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Abstract 

The equivalent T-stub technique is widely utilized as a design solution for steel bolted connec-
tions, which are otherwise complex to analyze. However, traditional standard-based methods 
often lack the precision required for accurate analysis, particularly when accounting for dy-
namic effects, such as those caused by earthquakes, leading to designs that may not be sustain-
able. This research addresses this issue by introducing a framework aimed at optimizing the 
bolt layout in a selected T-stub connection to maximize structural performance under cyclic 
loading, thereby enhancing sustainability. The finite element method (FEM) was employed to 
account for nonlinear characteristics, including the elastic-plastic behavior of steel, large de-
formations, and contact nonlinearities, ensuring precise analysis. The developed T-stub model 
was validated against experimental tests to reflect real-world behavior, utilizing ABAQUS fi-
nite element software. Optimization was conducted using a genetic algorithm (GA) imple-
mented in the PYTHON programming language, linked to the simulation process. The results 
demonstrate the effectiveness of the proposed framework in significantly enhancing the struc-
tural performance of the steel T-stub connection under cyclic loading conditions without re-
quiring additional material, thereby contributing to a more sustainable design. 

Keywords: Finite Element Modelling, Equivalent T-stub, Genetic Algorithm, Optimization, 
Dynamic Loading. 
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1 INTRODUCTION 
Bolted connections are commonly employed in steel constructions due to their dual ad-

vantage of enabling modular assembly [1] while providing high load-bearing capacity [2]. Con-
sequently, these solutions are widely used across various subfields, including frames [3,4], 
towers [5,6], and bridges [7]. To address the complexities associated with these joints, the 
equivalent T-stub method, as defined in Eurocode [8], can be applied. This approach involves 
discretizing the connection into a series of T-stub components, as illustrated in Figure 1. 

Figure 1: The equivalent T-stub component in the case of a steel beam-column joint. 

However, connection design must be carefully considered to prevent progressive collapse 
under accidental loading, including earthquakes, as joints play a crucial role in governing the 
structure's ductility and deformation capacity [9,10]. Therefore, advanced approaches, like the 
finite element method (FEM), should be employed to accurately predict the structural behavior 
of connections while incorporating nonlinear effects, such as elasto-plastic material properties 
and large deformations. This enables a more precise analysis compared to traditional code-
based methods [11], resulting in a cost-efficient and safe design, which in turn contributes to 
increased sustainability.  

In the last few decades, FEM has proven its potential and effectiveness across various engi-
neering applications [12–14], including the precise simulation of T-stub components under dif-
ferent conditions. Among the early applications, the pioneering work of Bursi and Jaspart [15] 
stands out, as a benchmark for FEM validation in modeling T-stub elements was established in 
the proposed study. Later, Al-Khatab and Bouchaïr investigated the effects of strengthening 
backing plates, incorporating nonlinear material properties, contact interactions, and large de-
formations [16], while Bravo and Hererra analyzed the performance of T-moment connections 
under cyclic loading [17]. Furthermore, recent studies have increasingly focused on various 
loading conditions, as presented in [18–21]. 

As indicated by these research works, FEM enables accurate structural analysis. However, 
balancing safety and cost-efficiency to achieve a sustainable design remains a complex and 
discrete task, particularly under accidental loading conditions such as earthquakes [22,23]. Dur-
ing seismic events, enhancing structural resilience is crucial and can be achieved by minimizing 
seismic damage [24]. 

To address these challenges, this paper presents an optimization framework for the design 
of bolted T-stub connections under dynamic loading, integrating nonlinear finite element anal-
ysis (FEA) with a genetic algorithm (GA). The proposed methodology was tested on a validated 
T-stub model, constructed using ABAQUS software [25], to ensure the reliability of the 
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outcomes. The primary objective of applying the developed approach was to minimize plastic 
deformations by optimizing the bolt layout. The results indicate that optimal bolt positioning 
can significantly reduce plastic strains during cyclic loading, thereby mitigating damage under 
accidental loads without requiring additional material, ultimately contributing to a more sus-
tainable design. This aspect highlights the potential and effectiveness of the developed frame-
work. 

2 BASIS OF THEORY 
This section provides a brief overview of the theoretical foundation underlying this research, 

which was utilized to develop the proposed framework. It covers the fundamental principles of 
the genetic algorithm and the key components of elastic-plastic material behavior. 

2.1 The basic principles of genetic algorithm 
Among the various types of heuristic optimization methods, the genetic algorithm (GA) [26] 

is one of the most frequently used due to its versatility across a wide range of practical applica-
tions [27]. In addition, GA is particularly effective for solving nonlinear optimization problems, 
as its solution technique helps prevent convergence to local minima, even in cases of large 
search spaces, and does not rely on an assumed initial model. As a result, this approach is well-
suited for addressing a variety of structural optimization tasks [28–30]. 

The fundamental concept of a GA is to mimic natural evolution through a specified number 
of generations to minimize or maximize the objective function. Throughout the process, the 
fitness value serves as a metric for assessing the quality of individual solutions within the pop-
ulation [31], referred to as chromosomes. These chromosomes encode the key characteristics 
of the configuration, which are adjusted during the optimization and selected from the design 
space. In GA, evolutionary operators are employed to generate the offspring population based 
on fitness values, including selection, crossover, and mutation. 

Selection is responsible for creating the mating pool, which consists of potential parents for 
the next generation [32]. Among various selection mechanisms, tournament selection is one of 
the most commonly used. This method involves organizing a tournament among 𝑁 competitors, 
where the winner is determined based on the highest or lowest fitness value and is subsequently 
included in the mating pool [33]. The next step in the process is crossover, where selected so-
lutions are combined to generate offspring. One commonly used approach is the uniform cross-
over technique, in which either the offspring inherit identical traits from their parents or 
randomly selected chromosomes are combined. This process is governed by the crossover prob-
ability. Finally, mutation is performed, introducing random alterations to the chromosomes 
based on the mutation probability, thereby maintaining genetic diversity within the population. 

2.2 Elastic-plastic material 
During high-intensity loading, including internal forces induced by earthquakes, steel struc-

tures can undergo inelastic deformations that persist after unloading. Consequently, ensuring a 
safe design requires the assessment and control of these deformations. Therefore, in this study, 
the plastic strains were employed to assess structural performance. 

The actual strain 𝜀 of an elasto-plastic element can be divided into elastic and plastic parts: 

𝜀 = 𝜀!" + 𝜀#" (1) 

where 𝜀!" denotes the elastic strain corresponding to 𝜎!" stresses, which represent the re-
sponse of the material if it were purely elastic. The relationship between these two quantities 
can be expressed using the elasticity matrix 𝐶!" as follows: 
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𝜀!" = 𝐶!"𝜎!" (2) 

Furthermore, the plastic strain rate 𝜀̇#" is governed by the associated flow rule, given by: 

𝜀̇#" = 𝜆̇ $%
$&

, 𝜆̇ ≥ 0 if 𝑓 = 0 and 𝑓̇ = 0, otherwise 𝜆̇ = 0 (3) 

where 𝑓(𝜎) is the yield function, which defines a convex surface in stress space when 
𝑓(𝜎) = 0. 

During the simulations, the equivalent plastic strain was calculated and used to evaluate the 
plastic performance of the structure, which is a scalar quantity that represents the accumulated 
plastic deformation in the material. It can be expressed with the following formula: 

𝜀#̅" = ∫ 0'
(
𝜀)̇*
#"𝜀)̇*

#"+
, 𝑑𝑡 (4) 

where 𝜀)̇*
#" is the plastic strain rate tensor, and 𝑡 denotes time. 

3 FINITE ELEMENT MODEL 
This section provides a detailed overview of the constructed FE model, which was used to 

demonstrate the potential and effectiveness of the proposed optimization framework. To ensure 
reliable results, the model was validated under monotonic loading against the experimental tests 
documented in the seminal work of Bursi and Jaspart [15]. Subsequently, a dynamic load was 
applied to this initial configuration, and the equivalent plastic strain values were calculated. The 
geometric properties of the developed model are illustrated in Figure 2. 

Figure 2: The geometric properties of the considered configuration. 

The FE model was constructed from 8-node linear brick elements with reduced integration 
(C3D8R). A general mesh size of 5mm was employed for IPE300 T-stub section, and 2mm for 
the bolts, as presented in Figure 3, which additionally contains the boundary and load conditions. 
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Figure 3: The developed FE model of the considered configuration. 

During the simulation, an elastic-plastic material model of steel with isotropic hardening was 
utilized. The material properties were adopted from [15], and the key characteristics are sum-
marized in Table 1, categorized separately for the flange plate, web plate, and bolts. This ap-
proach enables accurate analysis and precise calculation of plastic strain, reflecting real-life 
conditions. 

Part Modulus of elasticity 
(𝑁/𝑚𝑚') 

Yield stress 
(𝑁/𝑚𝑚') 

Ultimate tensile stress 
(𝑁/𝑚𝑚') 

Section’s flange 240,782 431 787 
Section’s web 217,130 469 787 
Bolt 160,612 893 1025 

Table 1: The main material properties of the analyzed configuration. 

To accurately reflect the real-life structural behavior of bolted connections, simulating fric-
tion interactions between different components of the assembly is essential. Therefore, the FE 
model was constructed using the “surface-to-surface” contact method, employing the penalty 
formulation for tangential behavior with a friction coefficient of 0.30 and “hard” contact for 
normal behavior. 

For enhanced accuracy, a geometrically nonlinear analysis was conducted to account for the 
effects of large deformations. The results of the simulation under monotonic loading, performed 
on the proposed model, closely correspond to the experimental tests presented in [15], as illus-
trated in Figure 4. A detailed comparison indicates that the variation in the initial stiffness value 
was 1.23%, while the difference in the ultimate force was only 0.23%. 

Figure 4. The comparison between the results of the constructed FE model and the experimental test. 
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In a later phase, dynamic loading was applied to the configuration, with its characteristics 
and the corresponding force-displacement relationship illustrated in Figure 5. The results indi-
cated that, with the previously presented bolt layout, the maximum equivalent plastic strain 
reached 4.20% in the T-stub section and 6.01% in the bolts. 

 
Figure 5: The applied cyclic force over time and the corresponding force-displacement relationship. 

4 OPTIMIZATION FRAMEWORK 
This section outlines the key elements of the developed framework, detailing the problem 

formulation of the optimization process and its implementation. Furthermore, the results are 
analyzed and discussed. 

4.1 Problem formulation and implementation 
In this part, the developed optimization framework is presented, emphasizing the key ele-

ments. Its primary objective is to minimize plastic deformation of the given configuration by 
determining the optimal bolt positions. Consequently, the optimization problem can be formu-
lated as follows: 

𝑀𝑖𝑛: 𝜀#̅" = ∫ 0'
(
𝜀)̇*
#"𝜀)̇*

#"+
, 𝑑𝑡 (5) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡	𝑡𝑜: 𝜀#̅" ≤ 𝜀-̅./
#"  (6) 

 e ≥ 1.2𝑑 (7) 

 𝑝 ≥ 2.4𝑑 (8) 
In this context, Eq. (5) represents the objective function, which aims to minimize the equiv-

alent plastic strain during the cyclic loading process. Additionally, Eq. (6) is introduced to con-
trol plastic deformations, where 𝜀-̅./

#"  denotes the allowable plastic strain, set to 5.00% in 
accordance with the Eurocode recommendation [34]. Furthermore, Eqs. (7) and (8) define the 
design criteria based on EN 1993-1-8 [8], where 𝑒 denotes the edge distance from the center of 
the bolt hole, and 𝑝 represents the spacing between bolt centers. Based on these constraints, the 
search space for bolt positions was set to vary within specified limits: in the transverse direction 
(𝑎), it ranged from 57𝑚𝑚 to 120𝑚𝑚 in 1.00𝑚𝑚 discrete steps, while in the longitudinal di-
rection (𝑏), it varied from 26𝑚𝑚 to 50𝑚𝑚 in 0.75𝑚𝑚 discrete steps. 

To accomplish the main objective of the research, Eqs. (5)-(8) were integrated into a devel-
oped code implemented in the PYTHON programming language and linked to ABAQUS soft-
ware [25]. This script incorporates the GA, including all its key elements, allowing the 
automatic determination of the optimal bolt layout.  For further clarification, during the optimi-
zation process, the initial population is created based on the design domain in the form of 
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standard bit-string chromosomes. Subsequently, the FE models are constructed according to the 
encoded chromosomes, and simulations are conducted. Once the analysis is completed, the de-
veloped code calculates the fitness, which corresponds to the equivalent plastic strain, based on 
the results.  

Genetic operators are then applied to generate the offspring population, including tourna-
ment selection, uniform crossover, and mutation. Additionally, an elitist operator is incorpo-
rated to automatically transfer the two best individuals to the next generation. This iterative 
process continues until the final generation is reached, as illustrated in Figure 6. Furthermore, 
the key properties of the GA are summarized in Table 2. 

Figure 6: The operation of the developed optimization framework 

Parameter Value 
Number of generations 10 
Population size 20 
Crossover probability 0.7 
Mutation probability 0.1 − 0.9 
Tournament size 2 
Elitism size 2 

Table 2: The key properties of the GA. 

4.2 Results and discussion 
As previously mentioned, to demonstrate the efficiency of the proposed framework, the op-

timal layout of the presented FE model was determined using the developed code. Accordingly, 
Figure 7 illustrates the evolution history of the minimum and average strain values with respect 
to the current generation, where it can be observed that after the fourth generation, values start-
ing to get stabilized.  
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Figure 7: Evolution history of the minimum and average strain values. 

Remarkably, a significant reduction in plastic deformation was achieved in both the T-sec-
tion and bolts solely by optimizing the bolt positions, as shown in Table 3 and further illustrated 
in Figure 8. It can be observed that plastic strain was significantly diminished by approximately 
95.84% compared to the initial configuration, calculated as the difference between the optimal 
and initial solutions, expressed as a percentage of the initial value. This suggests that under 
dynamic effects, such as those caused by earthquakes, a notable improvement in seismic resil-
ience can be attained, thereby minimizing damage and enhancing safety. Moreover, this con-
tributes to a more sustainable design by mitigating material degradation without requiring 
additional resources. 

Configuration 
Distance between bolts Maximum plastic strain 
Transverse 
direction 𝑎 

Longitudinal 
direction 𝑏 T sections Bolts 

Initial 90.0𝑚𝑚 40.0𝑚𝑚 4.20% 6.01% 
Optimal 59.0𝑚𝑚 40.3𝑚𝑚 0.06% 0.25% 

Table 3: Comparison between the initial and optimal configuration 

Figure 8: Equivalent plastic strain distribution in the T-section and bolts under cyclic loading for the initial and 
optimal configurations. 
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5 CONCLUSIONS 
In this paper, an optimization framework was introduced to minimize plastic deformations 

in T-stub connections under dynamic loading conditions by optimally determining bolt posi-
tions. This approach enhances seismic resilience and improves sustainability, as no additional 
material is required for the configuration, yet significant damage reduction can be attained. 

To accomplish this, a nonlinear finite element code was developed, incorporating elasto-
plastic material behavior, large deformations, and contact properties. The implementation was 
carried out using the PYTHON programming language and ABAQUS software. The proposed 
framework was tested on a selected bolted T-stub configuration and validated against experi-
mental results. To determine the optimal bolt positions, a genetic algorithm was integrated into 
the code, enabling automated design. Additionally, constraints were incorporated into the opti-
mization process, formulated based on Eurocode criteria, to further enhance the safety of the 
configuration. 

The results obtained through the proposed framework indicate that a substantial reduction in 
plastic deformation can be realized solely by optimizing the bolt layout. In the developed FE 
model, plastic strain was reduced by 95.84%. This remarkable outcome highlights the potential 
and effectiveness of the developed methodology, which enhances sustainability by improving 
safety without requiring additional material. 
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