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ARTICLE HISTORY ABSTRACT - This study employs Finite Element Analysis (FEA) using the ABAQUS
Eg\clies'gs_d' ;STUJTJZEZOOZSS software to investigate the stress distribution and structural performance of multi-bolted
Accepted: 19" A%gust 2025 C-channel steel connections. Multi-bolted connections play a vital role in ensuring the

Published: 15" February 2026 strength and stability of steel structures, yet limited research has focused on the
comparative behavior of staggered and non-staggered configurations. In this work,

KEYWORDS ) numerical models of C-channel plates with varying bolt numbers and arrangements
Finite Element Analysis . e "
Stress Distribution were developed to evaluate tensile strength, stress distribution, and deformation
Multi-bolted Configuration patterns under a 10 kN tensile load. Material properties of aluminum-zinc (Alum-zinc)
AIk;Jm-ZinC for the plates and steel for the bolts were applied and contact interactions were
Abaqus

simulated to replicate realistic loading conditions. The analysis revealed that non-
staggered bolt configurations exhibited superior load-bearing capacity and more
efficient stress transfer, while staggered arrangements showed higher stress
concentrations near bolt holes. Additionally, increasing the number of bolts enhanced
structural performance, but also led to higher localized stresses. These findings provide
valuable guidelines for optimizing bolt placement and quantity in C-channel
connections. The study contributes to improving the reliability and safety of steel
structures by offering practical recommendations for design optimization through
numerical modelling.

INTRODUCTION

The performance of multi-bolted connections, particularly those involving C-channel members arranged
in various bolt patterns, remains underexplored despite their widespread application in modern
construction. This gap restricts the advancement of optimized design recommendations for such joints.
Over recent decades, technological progress has significantly enhanced living standards by fostering
innovation across products, engineering practices, and services. In structural engineering, the
integration of computer-aided design and numerical simulation tools has empowered engineers to
efficiently model, analyze, and optimize building structures (Ye et al., 2022). Ongoing improvements in
analytical techniques have deepened insights into structural behavior, shortened design cycles, and
elevated architectural quality. Construction materials critically influence the durability, safety, and
performance of built structures. Among these, Alum-Zinc (AZ) C-channels are favored for their
lightweight nature, favorable strength-to-weight ratio, and manufacturability. Multi-bolted connections
within AZ C-channel sections are crucial for maintaining structural integrity in industrial and civil
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applications. However, the ideal bolt configuration and the detailed stress responses of such
connections remain insufficiently characterized. Furthermore, the adoption of advanced numerical
analyses to predict these behaviors, especially in AZ steel members, has been limited, highlighting an
important area for further research.

ABAQUS operates as a Finite Element Analysis (FEA) software within the SIMULIA suite which enables
users to perform detailed simulations of complex material behaviors (Mater, Shahat, & AbdelSalam,
2023). The software provides flexible modeling capabilities that enable precise analysis of structural
components under load conditions, thus making it appropriate for studying bolted steel connections
(Ahmad & Supar, 2020). The software enables users to create digital prototypes that duplicate actual
structures for cost-efficient and time-effective structural performance testing through numerical
simulation. The research employed Abaqus to analyze the tensile behavior of Alum-Zinc C-channel
materials. The steel material meets ASTM A194 standards from the American Society for Testing &
Materials which applies to high-strength and high-temperature structural components (ASTM
International, 2024). The replacement process for bolted joints proves more precise than welding steel
structures. The validated numerical analysis enables researchers to perform parametric study which
examines how different factors affect tensile and compressive behavior including material
characteristics and bolt dimensions and grades and placement and C-channel dimensions and
connection types and loading conditions and environmental elements.

The majority of existing research focuses on traditional mild steel and cold-formed sections with single-
bolt or welded joints. The current literature shows a significant lack of research about Alum-Zinc coated
C-channel sections with multiple bolted configurations especially when comparing staggered to non-
staggered bolt arrangements. The impact of Alum-Zinc coating on stress distribution and load transfer
and joint performance under tensile forces remains unclear in scientific literature. The current numerical
studies fail to demonstrate how different bolt arrangements affect the behavior of coated steel C-
channel members. The research requires additional investigation through advanced numerical methods
because of these identified knowledge gaps (Chen et al., 2025). The research aims to address this
knowledge gap through Abaqus software-based numerical modeling to evaluate tensile strength and
stress patterns in multi-bolted Alum-Zinc coated C-channel steel. The research aims to determine the
tensile strength of staggered and non-staggered bolt configurations through two-dimensional finite
element analysis while examining stress distribution patterns to identify the most suitable design. The
structural behavior of C-channels under different physical loadings becomes possible to predict with
high accuracy through Finite Element Analysis (FEA) modeling and simulation. Numerical methods
enable designers to optimize structural parameters which result in improved durability and efficiency of
their designs (Li, Yan, & Guan, 2021). The results depend on three main elements which include
material properties and loading scenarios and connection dimensions.

The research findings enhance design recommendations for Alum-Zinc C-channels through better
comprehension of their tensile behavior. The research results enable engineers to create multi-bolted
connections which maximize safety performance while minimizing costs and ensuring long-term
structural stability in actual engineering applications. geometries.

MATERIALS AND METHODS

C-channel sections are widely used in structural applications such as bridges and roof trusses.
Therefore, continuous efforts are needed to improve the strength and performance of C-channel
sections. The purpose of this study is to determine the maximum stress in bolted C-channel connections
with different bolt arrangements and to compare their behavior under tensile loading. Numerical analysis
offers an effective model approach and evaluates the structural response of such members, providing
important insights and analysis of their performance under various loading conditions. Finite Element
Analysis (FEA) is a robust computational method for numerically solving structural boundary problems.
This study uses Abaqus/CAE, a commercial FEA software recognized for its accuracy and versatility,
as it provides advanced meshing, contact modeling, and post-processing capabilities for analyzing
bolted connections. Abaqus is part of the SIMULIA suite, which has been widely adopted in engineering
research for nonlinear stress and strain simulations.

The material properties used in this study are based on the Alum-Zinc C-channel plate and steel bolts.
Alum-Zinc coating was chosen due to its widespread use in mild steel systems for improved corrosion
resistance and durability, especially in humid or outdoor environments. The Young’s modulus values
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for the Alum-Zinc were set to 85 GPa and 200 GPa for steel bolts, with a Poisson’s ratio of 0.2,
consistent with values reported in previous studies (Li, Yan, & Guan, 2021; Mater, Shahat, &
AbdelSalam, 2023). The friction coefficient was included to simulate realistic contact behavior between
the connected surfaces. Figure 1 shows the Alum-Zinc C-channel plates were modeled with three, four,
and six-bolt arrangements in both staggered and non-staggered configurations. These configurations
were chosen to represent typical multi-bolted connections and evaluate how different bolt layouts
influence stress distribution. Figure 2 shows the overall dimensions of the Alum-Zinc C-channel (330
mm x 75 mm) with a thickness of 1 mm. The 80 mm length of the overlap region was designated as the
lap joint area for the multi-bolted arrangement.

Non-staggered Staggered
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Figure 1. Bolt configurations of c-channel Alum-Zinc.

330 .

80 100 100 80

Figure 2. Overall dimension

The applied tensile load was set to 10 kN to represent realistic service level load conditions typically
experienced by light gauge steel joints in experimental and analytical studies. This load value ensures
that the stress distribution in the connection remains within the elastic range of the material, allowing
valid comparisons between different bolt configurations while avoiding the effects of nonlinear materials.
Numerical analysis in Abaqus follows a standard modeling procedure involving the modules: Parts,
Properties, Fittings, Steps, Interactions, Loads, Mesh, Work, and Visualization. The plates and bolts
were modeled according to the specified dimensions, with material properties defined and assigned to
each component. The plate and bolt were assembled as geometries to analyze the output variables
such as stresses, strains, and displacements. The Interaction module modeled the surface contact
between the bolts and plates using a defined friction coefficient, and the Load module applied a fixed
support on one end of the bolts and a 10 kN tensile load on the opposite end of the plate. The resulting
stress and deformation data were analyzed using the Visualization module.

RESULTS AND DISCUSSION

The stress distribution study has been carried out, and the effects of various parameters were explained
in the following section. Stress analysis is an important part of engineering science, as failure of most
engineering components is usually due to stress (Supar, Ahmad, & Yussof, 2019). FEA stress analysis
study on bolted plates is a detailed examination of the stresses and strains in bolted plate assemblies
under various loading conditions using the finite element method. The stress analysis for this study is
the effect of the hole boundary and the bolt.
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Stress Distribution Profile

FEA is widely used for the efficient analysis of stress distribution in complex structures. By entering
geometric parameters, users quickly obtain stress predictions that are important for structural integrity
and stability. Figure 3 shows that a higher stress level increases the probability of material failure
(Santos, 2013). This study examined the stress distribution in a plate under a 10 kN load, from normal
to fracture. This study highlights a significant difference in the stress distribution behaviors between
staggered and non-staggered plates subjected to a 10 kN load. The stress distribution graphs indicate
a progressive increase in stress from zero to maximum stress, accompanied by simultaneous
deformation phases. For plates with staggered bolts, the graph shows a higher maximum stress and a
continuous curved line.

In contrast, the graph for the non-staggered bolts showed a crooked line, suggesting a more uneven
stress distribution. This difference may be due to the placement of the bolts, which plays a significant
role in how the stress is distributed across the plate (Safaei et. al., 2022). Analysis reveals that as the
plate is subjected to increasing stress, it enters a plastic deformation phase, resulting in permanent
deformation (Santos et. al., 2016). This phase shows that the material will not return to its original shape
even if the applied stress is removed. Deformation is evident in both graphs, with the plate stretching
and the distance from its normal position becoming measurable. As stress continues to increase with
the material reaches its ultimate strength and leads to failure (Supar & Ahmad, 2017).

This analysis highlights the importance of bolt placement in structural design to optimize load-bearing
capacity and prevent premature failure (Supar & Ahmad, 2017). The closer a material is to its breaking
point, the stronger the material needs to be to prevent catastrophic failure. Material selection, combined
with bolt placement, can have a significant impact on the performance and safety of structural
components. Therefore, engineers must consider both stress distribution patterns and material
properties to design robust and reliable structures (Ahmad, 2016). Analyzing how materials approach
their breaking or fracture point under varying conditions is very important to ensure the design of
structural integrity and longevity of the components.
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Figure 3. Stress distribution profile.
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Effect of Hole Boundary

The stress analysis of the effect on hole boundaries examines how a structural element’s holes affect
the distribution and concentration of stress. The stress flow in the material can be greatly changed by
holes, and this frequently results in larger stress concentrations near the edges of the holes. The finite
element mesh of a plate with four holes labeled as hole 1, hole 2, hole 3, and hole 4 in Figure 4 (a). The
mesh is finer around the holes to capture the stress gradients accurately. Figure 4 (b) shows the
resulting stress distribution around the hole after application of the load.

(b)

Figure 4. Stress distribution with (a) Meshing of plate alum-zinc; (b) Hole boundary.

From the results obtained in Figure 4, the stress that occurs in hole 1 is symmetrical with hole 2, while
the stress that occurs in hole 3 is symmetrical with hole 4, as shown in Figure 5. Holes 1 and 2 have
high stress values, which are the holes closer to the applied load. Holes 3 and 4 indicated low-stress
values, which are holes that are far from the applied load. Therefore, the higher the distance between
the holes and the tension, the lower the stress value obtained.

Effect of Hole Boundary

Stress (N/mm*2)

Time

Figure 5. Maximum stress on the hole boundary of 4 bolts non-staggered configuration

Effect Number of Bolts

The bolt hole deforms when the joint experiences an external tensile load. The deformation of bolt may
be different based on the non-staggered and staggered arrangement of bolt. This difference may result
in dissimilar contact relationships for the bolt and the components during the tensile loading process of
the two types of joints (Supar, Ahmad, & Yussof, 2019). The arrangement of the bolt helps distribute
the load more evenly across the joint. It reduces the stress concentration on the bolts and the connected
plates, which can increase the joint's strength and fatigue resistance. Figure 5 shows the result of the
maximum stress value of non-staggered and staggered bolts for three, four, and six bolts. From the
result obtained, it is found that the 3-bolt plate has a lower stress value compared to 4 bolt and 6 bolt
with a maximum value stress (N/mm?) for non-staggered bolt and N staggered bolt. When there is less
bolt, The stress decreased on individual bolt to share the load, and each remaining bolt carry small
portion of the total load which cause lower load per bolt. The shear and tensile forces experienced by
each bolt are lower, which can lead to a higher likelihood of bolt failure under heavy loading conditions.
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The stress concentration is lower when there are less bolts which causes the plate to fail slowly because
the load is evenly distributed across the joint. The lower localized stresses can decrease and accelerate
material fatigue, leading to a low risk of crack initiation and propagation around the bolts. As for
structural stability, when there is less bolt to distribute the load, it increases the load bearing capacity
of the connection. The joint integrity is compromised which means the connection may be less prone
to failure under dynamic or fluctuating load. For the comparison between staggered bolt and non-
staggered bolt, it is found that non-staggered bolt can withstand greater load than staggered bolt. This
is because the lower the stress value, the greater the load it can withstand, which shows it is less prone
to failure. From the overall result, the stress distribution profile analysis revealed that the maximum
stress occurs at the bolt, indicating potential points of failure under high load conditions. Similar findings
were reported by Supar and Ahmad (2017), where larger stress occurred within pitch area in plates with
larger holes numbers in double-row configurations. The smaller number of bolts can decrease the value
of stress which can improve the load capacity. The staggered configuration distributes stress more
evenly, reducing stress concentrations and enhancing load-bearing capacity.

Staggered Bolt

Figure 6. Maximum stress on non-staggered and staggered configurations.

CONCLUSION

In conclusion, this study highlights the effectiveness of using ABAQUS software for numerical modeling
and analysis of multi-bolted C-channel connections. By comparing staggered and non-staggered
designs, the research identifies key parameters influencing stress distribution. and evaluating their
effects on tensile performance and stress concentration. Plates with staggered bolt arrangements show
reduced stress concentration and increased joint strength, while plates with a higher number of bolts
exhibit improved performance under heavy loading conditions. This indicates that staggered
connections are more effective in enhancing load transfer efficiency and reducing localized failure.
Moreover, plates with a greater number of bolts exhibited higher load-bearing capacity and improved
stiffness, confirming that both the number and arrangement of bolts play critical roles in optimizing joint
performance. The findings also verified that Alum-Zinc coated steel provides adequate strength and
corrosion resistance, making it a suitable material for lightweight structural systems. The application of
ABAQUS FEA proved effective for predicting stress behavior and optimizing design parameters,
offering a reliable and economical tool for structural analysis. It should be noted that this study was
limited to numerical simulation without experimental validation, and the model adopted simplified
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boundary conditions and linear-elastic assumptions. These simplifications were necessary to reduce
computational complexity but may affect the accuracy of stress prediction under real service conditions.
Future work should therefore include experimental testing to validate the numerical findings and extend
the analysis using three-dimensional (3D) finite element models in ABAQUS to capture out-of-plane
effects and more complex stress interactions. High-strength bolts and compatible steel materials should
be used to enhance load-bearing capacity and durability, while ensuring material compatibility to
prevent issues like galvanic corrosion. Further investigations using screw-type or hybrid connections
are also recommended to evaluate alternative fastening mechanisms and their influence on joint
performance, durability, and load transfer efficiency in Alum-Zinc C-channel systems.
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