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The growing importance of numerical simulations in the welding industry stems from their ability to enhance
structural performance and sustainability by ensuring optimal manufacturing conditions. The use of the finite
element method (FEM) allows for detailed and precise calculations of the mechanical and material changes
caused by the welding process. Acquiring knowledge of these parameters not only serves to augment the quality
of the manufacturing process but also yields consequential benefits, such as reducing adverse effects.
Consequently, the enhancement of structural performance and prolonged lifespan becomes achievable,
aligning with overarching sustainability goals. To achieve this goal, this paper utilizes numerical simulations of
welding processes based on experimental tests, with a specific focus on analyzing temperatures generated
within the structures. In the finite element analysis (FEA), a total of 12 welding cycles were systematically
modeled to align with experimental conditions, incorporating cooling intervals, preheating considerations, and
the relevant section of the connecting concrete structure with studs. The outcomes of this research exemplify
the potential of numerical simulation in the welding industry, demonstrating a diverse range of results achieved
through FEA to enhance the quality of structures within the context of sustainability.

1. Introduction

The groundbreaking work of Goldak et al. (1992) made a substantial early contribution to welding modeling by
analyzing microstructure evolution, integrating heat transmission, and thermal stress analysis. Ueda and
Yamakawa (1971) developed a method for theoretical analysis that considered variations in temperature
distribution over time and their impact on the mechanical properties of materials, marking an important milestone
in the field. Despite these advancements, significant knowledge gaps remain in understanding the complex
thermal and mechanical interactions during multi-pass welding, particularly in relation to the impact on structural
integrity and long-term performance.

Recent studies have continued to expand on these early developments. Habashneh et al. (2023, 2024)
emphasized the critical role of ambient temperature variations on structural behavior. Similarly, studies by Deng
et al. (2007) and Zhao et al. (2018) have utilized Finite Element Analysis (FEA) to simulate welding processes,
focusing on inherent strain theory and the design of welding structures. However, many of these studies either
focus on single-pass welding or do not fully explore the impact of multi-pass welding on connected structures,
particularly in complex environments involving dissimilar materials like steel and concrete. For instance, while
Wang et al. (2013) and Zubairuddin et al. (2017) investigated multi-pass welding, their focus was primarily on
residual stresses and distortion without a comprehensive assessment of temperature-induced effects on
interconnected materials.

This study aims to address this gap by focusing specifically on the multi-pass welding process and its
thermomechanical impact on connected structures, such as steel plates and concrete blocks. The approach
presented simulates a 12-cycle multi-pass welding process involving two 20 mm steel plates and incorporates
a connecting concrete block to replicate experimental conditions and provide validation. An advanced
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thermomechanical analysis framework is employed to evaluate the temperature distribution and its influence on
the structure.

The novelty of this study lies in its comprehensive approach to simulating and validating the complex interactions
between welded steel and adjacent materials, such as concrete, in a multi-pass welding process. This provides
a more realistic and applicable understanding of how welding-induced heat affects structural integrity. The
relevance of this work is underscored by the growing need for durable, long-lasting infrastructure, where welding
processes play a crucial role in the assembly and maintenance of structural components.

2. Finite element modeling and welding analysis
2.1 Thermal analysis

The conservation of energy is the fundamental principle underlying thermal analysis. Heat transfer theory was
applied to simulate the welding process by calculating the temperature evolution at each individual node. The
concept is based on the flux of energy, which is described by Eq(1) (Goldak and Akhlaghi, 2005), where q
represents the heat flux, proportional to the thermal conductivity x and the temperature gradient VT.

q=—KkVT @

With the use of the heat conduction formula Eq(2) (Goldak and Akhlaghi, 2005) and the knowledge of g, it is
possible to determine the temperature in each node. The density of the material is represented by p in this
equation, together with the specific heat capacity c,, temperature T, heat flux vector g, heat generation term Q,
time t, and spatial gradient operator A.

2% 4 V(—kVT)+Q =0 @)

The increment in specific enthalpy under constant pressure due to a small temperature change is expressed in
Eq(3) (Goldak and Akhlaghi, 2005).

dh = c,dT ®3)

where dT is the temperature increase and c, is the specific heat capacity.

The double ellipsoidal heat source model, which was developed by Goldak et al. (1984) and is frequently used
for arc welding, was used in this study to simulate the heat produced during welding, as shown in Eq(4) and (5).
The power density distribution g in the front and rear quadrants is identified as follows:
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where the parameters a, b, and c, which represent the different axes of the ellipsoid aligned with the coordinates
X, y, and z, respectively, determine the width, depth, and length of the welding pool. f. and f; represent the
fraction factors of the heat, where f. + f; = 2 (Goldak et al., 1984), Q,, denotes the energy input, identified as
follows:

Qw =nUl (6)

where n signs the efficiency of the procedure, U is voltage, and | signs the welding current. The parameters
utilized for the simulation are presented in Table 1.

Table 1: Utilized parameters

Parameter Value Unit
Depth of the heat source 2.00 mm
Width of the heat source 2.00 mm
Front length 2.50 mm
Rear length 5.00 mm
U 23.00 \Y,

n 0.60 -

| 260.00 A
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The differential equation presented in Eq(1) may be resolved through the specification of appropriate boundary
conditions. This principle is exemplified in Eq(6) as outlined by Goldak et al. (1984). In this equation, To
represents the ambient temperature accounting for convection and radiation effects, x denotes the thermal
conductivity normal to the surface, o responds the Stefan-Boltzmann constant, ¢ signifies the emissivity, q
denotes the supplied flux, and h represents the convective heat transfer coefficient.

Kn 5o+ @+ h(T = To) + 02(T* = To*) = 0 @

The variables employed in the simulation are enumerated in Table 2.

Table 2: Parameters for thermal properties

Coefficient Value Unit
Thermal conductivity normal to the surface 20 W/mK
Coefficient for emission 0.60 -
Coefficient for convection 100 W/m2K

2.2 Mechanical analysis principles

Expansion and contraction are induced by variations in heat distribution between the region immediately
adjacent to the welding spot and the surrounding areas. This thermal gradient results in significant stresses due
to the material's thermal strains (Anca et al., 2011). The accurate computation of nonlinear deformation in
simulations necessitates the integration of geometric compatibility, constitutive stress-strain relations, and
equilibrium equations. The displacement field is interpolated over the element utilizing the von Mises yield
criterion and a standard elastoplastic material model (Lindgren, 2007).

i) = N () u(®) (8)

where ™1y (t) indicates the current estimation of the element displacement vector following completion of the
increment and "*1x is its corresponding coordinate. N,,,("*}x,t) is the matrix containing the interpolation and
shape function.

2.3 Finite element modeling and analysis

To comprehensively investigate the structural behavior and conduct detailed analysis, a complete 3D model
was developed, as illustrated in Figure 1. This model represents a critical segment of the experimental setup,
featuring the flange plate (red) measuring 300x80x20 mm and the stud plate (green) measuring 320x80x20 mm
from a steel-concrete composite bridge. Additionally, it includes studs (blue) and a concrete block (grey)
measuring 700x80x300 mm. To accurately simulate structural behavior and model realistic boundary conditions,
a section of the web plate was also incorporated into the model.

This model currently applies to this assembly with its specific structural dimensions; however, we intend to
investigate modeling variations in weld types and materials, as well as their geometry and layout, with a focus
on the analysis of distortions and stresses within the structure resulting from welding in further research.

In the simulation, both the flange plate and the stud plate were welded on both sides of an 80 mm-long section.
The weld pool was sequentially formed in six steps as prescribed, resulting in an overall dimension of 8 mm, as
depicted in Figure 1. Furthermore, validation points used to measure resulting temperatures during both
numerical and experimental tests are marked in Figure 1. Point "A" is designated for validating the temperature
of the steel plates, while point "B" is designated for the concrete.

Figure 1: 3D Finite Element Model of the Assembly
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ABAQUS software was utilized to conduct the simulation, which involved utilizing a combined temperature-
displacement analysis. (Smith, 2009) This method integrates mechanical and thermal solutions concurrently,
highlighting the critical importance of maintaining consistent element types and degrees of freedom throughout
the study. Accordingly, a 3D thermally coupled 8-node brick finite element with reduced integration (C3D8RT)
was utilized to establish the presented model.

3. Results
3.1 Validation of temperature measurements

In the initial phase of the study, the primary objective was to validate the temperatures observed during
experimental testing. To optimize the quality of the weld pool and achieve the most effective connection possible,
these components were preheated to 100 °C. Considering the welding stages and the total welding time, the
simulation lasted 723 s, including the corresponding cooling phase.

To achieve the main goal of this research phase, the temperature distribution at designated point "A," as
depicted in Figure 1, was evaluated to validate the temperatures in the steel plates. The results, presented in
Figure 2, demonstrate a close agreement between the temperatures predicted by the model and those observed
in the experiment. Upon detailed analysis, the highest temperature recorded during the simulation was 208 °C,
reflecting a deviation of only 4% from the experimental findings, which was determined by calculating the
difference between the two values.
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Figure 2: Temperature values recorded at measurement point A

Subsequently, the temperature evolution at point B, situated within the concrete, was derived from the simulation
and compared to the experimental test results. The findings consistently fell within the acceptable margin of
error, with the largest difference observed at approximately 4 %, as illustrated in Figure 3. This difference was
calculated based on the variation between the two values.
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Figure 3: Temperature values recorded at measurement point B

3.2 Detailed temperature analysis of the concrete

In the second phase of the study, the primary objective was to analyze the temperature generated by the welding
process in the concrete. Consequently, temperature values within the concrete block, which were inaccessible
during experimental testing, were examined. As expected, the results illustrate a significant transfer of heat to
the concrete by the steel components, with temperatures reaching a peak of approximately 107 °C at the bottom
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section of the studs, as depicted in Figure 4. Building on the pioneering work of Shen and Xu (2019), itis evident
that such temperatures can impact the mechanical properties of concrete. Therefore, for configurations akin to
those studied here, ensuring optimal welding conditions and meticulously designing the welding process are
crucial.

Figure 4: Temperature values at the end of the simulation

4. Conclusions

In this research, a detailed 3D numerical model was developed to analyze temperatures generated by welding
processes, incorporating both steel and concrete components. A comprehensive thermal stress analysis
encompassed 12 welding phases, cooling intervals, and temperature-dependent material properties. The
model's accuracy was validated through experimental tests, measuring temperatures in both steel plates and
concrete. The maximum observed deviation was approximately 5 % for steel plates and 4 % for concrete.
Additionally, in the second phase of the study, temperatures were investigated in concrete locations that were
inaccessible during experimental tests. The results underscored the significant influence of welding processes
on the structural properties of concrete, emphasizing its sensitivity to temperature changes.

This research establishes a robust foundation for advancing welding process performance through advanced
numerical modeling. Furthermore, it provides crucial insights into how these processes can impact thermal
dynamics in concrete, potentially influencing its structural integrity. The temperatures that developed in the cross
member as a result of welding can be monitored throughout the welding process. The welded connection is a
suitable method for joining components in steel-concrete composite bridges, and it is also applicable in
scenarios where welding is necessary in close proximity to other materials, such as concrete.

Elevated temperatures can substantially alter the mechanical behavior of adjacent materials. Specifically, in the
case of concrete, a reduction of 5-10 % in tensile and compressive strength may occur at temperatures
exceeding 100 °C. In subsequent research, we aim to address the modeling of thermal effects on concrete, as
well as the residual stresses and distortions.
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