harmony memory update; (4) 

repeating steps 2 and 3 to ensure that the results are accurate. 

 
2.2 The Formulation of the Optimum Design Problem 

The general form of an optimization problem can be expressed as follows [4]:  
 

Minimize W(A) = Σ ρ Ie Ae, this formula is subjected to:                          
Stress: σe   ≤ σmax 
Deflection: Δj ≤ Δmax 

Knowing that W is the weight of the structure, ρ is the unit weight 
of steel, Ie is the length of the member, Ae is the cross-sectional area, σe is 
the stress of element, σmax is allowable stress, Δj is the deflection of joint, 
Δmax is the allowable deflection of joint. Also, applying optimization is 
some cases requires initiating penalty function and fitness equation [4].  

(Equation 2.1) 
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2.3 Optimization Methods and Techniques  

2.3.1 Harmony Search Algorithm  

Harmony search is a new metaheuristic optimization algorithm developed by Geem et al. in 

2001. It is a music-based metaheuristic optimization algorithm that is inspired by the 

improvisation process of jazz musicians to search for a perfect state of harmony [11]. This 

algorithm imitates the musician seeking the most suitable harmony determined by an 

aesthetic standard. Likewise, when an optimization starts, it always looks for the global 

optimal solution determined by an objective function. There are two types of optimization 

method: mathematical-based, and non-mathematical based. Harmony search is a non-

mathematical-based algorithm that can be used to deal with complex objective functions. 

Classical methods of optimization based on gradients may converge to local optima, and 

thus, modern metaheuristic algorithms have been developed to carry out a global search. 

The advantage of utilizing metaheuristic algorithms is that they are not a gradient-based 

search, which means they are applicable to avoid the pitfalls of any gradient-search 

algorithms. In HS algorithm, the search process is compared to a musician’s improvisation 

process. Geem et al. (2001) observed that when musicians are improvising, they used to 

play a famous piece of music from their memory or playing something similar to a known 

piece (adjusting the pitch slightly), or by composing a new or random note [36]. The recently 

developed HS algorithm is based on natural musical performance processes that occur when 

musicians search for the better state of harmony, such as during jazz improvisation. The 

advantage of utilizing the HS algorithm in structural optimization that it does not follow 

mathematical requirements to solve optimization problems.  
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The use of the HS algorithm is characterized by its advantage of generating a new vector 

from all the existing vectors, while others such as the genetic algorithm (GA) generates a 

new vector from only two of the existing vectors (parents). Moreover, the HS algorithm can 

consider each component variable in a vector independently when it generates a new vector; 

the GA cannot because it has to maintain the gene structure [12]. 

 
2.3.2 Harmony Search Procedure  

The procedure to apply the HS algorithm is divided into four major steps, as follows.  

1. Step 1: Initialization  

In step 1, several parameters that are required to solve the optimization problem. These 

parameters are specified as the harmony memory size (number of solution vectors in the 

harmony search, HMS), harmony memory considering rate (HMCR), pitch adjusting 

rate (PAR), and the termination criterion, which is the maximum number of searches. 

The HMCR and PAR are parameters that are used to improve the solution vector. The 

harmony memory (HM) matrix is expressed as follows:  

  

 

 

 
Figure 2.1: Harmony Search Matrix [23]  

[19] 
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The matrix in Figure 2.1 is randomly generated from the available discrete value set 

for size optimization problems or from the discrete size value set and the possible 

nodal coordinate bounds for configuration optimization problems. These sets are equal 

to the size of the HM. The design procedure for discrete size and discrete-continuous 

configuration optimization problems using the HS algorithm is shown in Figure 2.2. 

  

 
Figure 2.2 Design procedure for discrete size and discrete-continuous 

configuration optimization problems using HS algorithm [23] 
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2. Step 2: Generation of a new harmony 
 
• In the HS algorithm, a new harmony vector is improvised from either initially 

generated HM or the entire possible range of values. The new harmony 

improvisation proceeds based on the memory considerations, pitch adjustments, 

and randomization. 

• In the memory consideration process, the value of the first design variable for 

the new vector is chosen from any value in the specified HM range. The 

possibility that a new value will be chosen is indicated by the HMCR parameter, 

which varies between 0 and 1 as follows [23]:  

 
 
 
 
 
 
 
 
Where Xi is the set of the possible range of values for each design variable. The HMCR 

sets the rate of choosing a value from the historic values stored in the HM, and (1-HMCR) 

sets the rate of randomly choosing a value from the entire possible range of values, which 

occurs during the randomization process. 

 
• Every component of the new harmony vector, x’ = (x1’ ,x2’, …,xp’) is examined to 

determine whether it should be pitch-adjusted. This procedure used the PAR 

parameter that sets the rate of adjusting the pitch chosen from the HM as follows:  

 
 

(Equation 2.2)  
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The pitch adjusting process is performed only after a value has been chosen from the 

harmony memory HM. The value (1-PAR) sets the rate of doing nothing. For example, a 

PAR of 0.3 indicates that the algorithm will choose a neighboring value with 30% x 

HMCR probability. 

 

• Flowcharts for the harmony discrete and continuous search based on the HS 
heuristic algorithm are shown as follows:  

 

 
 
 
 
 
 
 
 
 
 

(Equation 2.3) 

Figure 2.3 Harmony improvisation flowchart for discrete sizing variables [16] 
[19] 
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3. Step 3: Fitness measure and HM update 
 

The new harmony improvised in Step 2 is analyzed using a FEM structural analysis 

method, and its fitness is determined using a rejection strategy based on the constraint 

function. If the new harmony vector is better than the worst harmony vector in the 

HM, judged in terms of the objective function value, the new harmony is included in 

the HM and the existing worst harmony is excluded from the HM. The HM is then 

sorted by the objective function value [23]. 

4. Step 4: Repeat Steps 2 and 3 until the termination criterion is satisfied 

The computations terminate when the termination criterion is satisfied. If not, 

Steps 2 and 3 are repeated [23]. 

 

Figure 2.4 Harmony improvisation flowchart for continuous nodal coordinate variables [16] 
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2.3.4 New Version of Harmony Search Algorithm: Global Harmony Search 

Harmony search always look for the valuable and suitable sate of harmony. A new branch 

of HS is the global harmony search (GHS). This method initiates swarm intelligence to 

enhance the performance of HS [27]. This algorithm provides a new standard of harmony 

search to improve its performance. This new standard called global-best harmony search. 

To utilize the GHS algorithm, it should follow these criteria [27]: 

1. Initiating the problem and HS parameters. Minimizing and maximizing the function 

of f(x). 

2. Initiating the harmony memory by generating it from uniform distribution in the 

given ranges. 

3. Generating a new harmony called improvisation. This harmony vector depends on 

the factors of memory consideration, pitch adjustment, and random selection.  

4. Harmony memory always being updated in terms of generating the vectors.  

Be aware of preventing the maximum number of improvisations. 

 
The HMCR and PAR are the parameters of HS as discussed before. These parameters 

develop the searching for solutions and improving the effect of HS performance. Particle 

swarm optimization flies through the search space and each particle represents a candidate 

solution, thus, each particle is considered the best position in the swarm [31]. In comparison 

with GHS, GHS modifies the pitch adjustment, which reveals to the perfect HS in the 

memory. By that, GHS will be able to modify the work efficiency on discrete and continuous 

problems.  
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The effect of HMCR, HMS and PAR can be conducted by increasing HMCR. Increasing it 

develops the performance of GHS and increasing HMCR also maximizes the diversity 

which helps to prevent GHS from being converged. GHS is a new version of HS. This 

method modifies the PAR. In other words, this modification allows GHS to work properly 

and increase its efficiency in both discrete and continuous problems. Also, this paper 

discusses the effects of noise on the HS. The GHS provides perfect results in the condition 

of subjecting it to high-dimensional problems [27]. 

 

2.4 Genetic Algorithms  

A genetic algorithm (GA) is an optimization algorithm that is obtained by the biological 

evolution using the concepts of genes and chromosomes. It is a population-based 

metaheuristic method that uses the stochastic methodologies to create suitable mathematical 

solution of the design space to find the optimal solution [13]. A GA has three operators in 

the optimization problem: selection, crossover, and mutation. In each iteration, these 

operators are used on a population of all possible solutions, so they can develop the fitness 

function. The generated solution is described by a string, and these strings are likely the 

original chromosomes that are named as genetic algorithms. An algorithm has a system that 

follows a particular order to ensure the forming of an entirely successful system. The 

procedure of an algorithm starts by randomly creating a population of candidate solutions 

with the range of the design space [20]. The, the population is repeated in a loop, knowing 

that each loop is giving birth to a new generation of individuals, which results in creating 

an optimal solution. Each generated solution has a fitness value defined by the well-
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confirmed economic solution. The fitness value is produced by calculating the total weight 

of the suggested solution and determining the FEA.  

2.4.1 Genetic Algorithm Procedure 

The procedure to apply the GA algorithm is divided into five major steps, as follows [29]:  

1. Methodology: starts from a population of randomly developed individuals. 

2. Initialization: where the fitness model of every individual is evaluated and modified 

to form a new population. 

3. Selection of genetic algorithm is the level where a genetic algorithm is chosen from 

a population by individual genomes. 

4. Selection schemes. 

5. Crossover and mutation: these two steps are mandatory in operating GA, where there 

are two crossover methods single point, and two-point, while mutation occurs much 

less in GA and they introduce the diversity in the using examined population.  

The following flowchart (figure 2.5) introduces the procedure for utilizing genetic 

algorithms to solve a structural optimization problem is shown in the following figure.  
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2.5 Artificial Bee Colony Algorithm 

 
The artificial bee colony (ABC) algorithm is one of the optimization methods that can be 

used for truss optimization processes in terms of the weight of the truss structure. This 

algorithm was proposed by Karaboga and Basturk to solve unconstrained and constrained 

optimization problems [33]. The main objective of optimization algorithms is to limit the 

weight of the structures in terms of biological and physical events to create an optimal 

design [35]. These methods require high accuracy and professionalism in computer 

software. The reason behind the name of the artificial bee colony algorithm is that 

algorithms follow the nature and behavior of social insects to solve the complexity of some 

optimization problems. The behavior of these insects characterizes living in groups such as 

a colony and sharing their duties [35]. They believe that achieving duties in groups is more 

efficient than the individual work. These types of behaviors have been a motivation for the 

Figure 2.5 Design procedure for genetic algorithms for solving configuration and 
size optimization problems [2] 
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research studies to develop an optimization algorithm to solve complex structural 

optimizations.  

Artificial bee colony algorithms have not been used recently to solve optimization problems. 

Therefore, this section will be a guide to explain the bee-based algorithm and how it can be 

used to find the optimal design of planar and space trusses consisting of continuous 

variables. The ABC algorithm depends on the biological process of the products they make. 

Several types are similar in behavior to bee algorithms [33]. For example, bee colony 

optimization (BCO), and virtual bee algorithm. They are based on mimicking the foraging 

behavior of honeybee swarms. Although these algorithms share many similarities, they have 

some different characteristics [33]. 

A study by Singh has examined the performance of ABC in some optimization problems 

[1]. He tested the ABC algorithm and the result was that the ABC algorithm provides high-

quality solutions within a convenient period. Also, he revealed the fact that the ABC 

algorithm is more efficient in solving the leaf-constrained minimum spanning tree discrete 

optimization problems that other metaheuristic algorithms such as GA, ant colony 

optimization (ACO), and the tabu search algorithm.  

The ABC algorithm has several advantages in ways of solving engineering optimization 

problems, therefore, it has been selected for use in truss optimization in line with some 

deviations. As mentioned previously that the ABC algorithm is considered as an 

unconstrained optimization algorithm, the founder of the ABC algorithm tried to propose a 

solution in case constrained conditions. Therefore, he generated a self-adaptive penalty 

function that is used to find a way of incorporating constraints. This step would improve the 

process of the ABC algorithm [1].  
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2.6 Particle Swarm Optimizer  

Application of swarm intelligence in optimization was first suggested by Eberhart and 

Kennedy under the name of particle swarm optimization (PSO) [9]. The strength of PSO is 

underpinned by the fact that biological creatures without central supervision can often 

accomplish complex goals by cooperation. A standard PSO algorithm is initialized with a 

population (swarm) of random potential solutions (particles). Each particle iteratively 

moves across the search space and is attracted to the position of the best fitness (evaluation 

of the objective function) historically achieved by the particle itself (local best) and by the 

best among the neighbors of the particle (global best) [18]. In essence, each particle 

continuously focuses and refocuses the effort of its search according to both local and global 

best. This behavior mimics the cultural adaptation of a biological agent in a swarm: it 

evaluates its position based on certain fitness criteria, compares to others, and imitates the 

best in the entire swarm. The PSO uses real-number randomness and the global 

communication between the swarm particles. In this sense, it is also easier to implement as 

there is no encoding or decoding of the parameters into binary strings as in genetic 

algorithms, which can also use real-number strings [21]. 

  

  



18 
 

2.7 Comparison between Optimization Algorithms  

2.7.1 Harmony Search and Genetic Algorithm  

The two algorithms can be compared in terms of performance and results especially for 

solving geometry optimization problems. Simply, an algorithm is a process or set of rules 

to be followed in calculation or other problem-solving operations, where the perfect 

algorithm will keep better harmonies. Both GA and HS algorithms use the FEM that is used 

for calculating the stresses and joint deflections. Harmony search and genetic algorithms 

differ from each other in the procedure and the selected design variables [34]. The 

evaluation of harmony matrix starts by analyzing each solution by the given particular 

design creating a harmony vector. In this way, the objective of this harmony vector is to 

encourage an explorative search by allowing transitions to the given design. For each 

harmony vector, a set of values are assigned by the memory rate and pitch rate, which means 

the process will be selecting the average of these two parameters. Also, harmony search can 

be utilized in both continuous and discrete spaces [20]. 

The major difference between HS and GA algorithms is that GA can be applied only to 

unconstrained problems and in cases of existing constrained problems, they should be 

converted to unconstrained to make to make the variables discrete instead of continuous, 

thus, this conversion requires applying a penalty function. On the other hand, HS algorithms 

can be applied to both constrained and unconstrained structural optimization problems, 

which means they can be utilized on both discrete and continuous variables. Metaheuristic 

algorithms such as HS algorithms are suitable to deal with discontinuous objective function 

because they are based on randomization and local search [12]. Randomization provides an 
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accessible way to move from local search to search on the global scale, thus, most of the 

metaheuristic algorithms tend to be suitable for global optimization. 

The implementation of the HS algorithm is also easier. There is some evidence to suggest 

that HS is less sensitive to the chosen parameters, which means that we do not have to fine-

tune these parameters to get quality solutions. Furthermore, the HS algorithm is a 

population-based metaheuristic; this means that multiple harmonics groups can be used in 

parallel [36]. Proper parallelism usually leads to better implantation with higher efficiency. 

The good combination of parallelism with elitism as well as a fine balance of intensification 

and diversification is the key to the success of the HS algorithm and to the success of any 

metaheuristic algorithms [20]. 

 
2.7.2 Harmony Search and Artificial Bee Colony Algorithm 

The main differences between harmony search and artificial bee colony algorithms are 

expressed as that ABC develops new designs considering the collective information 

obtained from the pheromone trails, whereas HS develops the new designs considering the 

former designs stored in the memory, similar to ABC, but it also takes into account all 

design variables in database with a predetermined probability [35]. This facility provides a 

chance to improve the design by the value not stored in HS memory. Moreover, the local 

search process is applied to each design with a predetermined probability in the HS, whereas 

ABC used local search for only some elite designs. Also, the HS algorithm updates its 

memory after each design is generated. Therefore, the next design is obtained using updated 

HM, whereas the ABC algorithm is updated after the designs are performed equal to the 

number of the bees in the colony are performed. By that, these differences provide a more 

powerful approach for HS than GA and ABC.  
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The performance of ABC is very good in terms of the local and the global optimization due 

to the selection schemes employed and the neighboring production mechanism used. But in 

However, in ABC, the employed bees and onlooker bees carry out exploration and 

exploitation using the same formula, and the performance of ABC greatly depends on the 

formula. A bee swarm can provide different types of patterns which are used by the bees to 

adjust their flying trajectories. For example, an experienced forager bee can memorize the 

information on the best food source which it had found so far [1]. It selects the best-

experienced forager bee as the elite bee and adjusts its position based on the cognitive and 

social knowledge [33]. Therefore, we expect that these capabilities result in mitigating the 

stagnation and premature convergence problems. This work utilizes a set of approaches to 

enhance the global convergence. These approaches include chaotic search and particle 

search based on cognitive and social knowledge. 

2.7.3 Harmony Search and Particle Swarm Optimizer  

In the PSO, population size is in an important parameter that converges the algorithm and 

quality of the solution and a large population should not be considered because it increases 

the computation cost. It should be kept to around 20-40 particles. The other parameters are 

velocity, the position of a particle that is generated randomly and should be updated for 

particle best and global best.  The following table (2.1) shows the major differences between 

the three algorithms, which are HS, GA, and PSO [31]. 
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Optimization 
Techniques  

Author (s) Variations  Parameters  

Genetic Algorithm  J.H.Holland  Traditional Variant  
Read coded GA 
Binary coded GA 
Improved GA 
SAWTOOTH GA 
Differential evaluation  
LMS 

Population size 
Diversity  
Mutation 
Crossover  
Selection 
probability  
Generation gap 
Stopping criteria  

Particle Swarm 
Algorithm 

Kennedy and 
Eberhart 

Basic variant  
Velocity clamping 
Construction 
Synchronous 
Asynchronous 
Modified variant 
Discrete PSO 

• Binary PSO 
• Integer PSO 

Complex PSO 
• Dynamic neighborhood PSO 
• Constrained handling PSO 
• Multi-objective Optimization 

Hybrid PSO 
Adaptive PSO 
Combinatorial PSO 

Number of 
particles  
Velocity  
Position  
Random number 
Range of particle  
Learning factor  
Inertia weight  
Local search and 
global search 
Terminating 
criteria   
 
 

Harmonic Search Zong Woo Geem et 
al. 

Basic HS 
Variant HS 
Dynamic algorithm parameters 
Modeling dependencies between 
decision variables  
Hybridization with sequential 
quadratic programming  

Objective function 
Solution  
Decision variable  
Harmony memory 
size 
Improvisation  
Distance 
bandwidth 
Probability of 
HMCR 
Probability of PAR 
Selection criteria  
Terminating 
criteria  
 

Table 2.1: Comparison between GA, PSO, and HS Algorithms 
[31] 
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2.8 Numerical Examples 

2.8.1 Comparison of Genetic Algorithm and Harmony Search Method for 2D Geometry 
Optimization 
 
A study by Mohammad Ghozi and Anik Budiati [12] examined the efficiency of both 

algorithms. The test they made for each method runs 10 times optimization process to 

accommodate the natural behavior for GA and HS. The parameters used by the GA 

optimization method are Generation = 100, Population = 100, Mutation probability = 0.05, 

Crossover probability = 0.85, Roulette Wheel Mode as selection = 10%, while the HS 

optimization method uses HMCR = 0.95, Iteration = 10000, PAR = 0.5, HMS = 30. The 

examined structure is a truss with 10 members and 6 nodes. Two vertical downward loads 

of 100 kips are applied on joint 2 and 4. Modulus of Elasticity E = 1x104 MPa, p=0.10 lb.in2, 

allowable maximum stress = 25 ksi, and allowable joint deflection = 2 inch.  

 

 

 

 

 

 

 

 GA Method HS Method 
Section Weight (kg) Time (Second) Weight (kg) Time (Second) 

Best 2308.00 602 2913.12 268 
Average 2361.50 507 2213.22 278 

Maximum 2387.00 615 2239.48 289 

Table 2.2: 10-element Truss Optimization Results 
[12] 

Figure 2.6: 10-element Truss [12] 
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The test was made for each method runs 10 times using GA and HS. It is seen that from the 

results that HS produced a lighter structure than GA, where HS produced a truss structure’s 

weight of 2913.12 kg at its best and GA produced 2308 kg as its best weight. In other words, 

these weights mean that HS can produce 4.9% lighter than GA’s weight. Also, in this test, 

HS requires 890 to 1781 iterations, while GA requires 1900 to 4500 evaluations for finding 

the optimum weight for 2500 kg. By that, this means that HS is 53% to 60% faster than GA 

in the optimization process [12].  

2.8.2 An improved Magnetic Charged System Search for optimization of Truss Structures 
with Continuous and Discrete Variables 
 
A study by A. Kaveh, B. Mirzaei, Jacaranda [18] has tested the optimization tool for truss 

structures with continuous and discrete variables. An optimization test has been made on a 

10-bar, and 52-bar truss structures using different optimization algorithms such as GA, HS, 

and PSO. It is worth mentioning that most of researchers look for optimization on 10-

element trusses because they are a common problem in the field of structural optimization 

design and to test how workable a particular algorithm is with different types of structures. 

The examined trusses were solved for several researchers depending on the method they 

have used, knowing that all of them used HS algorithm. The following tables show the 

results of utilizing different algorithms to optimize multiple truss structures. In most of these 

tests, the most recognizable result is that HS always provides the most efficient and lighter 

structure.  

• 10-bar truss structure: Figure 2.7 shows the truss geometry and the support 

conditions. The modulus of elasticity is 10,000 ksi. The members are 

subjected to stress limits of ±25 ksi. The displacement limits for all nodes in 

vertical and horizontal directions is ±2.0 in.  
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According to Table 2.3, it can be seen that across all of these algorithms, HS has the lightest 

weight with a difference of 0.5-8.5 % compared with others, especially GA , and PSO and 

this is due to the advantages that HS has, which are mentioned previously in this research. 

To support our claim that HS can operate efficiently more than GA in optimizing truss 

structures, another numerical example of 52-element planar truss shows the optimized 

weight that HS can provide better than GA [18]. 

Element Group GA HS PSO 
1 28.92 30.15 33.469 
2 0.1 0.102 0.11 
3 24.07 22.71 23.177 
4 13.96 15.27 15.475 
5 0.1 0.102 3.649 
6 0.56 0.544 0.116 
7 7.69 7.541 8.328 
8 21.95 21.56 23.34 
9 22.09 21.45 23.014 
10 0.1 0.1 0.19 

Weight (lb.) 5076.31 5057.88 5529.5 

Figure 2.7: 10-element Planar Truss [18]  

Table 2.3: 10-element Planar Truss Optimization Results 
[18] 



25 
 

 
•  52-element planar truss: Figure 2.8 shows the truss geometry and supports 

conditions. The members are subjected to stress limitations of ±180 MPa. 
The applied loads on the structure are Px = 100 kN and Py = 200 kN. PAR = 
0.3, HMCR = 0.95, Iterations = 3000. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Element Group GA HS PSO 
1 4658.055 4658.055 4658.055 
2 1161.288 1161.288 1374.19 
3 645.16 506.451 1858.06 
4 3303.219 3303.219 3206.44 
5 1045.159 940 1283.87 
6 494.193 494.193 252.26 
7 2477.414 2290.318 3303.22 
8 1045.159 1008.385 1045.16 
9 285.161 2290.318 126.45 
10 1696.771 1535.471 2341.93 
11 1045.159 1045.159 1008.38 
12 641.289 506.451 2230.16 

Weight (kg) 1970.142 1906.76 2230.16 

Figure 2.8: 52-bar Planar Truss [18]  

Table 2.4: 52-element Planar Truss Optimization Results 
[18] 
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Referring to Table 2.4, harmony search has delivered a lighter truss structures compared to 

GA and PSO with a percentage difference of 3-14.5%.  

2.8.3 Artificial Bee Colony Algorithm for Optimization Truss Structures      

 A study by Mustafa Sonmez examined the ABC algorithm to solve structural optimization 

problems [33]. He utilized the ABC algorithm to investigate the numerical correctness, 

efficiency, and the validation of the ABC algorithm among other algorithms. In this 

research, multiple truss structures have been optimized by using HS and ABC algorithms. 

• 18-element plane truss: Figure 2.9 shows the geometry, support and loading 

conditions. A size optimization has been made by applying both HS and 

ABC algorithms on the truss structure. The members are subjected to a single 

loading conditions that is a series of concentrated point loads of 20 kips. All 

members are constructed to have a modulus of elasticity equals 10,000 ksi. 

The stress constrain is 20 ksi for both tension and compression members.  

HMS = 20, HMCR= 0.8, PAR= 0.3, Maximum number of iterations = 50000 

 

 

 

 
Figure 2.9: 18-element Plane Truss 

[33] 
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Referring to Table 2.5, it is clear that the optimized eighteen-bar truss by the HS algorithm 

has a lighter weight than what the ABC algorithm does in this study. Where the HS 

algorithm produced a total weight of 6421.880 lb. of an optimized 18-element truss, while 

the ABC algorithm produced 6430.52 lb.  

 

 

 

 

 

  

Group Member  HS ABC 
1 9.980 10 
2 21.630 21.651 
3 12.490 12.500 
4 7.057 7.071 

Weight (lb.) 6421.880 6430.529 

Table 2.5: 18-element Plane Truss Optimization Results 
[33] 
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CHAPTER 3 

DESIGN APPROACH AND METHODOLOGIES 
 
3.1 Introduction 
 
This chapter introduces the design approach and analysis methods for the examined truss 

structures by using ASCE 7-05 specifications (Minimum Design Loads for Buildings and 

other Structures) [26], and fabrication and erection of structural steel shall conform to AISC 

360-05, the 13th edition of the AISC Steel Construction Manual (LRFD: Load and 

Resistance Factor Design) [3]. This chapter highlights the design constraints and limits such 

as stresses, deflections, lateral displacements, and buckling constraints. This analysis 

employs a descriptive research design to satisfy the structure conditions and maintain the 

effects of occupational safety.  

3.2 Truss Classification  
 
A truss is an assembly of beams or other elements that creates a rigid structure. It can be 

defined as a structure that consists of two-force members only, where the members are 

organized so that the assemblage behaves as a single object [28]. Trusses are composed of 

straight members connected at their ends by hinged connections to form a stable 

configuration. Real trusses are usually constructed by connecting members to gusset plates 

by bolted or welded connections.  The simple form of a truss is one single triangle. Trusses, 

because of their longer spans with high strength and light weight benefit compared to regular 

steel beams, are among the most commonly used types of structures. Trusses are divided 

into two basic categories depending on their shape. [17] 

• The pitched truss, or common truss, is characterized by its triangular shape.  
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• The parallel chord truss, or flat truss, gets its name from its parallel top and bottom 

chords. They are often used in floor construction.  

3.3 Examined Truss Structures  
 
The optimized truss structures are located at the Pearson-McGonigle Hall at Temple 

University main campus in Philadelphia, PA within the third floor and building roof. The 

building contains 17 different trusses with different lengths and steel sizes. The total number 

of trusses in the building is 47 trusses. These trusses are considered simply supported 

parallel chord truss or flat truss with wide flange steel shapes. The following figure shows 

the shape of parallel chord trusses. The following truss is designed in accordance with the 

building structural drawing in “Appendix A”. 

 

 

 

• Structural Steel:  

1. ASTM 992 (Grade 50) for Wide Flanges, and WTs. 

2. Plates in Moment Connections and Gusset Plates in Truss and Braced Frame 

connections to be 50 ksi minimum.  

3. ASTM A500, Grade B, for HSS members (steel tubing). 
 

  

Figure 3.1: Pearson McGonigle Parallel Chord Truss Example [5] 
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3.4 AISC 360-05 Design Guide Limits (Specification for Structural Steel Building)  
 

The fabrication and erection of structural steel in Pearson McGonigle building conforms to 

AISC 360-05 the thirteen Edition of the AISC Steel Construction Manual based on LRFD 

design method (Load and Resistance Factor Design). The ASIC Manual prescribes the 

design constraints in terms of governing equations and implementation of loads into steel 

structures. All the equations presented in the following sections (3.4.1 – 3.4.8) are obtained 

from American Institute of Steel Construction, AISC 360-05 Thirteen Edition [3]. 

3.4.1 LRFD Design Method (Load and Resistance Factor Design) 
 
Load and Resistance Factor Design is a scheme of designing steel structures and structural 

components. This method is based on the principle that strength or resistance of various 

materials is scaled down by some factors, thereby the structural elements are designed 

using reduced strength and increased loads. The strength of materials considered for 

design is the ultimate strength, which results in the utilization of elastic, plastic, and strain 

hardening stages of material. The design according to the provisions for load and 

resistance factor design (LRFD) satisfies the specifications when the deisgn strength of 

each structural component equals or exceeds strength determined based on LRFD load 

combinations. The design shall be performed in accordance with the following equation 

[3]: 

Ru ≤ ϕRn  

Where: 

Ru = required strength using LRFD load combinations. 

Rn = nominal strength 

Φ = resistance factor.  

(Equation 3.1) 
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ϕRn = design strength.  

 

3.4.2 Design Members for Tension (Manual Citation)  
 
The design tensile strength, ϕtPn of tension members shall be the lower value obtained 

according to the limit states of tensile yielding in the gross section and tensile rupture in 

the net section [3].  

(a) For tensile yielding in the gross section: 

Pn = Fy Ag  

Φt = 0.90 (LRFD) 

(b) For tensile rupture in the net section: 

Pn = Fu Ae  

Φt = 0.75 (LRFD)  

Where:  

Ae = effective net area, in2. 

Ag = gross area of member, in2. 

Fy = specified minimum yield stress, ksi. 

Fu = specified minimum tensile strength, ksi. 

3.4.3 Slenderness Limitations  
 

There is no maximum slenderness limit for members in tension. For members designed 

based on tension, the slenderness ratio L/r, preferably should not exceed 300. This 

suggestion does not apply to rods or hangers in tension [3]. 

  

(Equation 3.2) 

(Equation 3.3) 
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3.4.4 Design Members for Compression    
 
The design compressive strength ϕc Pn, of the compression member and the nominal 

compressive strength Pn shall be the lowest value obtained based on the applicable limit 

states of flexural buckling, torsional buckling, and flexural torsional buckling [3].  

ϕc = 0.90 (LRFD) 

3.4.5 Flexural Buckling of Members without Slender Elements  
 
The nominal compressive strength, Pn, shall be determined based on the limit states of 
torsional and flexural-torsional buckling [3]:  

 
Pn = Fcr Ag                                    

 
 
Where 
 
Fcr= Critical Stress, ksi 
Ag = Gross Area of members, in2. 
 

The critical stress Fcr, is determined as follows:  

(a) When !"
#

 ≤ 4.71 ! $
%&

 or (%&
%'   ≤ 2.25)  

Fcr = [0.658%&/%'] Fy  

(b) When !"
#

 ≥ 4.71 ! $
%&

 or (%&
%'   > 2.25)  

Fcr = 0.877 Fe    

Where 

Fe = elastic buckling stress, ksi.  

Fe = )
!$

*"#$ +
!    

Fex = elastic buckling around the x-axis (Strong Axis) 

(Equation 3.7) 

(Equation 3.6) 

(Equation 3.4) 

(Equation 3.5) 
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Fe = )!$

*"%#$%
+
!   

 

The effective length factor, K, for calculation of member slenderness !"
#

 shall be 

determined in accordance of AISC 360-05 13th edition of the AISC Steel Construction 

Manual based on LRFD design method [3]. 

Where:  

K= effective length factor 

L= Laterally unbraced length of the member, in. 

r = radius of gyration, in.  

In braced frame systems, shear wall systems, and other structural systems where lateral 

stability and resistance to lateral loads do not rely on the flexural stiffness of columns, the 

effective length factor K, of members subject to compression shall be taken as 1.0, unless 

rational analysis indicated that a lower value is appropriate. 

3.4.6 Design of Members for Flexure 
 
The design flexural strength, ϕb Mn shall be determined as follows [3]:  

 
Φb = 0.90 (LRFD)  

 
Cb = lateral-torsional buckling modification factor 
 

Cb = ,-./	1&'%
-./	1&'%231(241)231*

  
 
Where: 
Mmax = absolute value of maximum moment in the unbraced segment, kip-in. 

MA = absolute value of moment at the quarter-point of the unbraced segment, kip-in. 

MB = absolute value of moment at the centerline of the unbraced segment, kip-in.  

MC = absolute value of moment at three-quarter point of the unbraced segment, kip-in.  

(Equation 3.9) 

(Equation 3.8) 
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The nominal flexural strength, Mn, shall be the lower value obtained according to the limit 

states of yielding (plastic moment) and lateral-torsional buckling 

• Yielding:  

Mn = Mp = FyZx  

Where: 

Fy = specified minimum yield stress of the type of steel being used, ksi.  

Zx = plastic section modulus about the x-axis, in3.  

 

• Lateral-Torsional Buckling 

Mn = Cb [Mp – (Mp -0.75FySx) (
"+5",
"$5",

) ≤ Mp when Lp<Lb≤Lr 

Mn = FcrSx ≤Mp  when Lb>Lr  

Where: 

Lb = length between points that are either braced against lateral displacement of the 

compression flange or braced against twist of the cross-section, in [3].  

Fcr = 6+)
!$

7" +
$-.

8
! !1 + 0.078	

9/
:%;0

+"+
#-.
,
-!
 

Where: 

E= modulus of elasticity of steel = 29,000 ksi. 

J = torsional constant, in4. 

Sx = elastic section modulus taken about the x-axis, in3. 

h0 = distance between the flange center centroids, in. 

 

 

(Equation 3.10) 

(Equation 3.11) 

(Equation 3.12) 

(Equation 3.13) 
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The limiting lengths Lp and Lr are determined as follows: 

• Lp = limiting laterally unbraced length for yielding  

Lp = 1.76ry !
$
%1

  

• Lr = limiting laterally unbraced length for inelastic lateral-torsional buckling 

Lr = 1.95rts $
<.=%1

- 9>
:%;2

+ !+ 9>
:%;2

,
-
+ 6.67	 +<.=%1

$
,
-
  

Where:  

rts = effective radius of gyrations = ?
@163
:%

 

the coefficient c, which is the lateral-torsional factor is determined as follows:  

• For doubly symmetric I-shapes: c=1  

 

Nominal flexural strength Mn for I-shaped members bent about their minor axis:  

• Yielding 

• Mn = Mp = FyZx ≤ 1.6FySy   

3.4.7 Design of Members for Shear 
 
The design shear strength ϕv Vn, shall be determined as follows [3]: 

Φv = 0.90 (LRFD)  
 

The nominal shear strength, Vn, of unstiffened of stiffened webs according to the limit 
states of shear yielding and shear buckling, is 

 
Vn = 0.6 Fy Aw Cv   

 
For webs of rolled I-shaped members with h/tw ≤ 2.24 .𝐸/𝐹&  
 

and Cv = web buckling coefficient = 1.0  
 

 
 

(Equation 3.18) 

(Equation 3.19) 

(Equation 3.14) 

(Equation 3.15) 

(Equation 3.16) 

(Equation 3.17) 
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• For webs of all other doubly symmetric shapes and singly symmetric shapes for 

channels, except round HSS, the web shear coefficient Cv, is determined as 

follows: 

When h/tw ≤ 1.10 !
!4$
%1

  

Cv = 1.0  

• For doubly and singly symmetric shapes loaded in the weak axis without torsion, 

the nominal shear strength, Vn, for each shear resisting element shall be 

determined by: 

Aw = bf tf, h/tw = b/tf, kv = web buckling coefficient = 1.2.  

3.4.8 Design of Members for Combined Forces and Torsion  
 
The interaction of flexure and compression in doubly symmetric members and singly 

symmetric members is constrained to bend about a geometric axis (x and/or y) shall be 

limited by the following equation, called the controlling equation [3]: 

 
• When A$

A/
	< 0.2  

 
 A$

-A/
 + (1$%

1/%
+ 1$1

1/1
) ≤1.0  

 

• When A$
A/
	≥ 0.2  

A$
A/

 + B
C
(1$%
1/%

+ 1$1
1/1

) ≤1.0  

 

Where:  
Pr = required axial strength using LRFD load combinations, kips. 
Pc = ϕcPn = available axial strength, kips. 
Mr = required flexural strength using LRFD load combinations, kip-in. 
Mc = ϕbMn = available flexural strength, kip-in. 

(Equation 3.20) 

(Equation 3.21) 

(Equation 3.22) 
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x = subscript relating symbol to strong axis bending. 
y = subscript relating symbol to weak axis bending. 
 

• For LRFD Design: 
I. ϕc = resistance factor for compression = 0.90. 

II. ϕb = resistance factor for flexure = 0.90.  
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3.5 ASCE 7-05 Design Approach for Loading Constrains 
 
ASCE 7-05 (Minimum design loads for buildings and other structures) [30] explains the 

design requirements of buildings for dead, live, flood, wind, snow, and earthquake loads. 

Also, it specifies the load cases and load combinations. ASCE 7-05 provides load 

combinations for both LRFD (Load and Resistance Factor Design) and ASD (Allowable 

Stress Design). Since the building is designed following the LRFD design method, the 

design approach will the follow LRFD design methodology. In general, loads are divided 

into two major categories: gravity loads, and lateral loads. The presented equations in 

sections (3.5.1 – 3.5.4) are obtained from American Society of Civil Engineers (Minimum 

Design Loads for Buildings and Other Structures) [26]. 

3.5.1 Gravity Loads 
 
The structural systems of most buildings are designed to withstand loads on both vertical 

and horizontal directions. The vertical loads, due mainly to the occupancy, self-weight, 

and snow or rain, are referred to as the gravity loads. Dead loads, live loads, and snow 

loads are treated as gravity loads since they act vertically on the structure. The member 

deflection due to gravity loads such as live, dead, and snow loads are governed by the 

following equations [26]: 

I. Live load deflection: 

L/360 

Where: 

  L = span length, ft.  

II. Live and dead load deflection: 

L/240 

(Equation 3.23) 

(Equation 3.24) 
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Where:  

 L = Span length, ft. 

   

3.5.2 Lateral Loads 
 
Lateral loads are whose main component is a horizonal force acting on the structure. 

Lateral loads are induced mainly by wind and earthquakes. These loads are applied to a 

structure at its rigid joints and cause deflection. The exerted lateral loads are important 

because they increase the reactions to a level that can be resisted by a structure if it 

considers gravity loads only [26].  

3.5.3 Load Combinations and Factored Loads 
 
Gravity and lateral loads are governed by load combinations in accordance with ASCE 7-

05 in Chapter 2. Chapter 2 clarifies the basic load combinations and factored loads that 

apply to the building [26].  

• Basic Load Combinations: 

1. 1.4D  

2. 1.2D +1.6 L +0.5 S  

3. 1.2D+ 1.6 S + 0.8W  

4. 1.2D +1.6W +L + 0.5 S                                                        

5. 1.2D +1.0E +L +0.2S  

6. 0.9D +1.6W  

7. 0.9D +1.0E 

 

 

(Equation 3.25) 
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Where: 

D= dead load.  

L= live load. 

E= earthquake load. 

S= snow load. 

W= wind load.  

3.5.4 Lateral Deflections/Story Drift 
 

I. Seismic load (Earthquakes) [26]:  
 
1. Story drift: the story drift when subjected to seismic loads is determined by:  

0.015hsx                                

Where: 

• hsx = story height.  

The story drift due to seismic loads should not exceed the value obtained from the 

previous expression.  

II. Wind Loads [26]:  

1. Lateral Displacement: the deflection of the members subjected to wind load 

is governed by the following:  

H/400  

Where:  

• H = Building height. 

 
 
 
 
 
  

 (Equation 3.26) 

(Equation 3.27) 
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CHAPTER 4 

DATA ANLYSIS AND OPTIMIZATION RESULTS 
 
 
4.1 Introduction 
 
In this chapter, a detailed analysis will be provided in accordance with ASCE 7-05 [26] 

design guidelines and AISC 360-05 [3] based on LRFD method (Load and Resistance 

Factor Design). The designing process went through five major stages: analysis of 

architectural and structural drawings, gravity design and lateral design by Ram Structural 

System software [6], finite element analysis [5], and optimization operation by applying 

the HS algorithm in MATLAB [24]. Several truss structures will be examined in 

accordance with the design limitations. 

4.2 Building Description 
 
The Pearson-McGonigle Hall is a 4-story building located at Temple University main 

campus in Philadelphia, PA “Appendix A”. Pearson McGonigle has a total area of 

250,000 square feet. The distribution of story heights is shown in Table 4.1.  

 

 

Story Height (ft) 

First Story 15 

Second Floor 18 

Retail 7.5 

Mechanical Mezzanine 14 

Third Floor 37 

Table 4.1: Building Story Heights  
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The construction materials used are:  

I. Structural Steel: 

• ASTM A-36 for channels, angels, and Plates. 

• ASTM 992 (Grade 50) for Wide Flanges, and WTs. 

• ASTM A500, Grade B, for HSS members (steel tubing). 
 

II. Slabs: 

• Composite floor deck is 3”-18-gauge galvanized ASTM653 G-60 with minimum 

yield strength of 33,000 psi. 

• 4 ½” Normal Weight Concrete Over 3”-18 galvanized metal floor deck reinforced 

with 6x6 W2.9 X W2.9 WWF. Total slab depth is 7 ½”.  

• Metal Deck: 3”-18 galvanized metal roof deck. 

4.3 Building Loads  
 

• Dead Loads: dead loads consist of the weight of all materials of construction 

incorporated into the building, but not limited to, walls, floors, ceilings, stairways, 

and partitions. Also, dead load includes the weight of the structure itself. Dead 

loads are defined as static loads. 

• Live Loads: loads that temporarily act on the structural elements such as chairs, 

desks, etc. Also, they can be defined as loads that can be moved through out a 

certain time. The distribution of the building live loads is shown in Table 4.2. 
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• Wind Loads: 

1. Wind Speed 90 mph.  

2. Wind Importance Factor: 1.15 

3. Occupancy Category: III 

4. Exposure: B 

• Seismic Loads: 

1. Seismic Design Category: B 

2. Site Class: C 

3. Occupancy Category: III 

Floor Live Load 

New Floor Construction in Existing Building 100 psf 

Third Floor Gym, Courts, Light Storage and 

Weight Room 

100 psf 

Third Floor Offices and Partitions 70 psf 

Third Floor Locker Rooms/restrooms and 

Partitions 

80 psf 

Mechanical Mezzanine 45 psf 

Stairs 100 psf 

Roof             22 psf 

Ground Snow Load             25 psf 

Flat-Roof Snow Load 22 psf 

Table 4.2: Live Loads of Pearson McGonigle Building 
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4. Response Modification Category: 3 

5. Seismic Response Coefficient – Cs: 0.036 

6. Deflection Modification Factor – Cd: 3.25 

4.4 Gravity Design Analysis 

The gravity design considers the gravity loads applied to the building. This analysis has 

been performed by using Commercial Ram Structural Systems [6]. In this stage, columns, 

beams, slabs, and decks have been designed. The gravity design consists of the design of 

dead loads, live loads, and snow loads. Gravity design reacts only with vertical loads that 

act on the structure itself. During this analysis, deflections, bending moments, line loads, 

and surface loads have been performed to check the building’s stability toward gravity 

loads. Figure 4.1 shows the beam-column frame layout of the third floor of the Pearson-

McGonigle Hall. 
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4.5 Lateral Design Analysis  
 
The lateral design analyzes the lateral members in the building such trusses and braced 

frames. Those members are designed to resist lateral loadings such as wind and seismic 

loads. The lateral analysis has been performed by Ram Structural Systems – Lateral Design. 

This stage simulates the members’ stability when they are subjected to lateral forces and 

provides members deflection, lateral displacement, and resistance to story shear forces. The 

following figures show the lateral bracing selected for analysis on the third floor and the 

roof of the Pearson-McGonigle Hall. 

Figure 4.1: Beam-Column Frame Layout of the Third Floor 
[6] 
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 Figure 4.2: Lateral Bracing Elevation View – West [6] 

Figure 4.3: Truss Elevation View – East [6] 
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Figure 4.4: Pearson McGonigle Lateral Members: 3-D Trusses and Braced Frames [6] 
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4.6 Finite Element Method (FEM) 
 
Ram Element [5] is a finite element method that has been used in this research. This tool 

contributes the values and runs a comprehensive analysis of the structural members by 

following AISC 360-05 LRFD based and ASCE 7-05 design limitations for all stress, 

deflections, and lateral displacements for both gravity and lateral members. After designing 

the building for both lateral and gravity members in Ram Structural Systems [6], they have 

been transferred to Ram Element [5] to check their status in accordance with design 

limitations that have been discussed previously in Chapter 3. This software has been used 

to check both designs created before and after optimization. The following figure shows the 

design of trusses and braced frames.  

 

 
 

  

Figure 4.5: Pearson McGonigle Lateral Members: Trusses and Braced Frames by FEM 
[5]  
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4.7 Harmony Search Parameters 
 

Table 4.3 shows the Harmony Search parameters that have been used for MATLAB code 

that generates Harmony Search Algorithm. These parameters are very sensitive, and they 

have been chosen because of the following: 

• Harmony memory size should be ≥ 1. Selecting a value > 50, HS will not generate 

the most optimum design solution. Also, selecting a value < 50 will not deliver the 

most optimum design solution that meets the design requirements set in Chapter 3. 

The best range for yielding the optimum solution is setting HMS between 50-60 

• Harmony memory considering rate should be within the range between [0-1]. 

Selecting a value less than 0.8 will not deliver an optimum design. If you reach 0.8-

0.95, harmony search will generate the most optimum solution. 

• Pitch adjustment rate is in the range of [0-1]. Lower the value of PAR will result an 

optimum design. while higher value of PAR such as 0.5-0.9 will not yield an 

optimum design.  

• The higher number of iterations deliver the most optimum solution. Several runs 

have been applied to check whether value yields the most optimum design. A range 

of 1000-150000. The best optimum solution generated when the number of iterations 

was set to be 50000.  
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4.8 Optimization Results and Comparison  
 
In this section, a detailed discussion will be presented for different trusses. These trusses 

differ in the number of members involved. The presented data simulates the total weight 

reduction of each truss and the optimized members.  

4.8.1 25-Element Parallel Chord Truss 

The 25-element truss is located on the third floor. It is presented in Figure 4.6. 

Young’s Modulus = E = 29,000 ksi. 

 

 

Harmony Search Parameters Value 

HMS: Harmony Memory Size 50 

BW: Band Width 5 

HMCR: Harmony Memory Considering 

Rate 

0.8 

PAR: Pitch Adjustment Rate 0.4 

Iterations 50000 

Table 4.3: Harmony Search Parameters   

Figure 4.6:  25-Element Parallel Chord Truss [5]  
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Truss members have been categorized as groups, where group one represents steel size of 

W14X132, group two represents steel size of W14X145, group three represents W14X68, 

and group four represents W14X61. The results obtained by HS produced lighter 

structural members with approximately 26% weight reduction. Also, the optimized truss 

structure satisfies all design constraints such as stresses, deflections, and lateral 

displacements discussed in Chapter 3.  

4.8.2 33-Element Parallel Chord Truss  

The 33-element truss is located on the third floor. It is shown in Figure 4.7. 

Young’s Modulus = E = 29,000 ksi.  

 

Group Number Existing Size Harmony Search Results 

1 W14X132 W14X90 

2 W14X145 W14X99 

3 W14X68 W12X45 

4 W14X61 W12X26 

Weight (lb.) 41373 30531 

Figure 4.7: 33-element Parallel Chord Truss [5] 

Table 4.4: 25-Element Parallel Chord Truss HS Results  
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The presented truss was at the third-floor basketball court. The structural members have 

been divided into three groups, where group one represents W14X120, group two represents 

W14X145, and group three represents W14X61 for braces. Harmony search achieved a 25% 

weight reduction in the total weight of the truss structure. Applying HS requires satisfying 

the design limits, where they were checked at the finite element method for the new stresses, 

deflections, and lateral displacements.  

 

4.8.3 38-element Parallel Chord Truss  

The 38-bar truss is located at the roof. It is shown in Figure 4.8. 

Young’s Modulus = E = 29,000 ksi.  

 

Group Number Existing Size Harmony Search Results 

1 W14X120 W30X90 

2 W14X145 W24X94 

3 W14X61 W16X31 

Weight (lb.) 76497 56896 

Figure 4.8: 38-element Parallel Chord Truss [5] 

 
Table 4.5: 33-element Parallel Chord Truss HS Results 
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Group Number Existing Size Harmony Search Results 

1 W10X54 W16X36 

2 2L4X4X1/2 W8X18 

Weight (lb.) 23045 16844 

 

 

The implementation of HS on 38-element truss contributes 27% weight reduction as shown 

in Table 4.6. The truss contains two types of steel shapes: wide flanges for beams, and 

angles for braces. The optimized structure has been examined using the finite element 

method to examine the design limitations for lateral displacements. These limitations are 

validated in data discussion in Section 4.9.  

4.8.4 43-element Parallel Chord Truss  

The 43-bar truss is located at the roof is shown in the following Figure 4.9.  

Young’s Modulus = E = 29,000 ksi.  

Young’s Modulus = E = 29,000 ksi.  

 

 
Figure 4.9:  43-element Parallel Chord Truss [5] 

Table 4.6: 38-element Parallel Chord Truss HS Results  



54 
 

 
Table 4.7 shows the final optimization of cross-sectional areas of the truss members. A 

preliminary analysis is carried out to consider the structural sizes involved, where all 

elements in group one have the same cross-sectional area, as well as group two, which 

introduces the braces. The HS algorithm was applied to the 43-element truss using the 

parameters discussed previously in section 4.7. The algorithm has found the best solution 

for the truss yielding 23% weight reduction while considering the design constraints. 

 
4.8.5 3-Bay, 4-Story Braced Frame (Middle Braced) 
 
The presented braced frame in Figure 4.10 shows a three-bay, four-story braced frame, 

where: 

• Modulus of Elasticity = 29,000 ksi.  
• Fy = 50 ksi. Beams and Columns 
• Fy= 46 ksi. Bracing (HSS) 

Group Number Existing Size  Harmony Search Results 

1 W10X54 W10X33 

2 2L4X4X1/2 W8X15 

Weight (lb.) 25068 19379 

 Table 4.7: 43-element Parallel Chord Truss HS Results 



55 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 

Figure 4.10: 3-Bay, 4-Story Braced Frame [5] 
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Table 4.8 shows the HS results for the optimized steel sizes and the total weight of the 

structure before and after optimization. The members are grouped according to their sizes.  

Referring to the results obtained, it shows that harmony search has delivered a lighter braced 

frame with a total weight reduction of 21%. 

4.8.6 3-Bay, 4-Story Braced Frame 
 
The presented braced frame in Figure 4.11 is a 3-bay, 4-story braced frame, where: 
 

• Modulus of Elasticity = 29,000 ksi.  
• Fy = 50 ksi. Beams and Columns. 
• Fy= 46 ksi. Bracing (HSS). 

 

Group 
Member 

Member Type Existing Size Harmony Search 
Results 

1 Column W14X61 W14X53 
2 Brace HSS 8X8X3/8 HSS 6X6X1/2 
3 Brace HSS 6X6X3/8 HSS 4.5X4.5X3/8 
4 Brace HSS 10X10X3/8 HSS 7X7X1/8 
5 Brace HSS 10X10X3/8 HSS 6X6X1/2 
6 Beam W18X35 W16X26 
7 Beam W24X62 W18X50 
8 Brace HSS 10X10X1/2 HSS 7X7X3/8 
9 Beam W14X43 W14X26 

Weight (lb.)  74338 58628 

 

Table 4.8: 3-Bay, 4-Story Braced Frame  
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Figure 4.11: 3-Bay, 4-Story Braced Frame [5] 
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Table 4.9 presents the steel sizes and the total weight of the structure before and after 

optimization. Referring to the results obtained from Table 4.9, it is clear that HS has resulted 

in a total weight that is lighter than the existing structure. It has delivered a new weight with 

a weight reduction of 24%.  

4.8.7 5-Bay, 4-Story Braced Frame 
 
Figure 4.12 presents a 5-bay, 4-story braced frame structure, where the columns and beams 

have a yield strength of 50 ksi, while the braces have a yield strength of 46 ksi. 

 

 

 

 

 

 

 

 

Group 
Member 

Member Type Existing Size Harmony Search 
Results 

1 Column W14X176 W14X120 

2 Column W14X90 W14X68 

3 Brace HSS 6X6X3/8 HSS 5.5X5.5X5/16 

4 Brace HSS 10X10X3/8 HSS 7X7X3/8 

5 Beam HSS 10X10X1/2 HSS 8X8X1/2 

6 Beam W14X61 W14X38 

7 Beam W12X40 W12X30 

Weight (lb.) 
 

85294 64660 

 Table 4.9: 3-Bay, 4-Story Braced Frame 
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Figure 4.12: 5-Bay, 4-Story Braced Frame [5] 
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Referring to Table 4.10, HS as an optimization tool has delivered a new weight of the 5-

bay, 4-story braced frame, where the total weight of the structure was 132749 lb. before 

optimization and afterwards had a new weight of 103432 lb., which means a weight 

reduction of 22% compared with the original weight.  

  

Group 
Member 

Member Type Existing Size Harmony Search 
Results 

1 Column W14X61 W14X48 
2 Column W14X90 W14X61 
3 Column W14X132 W14X99 
4 Beam W24X55 W21X44 
5 Beam W24X62 W21X48 
6 Beam W24X68 W21X50 
7  Beam W24X84 W24X62 
8 Beam HSS 10X10X1/2 HSS 7X7X1/2 
9 Beam W18X50 W16X40 
10 Brace HSS 10X10X3/8 HSS 7X7X5/8 
11 Beam W10X49 W10X22 
12 Brace HSS 8X8X1/2 HSS 7X7X1/2 
13 Brace HSS 12X12X1/2 HSS 9X9X1/2 

Weight (lb.) 
 

132749 103432 

 

Table 4.10: 5-Bay, 4-Story Braced Frame 
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4.8.8 Total Weight Reduction  
 
 

 

Harmony Search has optimized both truss structures and braced frames. Referring to table 

4.11, it shows that the total weight of trusses has been optimized within 24.3% weight 

reduction. Also, the total weight of braced frames has been optimized within 24.01% weight 

reduction.  

 

 

  

Structure Type Existing Weight (Before 
Optimization) 

After Optimization 

Braced Frame 541040 411099 

Truss 2568457 1945277 

Total Weight (lb.) 3109497 2356376 

 Table 4.11: Total Weight Reduction by Harmony Search 
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4.9 Data Results Discussion and Check 

The data collected from the examined structures were checked in FEM analysis. In Chapter 

3, design constraints have been explained where stresses, deflections, and lateral 

displacements should not exceed a certain value. For example, the 22-element truss steel 

sizes have been optimized according to ASIC 360-05 specification and ASCE 7-05 

limitations [3,26]. 

 
 
The member pointed by the red arrow in Figure 4.10 has been checked for design limitations 
such as stress ratio, lateral displacement, and deflection. 
 

• Stress Ratio: stress ratio is governed by equations (3.21) and (3.22) in Chapter 3 

Section 3.8.4, knowing that the stress is always less than or equal to 1. The original 

member size W14X68 has a stress ratio of 0.35, and after the optimization by HS, 

the new stress for W12X45 ratio is 0.84, which is within the limits of stress ratio 

equation.  

• Member Deflection and Displacement: member deflection is governed by equations 

in Sections 3.5.1 and 3.5.4 for both gravity member deflections. The member length 

is 13.5 ft. The member deflection for gravity associated with dead and live load 

should not exceed L/240 = 13.5/240 = 0.0562 ft 𝑥 ,-	DE
,	FG

= 0.67	𝑖𝑛. The new member 

Figure 4.13:25-element Parallel Chord Truss [5] 
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deflection is 0.56 inches, which meets the member deflection limits. The lateral 

displacement is governed by equations (3.26) and (3.27) in Chapter 3. With that 

knowledge, it should not exceed 2.64 in for lateral displacement by wind, where 

H
4<<

= BB
4<<

= 0.22	𝑓𝑡	𝑋 ,-	DE
,FG	

= 2.64 and should not exceed 0.015hsx = 0.015 ( 37 ft.) 

= 0.055 ft x ,-	DE
,	FG

 = 6.6 in.. The optimized section has a wind lateral displacement of 

1.32 in, and 3.81 for seismic lateral displacement. These results satisfy the design 

limitations obtained from ASCE 7-05 specifications for both wind and lateral 

displacement limits. 

4.9.2 Design Guideline 
 

• Applying Harmony Search for New Design: Throughout the research, harmony 

search has proven the efficiency and ability to optimize existing structures. Thus, 

applying HS in the design phase is a crucial step in the field of structural engineering. 

In order to apply HS in the design phase, several procedures should be followed. 

First, the design loadings and the steel structures sizes should be imported to 

MATAB code, where harmony search can generate the optimized sizes that satisfy 

the design loads. Secondly, the optimized results of steel structures should be 

converted to Ram Structural systems [6] to run gravity and lateral analysis. Finally, 

transferring the model for Ram Structural Systems to a Ram Element, where it run 

a comprehensive analysis based on finite element method to check the members 

displacements, stresses, buckling constrains, and stability.  

• Applying Harmony Search for Renovation: In addition of applying harmony search 

in the design phase, HS can be applied in the renovation process. The first procedure 

in this process is applying harmony search algorithm on MATLAB software [24] 
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based on the existing steel sizes of the structural system, where HS can generate a 

new solution for the members under the renovation loadings. The optimized steel 

sizes generated by harmony search should be transferred to Ram Structural system 

to check how the members react under gravity and lateral loads. If the optimized 

steel sizes pass the design limitations, then they should be transferred to Ram 

Element [5] to check the lateral displacements, member gravity deflections, and 

stability.  
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CHAPTER 5 

CONCLUSION 
 
 
5.1 Future Work 
 
Throughout this research, HS as an optimization tool, has proven the ability and 

effectiveness it can deliver in optimizing steel structures while maintaining and satisfying 

all design limitations. Another aspect that can be implemented as an optimization stage is 

to apply HS to optimize structures in the design phase instead of optimizing existing 

structures. In other words, in the design phase, engineer the building in accordance with the 

design limitations considered and before the construction phase of the steel structure, HS 

can be applied to deliver light steel weights.  

Another aspect is considering the architectural limitations such as shape and height of the 

steel size to satisfy both civil an architectural requirement. Finally, providing cost analysis 

will support the concept of optimization by applying the HS algorithm and demonstrating 

how it can be effective in terms of cost reduction of steel structures.  

 
 
5.2 Conclusion  
 
In conclusion, applying HS to truss structures has yielded significant results. The new 

approach of designing truss structures to sustain both gravity and lateral loads has shown 

reliable results, knowing that HS- optimized sizes and lighter weight steel structures 

satisfy the design constraints such as stress, strain, member deflections, and lateral 

displacements caused by wind and seismic loads. Moreover, limited researches has been 

done on examining the truss structures in terms of both lateral and gravity analysis, where 

they have tested the gravity design of truss structures for only members subjected to 
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tension and compression forces, while in the research other design limitations have been 

checked such as shear, flexure, and combined forces to ensure the safety of the optimized 

steel structures and their efficiency in complying the same strength that the original steel 

sizes can provide. 
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APPENDIX A 

PARTIAL STRUCTURAL DRAWINGS PLAN 
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25-Element Parallel Chord Truss 
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33-Element Parallel Chord Truss 
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3-Bay, 4-Story Braced Frame 
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3-Bay, 4-Story Braced Frame 
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APPENDIX B 

PARTIAL RAM SS FLOOR PLANS (GRAVITY DESIGN) 
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Second Floor – Gravity Members 
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Mechanical Mezzanine – Gravity Members 
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Third Floor Plan – Gravity Members 
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APPENDIX C 

PARTIAL RAM SS FLOOR PLAN (LATERAL DESIGN) 
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Second Floor Plan – Lateral Members 
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Lateral Bracing Elevation View 
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Lateral Bracing Elevation View 


