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Abstract: The equivalent T-stub method is frequently employed in infrastructure projects,
including bridge engineering, to simplify bolted connection analysis. However, steel con-
nections remain inherently complex due to nonlinear behavior, cost considerations, and
code compliance, framing the design process as a discrete structural optimization prob-
lem. This research addresses these challenges by presenting a comprehensive calculation
framework that combines the finite element method (FEM) and genetic algorithm (GA)
to accurately evaluate the structural performance of bolted T-stub configurations. The
proposed approach accounts for nonlinear behavior, thereby reflecting realistic structural
responses. To enhance the simulation efficiency and reduce the computational time without
significantly compromising accuracy, the study introduces a simplified modeling method-
ology. The effectiveness of the approach is demonstrated through the development and
experimental validation of a selected T-stub connection. Furthermore, a parameter sen-
sitivity analysis is conducted to showcase the range of possible outcomes, emphasizing
the potential for optimization. Finally, the proposed connections were optimized using
GA, highlighting the benefits of structural optimization in achieving efficient and precise
designs for steel connections.

Keywords: T-stub steel connection; finite element method; nonlinear analysis; genetic
algorithm

1. Introduction

Bolted connections are widely utilized for establishing steel structures due to their
numerous advantages, such as streamlined construction and installation processes, making
them particularly suited for modular designs [1,2], as well as their inherent reliability
and durability [3,4]. Consequently, bolted steel joints are frequently utilized in bridge
construction as part of significant infrastructure projects [5-8]. In the pursuit of complex
designs, bolted steel connections are analyzed by discretizing the connection into a series
of T-stub components, as represented in Figure 1. In this configuration, two T-shaped
profiles are bolted together at their flanges, allowing the tensile load applied to the web to
be transferred through flange bending and bolt tension.

A comprehensive understanding and accurate prediction of T-stub behavior are es-
sential for determining the stiffness, strength, and ductility of joints. This can be achieved
through analytical methods, such as the equivalent T-stub approach outlined in Eu-
rocode [9]. However, these methods often lack the precision necessary for accurate analysis
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due to the overall nonlinear behavior of these connections, which is influenced by numer-
ous geometrical discontinuities, related stress concentrations, the presence of frictional
forces, and the need to model uplift and contact forces [10]. To address these challenges,
the finite element method (FEM) serves as a potential tool capable of capturing the complex
behavior of T-stub elements [11].

Figure 1. T-stub component in different steel joint scenarios.

As a result, numerous innovative applications of FEM have emerged for analyzing
T-stub connections. An early example worth noting is the work of Bursi and Jaspart, who
established a benchmark for FEM validation in modeling T-stub elements [12]. Further-
more, Neves et al. conducted a reliability analysis of T-stub components using FEM [13],
while Al-Khatab and Bouchair examined the effects of strengthening backing plates, incor-
porating nonlinear material properties, contact interactions, and large deformations [14].
Another noteworthy development is the simplified finite element modeling for T-stub
components, as demonstrated by Antonello et al. [15]. Recent studies have focused on
the detailed analysis of T-stub elements fabricated from various steel materials, such as
high-strength steel [16,17] and stainless steel [18], and assembled with different types of
bolts [19]. Additionally, Jin et al. investigated an alternative T-stub configuration, where a
circular tube is reinforced with a reverse-channel and secured using thread-fixed one-sided
bolts [20].

Beyond the nonlinear behavior of the T-stub, a key challenge is designing for both
strength and economic efficiency. This issue can be framed as a discrete structural opti-
mization problem, which can be tackled using mathematical programming [21]. Recently,
structural optimization has attracted significant attention from researchers across various
steel design applications, including the optimization of trusses [22-25], beams [26-28], and
connections [29,30] with the aim of reducing material usage and increasing stiffness.

To address the discrete mathematical problem of T-stub element design and ensure
accurate analysis, this paper presents a comprehensive calculation framework that inte-
grates genetic algorithm (GA) while considering nonlinear material, geometric, and contact
properties. Unlike traditional code-based calculations, the proposed method enhances
the precision of the analysis by utilizing FEM and performing a material and geometrical
nonlinear analysis. However, this approach requires significant computational time due
to the iterative nature of solving the complete loading history for the examined configu-
rations. To overcome this limitation, an alternative modeling technique is proposed that
significantly reduces the computation time while maintaining a high accuracy, providing
a distinct advantage over the computationally intensive method commonly employed in
other studies [12,16-18], where the connection components are modeled using solid FE
elements. This method is applied during the optimization process, contributing to a more
robust optimization by enabling the exploration of a wider range of configurations and
refining the results more effectively.

To demonstrate the efficiency of the proposed framework, two different T-stub config-
urations, with and without bolt prestressing, were validated based on the work of Bursi
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and Jaspart [12]. Subsequently, a comprehensive parameter sensitivity analysis was con-
ducted to examine how different variables affect the structural behavior of the considered
connection. Finally, optimization was performed to maximize the structural performance
of the configuration. The results show that the proposed framework efficiently provides
an optimal solution while reducing the simulation time through the use of the presented
modeling technique.

2. Theoretical Foundations

This section provides a theoretical overview of the essential components of this re-
search, including the key aspects of the nonlinear analysis and GA employed to develop
the proposed design framework.

2.1. Nonlinear Analysis

To accurately represent the real-life behavior of steel structures, particularly bolted
connections, it is essential to consider their nonlinear characteristics. However, a linear
analysis is applicable when the displacements are sufficiently small, the material is linearly
elastic, and the boundary conditions remain unchanged throughout the loading history [31].
Under these conditions, the equilibrium equation can be formulated as follows:

KU =R (1)

where the displacement vector U is a linear function of the applied load R, and the relation-
ship between the two is defined by the global stiffness matrix K.

The primary difficulty in nonlinear analysis lies in determining the global system’s
equilibrium state under applied forces. To address this issue, the external load is ex-
pressed as a function of time, allowing the equilibrium condition to be represented by the
following equation:

RI—F =0 (2)

where R' represents the nodal forces exerted externally on the system at time ¢, while F!
indicates the internal nodal forces corresponding to the element stresses. By recognizing
the existing stresses as the initial stresses, the following formula applies:

F=y /V Bloldv, @3)
[ RR]

where V; represents the volume of element 7, B is the finite element’s strain—displacement
matrix, and o denotes the stress. When large deformations occur, the stresses and vol-
umes of the elements become indeterminate; however, the system’s equilibrium must be
expressed in the current deformed geometry while adequately accounting for all nonlin-
earities throughout the complete load history. Consequently, the analysis of structures
with nonlinear characteristics is performed incrementally, using specified step sizes. By
considering an appropriate time interval At, the equilibrium condition at time ¢ + At is
formulated as follows:

RITAL AL _ 4)

If the solution is determined at time ¢, the following equation is applied:
Ft+At — Ft +P (5)

where F represents the increase in internal forces resulting from the changes in element
stresses and displacements from time ¢ to time t + At. This variation can be determined
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approximately by employing the tangent stiffness matrix K, which accounts for the material
and geometric conditions at time t. Consequently, the following formulas can be stated:

F=K'U (6)
oF
K = ﬁ 7)

where U is the nodal point displacement. By combining Equations (4)—(6), the following
relationship is obtained:
Ktu —_ Rt+At _ Ft (8)

Finally, the displacement can be calculated approximately:
utMeu +u ©)

During the finite element analysis, the well-known Newton-Raphson iteration method
is utilized as a solution technique, enabling the effective resolution of nonlinear problems,
such as elastic—plastic material behavior, large deformations, and contact interactions
between different components.

During static analysis, where time does not influence the system’s behavior, it serves
merely as a convenient variable corresponding to different load intensities; thus, t can be
interpreted as a load factor.

2.2. Genetic Algorithm

The genetic algorithm (GA) is a widely utilized heuristic approach among various
optimization techniques, valued for its flexibility in addressing a broad range of practical
problems [32]. Moreover, GA is particularly effective for nonlinear optimization tasks, as
its operating principle allows it to adapt to large search spaces, avoid convergence to local
minima, and eliminate reliance on an assumed starting model. Consequently, this algorithm
is highly suitable for addressing various structural optimization problems [33-36].

The core principle of GA is to generate a set of candidate solutions, with each mem-
ber representing a potential optimal solution to the optimization problem. Throughout
the optimization process, GA simulates natural evolution to maximize or minimize the
objective function, which corresponds to the fitness function [37]. As a result, the fitness
function evaluates the quality of the solutions and plays a crucial role in shaping the entire
optimization process.

Another key component of GA is the chromosome, which encodes the solution and
contains all the characteristics under evaluation. In this research, a standard bit-string rep-
resentation is used to construct chromosomes, consisting of a random combination of zeros
and ones. At the beginning of the optimization process, the initial population is randomly
generated, producing a variety of chromosomes, and the fitness value is calculated for each
individual. Subsequently, genetic operators, including crossover, mutation, and selection,
are applied to iteratively search for the optimal solution until convergence is achieved over
several generations.

The crossover operator is responsible for combining the chromosomes of selected
solutions [38], where two or more parents are chosen based on the fitness value, and
their genetic codes are merged. For standard bit-string-based chromosomes, an n-point
crossover can be employed, which divides the genetic code of two parents into n segments
and alternately assembles them to form a new chromosome [32], thereby creating the
offspring. Another widely recognized method is uniform crossover, which generates two
offspring from two parents. In this case, two outcomes are possible: either the offspring are
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identical to the parents, or bits are randomly selected from the chromosomes of the parents.
This process is governed by the crossover probability, which dictates the likelihood of each
scenario occurring [39].

To conduct the crossover procedure, a mating pool must be created, containing the
potential parents for the next generation [40]. Various selection methods can be employed
for this purpose, such as the well-known tournament selection. The fundamental concept
involves organizing a tournament among N competitors, where N represents the tourna-
ment size, and the winner is determined based on the lowest or highest fitness value [41].
Subsequently, the winner is added to the mating pool until it is filled.

The next key operator in GA is the mutation procedure. During this phase, the
chromosome is randomly altered by the operator, with the extent of alteration determined
by the mutation rate. With the help of these operators, a new generation is created, and the
fitness values of the individuals are calculated once again. This process continues until the
final predefined generation is reached or the convergence criteria are satisfied.

3. Finite Element Modeling

This section presents the finite element models of the selected T-stub connections,
validated using ABAQUS [42] software, with reference to the work of Bursi and Jaspart [12].
Two distinct modeling techniques are also introduced. To demonstrate the effectiveness
and potential for industrial applications of the alternate modeling technique, the validation
of the first T-stub setup was performed using AXISVM as well [43], a commercial finite
element software widely utilized in advanced industrial engineering. Finally, a parameter
sensitivity analysis was conducted to investigate how various parameters influence the
structural behavior of the T-stub connection, and to further demonstrate that the results
obtained using the alternative modeling technique are in close agreement with those from
the initially developed FE model.

3.1. Finite Element Model

In this section, a finite element model of the T-stub bolted connection was developed
based on the work of Bursi and Jaspart [12], as shown in Figure 2, which accurately
represents the specimens used in the experiments, including all their geometric parameters.
Subsequently, two setups were validated using ABAQUS software: one with regular bolts
and the other with preloaded bolts.
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Figure 2. Configuration of the considered bolted T-stub.
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To develop the model of the T-stub configuration, IPE300 sections and bolt components
were modeled using 8-node linear brick elements with reduced integration (C3D8R) and
hexahedral element shapes. The general mesh size for the sections was set to 5 mm, while a
mesh size of 2 mm was applied for the bolts, as illustrated in Figure 3, which also shows the
boundary and load conditions. A displacement-controlled analysis was performed, with
external loads applied through imposed displacements, corresponding to the experimental

test setup.
» —— Displacement defined as load
e
C3D8R element /
C3D8R element
Y

A i U1=U2=U3=0

z X UR1=UR2=UR3=0

Figure 3. Finite element model of the considered T-stub connection.

To enhance the precision of the analysis and capture the actual structural behavior,
an elastic—plastic material model of steel with isotropic hardening was employed, based
on experimental tests. The material properties for the flange, web, and bolts were defined
separately. The true stress—strain relationships, as reported in [12], are illustrated in Figure 4,
with the key characteristics summarized as follows:

e  Flange: elasticity modulus E = 240,782 N/mm?, yield stress f, = 431 N/mm?, and

ultimate tensile stress f,, = 787 N/ mm?;

e Web: elasticity modulus E = 217,130 N/mm?, yield stress f, = 469 N/mm?, and

ultimate tensile stress f,, = 787 N/ mm?;

e Bolt: elasticity modulus E = 160,612 N/ mm?, yield stress f;, = 893 N/ mm?, and

ultimate tensile stress f, = 1025 N/mm?.

1200
1000 }
’g 800 | ®
Z 600 } _—— )
4 '_‘J/u -O-Flange
£ 400
(7] Web
200 —-Bolt
0 H i H : ;
0 0.05 0.1 0.2 0.25 0.3

0.15
Strain (-)
Figure 4. Stress—strain relationship of the steel materials used in the analysis.

In modeling steel bolted connections, simulating friction interactions between different
parts of the assembly is crucial. This was achieved using a “surface-to-surface” contact
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approach, where a penalty formulation was employed for tangential behavior with a
friction coefficient of 0.3, and “hard” contact was utilized for normal behavior.

As mentioned previously, two configurations were modeled: one with regular bolts
and the other with preloaded bolts. In the model incorporating solid brick elements, the first
configuration is referred to as T1_NPL_SO, while the second is designated as T1_PL_SO. A
bolt load of Ryp = 78.91 kN was applied to verify the behavior of T1_PL_SO. In this case,
the bolts were first preloaded, and then the ultimate displacement was imposed on the
overall configuration.

The simulation was conducted using the Newton—-Raphson iteration method, in-
corporating the effects of large deformation. Upon completion of the analysis, the
force-displacement relationship of the connection was compared to the experimental re-
sults presented in the research by Bursi and Jaspart [12]. The outcomes are illustrated
in Figure 5, showing a close agreement between the numerical and experimental results.
Additionally, the design resistance in tension of the proposed setup was calculated in
accordance with EN 1993-1-8, assuming Mode 2 failure, characterized by the simultaneous
fracture of bolts and flange yielding [9]. It is worth noting that this method is one of the
most commonly used approaches in engineering design practice, particularly for complex
connections that are otherwise difficult to analyze. The calculated plastic tension resistance
shows good agreement with the numerical results, as presented in Figure 5. However, it
should be acknowledged that this method involves certain simplifications, such as neglect-
ing the strain-hardening effect. In contrast, the numerical solution offers greater precision
and facilitates the analysis of more complex behaviors.

250 250
T1_NPL_SO T1_PL_SO

200 200
2150 o —fffm = = - ———— - - Z 150
g &
§ «={J=Experiment g «={J=Experiment
3 100 3 100
B~ =0O= Numerical R =0O= Numerical

50 == =Plastic faliure force 50 - = Plastic failure force

based on EN1993-1-8 based on EN1993-1-8
01 2 3 4 5 6 7 8 9 1011 1213 14 01 2 3 4 5 6 7 8 9 1011 12 13 14
Vertical displacement (mm) Vertical displacement (mm)
(a) (b)

Figure 5. The force—displacement relationship of the T-stub connection: (a) without preload, and
(b) with preload [9].

For a more detailed analysis, the initial stiffness values, representing the elastic phase
of the configuration, were calculated and compared for both the experimental test and the
numerical model, based on the slope of the linear portion of the force—displacement curves.
The results are presented in Table 1, along with the ultimate force values corresponding to
the displacement defined as the load. The deviation values in Table 1 are calculated as the
difference between the numerical and experimental values, expressed as a percentage of
the experimental value. This provides a normalized measure of how closely the numerical
model approximates the experimental results, enabling a direct comparison of the model’s
accuracy. This analysis further demonstrates that the numerical outcomes closely match
the experimental data, with the deviations in both initial stiffness and ultimate force
remaining below 5% for this modeling approach. Considering previous studies [44,45],
these deviations fall within an acceptable error range, which can be up to 10%.
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Table 1. Comparison of experimental and numerical results for the detailed finite element model.

Initial Stiffness (N/mm) Deviation (%) Ultimate Force (kN) Deviation (%)
Configuration Experimental Numerical Kium—Ki exp / Experimental Numerical Ruum—Ruexp /
ki,exp ki,num iexp Ru,exp Ru,num Ru,exp
T1_NPL_SO 108,082 106,755 —1.23% 206.59 207.07 —0.23%
T1_PL_SO 110,743 114,698 3.57% 206.32 208.62 1.11%

3.2. Alternate Finite Element Model

In this section, an alternative modeling technique that reduces the simulation time
and computational demand, while ensuring that the results deviate only marginally from
those of the model described previously, is presented. This approach proved especially
useful during the optimization process, significantly shortening its duration.

To maintain the precision of the outcomes and reduce computational demand, hexa-
hedral 4-node shell elements (S4R) were used to model the IPE300 sections of the T-stub
connection instead of C3D8R elements, resulting in a reduction in the overall number of
elements. Additionally, the bolts were modeled using 2-node linear beam elements for
the shank, while the S4R elements were used for the bolt heads. A coupling constraint
was applied between the two components to ensure a proper connection. In both cases,
the same mesh size was applied as mentioned in the previous section. The developed FE
model is presented in Figure 6.

—— Displacement defined as load

S4R element /

S4R element

A il U1=U2=U3=0

z X & UR1=UR2=UR3=0

Figure 6. Alternate finite element model of the considered T-stub connection.

During the simulation, the same material model, contact properties, and preten-
sion forces were employed. In this case, the model with regular bolts is designated as
T1_NPL_SH, while the assembly with a preload is designated as T1_PL_SH. The results
of the analysis are presented in Figure 7, again demonstrating a close agreement with the
experimental test.

Once again, the obtained initial stiffness and ultimate force values were compared, as
shown in Table 2. Notably, the deviations between the examined parameters changed only
slightly, compared to the previous modeling technique. Additionally, the simulation time
could be significantly reduced in this case, as presented in Table 3, further demonstrating
the effectiveness of this modeling method.

The proposed modeling technique not only reduces the simulation time without
compromising the precision of the analysis but is also suitable for other software commonly
preferred in industrial design situations. To demonstrate this, AXISVM—a well-known



Infrastructures 2025, 10, 8

9 of 20

finite element software in industrial engineering applications—was utilized to recreate the T-
stub connection. The results from the TI_NPL_SH case were compared to the experimental
test again.

250 r 250
T1_NPL_SH T1_PL_SO
200
é 150 o =fJom om om om e e e e = - - - E
8 ={J=Experiment 9 e={J==Experimental
3 100 3 100
= ++¢=» Numerical r.f ««&» « Numerical
50 = =Plastic faliure force 50 s
based on EN1993-1-8 - ‘glaS‘c‘f f“%‘é‘iggfci ¢
0 . ased on 3-1-
01 2 3 4 5 6 7 8 9 1011 12 13 14 01 2 3 4 5 6 7 8 9 1011 12 13 14
. . 3 4 J S
Vertical displacement (mm) Vertical displacement (mm)
(a) (b)

Figure 7. Force—displacement relationship of the T-stub connection using the alternative modeling
technique: (a) without preload; and (b) with preload [9].

Table 2. Comparison of experimental and numerical results for the alternative finite element model.

Initial Stiffness (N/mm) Deviation (%) Ultimate Force (kN) Deviation (%)
Configuration Experimental Numerical Kium—Ki exp / Experimental Numerical R o —Ruexp /
ki,exp ki,num iexp Ru,exp Ru,num n,exp
T1_NPL_SH 108,082 109,773 1.57% 206.59 204.60 —1.02%
T1_PL_SH 110,743 110,378 —0.33% 206.32 210.15 1.85%

Table 3. The CPU time required for the simulation.

T1_NPL_SO T1_NPL_SH T1_NPL_SO T1_PL_SH
198 s 96 s 259 s 9s

In the AXISVM software, triangular shell elements are employed for the sections and
bolt heads to capture the nonlinear material behavior of steel. The shank of the bolt is
modeled using beam elements. The general mesh size for all elements aligns with the value
specified earlier in this study.

During the simulation, the same yield strength and ultimate tensile strength, as pre-
sented in Figure 4, were utilized, applying the von Mises yield criterion and an isotropic
linear hardening rule. This approach is also recommended by Eurocode for design situa-
tions where material properties are treated as nominal [46].

To simulate the contact between the parts of the T-stub connection, “gap” elements
were used. This solution has an inactive state characterized by a small stiffness value,
representing the phase when no contact is achieved, and an active state with a stiffness
value several orders of magnitude higher, indicating when contact is established [43]. This
element is used between two points; therefore, in the assembly, it was defined at discrete
locations, as shown in Figure 8, which illustrates the developed finite element model in the
AXISVM software.

During the simulation, large displacements were considered, and the load was ap-
plied in the form of force. Therefore, a force-controlled analysis was conducted using
the Newton—-Raphson method and the same boundary conditions presented previously.
The results, once again, showed good agreement with the experimental test, as illustrated
in Figure 9, demonstrating the applicability of the methodology to software designed
primarily for practical engineering applications.
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Figure 8. The developed finite element model in AXISVM.

250 ¢
T1_NPL_SH
200
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B =/r=Numerical-AXSIVM
50 H == «Plastic faliure force
based on EN1993-1-8

01 2 3 4 5 6 7 8 9 1011 12 13 14
Vertical displacement (mm)

Figure 9. Comparison between the force-displacement relationship for the T1_NPL_SH configuration
using AXISVM software for simulation [9].

3.3. Parameter Sensitivity Analysis

In this section, a sensitivity analysis is conducted to examine the influence of various
parameters on structural behavior. It is important to note that the primary objective of this
paper is to present an effective optimization framework to maximize the performance of
T-stub connections. Therefore, this section focuses on demonstrating the range of possible
outcomes and further verifying the accuracy of the alternative modeling technique by
comparing the simulation results with those obtained from the initial FE model. The
analysis considers the following parameters:

Size of cross-section of T-stub element: IPE180, IPE220, IPE270, IPE330, IPE360.

Type of bolts: M16, M18, M20.

Axial distance between bolts in transverse direction: 70 mm, 80 mm, 100 mm, 110 mm.
Prestressing force of bolts: 0.8Rpp = 63.12 kN, 0.9Rp0 = 63.12 kN, 1.1R 0 = 86.80 kN,
1.2 Ryo = 94.73 kN, 1.3 Rg = 102.58 kN.

In this section, the notation “SO” refers to the FE models constructed using 3D brick

elements, representing the initial modeling technique, while “SH” denotes the alternative
modeling technique, which employs shell elements to represent the T-stub configurations.

The first parameter investigated was the size of the cross-section of the T-stub elements,
which was varied as presented in the previous list. To create models corresponding to
the specified cross-sections, the thickness of the flange and web plates, as well as the root
radius, were adjusted in accordance with the Eurocode standards. The results are shown in
Figure 10, where it can be observed that the performance of both configurations improves
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with the increase in section size, as expected. However, when considering the prestressing
force of the bolts, the ultimate load does not significantly increase beyond the IPE270
section. A closer examination reveals that this phenomenon occurs due to the increased
yielding of the prestressed bolts. The combination of prestressed bolts and large flange
thickness shifts the connection’s failure mode toward Mode 3, where the dominant failure
mechanism is bolt fracture [9], resulting in a greater plastic deformation of the bolts. In
contrast, for smaller cross-sections, the plastic zone primarily develops in the flange, with a
moderate plasticity observed in the bolts. Furthermore, the results of the two modeling
techniques demonstrate good agreement. The obtained initial stiffness and ultimate load
values are summarized in Table 4.

30 - IPE180-SH 300 IPE180-SH
250 P R e v ¢+ [PE220-SH + @+ [PE220-SH
r.&""r TR S :gii;g:: 250 p— <+ IPE270-SH
LT O o R e LTS ) o IPE300-SH
200 - T «+ IPE330- iy ST .
z ¥ - 'Q*O'-;!Q:*' S8 o+ [PES30-SH 200 s . ‘?: + &« IPE330-SH
] - H + <4+ IPE360-SH ~ PRoclod g e -~ 7
=150 B’-" eSS of - IPE180-SO g -g‘...-.“'" ..@|"+#+ IPE360-SH
g por 2 bt ot d
2 & —e—IPE220-50 g 150 P P SCL IPE180-SO
100 —o—IPE270-50 ‘E —e— IPE220-SO
—e—IPE330-50 100 —o— IPE270-SO
50 —0—IPE300-S0, —0= IPE300-SO
. —e— IPE360-SO 50 —@— IPE330-SO
001 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 —— IPE360-SO
Displacement (mm) 0@
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Displacement (mm)
(a) (b)

Figure 10. Effect of cross-section size on the structural behavior of the configurations: (a) without
bolt preload, and (b) with bolt preload.

Table 4. Initial stiffness and ultimate force values for the two modeling techniques considering
different cross-sectional sizes of T-stub elements.

Initial Stiffness (N/mm) Ultimate Force (kN)

Without Preload With Preload Without Preload With Preload
Cross-Section

Initial Alternate Initial Alternate Initial Alternate Initial Alternate

Model Model Model Model Model Model Model Model
IPE180 61,013 61,999 66,193 63,516 119.12 126.62 122.23 127.44
IPE220 80,358 84,146 87,523 82,927 156.00 160.85 162.04 166.50
IPE270 98,814 103,403 103,078 102,948 193.35 197.70 196.00 199.42
IPE300 106,755 109,773 114, 698 110,378 207.07 204.60 208.62 210.15
IPE330 126,078 128,539 121,912 126, 680 240.12 243.49 220.18 223.02
IPE330 142,462 143,577 137,989 143,439 270.97 277.35 231.63 235.21

The next parameter investigated is the type of bolts, which includes M16, M18, and
M20, in accordance with the Eurocode standard. The results are presented in Figure 11.
For both configurations, the bolts influence the structural behavior in a similar manner,
consistently leading to an increase in initial stiffness and ultimate load, as expected. Once
again, the results from the alternative modeling technique show good agreement with
the outcomes obtained from the FE models constructed using 3D brick elements, further
supported by the data in Table 5.

As part of the sensitivity analysis, the effect of the bolt’s axial distance in the transverse
direction was investigated. Reducing the transverse spacing of the bolts adversely impacts the
structural performance of the connection. This occurs because a greater distance between the
bolts and the resultant load amplifies the moment-induced stress in the bolts. As illustrated in
Figure 12, this has a significant effect on the ultimate force, similar to the impact of increasing
the bolt diameter. The results in Table 6 further highlight the significance of bolt positioning on
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both the initial stiffness and ultimate force. Furthermore, the outcomes from the two modeling
techniques show good agreement with each other in this case as well.

300 oo~ - MI2-SH 300 + -0+ M12-SH
gy N | M16-SH oas @ atbar M16-SH
250 .‘:‘;-_!'—“ 250 .,.‘-“,‘.'f‘:rt-’s -0+ MI8-SH
° <o#- MIS-SH g
e <00 M20-SH 2.9 o |reeM20-sH
200 S e e} 200 & R — R
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g —o— Mi8-SO K —— M20-50
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Displacement (mm) Displacement (mm)

(a) (b)
Figure 11. Effect of bolt type on the structural behavior of the configurations: (a) without bolt preload,
and (b) with bolt preload.

Table 5. Initial stiffness and ultimate force values for the two modeling techniques considering
different types of bolts.

Initial Stiffness (N/mm) Ultimate Force (kN)
Bolt Without Preload With Preload Without Preload With Preload
Initial Alternate Initial Alternate Initial Alternate Initial Alternate
Model Model Model Model Model Model Model Model
M12 106,755 109,773 114,698 110,378 207.07 204.60 208.62 210.15
M16 124,364 124,187 120,754 117,445 250.99 254.43 236.98 234.59
M18 131,716 133,286 127,156 122,467 265.35 268.58 258.13 251.08
M20 138,532 141,358 125,600 127,395 270.51 273.07 269.00 270.26
300 300
a=70mm-SH a=70mm-SH
250 oo @0 2=80mm-SH 250 4+ a=80mm-SH
«+ &0+ a=90mm-SH POE PR o &+ a=90mm-SH
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Figure 12. Effect of bolt axial distance in transverse direction on the structural behavior of the
configurations: (a) without bolt preload, and (b) with bolt preload.

Finally, the effect of the prestressing force was evaluated for the previously proposed
T-stub configuration, considering the bolt preload. As shown in Figure 13, the magnitude
of the preload has a smaller influence on the ultimate load of the connection compared
to the previously investigated parameters. However, if the preload drops below a certain
threshold, it may lead to a reduction in structural performance. Furthermore, the initial
stiffness of the connection is not significantly affected. In this case as well, the results

obtained from the two different modeling techniques show good agreement, as summarized
in Table 7.
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Table 6. Initial stiffness and ultimate force values for the two modeling techniques considering
different axial distances in transverse direction between bolts.

. . . Initial Stiffness (N/mm) Ultimate Force (kN)
Axial Distance in
Transverse Without Preload With preload Without Preload With Preload
Direction Initial Alternate Initial Alternate Initial Alternate Initial Alternate

Between Bolts Model Model Model Model Model Model Model Model
70 mm 147,306 149,167 155,483 150,516 272.73 272.11 259.00 255.11
80 mm 124,449 129,995 132,389 127,298 244.87 251.78 235.35 234.58
90 mm 106,755 109,773 114, 698 110,378 207.07 204.60 208.62 210.15
100 mm 91,268 90, 833 98,934 95,912 177.04 184.38 181.20 185.73
110 mm 76,999 77,283 85,549 87,617 152.52 159.46 154.78 160.59

300 0.8R0-SH

<+ 0.9R0-SH

230 &+ 1.0R0-SH
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200 | :
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Displacement (mm)
Figure 13. Effect of prestressing force of bolts on the structural behavior of the configurations with

bolt preload.

Table 7. Initial stiffness and ultimate force values for the two modeling techniques considering
different bolt prestressing forces.

Prestressing Initial Stiffness (N/mm) Ultimate Force (kN)
Force Initial Model Alternate Model Initial Model Alternate Model
0.8Rpo 109,578 106,431 184.42 184.52
0.9Rp0 111,874 108, 863 196.45 197.10
1.0Rp0 114,698 110,378 208.62 210.15
1.1Rp0 115,055 113,099 213.37 217.85
1.2Rp0 116,128 114,530 214.37 218.80
1.3Rp0 116,323 120,161 214.10 218.60

In general, the results of the parameter analysis reveal a wide range of possible
outcomes, highlighting the importance of applying optimization algorithms. This is partic-
ularly evident in the case of bolt positioning, as the relationship between bolt positions and
structural performance can lead to significant improvements without requiring additional
material, such as larger section sizes or bolt diameters. Consequently, this approach can
contribute to a more economically efficient design. Therefore, in this paper, the optimization
framework is specifically designed to determine the ideal bolt layout, along with their
appropriate prestressing values.

4. Optimization Process

This section presents the optimization framework, which is the main focus of the study,
based on FEM and utilizing GA. The results of the process are then presented and discussed.
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4.1. Problem Formulation and Optimization Framework

During the design process of a steel connection, the position of the bolts can signif-
icantly influence the overall stiffness of the joint [47]. This observation is supported by
the results of the parameter sensitivity analysis, where the influence of the axial distance
between bolts was investigated. Additionally, finding the optimal layout to maximize
structural performance can be challenging. Therefore, in this part of the study, GA devel-
oped using PYTHON programming language was integrated with ABAQUS software to
determine the ideal positions and prestressing force of the bolts.

The primary objective was to achieve the highest possible mechanical performance by
enhancing both the stiffness and the ultimate load-bearing capacity of the joint. However, it
is important to note that during structural design, several other criteria must also be consid-
ered and satisfied, such as deformation and plastic strain limitations [48], as well as various
detailing rules. In this research, the regularization of bolt positions and the prestressing
force were considered as optimization constraints, as presented later in this section.

To evaluate the structural performance of the previously presented configurations, the
objective function, also known as the fitness function and denoted as f, was formulated
based on the stiffness of the connection and the ultimate force value. Consequently, the
stiffness, defined as the ratio of the applied force R to the displacement U, was calculated
for each At increment throughout the overall loading history and summarized at the end
of the simulation. Additionally, the ultimate force R, at the final increment was incorpo-
rated into the fitness function, alongside the incremental stiffness terms, to determine the
fitness number.

In the optimization process, a displacement constraint was imposed, requiring that the
displacement at the load level R,;;; meets or exceeds the specified ultimate displacement
U,,;; for the design. Additionally, the Eurocode guidelines for bolt positioning and preload
were incorporated into the optimization framework to maintain compliance with design
standards [9]. In this manner, the optimization problem can be formulated as follows:

o Rt,'JrAt _ Rti
maximize : f= Ry + 1:21 T (10)
Subject to: Y _(U' — U2 > U, (11)

i=1
e>12d (12)
p > 2.4d (13)
d’r

Ry < 0~7fubT (14)
tir1 =t + At, where: i € Z (15)

where i represents the current iteration number, e denotes the edge distance from the center
of the bolt hole, p is the spacing between bolt centers, Ry, is the bolt preload value, f,;
represents the ultimate tensile strength of the bolts, and 4 is the nominal bolt diameter.

During the optimization process, the design domain was defined based on the con-
straints represented by Equations (12)—(14). Accordingly, the distance between bolts in the
transverse direction was allowed to vary between 57 mm and 120 mm in 1.00 mm discrete
steps, while in the longitudinal direction, it ranged from 26 mm to 50 mm in 0.75 mm
discrete steps. Additionally, the bolt prestressing force was allowed to range between 0 kN
and the optimal prestressing value, as specified by Eurocode [9]: Ry, = O.7fubd?T”.

The optimization process was implemented using the PYTHON programming lan-
guage to develop GA, which was integrated with the ABAQUS software to calculate the
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fitness value of each individual, based on the mechanical properties. This was achieved
by creating a comprehensive PYTHON script that encapsulates all of the key aspects of
the proposed FEM model parametrically. During the optimization, a standard bit-string
chromosome was used to represent different bolt layouts and prestressing forces. After
generating a population, the developed program decodes the chromosomes for ABAQUS,
filling predefined parameters with values, and resulting in the creation of individual mod-
els. Subsequently, the simulation is conducted, and an additional part of the code processes
the results and calculates the fitness based on Equation (10).

Once the fitness value is determined, the aforementioned genetic operators, which
are also included in the developed PYTHON program, generate offspring. This process
continues until the final generation is reached. The framework is illustrated in Figure 14.
During optimization, the previously presented alternative modeling technique is used to
reduce computational time, significantly shortening the overall process duration.

Set optimization
boundaries

Calculate fitness number of each

chromosome
___________________________________ GA operators

It etesAekheatelintdint bl \
Create population | | _________________________________. J— m

| Set of bit-string based E ! )

i chromosomes | | T
bl ! H : 3 Crossover
| Run analysis for generated FE model '

NO Generations

completed?

Figure 14. Optimization framework based on FEM and GA.

Before starting the optimization, the key characteristics of the GA needed to be defined.
In this study, the population size was set to 50, which is a commonly used value in similar
optimization problems [35], as it strikes a balance between computational efficiency and
solution diversity.

To create the mating pool, tournament selection, as described earlier in this paper, was
used due to its simplicity and effectiveness [49], with a tournament size of 2. In this case,
the individual with the better fitness between the two competitors is selected as the winner.
This tournament size has been shown to improve the likelihood of identifying the global
optimum by promoting diversity in the mating pool [50].

Subsequently, a crossover was performed using the uniform crossover method, as
previously introduced in this paper, with a crossover probability of 0.7. By setting the prob-
ability to this value, the algorithm strikes a balance between exploration and exploitation,
allowing for a reasonable amount of exploration without excessively disrupting the existing
solutions. This helps maintain convergence toward the global optimum, as demonstrated
in other studies [25].

Finally, the mutation process involved flipping bits at random positions, governed by
the mutation probability. Initially, the mutation probability was set to 0.1 and gradually
increased with each generation, reaching 0.9 in the final generation. This approach allows
the algorithm to explore a broader solution space, improving the chances of finding the
global optimum [51], and has been used by other researchers [34] to improve the opti-
mization process. Additionally, an elitist operator was incorporated, ensuring that the two
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best solutions from each generation were carried over directly to the next. This strategy is
commonly used to maintain solution quality and has proven to be an effective tool during
optimization [25].

4.2. Results and Discussion

This section presents the optimization results. The proposed outcomes demonstrate
the efficiency of the developed framework, which is capable of finding an optimal solution
in a reduced amount of time due to the use of the previously introduced alternative
modeling technique.

The optimization history presented in Figure 15 shows that the convergence of the
maximum fitness values was achieved in the third generation. Additionally, the aver-
age values began to stabilize after the fourth generation, remaining within a relatively
narrow range.

1515,000 ¢ 1600,000
1510,000 | 1300.000°F
1400,000 |
1505,000 F 1300,000 }
% 1500,000 | 51200000
El £1100,000 |
= 1495000 f £1000,000 }
1490,000 } 900,000 |
1485,000 §00.000
’ 700,000 F
1480,000 600,000
1234567891011121314151617181920 1234567891011121314151617181920
Generation Generation
(a) (b)

Figure 15. Evolution history of fitness function: (a) maximum values and (b) average values.

Upon completion of the optimization, the best and worst individuals, based on the
calculated fitness values, were compared to the validated numerical model T1_PL_SH. The
proposed framework led to a significant improvement in structural performance, as shown
in Figure 16. A further analysis revealed a 50.2% increase in initial stiffness, compared
to the original configuration, along with a 30.6% improvement in ultimate force. These
values are presented in Table 8, and the optimal layout of bolts are presented in Figure 17,
where the boundaries of the bolt positions are marked based on Eurocode. The optimal
prestressing force obtained through the process matched the value specified by Eurocode:
Ry, =07 fubd%T”. These results demonstrate that the proposed optimization framework
holds significant potential for achieving cost-effective designs, even in the case of large
design spaces and nonlinear optimization problems, due to the use of GA, which bypasses
the reliance on an assumed starting model.
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Figure 16. Comparison of the force-displacement relationship between the validated numerical
model and the best and worst configurations obtained through the optimization process.



Infrastructures 2025, 10, 8 17 of 20

Table 8. Comparison of the validated numerical model with the best and worst configurations
obtained through the optimization process.

Model Initial Stiffness Deviation Ultimate Force Deviation
Validated kiy = 110,378 N/mm - R,y = 209.88 kN -

BEST k;p = 165,743 N/mm % = 50.2% Ry, p = 27413 kN Rl;{i*VRv —30.6%
WORST kiw = 89,402 N/mm % = —19.0% Ry w = 193.15 kN vagiffv —8.0%
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Figure 17. Optimal bolt layout obtained through the optimization process.

During the optimization process, plastic strains were not directly minimized, as shown
in Equation (10); however, the values were analyzed for further examination. Notably, the
maximum plastic strain was also reduced through the optimal distribution of bolts and
prestressing force, as illustrated in Figure 18.

(a) (b) (©)

Figure 18. Resulting plastic strain values for (a) the validated numerical model, (b) the best configu-
ration, and (c) the worst configuration.

5. Conclusions

This paper presents an optimization framework developed to enhance the structural
performance of T-stub connections by accounting for the elasto-plastic properties of steel,
large displacements, and contact interactions between components. The framework ad-
dresses the complexities of steel connection design, such as the reliance on numerous
discrete variables, while ensuring precise analysis through the incorporation of nonlinear
behavior. To demonstrate the effectiveness of the proposed approach, the optimal bolt
layout and prestressing force for a selected T-stub connection were determined, and the
structural performance was compared to the initial configuration.
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The introduced framework was developed using the finite element method (FEM),
ensuring precision by conducting a material and geometrical nonlinear analysis, including
nonlinear contacts. Two T-stub configurations were validated against experimental tests.
An alternative modeling technique was also introduced to reduce the computational time
without significantly affecting the simulation accuracy, making the optimization process
more efficient. Furthermore, this modeling method is compatible with software commonly
used in industrial design applications. This was demonstrated using AXISVM software,
which is widely utilized in advanced industrial engineering.

Genetic algorithm (GA) was employed to optimize the selected T-stub configuration,
developed using the PYTHON programming language. The objective function aimed to
maximize structural performance, with the fitness value calculated based on the connec-
tion’s ultimate force and stiffness, while adhering to Eurocode design requirements for
bolt positioning and prestressing force. Genetic operators were applied to improve the
probability of identifying the global optimum solution.

The results demonstrated the effectiveness of the developed framework. By applying
the proposed methodology, the initial stiffness of the T-stub connection was improved
by 50.2%, and the ultimate force increased by 30.6%, compared to the validated initial
configuration, through the optimization of the bolt layout and prestressing forces. Con-
sequently, these results verify the potential of the proposed optimization framework in
steel connection design and highlight its capability to be extended for optimizing more
complex configurations.
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