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Abstract  
This paper performs optimization for plane steel frames with semi-rigid beam-to-column connections, in a 
company with fixed, semi-rigid and hinged base connections using a biogeography-based optimization 
algorithm (BBO), along with a genetic algorithm (GA). In this paper, Kanvinde and Grilli [1] nonlinear model is used 
for simulating semi-rigid base connections, where this model considers all deformations in different base 
connection components under the applied loads to determine the relative spring rotation for the sake of getting 
accurate base rotational stiffness value. In addition, Frye and Morris [2] nonlinear model is used for simulating 
semi-rigid beam-to-column connections. The P-∆ effect and geometric nonlinearity are considered. The stress 
and displacement constraints of AISC-LRFD [3] specifications, together with size adjustment constraints, are 
considered in the design procedure. 

 
Keywords: Genetic algorithm; biogeography-based optimization; plane steel frame; optimization; semi-rigid connection; geometrically 
nonlinear; the P-∆ effect; semi-rigid base. 

1.Introduction 

Most of the design procedures abridge the simulation of steel 
connections by assuming them either a perfectly pinned or a fully 
rigid connection. Conversely, in actual, steel connections have some 
rotational stiffness between these two severe assumptions, and their 
real behavior is complicated and nonlinear. So, for an accurate 
structural analysis, a nonlinear model is needed for simulating steel 
connections either beam-to-column connections or base connections, 
along with considering the P-∆ effect and geometric nonlinearity (i.e., 
the change in coordination). 
 
Two types of steel constructions are described in AISC-LRFD [3]: fully 
restrained (FR) and partially restrained (PR), where the PR type is 
considered according to rational experimental and numerical studies.  
Some researchers worked on the behavior of semi-rigid connections 
using experimental studies to get the nonlinear behavior of the 
connection such as Frye and Morris (1975), Abdalla and Chen [4], 
Chisala [5], Kim et al.[6], Wu et al.[7], Aydin et al. [8] and Maali et al. [9],. 
Due to its rational simulation and it's wide usage in the literature 
studies, the odd-polynomial Frye and Morris [2] model are used in the 
current study. On the contrary of beam-to-column connections, an 
accurate model of semi-rigid base connections is usually ignored in 
most of the literature studies. Only Kanvinde and Grilli [1] model is 
rationally accurate for simulating a semi-rigid base connection, 
where it considers deformations of all different components of the 
base connection, so this model is used in the current study to simulate 
base connections. 
 
A biogeography-based optimization algorithm (BBO) and a genetic 
algorithm (GA) are used in the current study. 
 
BBO is one of the evolutionary population-based optimization 
algorithms proposed by Dan Simon [10], which simulates the 

colonization and extinction of species between islands. In 
addition, GA is one of the first evolutionary population-based 
optimization algorithms, which mimics the evolution theory of 
Darwin.    

2.  Summary of the literature studies 

Table 1 shows a comparison between the previous literature 
studies, where all the literature studies simulate beam-to-column 
connections using Frye and Morris model, and Hensman and 
Nethercot [11] model to simulate base if it is considered as a semi-
rigid. 

3.  Genetic algorithm (GA) 

A genetic algorithm is one of the oldest optimization algorithms 
inspired by John Holland [12], where it mimics the evolution theory 
of Darwin. GA starts with an initial population consists of a certain 
number of listed suggested solutions, where each solution is called 
individual or chromosome. 
 
Each individual variable is represented by a chromosome consists 
of a string of genes, where each gene represents a certain 
suggested optimization variable. These genes are coded in a 
binary-string, so the decoding process is proceeded to convert 
genes to decimal values, and then the fitness value of the problem 
using these suggested variables is determined for each individual 
in the initial population. 
 
Based on the fitness value of each individual, the selection process 
is carried out to select chosen individuals to go through a 
reproduction process. Crossover and mutation are the main 
reproduction parameters used for creating the next generation of 
solutions, by repeating the same steps until reaching the last 
generation. Fig. 1 shows a flowchart of GA processes. 
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Table 1. Comparison between previous studies 

Study Frame Base Used algorithm Design code 
Shallan et al. [13] Space Semi-rigid BBO, GA AISC-LRFD 
Shallan et al. [14] Plane  Semi-rigid BA, GA AISC-LRFD 
Shallan et al [15] Plane Fixed TLBO, GA AISC-LRFD 
Musa and Ayse [16] Space Fixed GA AISC-LRFD 
Musa Artar [17]a Plane Fixed TLBO AISC-ASD 
Musa and Ayse [18]b Space Fixed GA AISC-LRFD 
Hadidi and Rafiee [19] Plane Fixed New HS AISC-LRFD 
Mohammad and Payam [20] Plane Fixed Fuzzy GA AISC-ASD 
Alqedra et al. [21] Plane Fixed ITHS AISC-LRFD 
Arafa et al. [22] Plane Fixed HS AISC-LRFD 
Hadidi and Rafiee [23] Plane Fixed Improved PSO AISC-LRFD 
Rafiee and Hadidi [24] Plane Fixed BB-BC AISC-LRFD 
Hayalioglu and Degertekin [25] Plane Semi-rigid HS AISC- LRFD 
Hayalioglu and Degertekin [26] Plane Semi-rigid GA AISC-LRFD 
Hayalioglu and Degertekin [27] Plane Fixed GA AISC-ASD 
Degertekin and Hayalioglu [28] Plane Semi-rigid GA Turkish code 

a Braced frame, b Composite beam, ITHS: Intelligent tuned harmony search, BBO: biogeography-based optimization, BA: Bees algorithm, 
TLBO: Teaching-learning-based optimization, HS: Harmony search, PSO: Particle swarm optimization, BB-BC: Big bang-big crunch. 

  

 

Figure 1. Flowchart of the basic GA 

4. Biogeography-based optimization algorithm (BBO) 

Biogeography-based optimization (BBO) is a population-based 
stochastic optimization technique proposed by Dan Simon, where 
it stimulates the colonization and extinction of species between 
islands.  
Similar to GA, BBO begins with an initial population consists of a 
certain number of listed suggested solutions, where each solution 
is called island or habitat. 
Each habitat is characterized by a series of features called 
suitability index variables SIV, where each SIV represents a certain 
suggested optimization variable. Then the habitat suitability index 
HSI of the problem using these suggested variables is determined 
for each habitat in the initial population. 
Then all habitats are sorted from the worst to the best solution 
according to the HSI value of each habitat, noting that, the highest 
HSI means the worst solution and vice versa. S represents the rank 
of habitat after the sorting process and Smax is the total number of 
habitats in the population i.e. the population size. According to the 
rank of a certain habitat S, the modification parameters, 
immigration rate ƛ s and emigration rate µs are calculated as 
shown in Fig. 2 and the following equations. 
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where I and E are the maximum possible immigration and 
emigration rates, respectively, usually for simplification are taken 
I=E=1. 

 
 
 
 

Figure 2. The relationship between the rank of habitats S, 
emigration rate µ and immigration rate ƛ  

 
Immigration means accepting new features, i.e., SIVs from good 
habitats, contrarily; emigration means sharing good habitat 
features with poor habitats. So the habitat with a high HSI has a 
lower rank S and a high immigration rate ƛ and a low emig ration 
rate µ, where ƛ and µ are ranged from 0 to 1. Table 2 shows a 
comparison between the names of GA and BBO characteristics. 

 

Table 2. Comparison of the characteristics names for GA and 
BBO 

GA BBO 
Binary-coded Decimal 

Gene SIV 
Chromosome Habitat 

Fitness HSI 
Reproduction Modification 

Crossover operator Migration operator 
Mutation operator Mutation operator 

Generation Iteration 
 
  Along with immigration and emigration processes, mutation 
process is performed to enhance the diversity of the population 
and to decrease the chances of getting trapped in local optima. 
Mutation in BBO indicates a random modification in a randomly 
chosen variable, i.e., SIV, where mutation rate m(s) can be 
calculated as follows. 
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where mmax is a user-defined parameter, Ps is the probability of a 
habitat to have rank S, Ps is computed based on ƛ s and µs values 
according to Dan Simon, and Pmax=maxSPS, S=1,.., Smax. 
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The number of elite represents a user-defined number for the best 
habitats in the population needed to be excluded from the previous 
modification process to reserve its features to the next iteration. 
Using all the modification parameters, i.e., immigration, 
emigration, and mutation, the modification process is carried out 
to modify the population. The modified population is considered 
the population of the next iteration, analogous to the next 
generation in GA.  
Noting that, the new population in GA is produced through a 
reproduction process from many chromosomes of the previous 
population "parents and offspring", so the new population is called 
a generation, but in BBO, the new population is created through a 
modification process for each habitat of the previous population. 
 Previous steps are repeated until reaching the last iteration and 
getting the most optimum solution through all the iterations as 
shown in Fig.3. 

5.  Modeling of a semi-rigid base connection 

Hayalioglu and Degertekin carried out optimization for a semi-
rigid steel frame with a semi-rigid base. They used Hensman and 
Nethercot model to determine stiffness Kbase of a four-bolt flexible 
base as expressed in Eqs. 4 and 5. This model is a linear-constant 
model and doesn't describe the actual nonlinear behavior of semi-
rigid base, and doesn't consider deformations in different base 
connection components; also it doesn't take into account the 
applied loads on the base connection. 

20

2 tZEKbase
××

=  

(4) 

22
fc

b

tHrZ −+=  

(5) 
where E is the modulus of elasticity, t, rb, Hc, and tf are shown in 
Fig. 4. 
 

 

 

 

 

 

 

Figure 3. Flowchart of the basic BBO algorithm 
  

  
  

 

  
Figure 4. simple semi-rigid column base detail using Hensman 

and Nethercot model 

The new in the current study is using Kanvinde and Grilli model 
to simulate the semi-rigid base connection. On the contrary of 

Hensman and Nethercot model, This model is a nonlinear model, 
where it considers the deformations in the different base 
components, such as anchors, concrete under the base plate and 
base plate flap deformations in both tension and compression 
sides, based on the applied axial load P and moment M values. 
Kanvinde model is divided into two cases according to eccentricity 
value e and critical eccentricity value ecrit. 

P
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2
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where N is the length of the base plate, B is the width of the base 
plate, 𝑓𝑓𝑐𝑐 is the compressive strength of concrete under the base 
plate, 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum bearing stress under the base plate for 
the big eccentricity case as shown in Fig. 5 (b), A1 is the base plate 
bearing area, and A2 is the effective concrete area under the base 
plate. 

 

 
Figure 5. Stress distributions assumed in current U.S. design 

practice for (a) low; and (b) high-eccentricity conditions 
Kanvinde and Grilli. 

A- Case 1, low eccentricity case 

In this case, e < ecrit and the spring rotation θr of the base 
connection is caused only by concrete strain at the edge of the base 
plate εconc.

toe  and concrete strain at the anchor rods center in the 
other side εconc.

rod .under bearing stress 𝑓𝑓 with stress block length Y 
as shown in Fig. 5 (a).  
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where 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. is the modulus of elasticity of concrete under the base 
plate which equals Econc. = 4700�𝑓𝑓𝑐𝑐  N/mm2, d is the concrete 
footing depth, and (𝑆𝑆 + 𝑁𝑁/2) is the distance between the edge of 
the base plate and the center of the anchor rods in the other side 
as shown in Fig. 6.  

B- Case 2, high eccentricity case 

In this case, e > ecrit and the spring rotation θr of the base 
connection is caused by anchor strain ∆rod Due to a tensile force, 
concrete stain  ∆conc. and plate flap deformation on the 
compression side  ∆comp. and tension sides  ∆ten.under bearing 
stress 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚  with stress block length Y as shown in Fig. 5 (b). 

 
Figure 6. Assumed deformation mode and contribution of 

various components Kanvinde and Grilli. 

 Anchor rod deformation ∆𝑟𝑟𝑐𝑐𝑟𝑟 
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where g is shown in Fig. 5 (b), Trod is the tension force in one rod, 
Nrod is the number of the  anchor rods on one side, Arod is the 
cross-section gross area of one anchor rod, Lrod is the total 
length of the anchor rod which equals to (8-24)×diameter of the 
anchor rod [1], and Erod is the modulus of elasticity of the anchor 
rod. 

 Concrete deformation  ∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  
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 Base plate flap deformation in tension side  ∆𝑡𝑡𝑡𝑡𝑐𝑐.  
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where Ltension is shown in Fig. 6, Eplate is the modulus of elasticity 
of base plate, tp is the base plate thickness, and Gplate is the shear 
modulus of the base plate equals 77.2 Gpa. 

 Base plate flap deformation in compression side  ∆𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐.  
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where m is the flap length of the base plate as shown in Fig. 6.  
Finally, a spring rotation θr of the base connection can be 
determined as follows. 

( )
( )2/

...

NS
comptenconcrod

r +
∆+∆+∆+∆

=θ  (23) 

For simplification, some parameters are taken constantly 
through the analysis process such as rod gross diameter=2.5 cm, 
Lrod=50 cm, d =120 cm, Nrod=2,  tp=2.5 cm, and the base plate 
extension out of column section=10 cm for each side, where the 
anchor bolts at 5cm of column flange edge, the pedestal 
extension out of the base plate=10 cm for each side. 

6. Modeling of a semi-rigid beam-to-column connection 

Similar to the literature studies, Frye and Morris model is adopted in 
the current study because it is easy to apply and it is an odd-power 
polynomial model, which is rationally good for simulation of the 
nonlinear M-𝜃𝜃𝑟𝑟 behavior of the semi-rigid beam-to-column 
connections, as expressed in the following equation.  

5
3

3
2

1
1 )()()( MCMCMCr κκκθ ++=  (24) 

where C1, C2, and C3 are the curve-fitting constants, and κ is a 
standardization constant dependent on the connection type and 
geometry, as shown in Table 3 [29]. 
Fig. 7 demonstrates that Frye and Morris's model is applicable to eight 
different types of semi-rigid beam-to-column connections.  
According to the literature studies [23], [19] and others, and to simplify 
the problem, some of the connection size parameters required in the 
Frye-Morris polynomial model are considered fixed during the design 
optimization procedure, as shown in Table 4. Moreover, for 
connections 1, 2, and 8, da & dp=web depth-10.16 cm, also, for 
connections 5 and 6, dg=beam depth+15.24 cm. 

 

Figure 7. Semi-rigid beam-to-column connection types [19] 
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Table 3. The curve-fitting constants 

Connection type Curve-fitting constants 
Standardization parameter (𝜿𝜿) C1 C2 C3 

1 4.28×10-3 1.45×10-9 1.51×10-16 𝜿𝜿 = 𝑑𝑑𝑚𝑚−2.4𝑡𝑡𝑚𝑚−1.81g0.15 
2 3.66×10-4 1.15×10-6 4.57×10-8 𝜿𝜿 = 𝑑𝑑𝑚𝑚−2.4𝑡𝑡𝑚𝑚−1.81g0.15  
3 2.23×10-5 1.85×10-8 3.19×10-12 𝜿𝜿 = 𝑑𝑑−1.287𝑡𝑡−1.128𝑡𝑡𝑐𝑐−0.415ℓa−0.694g1.35 
4 8.46×10-4 1.01×10-4 1.24×10-8 𝜿𝜿 = 𝑑𝑑−1.5𝑡𝑡−0.5ℓa−0.7db−1.5 
5 1.83×10-3 1.04×10-4 6.38×10-6 𝜿𝜿 = 𝑑𝑑g−2.4𝑡𝑡p−0.4𝑑𝑑b−1.5  
6 1.79×10-3 1.76×10-4 2.04×10-4 𝜿𝜿 = 𝑑𝑑g−2.4𝑡𝑡p−0.6 
7 2.10×10-4 6.20×10-6 -7.60×10-9 𝜿𝜿 = 𝑑𝑑−1.5𝑡𝑡−0.5ℓt−0.7db−1.1 
8 5.10×10-5 6.20×10-10 2.40×10-13 𝜿𝜿 = 𝑑𝑑𝑐𝑐−2.3𝑡𝑡𝑐𝑐−1.6𝑡𝑡𝑤𝑤−0.5g1.6 

 
 

Table 4. The fixed connection size parameters and factor "S" used in Eq.30 
Connection type Fixed connection size parameters (cm) Values in Eq. 30 (kN·mm/rad) 

1 𝑡𝑡𝑚𝑚 = 2.54, g = 11.43 85×106 

2 𝑡𝑡𝑚𝑚 = 2.858, g = 25.4 113×106 

3 𝑡𝑡 = 2.54, 𝑡𝑡𝑐𝑐 = 2.54, g = 11.43 282×106 

4 𝑡𝑡 = 2.54,𝑑𝑑𝑏𝑏 = 2.858 226×106 

5 𝑡𝑡𝑐𝑐 = 2.54,𝑑𝑑𝑏𝑏 = 2.858 339×106 

6 𝑡𝑡𝑐𝑐 = 2.54 395×106 

7 𝑡𝑡 = 3.81,𝑑𝑑𝑏𝑏 = 2.858 452×106 

8 𝑡𝑡𝑐𝑐 = 2.54, g = 25.4 141×106 
 
7.  Nonlinear analysis process 

Following the literature studies, the displacement method is used to 
perform the structural analysis process in the current study, in which, 
the  

stiffness matrix of the frame is formed by assembling of the stiffness 
matrices of the different frame members in the global coordinates  

[29]. So as to take the P-∆  effects, along with the geometrical 
nonlinearity into account through the analysis process, an 
incremental approach is applied [30], such that, in each load 
increment the stiffness matrices are updated using the most recently 
computed axial force values for column elements, besides, updating 
the frame geometry based on the most recently geometric 
deformations through an iterative process until the convergence is 
attained [29].  
In addition, the secant stiffness approach is applied to consider the 
nonlinearity of a semi-rigid connection of beam members and column 
members connected with a semi-rigid base.  
Fig. 8  shows the connection secant stiffness values corresponding to 
all load increments, where Fig. 9 shows the moment-rotation curves 
of the eight connection types [29]. 
 The convergence criterion for each set of iterations is controlled by 
comparing the difference between the end forces of the members with 
the applied incremental loads so that to be smaller than a pre-
determined tolerance.  
A convergent result of a load increment establishes an initial 
estimation for the first iteration of the next load increment, and the 
iterative process goes on until considering the last load increments. 
The results for all load increments are accumulated to determine the 
total nonlinear response of the semi-rigid frame. 

8.  Design constraints 

A design constraint check confirms that either the resulting frame is 
safe and utilizable or not. Following previous studies [29],  [19] and 
others, the following constraints are used in the current study. 
1- AISC-LRFD strength constraint using the interaction equation 
of the bending moment and the axial force as follows: 
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where Pu and Pn are the required and the nominal strength of a 
member, respectively, either compression or tension, and ∅ is a 
reduction factor equal to 0.9 in the case of tension or compression. 
Additionally, Mux and Mnx are the required and nominal flexural 
strength of a member about its major axis, respectively, where the 
bending reduction factor ∅b equals 0.9. 

 
Figure 8. Secant stiffness through the M-Ɵ r curve [19] 

 

 
Figure 9. Moment-Rotation curves of semi-rigid connection 

types  [19] 
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Semi-rigidity of beam member ends are considered in determining 
the restraint factor G and fixed end forces according to Dhillon and 
O’Malley III [29] 
2- In addition, the roof drift and inter-story drift constraints are 
considered, where the allowable roof drift equals 0.0052×total frame 
height. And the allowable inter-story drift is controlled by story 
height/300.  
3- For construction requirement, the size adjustment constraint is 
considered, firstly, this constraint makes certain that a beam flange 
is not wider than a column flange at all connections. Then, a column 
depth in a higher floor is not bigger than the same column depth on a 
lower floor. 

9.  Design variables 

According to the developed model of Shallan et al.[15], the rotational 
deformation of a member ends Ɵ A & Ɵ B used as design variables to 
determine column inertia Ic or beam inertia IB as follows.  
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  where MA&MB is the preliminary moments for the same frame using 
any logical sections and fixed connections, MFA&MFB are the fixed end 
moments, Δ is the allowable inter -story drift, E is the modulus of 
elasticity, and L is the member length. 

10.  Total cost and penalization 

The total cost of the steel frame considering the cost of the members 
and the semi-rigid beam-to-column connections is defined by Xu and 
Grierson [31] as follows. 
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iisij LAγβ 125.00 =  (31) 

where γs is the steel density, Ai is the cross-sectional area, Li is the 
member length,  Rij is the rotational stiffness of the connection, j 
represents two ends of a semi-rigid connection, NM and NB represent 
the total number of members and beams in the frame, respectively, Si 
is an estimated value for the rotational stiffness of a connection, as 
shown in Table 4.  
Penalty function gives a bad fitness value for any solution that 
violates any constraint to dismiss it as expressed in the following 
equation. 

810cos_ ×+= CtTotalFitness  
(32) 

where C is the penalty constant equals zero for the solutions achieve 
all constraints, otherwise, it equals one. 

11.  Numerical examples 

Three benchmark examples are investigated in the current paper to 
investigate the effect of simulating the semi-rigid base connection 
using the Kanvinde model, whereas both BBO and GA optimization 
techniques are used. Three base connection cases are considered in 
the current study; fixed F, semi-rigid S, and hinged H. The used 
algorithms properties and steel properties are as follows. 

Algorithms properties. 

The algorithms used in the following numerical examples are a 
binary-string genetic algorithm with reproduction parameters of 0.9 
for the crossover and 0.05 for the mutation, besides a biogeography-
based optimization algorithm with I and E equal 1, and elite ratio=20% 
of the population size. Both of the algorithms have a population size 
of 100, and 50 maximum generations/iterations.  

Steel properties. 

A36 steel is used, where E = 200 Gpa, yield stress fy = 250 Mpa, shear 
modulus G = 77.2 Gpa, and the unit weight of the material γs =
7.85 t/m2, according to AISC-LRFD. 

11.1 Single bay with a nine-story frame. 

The geometry of the single bay with a nine-story frame, along with 
the member grouping and design loads are shown in Fig. 10. The W, 
W1, and W2 loads are equal to 17.8 kN, 27.14 kN/m, and 24.51 kN/m, 
respectively.  
The member cross-sections and story connections for the optimum 
solutions using BBO and GA for the three base connection cases are 
shown in Tables 5 and 6. It is obvious from the results and Fig. 9 that 
the most rigid connections, i.e., types 5, 6, and 7 are chosen. 
Moreover, a comparison between the total frame cost, weight and roof 
drift of the optimum frames in this study with those in previous 
studies are shown in Table 7. The comparison shows that GA achieves 
a better result than BBO for the three base connection cases. 
 Figs. 11, 12, and 13 show the effect of different base connection cases 
on the roof drift, weight, and the total frame cost, respectively, where 
these figures show that there is no difference between F and S cases 
except minor increment in roof drift at S case, meaning that the 
relative rotation of base connection is negligible and the applied loads 
produce insignificant deformation on different base component using 
Kanvinde model. Contrarily, H case obtains the highest cost, weight, 
and roof drift. 

  
Figure 10. Single bay with a nine-story frame [19] 
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Table 5. Member sections of optimum frames 
Mem. 
grouping 
no. 

BBO GA 

F and S H F and S H 

1 W24X68 W30X90 W24X68 W27X84 

2 W24X55 W24X62 W24X55 W21X55 

3 W18X35 W18X35 W18X35 W21X44 

4 W24X68 W30X90 W24X68 W27X84 

5 W24X55 W24X62 W24X55 W21X55 

6 W18X35 W18X35 W18X35 W21X44 

7 W18X35 W18X35 W16X31 W21X44 

 

Table 6. Story connections of optimum frames 

Story no. 
BBO GA 

F and S H F and S H 

1 7 7 7 7 

2 6 6 6 6 

3 6 1 6 6 

4 6 6 6 7 

5 6 6 6 6 

6 6 7 6 7 

7 7 7 7 7 

8 5 5 5 7 

9 7 7 5 7 

 
Figure 11. The roof drift using BBO and GA. 

 
Figure 12. The total frame weight using BBO and GA 

 
Figure 13. The total frame cost using BBO and GA 

  
Table 7. Comparisons between the current study and previous 

works 

Study Algorithm Base 
case 

Conn. 
type 

T.s 
(mm) W (kg) T.C (kg) 

Rafiee 
et al. 
[24] 

BB-BC 

F 1 56 38,718 40,520 
F 2 55 32,617 36,235 
F 3 66 14,809 16,881 
F 4 76 23,956 25,786 
F 5 54 30,804 33,488 
F 6 65 33,481 35,799 
F 7 44 43,450 53,601 
F 8 71 44,527 46,146 

Hadidi 
and 
Rafiee 
[23] 

HS-PSO 

F 1 79 18,693 21,486 
F 2 73 13,182 17,886 
F 3 70 13,468 15,464 
F 4 71 14,288 16,499 
F 5 70 12,901 15,773 
F 6 69 12,136 14,970 
F 7 69 11,590 14,787 
F 8 73 19,722 21,757 

Hadidi 
and 
Rafiee 
[19] 

BB-BC F V 71 14,512 17,201 

HS F V 75 13,960 16,495 

HS-BB-BC F V 77 12,218 14,610 

Shallan 
et al. 
[15] 

TLBO F V 78 11,420 14,462 

GA F V 79 11,363 14,410 

Current 
study 

GA S V 80 11,363 14,410 
H V 82 13,233 16,934 

BBO 
F V 78 11,420 14,461 
S V 79 11,420 14,461 
H V 81 13,454 17,435 

HS-PSO: Harmony search-based particle swarm optimization, T.s: 
Roof drift, W: Frame weight, T.C: Total frame cost, V: Various. 

11.2 Four bays with a ten-story frame. 

Four bays with a ten-story frame is the second example. Fig. 14 shows 
the geometry of the frame, the member grouping and the design loads. 
The load values of W, W1, and W2 are 44.49 kN, 47.46 kN/m, and 42.91 
kN/m, correspondingly. The member sections and story connections 
for the optimum solutions using BBO and GA are shown in Tables 8 
and 9, whereas shown, the most rigid connections, i.e., types 6 and 7 
are the most frequent, while connection type 5 is usually chosen for 
top stories, moreover, the most flexible connections, i.e., types 2, 3, and 
4 are preferred for middle stories. 
 Table 10 shows a comparison between the total frame cost of the 
optimum frame in the current study with those from previous studies, 
besides the frame weight and roof drift, while Figs. 15, 16 and 17 show 
the effect of base connection case on the roof drift, weight, and the 
total frame cost, respectively. As shown from the comparisons and 
figures, GA obtains better results than BBO. Moreover, there is an 
obvious relation between the base case and the total frame cost and 
weight, where the lowest cost and weight are produced in S case. On 
the other hand, H case results in the highest cost, weight, and roof 
drift. 

 75
 76
 77
 78
 79
 80
 81
 82
 83

Fixed Semi-rigid Hinged

GA BBO
mm

 10,000
 10,500
 11,000
 11,500
 12,000
 12,500
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Table 8. Member sections of optimum frames 

Mem. grouping 
no. 

BBO GA 

F S H F S H 

1 W30X90 W27X84 W24X76 W27X84 W27X84 W24X76 
2 W33X118 W30X116 W33X118 W33X118 W33X118 W30X108 
3 W24X55 W21X44 W24X76 W24X76 W21X50 W24X55 
4 W24X76 W30X90 W30X108 W24X76 W24X76 W24X76 
5 W24X55 W21X44 W18X40 W24X55 W21X50 W18X35 
6 W21X55 W24X55 W21X48 W21X44 W21X44 W21X44 
7 W21X44 W21X44 W18X40 W18X40 W18X35 W16X31 
8 W16X31 W16X31 W18X35 W16X31 W16X31 W16X31 
9 W21X44 W21X44 W24X68 W21X44 W21X44 W24X76 

10 W24X55 W21X44 W18X40 W24X55 W21X50 W21X44 
11 W18X35 W18X35 W18X35 W18X35 W18X35 W18X35 
12 W16X31 W16X31 W16X31 W16X31 W16X31 W16X31 

 

Figure 14. Four bays with a ten-story frame [19] 
 
 

Table 9. Story connections of optimum frames 
Story 

no. 
BBO GA 

F S H F S H 
1 7 7 7 6 7 7 
2 7 6 4 6 7 4 
3 6 6 5 6 6 3 
4 4 4 2 8 6 6 
5 4 6 6 6 3 6 
6 6 4 7 4 6 6 
7 6 2 7 3 6 7 
8 7 7 5 7 7 5 
9 5 5 5 5 5 5 

10 5 5 5 5 5 5 

 
Figure 15. The roof drift using BBO and GA 

 
Figure 16. The total frame weight using BBO and GA 

 
Figure 17. The total frame cost using BBO and GA 
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Table 10. Comparisons between the current study and previous 
works 

Study Algorithm Base 
case 

Conn. 
type 

T.s 
(mm) W (kg) T.C (kg) 

Rafiee et 
al. [24] BB-BC 

F 1 67 128,418 140,744 
F 2 25 195,578 237,050 
F 3 35 100,254 106,868 
F 4 58 87,432 93,255 
F 5 37 111,865 123,743 
F 6 40 103,357 113,055 
F 7 26 150,274 204,773 
F 8 56 126,120 136,881 

Hadidi 
and 

Rafiee 
[23] 

HS-PSO 

F 1 76 52,196 58,939 
F 2 62 43,746 55,118 
F 3 58 40,040 46,328 
F 4 68 41,853 47,788 
F 5 63 38,532 46,407 
F 6 48 37,950 46,469 
F 7 49 38,737 47,328 
F 8 75 47,018 53,489 

Hadidi 
and 

Rafiee 
[19] 

BB-BC F V 41 114,133 120,891 
HS F V 55 50,772 60,691 

HS-BB-
BC F V 68 38,115 44,343 

Shallan 
et al. [15] 

TLBO F V 68 34,507 41,827 
GA F V 75 34,786 41,676 

Current 
study 

GA S V  63  33,564 40,640 
H V 77  35,624   44,276  

BBO 
F V 65 34,842 41,919 
S V 70 33,896 40,976 
H V 78  36,823  45,522  

 

11.3 Three bays with a twenty-four-story frame. 

The third example is the 168-member frame. Its geometry, along with 
the member grouping and design loads are shown in Fig. 18. The W, 
W1, W2, W3, and W4 loads have values of 25.628 kN, 4.378 kN/m, 6.362 
kN/m, 6.917 kN/m, and 5.954 kN/m, respectively.  
The story connections and member sections for the optimum 
solutions using BBO and GA are shown in Tables 11 and 12, whereas 
shown, lower floors attains the most rigid connections, i.e., types 6 and 
7, then, followed by more flexible connections, i.e., types 3, 4, and 8 till 
the most flexible connection, type 1, for the roof floor. 
Table 13 presents a comparison between the total frame cost of the 
optimum frame in this study with those from previous studies, along 
with the frame weight and roof drift. While Figs. 19, 20 and 21 display 
the effect of base connection case on the roof drift, weight, and the 
total frame cost, respectively. As shown from the comparisons and the 
figures, and similar to the previous example, GA attains better results 
than BBO, Furthermore, there is an apparent relationship between the 
base case and the total frame cost and weight, whereas the lowest cost 
and weight are obtained in S case. In contrast, the worst result, i.e., 
highest cost, weight and roof drift, result in H case.    

 

11.3 Three bays with a twenty-four-story frame. 

The third example is the 168-member frame. Its geometry, along with 
the member grouping and design loads are shown in Fig. 18. The W, 
W1, W2, W3, and W4 loads have values of 25.628 kN, 4.378 kN/m, 6.362 
kN/m, 6.917 kN/m, and 5.954 kN/m, respectively.  
The story connections and member sections for the optimum 
solutions using BBO and GA are shown in Tables 11 and 12, whereas 
shown, lower floors attains the most rigid connections, i.e., types 6 and 
7, then, followed by more flexible connections, i.e., types 3, 4, and 8 till 
the most flexible connection, type 1, for the roof floor. 
Table 13 presents a comparison between the total frame cost of the 
optimum frame in this study with those from previous studies, along 
with the frame weight and roof drift. While Figs. 19, 20 and 21 display 
the effect of base connection case on the roof drift, weight, and the 

total frame cost, respectively. As shown from the comparisons and the 
figures, and similar to the previous example, GA attains better results 
than BBO, Furthermore, there is an apparent relationship between the 
base case and the total frame cost and weight, whereas the lowest cost 
and weight are obtained in S case. In contrast, the worst result, i.e., 
highest cost, weight and roof drift, result in H case.    

 

Figure 18. Three bays with a twenty-four-story frame [19] 

Table 11. Story connections of optimum frames 

Story 
no. 

BBO GA 
F S H F S H 

1,2 7 7 2 7 7 2 
3,4 7 7 2 7 7 2 
5,6 7 7 7 7 7 7 
7,8 7 7 7 7 7 7 

9,10 7 7 7 7 6 7 
11,12 7 7 7 7 6 6 
13,14 7 7 6 6 6 7 
15,16 6 6 6 6 3 6 
17,18 3 3 3 3 4 3 
19,20 3 4 4 4 4 4 
21,22 8 8 8 8 8 8 
23,24 1 1 1 1 1 1 
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Table 12. Member sections of optimum frames 

Mem. grouping 
no. 

BBO GA 
F S H F S H 

1 W24X84 W24X84 W24X68 W24X84 W27X84 W24X68 
2 W16X26 W12X16 W14X22 W10X12 W10X12 W12X14 
3 W30X90 W30X90 W33X118 W30X90 W24X76 W30X116 
4 W12X14 W10X12 W12X14 W10X12 W8X10 W8X10 
5 W30X108 W30X116 W33X118 W30X108 W33X118 W39X167 
6 W30X108 W30X116 W33X118 W30X99 W33X118 W33X130 
7 W27X84 W30X90 W33X118 W30X99 W30X116 W30X99 
8 W27X84 W27X84 W30X90 W30X99 W30X90 W30X99 
9 W27X84 W27X84 W30X90 W30X90 W27X84 W24X84 

10 W27X84 W27X84 W30X90 W30X90 W27X84 W24X84 
11 W24X84 W27X84 W30X90 W30X90 W27X84 W24X68 
12 W24X84 W27X84 W24X68 W30X90 W27X84 W24X68 
13 W33X118 W38X149 W39X181 W33X118 W33X118 W43X262 
14 W33X118 W30X99 W38X149 W33X118 W30X90 W33X118 
15 W33X118 W30X99 W38X149 W33X118 W30X90 W33X118 
16 W33X118 W27X84 W38X149 W33X118 W30X90 W30X108 
17 W24X84 W24X84 W30X90 W30X90 W27X84 W27X84 
18 W24X84 W24X84 W30X90 W30X90 W27X84 W24X68 
19 W24X84 W24X84 W24X68 W30X90 W27X84 W24X68 
20 W24X84 W24X84 W24X68 W24X84 W27X84 W24X68 

 

Figure 19. The roof drift using BBO and GA 

 
Figure 20. The total frame weight using BBO and GA 

 
Figure 21. The total frame cost using BBO and GA 

 

 
Table 13. Comparison between the current study and previous 

works 

Study Algorithm Base 
case 

Conn
. type 

T.s 
(mm

) 
W (kg) T.C (kg) 

Rafiee 
et al. 
[24] 

BB-BC 

F 1 204 381,754 502,197 
F 2 245 139,161 202,737 
F 3 170 236,249 267,414 

F 4 184 211,149 249,80
6 

F 5 237 140,536 171,868 
F 6 231 150,362 176,864 
F 7 240 359,372 385,074 
F 8 190 297,834 383,738 

Hadidi 
and 

Rafiee 
[23] 

HS-PSO 

F 1 200 384,890 505,366 
F 2 245 135,368 189,791 
F 3 194 172,004 205,473 

F 4 208 175,521 210,29
6 

F 5 238 133,930 162,582 
F 6 217 137,054 165,828 
F 7 221 125,589 156,161 
F 8 203 261,722 341,798 

Hadidi 
and 

Rafiee 
[19] 

BB-BC F V 212 238,721 260,152 

HS F V 174 209,04
0 

289,58
0 

HS-BB-BC F V 255 132,313 151,481 
Shalla
n et al. 

[15] 

TLBO F V 263 105,550 131,322 

GA F V 268 102,778 128,22
6 

Curren
t study 

GA S V 265 101,289 126,06
5 

H V 283 101,977 133,795 

BBO 
F V 264 103,617 129,230 
S V 269 102,718 127,902 
H V 277 103,734 139,310 

12. Conclusions 

Realistic simulation of beam-to-column connections, along with base 
connections is very important to obtain accurate results for frame 
response. This study tries to make optimization for semi-rigid frames, 
whereas beam-to-column and base connections are simulated using 
logical Frye and Morris and Kanvinde models, respectively. The 
current study is applied to three benchmark problems using two of 
the best optimization algorithms, BBO and GA, and the following 
results are obtained.  
• There is an obvious relation between the base case with the cost and 
weight of the frame, where, semi-rigid base case produces the best 
result,i.e., lowest cost and weight. 
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• On the other hand, the hinge base case results in the highest cost, 
weight, and roof drift. 
• For the distribution of beam-to-column connections types through 
frame floors, the distribution mostly starts with the stiffest types for 
lower floors and as the floors get higher as they obtain more flexible 
types. 
• More clearly shown from the results, GA achieves better results than 
BBO for all examples and for all base cases. 

Nomenclature 

T.s: The roof drift. 
W: The weight id the frame.  
T.C: The total cost. 
F: The frame with a fixed base case. 
H: The frame with a hinged base case. 
S: The frame with a semi-rigid base case. 
V: The frame with variable types of semi-rigid connection for each 

floor. 
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	Similar to the literature studies, Frye and Morris model is adopted in the current study because it is easy to apply and it is an odd-power polynomial model, which is rationally good for simulation of the nonlinear M-,𝜃-𝑟. behavior of the semi-rigid...
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	[29]. So as to take the P-∆  effects, along with the geometrical nonlinearity into account through the analysis process, an incremental approach is applied [30], such that, in each load increment the stiffness matrices are updated using the most recen...
	In addition, the secant stiffness approach is applied to consider the nonlinearity of a semi-rigid connection of beam members and column members connected with a semi-rigid base.
	Fig. 8  shows the connection secant stiffness values corresponding to all load increments, where Fig. 9 shows the moment-rotation curves of the eight connection types [29].
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	The story connections and member sections for the optimum solutions using BBO and GA are shown in Tables 11 and 12, whereas shown, lower floors attains the most rigid connections, i.e., types 6 and 7, then, followed by more flexible connections, i.e.,...
	Table 13 presents a comparison between the total frame cost of the optimum frame in this study with those from previous studies, along with the frame weight and roof drift. While Figs. 19, 20 and 21 display the effect of base connection case on the ro...
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	Realistic simulation of beam-to-column connections, along with base connections is very important to obtain accurate results for frame response. This study tries to make optimization for semi-rigid frames, whereas beam-to-column and base connections a...
	 There is an obvious relation between the base case with the cost and weight of the frame, where, semi-rigid base case produces the best result,i.e., lowest cost and weight.
	 On the other hand, the hinge base case results in the highest cost, weight, and roof drift.
	 For the distribution of beam-to-column connections types through frame floors, the distribution mostly starts with the stiffest types for lower floors and as the floors get higher as they obtain more flexible types.
	 More clearly shown from the results, GA achieves better results than BBO for all examples and for all base cases.
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	T.s: The roof drift.
	W: The weight id the frame.
	T.C: The total cost.
	F: The frame with a fixed base case.
	H: The frame with a hinged base case.
	S: The frame with a semi-rigid base case.
	V: The frame with variable types of semi-rigid connection for each floor.
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