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vibration analysis for jointed structures. Additionally, it explores the factors influencing the KEYWORDS

vibration performance of dynamic structures, focusing on structural joining techniques, Dissimilar materials

material properties, and analytical methods. Through a systematic review, the study Joining

categorizes dissimilar joints into mechanical, thermal, and chemical joining processes, offering Vibration analysis

insights into their impact on vibration behavior and microstructural dynamics. By synthesizing Finite element model

research findings and methodologies, the paper underscores the significance of integrating Mode! updating

experimental and numerical analyses to optimize the vibrational performance and reliability of Optimization

joint structures, especially when dealing with dissimilar materials. This collaborative approach
not only enhances predictive accuracy but also offers a deeper understanding of the intricate
dynamics of jointed systems, fostering advancements in structural engineering and materials
science. The paper also discusses the application of Finite Element Model Updating (FEMU)
methods in vibration analysis to reduce uncertainties in model assumptions and enhance
accuracy. FEMU involves iteratively refining numerical models to align with actual structural
behavior, crucial for design, construction, and engineering applications. Various FEMU
methods, including sensitivity-based approaches, iterative optimization, Bayesian techniques,
and computational intelligence algorithms, offer effective means to update finite element
models and minimize discrepancies between predicted and observed structural behavior.
Despite computational challenges, these methods provide valuable tools for optimizing design
and operational parameters in vibration analysis, advancing structural reliability and precision.

1. INTRODUCTION

In the modern era, the escalating demands for efficiency and specific vibrational properties in structures composed
of dissimilar materials have garnered considerable attention in the automotive, aerospace, and civil engineering fields.
The study of vibration analysis has evolved into a substantial subject within the realm of research, as manufacturers strive
to enhance structural integrity, performance, and reliability for joining materials. Vibration analysis emerges as a powerful
tool in unraveling the intricate symphony of forces and interactions within joined materials, providing crucial insights
into the performance and durability of designed structures. The study of vibration analysis in dissimilar materials poses
challenges and opportunities that necessitate a profound understanding of their dynamic properties.

Vibration analysis is the study of mechanical oscillations of an object about its rest position, and it has long played
an important role in early-stage optimization, engineering testing, and structural evaluations [1, 2]. These vibrations
initiate from external environmental forces or internal mechanical collisions and subsequently manifested as the dynamic
response of various structure components [3-5]. According to [6, 7], a comprehensive dynamic analysis system consists
of three fundamental elements: excitation, the mechanical system, and response. Among these, response is the most easily
measurable in practical applications, as it provides valuable insights into dynamic loads and structural characteristics.
Consequently, the identification of desired vibration characteristics is often hindered by the materials of structures and
the challenges associated with effective joining, leading to difficulties in analysis.

In the pursuit of lightweight structures, the joining of different structural components serves a dual purpose: meeting
weight reduction demands and contributing to vibration damping. According to references [8] and [9], joining involves
connecting multiple components using various techniques to create a functional assembly. Additionally, the review paper
cited in references [10-12], explores the challenges, advancements, and practical considerations associated with joining
dissimilar materials in the context of automotive lightweight technology. In dynamic structures, the choice of joining
technique significantly impacts overall stability and strength. Whether it’s plates, beams, trusses, or columns, the
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components must form a cohesive system capable of withstanding external loads and forces. Dynamic structures
commonly utilize mechanical fastening methods including welding, riveting, bolting, and adhesive bonding. The choice
of a suitable joining method depends on material properties and dynamic characteristics such as damping ratios, natural
frequencies, and mode shapes play a crucial role in joint design [13]. Structural joints have the potential to alter dynamic
properties, offering opportunities for enhancing overall performance.

Apart from enhancing structural joining and conducting performance studies, researchers have evaluated the
suitability of various materials for use in structural design and their pivotal role in improving dynamic vibration
performance [14, 15]. Numerous alternatives to traditional metals have been investigated as engineered manufacturers'
trend toward lightweight structures continues. These studies aim to understand the reliability of lightweight materials and
provide insights into overall structural behavior, ultimately contributing to better dynamic performance in structures [16].
The utilization of dissimilar lightweight alloys, including different series of aluminum [17] and aluminum-magnesium
[18, 19], has also been thoroughly reviewed to comprehend their significance in optimizing structural performance.

While this study primarily focuses on the vibration analysis of dissimilar materials joined together, researchers have
also delved into other areas such as modeling techniques for structural tests. These studies aim to enhance the design and
application of structural tests, with reliable simulations playing a crucial role in advancing the manufacturing industry
within the structural domain. Although the main emphasis has been on the vibration analysis of joined dissimilar materials,
the optimization of dynamic performance in test structures has been scrutinized from various perspectives and criteria.
Experimental testing, along with analytical and numerical modelling, is commonly used to comprehend the impact of
different joining methods towards structural vibrations. Experimental analysis enables the acquisition of data that would
otherwise be unattainable and is vital for validation. In numerical studies of test structures, modeling issues related to
various structures, such as plate structures with different types of joining and uncertainties in metal structures, are of
significant concern. Optimization strategies for test structures, including joining models and structural configurations,
have been extensively discussed by researchers, as covered in Topic 3.

In recent times, research on vibration has gained significant popularity among scholars, with a specific focus on its
performance influenced by structural geometry, material composition, and structural analysis. According to the Web of
Science database, a substantial amount of research has been conducted in vibration analysis for joint structures over the
five years from 2019 to 2023. Figure 1 illustrates that approximately 1000 publications have emerged in this area, with
17 of them identified as review papers. Additionally, Figure 2 indicates a noteworthy influx of new researchers entering
this field, as evidenced by the increasing number of citations. The trend suggests heightened interest in this research,
particularly in the years 2022 and 2023, as depicted in Figures 1 and 2.

300

250

L3
I ~
~
~
~
.
~
F -~
b
L b
b
b
b
b
L b
b
- -
- -
[ Seo s

2023 2022 2021 2020 2019
Publication years

Publication
- X
o o
o o

-
(=3
o

N W A O N @

Review paper

@
o
-

o

Figure 1. Total of publications versus review paper

300 3500

3000

F e ]
\\
s 1 2500
200 | .
~ 1 2000
~ |
<
. 1 1500 :
100 L
~ 1 1000
N
50 [ L 500
0 0

2023 2022 2021 2020 2019
Publication years

Figure 2. Total of research publications versus citations

itation

Publication
g
c

This paper provides an overview of research on vibration analysis in joint structures consisting of dissimilar
materials. The review examines various factors influencing the vibration performance of dynamic structures, including
structural design, advancements in joining techniques, and materials selection. Additionally, the paper briefly explores
other relevant aspects, such as experimental and numerical modeling, along with a brief discussion on optimization
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approach to enhance the accuracy of dynamic behavior analysis. The primary objective is to summarize the diverse
approaches and perspectives researchers have undertaken in studying vibration analysis for joint structures.

2. FACTORS AFFECTED THE VIBRATION PERFORMANCE

This section presents a review of published works that explore factors affecting vibration performance on dynamic
properties, with a focus on structural joining, structural materials, and structural analysis. Vibration analysis, a technique
that has been utilized for decades across various industries, aims to enhance the dynamic properties of structures. The
literature survey reveals that most studies on vibration performance concentrate on the dynamic properties of dissimilar
joint structures. In this study, a classification system for dissimilar joints is proposed by the researchers based on the
joining techniques and underlying joining mechanisms:

Group | — Dissimilar joints with different base materials for the mechanical joining process
Group Il — Dissimilar joints with different base materials for the thermal joining process
Group 11 — Dissimilar joints with different base materials for the chemical joining process

The works are categorized based on base materials and joining techniques for dissimilar structures, as proposed in
this study as shown in Table 1. The literature review encompasses dissimilar materials with different joining methods,
including Aluminum alloys, Magnesium alloys, various steel grades, and, Copper as well as carbon-fiber-reinforced
polymers (CFRP) and other composite materials. The review primarily focuses on the vibration behavior concerning the
natural frequency and damping mode of dissimilar joints, along with the microstructural behavior, including fatigue,
failure, and corrosion behavior of the structure. Earlier studies have identified three key factors that affect the effectiveness
of vibration analysis to enhance the accuracy of dynamic properties, as depicted in Figure 3.

Factors affecting the vibration
performance of dynamics

properties
|
| | |
Structural joining Structural Structural analysis
method material

Figure 3. Factors affecting vibration performance of dynamic properties
2.1 Structural Joining Method of the Test Structure

The exploration of vibration analysis in structural joining has emerged as a focal point in contemporary research
within the fields of engineering and materials science. The review of structural joining, based on materials and types of
joining, has been divided into three (3) groups, as discussed in Topics 2.1.1 to 2.1.3, with the summary presented in Table
1. The necessity to join novel and dissimilar materials in the transportation industry requires alternative joining methods
to meet functional demands and overcome technological limitations. Indeed, it is typically impossible to manufacture a
product without some form of joining. The joining process is essential in manufacturing to ensure product functionality
and increase the efficiency of the manufacturing process. The development of advanced materials and the pursuit of
lighter, more reliable structures are key strategies to address the challenges associated with joining [20, 21]. Both studies
emphasize the importance of selecting suitable welding techniques and optimizing process parameters to effectively
address the challenges of joining dissimilar materials like aluminum and steel, particularly in the context of advancing
material development and achieving lightweight, reliable structures. The selection of a joining process for dissimilar
materials is more complex compared to similar materials due to differing chemical and physical characteristics.
Mechanical fastening, primarily bolting and riveting, has been widely utilized in dissimilar structures. However, these
methods contribute to increases in weight and limitations in the structure’s geometry, primarily due to the accessibility of
the fasteners [22, 23]. Consequently, alternative structural joining methods can be employed to overcome conventional
limitations, including various solid-state welding techniques such as friction stir welding [24], chemical joining methods
like adhesive bonding [25], and hybrid joints that strategically combine mechanical, thermal, and chemical approaches to
enhance joint performance and reliability [26].

Dynamic excitations frequently influence the operating performance of mechanisms and structures,particularly in
the vibration of structures. As integral and essential components of structures, it is crucial to understand the role of
structural joints in overall dynamic behavior. These joints can change key dynamic properties, such as, natural
frequencies, damping, and mode shapes, which can significantly enhance structure performance. Among the various types
of structural joints examined in this study, bolted joints, rivet joints, friction stir welded joints and adhesively bonded
joints have been widely investigated over the last three decades [27, 28].

In recent years, the focus of many studies has been on the analytical and numerical modeling of the effects of joining
properties on the vibration behavior of structures. Qin et al. [29] were among the first to develop an analytical model for
a bolted joint structure within a simple rotor systems connected via disc-drum joints. Another significant contribution to
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the development of an analytical model of bolted joints in transient excitation was made by Xin et al. and Jamia et al.[30,
31] Specifically, Kim et al. [32] discussed the application of four different bolt models in finite element simulations to
analyzed the vibration behavior of bolted structures. Wang et al. [33] developed, investigated, and validated the vibration
characteristics of bolted joints using both experimental and theoretical models. Additionaly, Liu et al. [23] introduced a
semi-analytical model to study the impact of bolt loosening on the natural frequencies of bolted composite plates, while
Hammami [34] developed an analytical approach to investigate the behavior of bolted joints in designing structures. In
addition to these, significant research has been conducted on modeling welded joints for vibration analysis. Zahari et al.
[35, 36] studied the vibration behavior of friction stir welded plates and refined finite element models through model
updating. Gharehbaghi et al. [37] discussed the influence of residual stresses on the natural frequencies of welded
structures. Additionally, Shah et al. [38] studied the structural properties of laser stitch welded joints, focusing on natural
frequencies and mode shapes. This body of work collectively advances our understanding of the complex dynamics of
joined structures.

The influence of structural joints in enhancing the damping of structures is a significant aspect of modern joining
techniques. Extensive research has been conducted on how various joint types, including bolting, riveting, welding, and
adhesive bonding, affect structural damping. Al-Habibi et al. have discussed various methods and apparatus for measuring
damping [39], studied the estimation of damping in different materials [40], and investigated the damping behavior of
hollow beams connected through bolts, rivets, adhesives, and brazing using flexural vibration analysis [41]. Similarly,
Ansari et al. [42] have studied the effect of rivets on the damping of layered cantilever beams, while other researchers
have contributed valuable insights into the vibration and damping characteristics of bolted structures [43-45]. Researchers
have categorized the details of their findings into specific groups to gain a comprehensive understanding of the
aforementioned effects.

2.1.1 Group I - Mechanical joining process

The practice of joining using threaded fasteners or screws for one-sided joining has been widely used. However,
when used with dissimilar base materials, this process presents certain limitations and problems compared to those with
similar materials. These issues can be mitigated through the use of combinations of bolts and nuts, as well as riveting.
These methods allow access to the joint from both sides of the components being joined. The mechanical joining process
between dissimilar materials can help reduce vibration amplitude and maintain the structure’s strength and shape during
vibrations. This group is further categorized into two: vibration behavior, which includes natural frequencies and mode
shapes, and microstructural behavior, which covers fatigue, failure, and corrosion.

In their research, Rani et al. [46] employed bolts to join two Al6061 plates. They proposed a simplified finite element
model for the bolted structure and used an optimization method to enhance the accuracy of dynamic behavior predictions.
The study yielded a 95% accuracy in predicting dynamic behavior. In a subsequent study by the same author, the same
materials were used for both plates, but with different geometrical shapes - an oblong hole and a bar shape. Thin Layer
Elements (TLE) were utilized as a contact surface of the bolted structure. The differences in the geometrical shape of the
structure are illustrated in Figure 4. The study concluded that the model and TLE effectively represent the bolted joints
of the assembled structure [47]. Meanwhile, Xing et al. [48] used bolted flange joints to analyze vibrations in structures
composed of multiple steel plates. They proposed a mathematical model for analyzing the results, using the Rayleigh-
Ritz method and the Newmark-beta method to study the characteristics and vibration response. The model was validated
through experimental studies under both bolt looseness and no-looseness conditions. Suman et al. [49] investigated the
shear strength analysis of bolted joints involving dissimilar materials: Mild Steel-Aluminum and Mild Steel-Glass fiber-
reinforced plastics (GFRP). The analysis of single-bolted joints as shown in Figure 6 using experimental and numerical
methods revealed that the combination of metal and composite (Mild Steel-GFRP) exhibited better strength compared to
the metal-metal joint (Mild Steel-Aluminum). Additionally, the study demonstrated that finite element (FE) results closely
matched experimental results with minimal error.

Aluminum alloy, in both similar and dissimilar forms, is among the most commonly used materials in joint structures.
In a study involving similar materials, Wu et al. [50] utilized a Self-Piercing Riveted (SPR)-bonded aluminum joint
composed of 2.0 mm AA6111-TA aluminum sheets to examine the fatigue behavior of hybrid joints. These hybrid joints
combine cold-formed mechanical fastening with adhesive bonding. The study tested SPR joints, adhesive-bonded joints,
and SPR-bonded joints under two types of loading conditions: lap shear and 45° loading. The findings revealed that
adhesive bonding played a dominant role and exhibited comparable fatigue life to SPR-bonded joints. Additionally, other
researchers have also studied the static and fatigue behavior of SPR joints using 2.0 mm AL5052 sheets with two different
overlap areas. Their test results indicated that by increasing the overlap area enhanced both the static strength and ductility
of the joint [51].

Dissimilar Aluminum (Al) alloys were studied by Moraes et al.[52], who used an SPR lap-shear coupon to join
AMG0B and AA6082. They investigated the performance of the joint as shown in Figure 5, focusing on how deformation
history affects the performance by incorporating residual stress and strain hardening into the simulation process. The
results revealed that strain hardening was the dominant role in joint strength, while the formation of residual stress and
plastic strains contributed to improved accuracy in simulation predictions. In addition, a dissimilar structure between
AA5052 and high-strength steel HSS DP590 was joined by Electromagnetic High-Speed Nailing (E-HSN) to study the
fatigue behavior. The Basquin equation was applied to fit the fatigue data, revealing that cyclic stress of 253 MPa marked
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the critical point between two failure modes, as determined by analysis of fracture characteristics in the rivet joints. The
predicted results of fatigue life showed good accuracy and consistency [53].

In previous studies, both similar and dissimilar base materials, specifically aluminum alloy and composite, have been
examined. Extensive research has been conducted on the microstructural behavior of these dissimilar materials compared
to their vibration behavior. Most of these studies utilized Self-Piercing Riveting (SPR) single-shear lap, single-bolted,
and clinching techniques to investigate microstructural behavior. Wang et al.[54] and Kam et al [55] carried out an
analysis of fatigue behavior using Aluminum alloy combined with carbon fiber-reinforced plastics (CFRPSs) to enhance
the performance of joints. They employed riveted single-shear lap and SPR to evaluate the fatigue behavior and to
investigate the quality of SPR about vibration damping. Wang’s results indicated that higher load amplitudes resulted in
changes in the failure mode. On the other hand, Kam’s results suggested the optimal position of the vibration-damping
Al panel during riveting.

In addition to that, both similar and dissimilar base materials, such as GFRP and CFRP, have been the subject of
study. The summary of this paper suggests that prior research has been conducted on vibration and microstructural
behavior. The failure behavior of hybrid bonded and GFRP single-lap joints was examined through experimental and
numerical tests to comprehend the failure mechanism and enhance the performance and reliability of the joint. The study
discovered that the interface-fit size significantly impacts the joints [56]. In the vibration analysis, bolted variable angle
tow (VAT) plates from CFRP materials were used to analyze the coupled vibrations in the structures. The study
concentrated on the effects of bolt tightening and material nonlinearity on the vibration characteristics. In this study, a
semi-analytical dynamic model was established to validate the results of the natural characteristics and nonlinear vibration
behavior of the joints.

In summary, this group used similar and dissimilar base materials to conduct experimental and numerical testing to
determine the results in vibration behavior and microstructural behavior. This was done to improve and increase the
accuracy of the joint structure.

2.1.2 Group Il - Thermal joining process

Thermal joining processes involve the creation of bonds through the application of heat, typically leading to the
melting and fusion of base materials. This category traditionally includes techniques such as gas tungsten arc welding
(GTAW), tungsten inert gas welding (TIG), laser welding, and dimple spot welding. However, in this study, Friction Stir
Welding (FSW) is also included in this group due to its increasing importance in structural joining research, particularly
in the context of dissimilar and lightweight materials. Although FSW is technically a solid-state welding method, where
bonding occurs through frictional heat below the melting point, it is discussed here for its functional relevance and
growing industrial application in place of conventional thermal welding methods. This study reveals that the majority of
researchers focus on studying the microstructural behavior rather than the vibration behavior in this category of joining.
This is primarily because they are interested in studying the metallurgical properties, melting points, and thermal
properties. In contrast, vibration studies aim to determine the dynamic properties of welded joints, including damping,
mode shapes, and natural frequencies.

In this study, it is evident that one of the most popular joining methods used in the thermal joining process is FSW.
It is important to note that FSW differs from traditional fusion-based welding methods, as it joins materials through
localized frictional heat and mechanical stirring, without melting the base materials. FSW is favored because it avoids
material melting during the joining process, preserving the material’s original characteristics [57]. Moreover, FSW finds
widespread application in joining high-strength aluminum alloys and other challenging-to-weld metals across various
industries. By preventing defects related to material melting and solidification, FSW results in high-quality welds and
improves the overall joining process [58]. A study by Wang et al. [59] investigated a study on the microstructure and
mechanical properties of FSW joints between dissimilar materials, specifically 304 austenitic stainless steel and Q235
low carbon steel. The analysis revealed that the temperature distribution during the FSW process played an important role
in affecting structural changes within the joint area.

Other researchers have also explored FSW techniques for dissimilar materials. For instance, a study focused on the
influence of grain orientation on the corrosion behavior of thermo-mechanically affected dissimilar aluminum alloys,
specifically AA6082 and AA7024 [60]. The findings indicated that structures with grain orientations close to the brass
texture (110<112>) exhibited excellent corrosion resistance. Additionally, Rodriguez’s [61] studied the effect of corrosion
defects on the fatigue behavior in dissimilar FSW joints using high-strength aluminum alloys AA6061 and AA7050.
Despite the presence of corrosion defects, the findings showed that fatigue life remained largely unaffected by exposure
time, with crack initiation occurring at the defect sites.

Furthermore, Sadoun et al. [62] focused on enhancing the strength and ductility of dissimilar aluminum joints. Their
study involved adding an interlayer strip of AA7075 to the base metal AA2024 using FSW. The presence of this
compensation layer resulted in the precipitation of new intermetallic phases, specifically AlI?’Cu and Mg?Zn which
developed along the grain boundaries of the aluminum structure. The results demonstrated an 18% improvement in
strength and a 54.4% increase in failure strain compared to joints without the compensation layer. In addition, Rana et al.
[63] and Prabarahan et al. [64] explored the impact of microstructure evolution and mechanical properties in dissimilar
aluminum alloy joints through FSW. Rana studied AA7075/AA6061, while Prabarahan examined AA5051/AA6061, both
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using FSW. Their analyses indicated as a tool traverse rate increased, the grain size within the nugget zone decreased,
significantly impacting the mechanical behaviour of the welded joints. While conventional thermal welding techniques
rely on high temperatures to melt and fuse materials, FSW offers a solid-state alternative that reduces welding defects
and improves joint integrity, especially in dissimilar metal combinations.

Chukwuneke et al. [65] analyzed transient temperature distribution in twin mild steel plates joined in a butt
configuration using gas tungsten arc welding (GTAW). The authors specifically investigated operational parameters such
as welding speed and power, which significantly influence the temperature profile during welding. The study’s findings
contribute to minimizing excessive heat accumulation in the base metal and improving stress distribution along the
welding line. Furthermore, the study addresses the prevention of tensile strength degradation and other mechanical
property deterioration. In a related context, other researchers have also explored GTAW for joining dissimilar aluminum
plates. Their investigations encompassed discussions on the microstructural, mechanical, and corrosion behavior of
dissimilar metal welds between Hastelloy C-276 nickel-based super-alloy and UNS S31803 duplex stainless steel [66].
These joints were created using the GTAW process, employing different filler metals such as ERNICR-3 and ERNiCrMo-
3. The resulting weld metals exhibited a dendritic or cellular solidification structure, which evolved due to thermal effects.
Additionally, molybdenum (Mo) in the weld influenced toughness, hardness, and corrosion resistance within the joint
structure.

2.1.3 Group Il - Chemical joining process

Adhesive bonding refers to joining two elements using an adhesive, a method that has gained significant traction in
contemporary manufacturing applications. This bonding procedure can involve specific surfaces, diverse mechanisms, or
a combination of both, forming a connection between the adhesive and the adherent. Ideally, the adhesive should fully
saturate the bonding region, but the irregularities and potential voids on material surfaces may pose challenges. The
characteristics of the bond, the adhesive’s viscosity, and the substance’s surface energy are determined by the adhesive’s
composition and the contact area [67].

The design of the joint is pivotal in the selection of adhesive and curing methods [68, 69]. Furthermore, the quality
of the joint is significantly influenced by the preparation of the adherent surface. The design of the joint also affects stress
distribution and vibration reduction, which are more uniformly distributed in adhesive joints compared to traditional
joining methods. There is extensive research on adhesive joining, particularly for lightweight structures, as it offers less
stress distribution without the need for bolt holes. Presently, research primarily focuses on adhesive type selection [70],
joint design [71], surface pre-treatment [72, 73], optimization of the joining process [74], joining mechanisms, joint
strength, failure mechanism, and fatigue life [75] based on FEM simulations.

The most common method of joining Carbon Fiber Reinforced Polymers (CFRPs) with aluminum alloys or high-
strength steel is through adhesive bonding. This method not only seals the joints but also prevents crevices and galvanic
corrosion between dissimilar materials [76]. Numerous studies have shown that temperature changes affect the
mechanical properties of adhesive epoxy and thermal stresses are induced in the joints due to the significant difference in
the coefficients of thermal expansion between CFRP and aluminum or steel [77, 78].

Lye et al. [79] discovered that as the temperature approaches the adhesive’s glass transition temperature, there is a
significant decrease in the adhesive’s strength and stiffness, accompanied by nonlinear behavior. Experimental and
numerical simulation results suggest that it is feasible to prevent the debonding of CFRP/steel plates at extreme
temperatures by utilizing thinner and longer CFRP plates with a high modulus. A. Pramanik et al.[80] analyzed the joining
mechanism in CFRP/aluminum alloy bonding. They concluded that the strength of adhesive joints is attributed to the
adsorption theory, which is based on diffusion and mechanical keying or interlocking. Additionally, hybrid joints created
by combining mechanical fastening or spot welding with adhesive bonding can effectively enhance the fatigue strength
and torsional stiffness of lightweight components and body structures [77, 81].

Plate A

Bolted Joints

Plate B

(@) (b)
Figure 4. Factors affecting vibration performance of dynamic properties due to (a) bar shape for bolted joints [46] and
(b) oblong hole and bar shape for bolted joints [47]
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Table 1. Summary of comparative study with Base Materials, classification of group and joint configurations

Base Materials Topic Group Joint Reference
Steel - Steel Vibration behavior | Bolted flange [33, 48]
Aluminum - Aluminum Vibration behavior 1 Bolted lap [46, 47]
Aluminum - Aluminum Vibration behavior | bolted [82]
Aluminum - Aluminum Fatigue behavior | SPR [50, 51]
Aluminum - Magnesium Microstructural behavior | SPR [52]
Aluminum - Steel Fatigue behavior | rivet [53]
Aluminum - GFRP Microstructural behavior | Single-bolted [49]
Aluminum - CFRP Fatigue behavior | single-shear lap [54]
Aluminum - CFRP Vibration behavior | SPR [55]
GFRP - GFRP Failure behavior | Hybrid bonded/bolted [56]
CFRP- CFRP Vibration behavior | Bolted [83]

Steel — Steel Microstructure behavior 1 GTAW [65]
Steel — Steel Microstructure behavior 1 FSW [59]
Nickel — steel Corrosion behavior 1 GTAW [66]
Aluminum - Aluminum Corrosion behavior 1 FSW [60, 61]
Aluminum - Aluminum Microstructural behavior 1 FSW [17, 62-64]
Aluminum — Aluminum Vibration behavior 1 FSW [36]
Aluminum - Aluminum Microstructural behavior 1 GTAW [84, 85]
Aluminum -Aluminium Microstructural behavior 1 TIGW [86]
Aluminum - Magnesium Microstructural behavior 1 FSW [87-89]
Aluminum - Magnesium Corrosion behavior 1 FSW [90]
Aluminum - Magnesium Ultrasonic Vibration 1 FSW [91-93]
Aluminum - Magnesium Vibration behavior 1 FSW [94]
Aluminum - steel Corrosion behavior 1 FSW [95]
Aluminum - Steel Microstructural behavior 1 Dimple spot welding  [96]
Aluminum - Polymer Microstructural behavior 1 FSW [97]
Aluminum - Copper Microstructural behavior 1 FSW [98, 99]
Magnesium - Magnesium Microstructural behavior 1 TIG welding [100]
Titanium - CFRP Microstructural behavior 1 Laser weld [101, 102]
Steel-CFRP Dynamic behavior Il Adhesive bonded [103, 104]
Aluminum - Steel Energy absorption Il Adhesive bonded & [77]

bolted
Aluminum - Steel Microstructural behavior Il Adhesive bonded & [81]

welded
Aluminum - CFRP Microstructural behavior Il Single-lap adhesive [76, 78, 80,

joint 105]
Galvanized — Non- Microstructural behavior Il Adhesive bonded [106]
galvanized steel

" 90 .
-
- AME0 . AAGOB2
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[ 7% AAGOB2 ] 31

Figure 5. SPR lap-shear coupon joint using Aluminum and Magnesium sheets [52]
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Figure 7. Bolted joint using a composite plate with an adhesive joint [56]
2.2 Structural Materials of the Test Structure

In the manufacturing sector, the demand for weight reduction has led engineering manufacturers to prioritize the
design and materials of test structures and assembly components [107]. Numerous prior research has evaluated the effects
of different materials on vibration performance, considering both microstructural and dynamic vibration contexts. As the
production of test structures is consistently geared towards lightweight yet exceptional materials to mitigate dynamic and
mechanical properties, various material categories have been scrutinized for this purpose. The materials utilized for
fabricating a test structure specimen can generally be classified into two groups: metal/alloy and hybrid composite-
metal/alloy combinations.

Within the metal/alloy category, the primary focus of studies has been aluminum. The material combinations
predominantly originate from different series of aluminum alloys, followed by combinations with magnesium and mild
steel. As highlighted by Arunkumar et al. [108], aluminum alloy is widely used because of their excellent strength-to-
weight ratio. Furthermore, this alloy is selected as the study material because it can enhance the microstructure and
mechanical properties during joining techniques. Key attributes of aluminum alloys include non-heat treatability, high
hardness, corrosion resistance, exceptional ductility, lightweight nature, high strength, flexibility, resilience, and excellent
electrical and thermal conductivity. On the other hand, magnesium and steel alloys are chosen due to the availability of
prior research on material combinations, enabling comparative analysis while reducing vibration effects. These alloys
also find extensive application in the industry, are easily accessible, and are cost-effective.

The exploration of composite materials continues to be a focal point of research, driven by the increasing demand
for alternatives to metallic materials. Despite comprehensive investigations into the performance of diverse composite
materials in experimental structures, the inherent brittleness has driven the development of composite-metal/alloy hybrid
materials to enhance structural durability and performance [109]. Interestingly, the application of these hybrid materials
has given rise to innovative structural designs to mitigate the effects of structural vibrations. Moreover, the technique of
hybrid joining has been shown to enhance the strength of adhesive joints, thereby reinforcing the overall structure. A
summary of studies discussing the materials used in test structures is presented in Table 2.
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Table 2. Material of test structure

Categories Material Findings Potential Applications Reference
Metal/alloy ~ Aluminum alloy Dissimilar Aluminum is selected as the Automotive components: [108, 110-
o AAGO61 material for the study due to several factors: it Frames, panels, and 113]
o AAGOS2 enhances microstructure and mechanical suspension parts
o AA7075 properties, including tensile strength and Aerospace structures:
o AAS051 microhar_dr_\e_ss, and improves the techniques Lightweight fuselage parts
used for joining. and wing elements
Aluminum - The study indicates that dissimilar aluminum Vibration-resistant [19, 90, 114]
Magnesium alloy ~ and magnesium alloys demonstrate higher electronic enclosures:
resonant frequencies compared to equivalent Especially in vehicles or
aluminum structures. This contributes to aircraft to reduce resonance
improved stability and reduced vibrations. issues
Additi_onally, these alloys h_elp mitigate metal Lightweight automotive
corrosion and enhance tensile strength, thereby components: Wheels,
reducing the weight of automotive devices. housings, or brackets that
need corrosion resistance
and lower weight.
Aluminum - Mild-  The use of these dissimilar materials aims to Multi-material vehicle body  [20, 96, 115]
steel alloy predict the behavior of joints in terms of crack  structures: Enhancing
initiation, fatigue reduction, and enhanced crashworthiness while
corrosion resistance. The study also controlling weight.
concentrates on the impact of process
parameters, tool geometry, joint type, and the
composition of the interlayer to improve the
properties of the joints.
Advance high This study shows that this material offers an Structural components in [116-118]
strength steel optimal blend of mechanical properties for vehicles: Crumple zones or
(AHSS) design considerations, including strength, pillars, where strength and
fatigue resistance, fracture wear, and fatigue resistance are vital.
manufacturability. However, it also highlights
the challenge in ensuring a prolonged lifespan
for these alloys, particularly in a vibration
environment. The study indicates that high-
strength steel may undergo higher stress,
leading to lower damping ratios during
vibrations.
A hybrid Aluminum alloy -  Ultrasonic vibration is utilized to enhance the Aircraft interior panels: [54, 109, 119]
of CFRP penetration of adhesive, thereby strengthening Lightweight with strong
composite these bonding joints. The study further reveals  joints for safety and
and that the amalgamation of materials can efficiency.
metal/alloy augment the lightweight and mechanical

Aluminum alloy -
GFRP

Titanium alloy -
CFRP

attributes of the structure, a factor of significant
importance in today’s industry.

In general, this study demonstrates that the
strength of the AI/GFRP interface increases as
the interface roughness decreases.
Additionally, the study concentrates on
identifying the natural frequencies and mode
shapes of this structure. The findings indicate
that an increase in the curvature radius for each
mode results in a decrease in the frequency
value.

The application of Longitudinal-Torsional
Ultrasonic Vibration (LTUV) drilling can
enhance the cutting quality in CFRP/Ti-alloy,
resulting in a sharper cutting edge.
Furthermore, it has been found to improve the
machinability and assembly of joints.

Wind turbine blades: Where
natural frequencies and
joint strength are critical

Automotive body panels:
Lightweight with vibration
control

Aerospace fasteners and
joint assemblies

[56, 120, 121]

[122, 123]

2.3 Structural Analysis of the Test Structure

In recent years, the application of structural dynamics analysis has become increasingly prevalent in predictive
engineering. The utilization of structural vibration analysis is crucial for saving engineering costs and time, and for making
informed decisions about engineering design. This method has been implemented across various industries and has proven
its effectiveness. Experimental and numerical methods have significantly propelled the advancement of vibration analysis.
The Finite Element Method (FEM) provides precise estimation of mechanical properties in structures. However,
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accurately determining the mechanical characteristics of joints remains a challenge in modeling and understanding their
overall mechanical properties. A comprehensive review of joint identification techniques is available in previous study
[124-126]. Owing to the complexity of extracting dynamic characteristics of joints, researchers have proposed various
techniques from diverse perspectives. From the viewpoint of [127-129], the focus is on comprehending the behaviors of
joints, the impact of parameters on mechanical properties, and uncertainty in contact interfaces for joint structures.
Conversely, from the perspective of others [46, 130], the researchers aim to enhance the accuracy in predicting dynamic
behaviors by proposing simplified finite element methods and optimization approaches. In summary, these studies offer
valuable insights into the complexities of joint dynamics, taking into account various materials, joining techniques,
uncertainties, and modeling approaches. The primary objective of vibration analysis in joint identification is to determine
the dynamic characteristics through analytical or numerical methods while minimizing discrepancies between the
measured and predicted frequency response function (FRF) of an assembled structure [46, 131, 132].

In structural vibration analysis, two primary approaches are commonly used to identify joint dynamic properties.
The first is the experimental approach, which relies solely on experimental data to identify the joint parameters. This
method helps avoid errors associated with structural modeling. However, its accuracy is often affected by unavoidable
noise in the measured FRFs [133], and conducting FRF measurements under multiple experimental conditions can be
impractical. The second approach is the model-based method, which combines experimental data and the Finite Element
Model (FEM) to identify joint parameters [48, 134]. The model-based approach in structural vibration analysis is of
significant importance due to its comprehensive accuracy to get reliable results in research studies. Besides that, the
model-based approach can provide a more complete and accurate analysis of structural vibration. It can help to identify
potential issues early, optimize the design and maintenance of structures, and ultimately ensure the safety and longevity
of structural design.

Vibration structural analysis in joint structures involving dissimilar materials is a multifaceted domain, demanding
a comprehensive understanding of structural behavior. The integration of dissimilar materials poses unique challenges
and opportunities, necessitating a combined approach of experimental and numerical structural analysis. This exploration
delves into the significance of structural analysis, incorporating both experimental and numerical methodologies, in
unraveling the dynamic intricacies of joint structures with dissimilar materials. By examining recent trends in research
and methodologies, this study aims to underscore the synergies between experimental and numerical analyses, offering
insights to optimize the vibrational performance and reliability of such complex jointed systems [83, 135].

Experimental data derived from real-world observations plays a crucial role in capturing complex behaviors and
interactions, enabling the validation and verification of specific aspects of numerical simulation results. Meanwhile,
numerical models are powerful modern tools for continuous structural monitoring, damage detection, service life
prediction, and the formulation of optimal maintenance strategies. The advancement of numerical modeling techniques
has increased the demand for models that meet stringent accuracy and reliability requirements. One of the key advantages
of numerical simulations is their flexibility in structural modifications, which can be made instantly to meet specifications
or desired outputs. Additionally, simulations can be rerun multiple times, allowing for iterative refinements until the
optimal results are archived.

According to Li et al. [136], both the experimental test and numerical model exhibit consistency in dynamic
characteristics, and structural differences do not necessarily result in discrepancies between experimental and simulated
results. Table 4 highlights that most test structures have been analyzed to evaluate structural performance based on joining
characteristics while comparing the results with experimental data. Despite advancements in computational simulation,
researchers widely acknowledge that discrepancies between numerical and experimental results cannot remain
unavoidable. Since numerical studies are based on assumption, numerous investigations have explored the sources of
these inconsistencies. The primary challenges in numerical simulation extend beyond dissimilar structures to various
other simulation fields. Zhang et al. [137], emphasized that optimization factors can help reduce these discrepancies,
while other studies suggest improvements in computation techniques, material modeling, and accurate material property
measurements. Precisely, the issue of discrepancies becomes more pronounced in complex test structures. Finite element
simulation of the test structure requires not only basic properties such as density and Young’s modulus but also precise
strain rate data. When dealing with dissimilar materials, assumed values are often used, potentially affecting the accuracy
of FEMs [49]. Table 4 presents several examples of correlation between experiment testing and finite element simulations.
As shown, if the test specimen includes joining elements such as bolts, the complexity of modeling increases, making it
difficult to generate an accurate finite element model for comparison. However, based on most research findings in Table
4, discrepancies between real and predicted results have been progressively minimized.

The summary of recent studies underscores the complementary nature of experimental and numerical analyses.
Researchers have utilized experimental data to validate and refine numerical models, ensuring accuracy and reliability in
predicting the vibrational characteristics of joint structures. This synergy between experimental and numerical approaches
becomes particularly vital in overcoming the challenges associated with dissimilar materials, leading to more robust
design strategies and improved structural performance. The integration of experimental and numerical structural analyses
proves to be a powerful and synergistic approach to comprehending the structural vibration analysis of joint structures
involving dissimilar materials. The challenges posed by dissimilar materials are effectively addressed through a combined
methodology, leveraging the strengths of both experimental and numerical analyses. This collaborative approach not only
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enhances the accuracy of predictions but also provides a more comprehensive understanding of the dynamic behavior of
jointed systems

3. OPTIMIZATION APPROACH FOR VIBRATION ANALYSIS

Nowadays, the optimization approach has emerged as a potent tool in vibration analysis. It aims to identify the
optimal design or operational parameters of a system to either minimize or maximize a specific objective function,
typically associated with the system’s vibrational performance. Previous research has underscored the need to quantify
errors and uncertainties (such as stiffness, mass, and boundary conditions) linked with model assumptions, which often
result in inaccuracies and uncertainties [138]. Evaluating these factors is crucial to ascertain the reliability of the numerical
models. As a result, Finite Element Model Updating (FEMU) methods have been developed to refine numerical models
by aligning them with the actual structural behavior observed in static and/or dynamic testing [139].

3.1 Finite Element Model Updating (FEMU)

Currently, FEMU has garnered significant attention and is of paramount importance in the realms of design [140,
141], construction [142, 143], and structural engineering [144-146]. The FEMU process introduces two primary sources
of uncertainty: one related to the predicted FE model and the other to the experimentally obtained data. Uncertainties in
the FE model arise from discrepancies between the predicted structural behavior in the numerical model and the actual
behavior observed in physical testing.

Despite its widespread application, there is no universally accepted definition of FEMU in the literature. Ereiz et al.
[147] describe it is a process designed to refine and enhance the FE model to be better reflect the actual structural behavior.
Yang and Shahbaznia et al. [148] define FEMU as the procedure for adjusting the initial numerical model to more
accurately match the measured structural response. Similarly, Schommer et al. [149] characterize model updating as an
optimization technique in which the objective function minimizes deviations between the numerical model’s predicted
behavior and the actual structural performance. Mottershead and Friswell [150, 151] describe FEMU as a procedure that
enhances numerical models to replicate the measured response of real structures more precisely. In a separate study [152],
the same authors define it as an iterative process where the FE model is progressively refined to align with the actual
structural response by updating its physical parameters. Although the definition of FEMU varies, the central concept
remains consistent across studies which is for updating the numerical model using experimental data to achieve an
accurate representation of real structural behavior.

In practical scenarios, while it is possible to minimize errors, they can never be eliminated. Uncertainties in modeling
can be classified into three main categories: uncertainties in model parameters, model code, and model structure [153].
Uncertainties in model parameters typically stem from incorrect assumptions regarding material properties, geometry,
boundary conditions, or the thickness of shell and plate elements [154]. Model structure uncertainties often result from
inaccurate assumptions about a structure’s mechanical properties and physical behavior. Factors such as incorrect load
estimation, geometric shapes, and misclassification of structural behavior as linear or nonlinear contribute significantly
to these uncertainties [155]. Discrepancies between a numerical model’s predicted behavior and the actual structural
response can be attributed to errors in model structure, model order, model parameter, and measurement inaccuracies
[156]. These challenges highlight the complexities inherent in FEM and the need for continuous refinement to improve

accuracy and reliability.
Selected
parameters

Model Updating \

Objective function

Updated
Structural model Initial FEM Structural model

Characteristic
response

Figure 8. Flow of model updating technique [139]
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Model structure errors typically arise from incorrect assumptions about a structure’s mechanical properties and
physical behavior [157, 158]. Model order errors, on the other hand, often arise due to the complexities and difficulty
associated with modeling nonlinearity [159, 160]. Model parameter errors are usually a result of inaccurate assumptions
regarding material properties, geometry, and other defining characteristics [161], all of which can significantly impact
the accuracy of numerical predictions. Measurement errors can occur during the measurement process, influenced by
various environmental effects and other factors [162, 163]. These errors can originate from uncertainties from variations
in geometric parameters, physical and material properties, loading conditions, and even the model itself. Much research
is primarily focused on updating finite element models using structural dynamic parameters such as mode shapes,
damping ratio, and natural frequency. These parameters offer advantages in damage detection, particularly when
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numerical modeling inaccuracies are present, as they directly relate to the structure’s topology and provide a
comprehensive representation of its global behavior [164]. However, identifying structural dynamic properties remains
computationally intensive and susceptible to noise. Furthermore, this approach is limited in its ability to extract modes
across the entire frequency bandwidth and is primarily suitable for highly damped and linear structures [165].

The FEMU method is generally categorized into two main approaches: manual and automated [166]. These
approaches are further divided into iterative (non-direct) and non-iterative (direct) methods [167]. The primary distinction
between manual and automated FEMU lies in the number of selected updating parameters and the method used to model
updating, which is FEMU relies on a trial-and-error approach, whereas automated FEMU is algorithm-driven. Notably,
manual methods typically achieve a discrepancy of less than 5% between predicted and actual structural behavior, while
automated methods reduce this difference to less than 1% [168]. The categorization of Model Updating (MU) methods
into iterative and non-iterative approaches is more clearly defined. The key distinction lies in the updating process which
is iterative methods that update the model through repeated adjustments, whereas non-iterative methods apply a direct
approach. Iterative methods are further classified into deterministic and Bayesian methods. Deterministic methods, which
update the numerical model based on targeted response data, can be classified into two groups: (1) methods that utilize
eigenvectors and eigenvalues (eigenfrequencies, mode shapes, damping coefficient), and (2) methods that employ
frequency response data. The primary goal of these methods is to quantify the uncertainties of the selected updating
parameters [169]. This section provides an overview of the model updating procedure, which involves selecting numerical
model updating, defining the discrepancy function between the predicted and actual behavior, and outlining commonly
used techniques for minimizing these differences, as depicted in Figure 8.

3.1.1 Selection of the updating parameters

Selecting the appropriate parameters for the numerical model updating is a complex process. The chosen
parameters should accurately represent the unknown structural properties of the model while remaining limited in number
to prevent ill-conditioned problems. The effectiveness of FEMU largely depends on the careful selection of these updating
parameters. Precisely defining model parameterization and estimating unknown parameters from ill-conditioned
equations are critical steps in ensuring accuracy. Incorporating sensitivity analysis into model parameterization provides
a key advantage by identifying the most influential parameters and addressing potential inadequacies. However,
regardless of the parameterization approach used, challenges during the updating process may lead to non-unique
solutions.

Insufficient measured data can constrain parameter estimation, resulting in an underdetermined system of equations
in deterministic methods or unidentified parameters in stochastic iterative approaches [170]. Beyond parameterization,
other critical considerations include the uniqueness of the updating parameters, computational efficiency, handling of ill-
conditioned equations, and the utilization of incomplete data. The selected parameters for updating the numerical model
should effectively account for the uncertainties or inaccuracies, provided that the output data remain sensitive to the
model’s input parameters [171]. Various methods for selecting updating parameters are represented in Figure 9.

Parametrisation
methods

[
I [ I |

Substructure Physical Generic elements
parameters parameters method

Bayesian method

Figure 9. Parametrization methods for FEMU [139]

One approach involves defining scalar multipliers for damping, stiffness, and mass matrices [172, 173], which are
derived from collected data. Another parameterization approach directly integrates the geometrical and material properties
of structures [174], a technique commonly applied in structural model updating. A third approach, known as the generic
method [175, 176], updates the mass and stiffness matrices by altering the eigenvalues and eigenvectors of specific sub-
structures or elements. The fourth method, referred to as the Bayesian method, treats numerical modeling as a statistical
problem to develop multiple models that accurately depict the actual structure behavior [177]. Regardless of the selected
parameterization method, minimizing the number of updating parameters is essential to eliminate redundant variables and
optimize computational efficiency. Furthermore, parameter selection is constrained by the availability of measurement
data within a limited frequency range.

3.1.2 Definition of the FEMU problem and the objective function

The FEMU challenge is primarily defined by the discrepancy between the predicted structural behavior from the
numerical model and the actual observed response. The nature of this problem, whether it’s an optimization or statistical
problem, hinges on the method employed, which could be either iterative stochastic, or deterministic. In the realm of
practical engineering applications, FEMU is commonly executed using the Maximum Likelihood Method (MLM). This
method essentially converts the model updating problem into an optimization process [178]. As part of this transformation
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process, an objective function is formulated based on the residuals between various types of data sets obtained both
numerically and experimentally, as illustrated in Table 3.

The datasets analyzed in these studies encompass dynamic properties [179-181], static datasets [182-184], or a
combination of both [149, 185, 186]. Among these, the primary metrics often utilized are the structural dynamic
properties, specifically mode shapes and natural frequencies. These datasets are considered the most reliable indicators
of the structure’s actual behavior. This is because any alterations to the structure result in changes to its stiffness (or
flexibility), which in turn influence its dynamic properties. Although these changes may be subtle, they are highly
significant, highlighting the high precision during field experimental testing. In addition to mode shapes and natural
frequencies, the Frequency Response Function (FRF) is frequently used in formulating the objective in FEMU [180, 187,
188]. This approach has certain advantages, primarily because the FRF can accurately replicate dynamic properties.
Moreover, the use of FRF in FEMU eliminates errors associated with modal fitting and removes the need for any fitting
between predicted and measured mode shapes [180]. Another widely used and effective form of the objective function in
FEMU is Modal Flexibility Residuals (MF) [181, 189, 190]. Comparative studies evaluating the impact of different
potential residuals (mode shapes, natural frequency, and modal flexibility and their combination), it has been concluded
that the objective function that takes into account all three residuals exhibits the best performance in model updating
[191]. Beyond these dynamic properties and their derivatives, the objective function can also be formulated using the
Modal Strain Energy (MSE) [192-194].

The FEMU problem’s objective function formulation requires the inclusion of two residual types that are sensitive
to the updating parameters chosen. The first residual type is associated to the natural frequencies, rl.f (where i represents
the considered natural frequency), and the second type pertains to the corresponding mode shapes, r/* (where i
represents the considered mode shapes). Additionally, the damping ratio’s residual can also be considered when defining
the objective function [195]. In FEMU, the objective function is defined by the residuals, which represent the differences
between the numerical model’s prediction and the actual structural behavior. The effect of these residuals on the objective
function can be assessed through two methods: the Single Objective Function (SOF) approach and the Multi Objective
Function (MOF) approach.

Table 3. Example of objective function defined using statics and dynamics data sets

Category Data sets Example of an objective function Reference
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The SOF approach formulates the objective function by incorporating weighted residuals that represents the
discrepancies between the numerical model’s predicted modal properties and the experimentally measured ones. These
weights are assigned to reflect the relative contributions and uncertainties with experimental estimates of a dynamic or
static structural parameter in the objective function. Weighting the residuals is a critical step for obtaining more precise
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FEMU results, with higher weighting factors being assigned to them. Mode shapes, unlike natural frequencies, show less
sensitive to changes in structural stiffness and are approximately ten times affected by noise [206]. To establish a
meaningful correlation between experimentally and numerically derived datasets, the weighting factors for mode shapes
must be optimized through careful analysis [207, 208]. These values can be establish using a statistical criterion or a trial-
and-error approach [201, 209]. According to the statistical criterion, the weights are determined based on the uncertainty
linked to the experimental modal properties of the structure. Conversely, the trial-and-error criterion involves an iterative
process to define the weights, ensuring the best possible agreement between the numerical model’s predicted modal
properties and the experimentally observed ones.

The MOF approach defines the objective function through multiple functional components. In real-world
engineering contexts, this objective function typically consists of two functional components based on two residual types.
One advantage of this approach is that it eliminates the determine residuals weights. However, it also presents a distinct
disadvantage: a subsequent decision-making problem arises, involving the identification of the best solution from a range
of potential solutions (known as the Pareto front) provided by the optimization algorithm [210]. To address this decision-
making challenge, the study has utilized the Normal Boundary Intersection (NBI) method [211], which is among the
various criteria discussed in the literature for solving such issues [212].

Most researchers typically employ both single and multi-objective functions in FEMU to evaluate their efficacy.
Jiménez-Alonso et al. [200] conducted a study on a laboratory footbridge model using both approaches to address issues
such as computational cost and the dependency between the updated model and the selected objective function. Their
results demonstrated that the multi-objective approach is more advantageous for FEMU, as it allows for a larger search
space, reduces computational time, and ensures a balanced influence of residuals related to natural frequencies and mode
shapes. In another study, Naranjo-Pérez et al. [213] validated the performance of a new hybrid algorithm by comparing
it with three computational intelligence algorithms applied to the same real structure used in the prior study [200]. This
comparison focused on convergence speed and matching accuracy, utilizing both single and multi-objective functions,
and similarly concluded that the multi-objective approach outperforms the single-objective approach. FRom a review of
the literature defining the FEMU problem as an optimization problem, it is evident that the multi-objective method
performs more effectively in resolving the updating problem.

3.2 FEMU Methods
3.2.1 Matrix update methods

The matrix update method focuses on modifying structural mass, stiffness, or damping matrices to minimize
discrepancies between analytical and experimental matrices. This techniques aims to update numerical models by
adjusting global stiffness, mass, or damping matrices to better align with experimental results [214, 215]. The application
of this method directly reduces the differences between the structural dynamic parameters obtained experimentally and
numerically. However, these methods are recognized for their computational intensity and the challenge of identifying a
global minimum through optimization techniques due to the presence of multiple stationary points [216]. Moreover, it is
challenging to derive a solution with a physical interpretation. Fundamentally, the matrix update method strives to
enhance the precision of numerical models by adjusting crucial structural parameters based on experimental data.
Nevertheless, the computational complexity, the difficulty in identifying a global minimum, and deriving a solution with
physical significance pose significant challenges to this approach [217].

3.2.2 Sensitivity-based methods

Sensitivity-based methods have proven to be highly effective, with numerous applications in Model Updating (MU)
problems. These methods utilize experimentally derived structural dynamics parameters, such as natural frequencies and
mode shapes, to update the initial numerical model. They offer a broad selection of parameters for model updating and
allow for the weighting of measured outputs. However, determining the sensitivity of the measurements is
computationally demanding, and only an approximation of the sensitivity may be achievable. The sensitivity is often a
non-linear function of the updating parameters, necessitating an iterative procedure [139, 218]. This iterative process is
linked with the convergence problem when solving for the chosen parameters [219]. Despite its effectiveness, the
sensitivity-based method has certain limitations. It requires the existence of a sensitivity matrix to all updating parameters,
leading to high computational costs. Furthermore, this method may not be suitable for structures that have sustained
significant damage [220].

3.2.3 Iterative optimization methods

The FEMU process is converted into an optimization problem through iterative optimization methods. In this
context, the objective function is established by the relative differences, referred to as residuals, between the numerical
model’s predicted structural behavior and the actual behavior observed. These residuals can be approached in two ways:
the first treats the problem as a single-objective optimization problem, and the other as a multi-objective optimization
problem [213]. The single-objective optimization problem, as the name suggests, is defined by a single objective function
expressed as the sum of the weighted residuals. Typically, the final values of these weighted residuals are determined
using a trial-and-error approach.
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3.2.4 Bayesian methods

Bayesian FEMU is a statistical methods aims at estimating the probabilistic density function of a numerical model’s
physical parameters. It applies Bayesian probability theory, as cited in references [221, 222], to compute the posterior
probability density function of these parameters. The density function is derived from the likelihood and prior probability
density functions, as discussed in [207]. The likelihood function measures the discrepancies between the structure’s
numerical and experimental dynamic properties, whereas the prior probability density function reflects pre-existing
assumptions about the statistical behavior of the FE model’s physical parameters. Despite its benefits, this method has a
drawback when applied to complex numerical models. It can be time-consuming and computationally intensive, which
restricts its use in large real-world structures.

3.2.5 Computational intelligence algorithms

FEMU is an optimization technique where the uncertain parameters of the model serve as the design variables, as
referenced in [200]. The goal is to reduce the discrepancies between the numerical model’s predicted structural behavior
and the experimentally observed behavior. Computational intelligence algorithms, shown in Figure 10, are employed to
address the optimization challenge in FEMU. These techniques encompass a wide range of algorithms including, but not
limited to, the genetic algorithm [223, 224], sequential programming technique [138, 225], particle swarm optimization
[184, 226], Nelder-Mead simplex method [227], response surface method [228, 229], hybrid optimization [230], multi
objective optimization [231, 232], and simulated annealing [233, 234].

Computational intelligence

algorithm
I
[ I [ |
Nelder mead Physical Generic elements .
simplex method parameters method Bayesian method
Particle swarm Simulated Response Hybrid
optimization annealing surface method optimization

Figure 10. Computational Intelligence Algorithms for Model Updating [139]

4. CONCLUSIONS

Previous research has extensively investigated vibration analysis through various approaches, including
experimental and computational methods. However, the primary focus of these studies has been on understanding the
factors influencing the vibration performance of structural systems, particularly those involving dissimilar materials and
joining techniques. These factors are typically categorized into mechanical, thermal, and chemical joining processes, each
introducing specific challenges. In computational modeling, assumptions are especially important due to the complexity
of joining techniques such as bolting, riveting, welding, and adhesive bonding. Each category encompasses numerous
studies aimed at exploring the vibration behavior and microstructural characteristics of joints, with an emphasis on
enhancing dynamic properties like natural frequencies and damping. Moreover, this research underscores the importance
of integrating both experimental and numerical methodologies in structural analysis to grasp the intricacies of joint
structures involving dissimilar materials. It also highlights the ongoing efforts to reconcile experimental and numerical
outputs, aiming to improve accuracy and bridge the gap between real-world observations and simulated results.

Furthermore, optimization approaches, particularly Finite Element Model Updating (FEMU) methods, have emerged
as powerful tools in vibration analysis. FEMU focuses on refining numerical models to better capture the actual behavior
of structures, addressing uncertainties and errors inherent in modeling assumptions. This process involves selecting and
updating parameters, defining objective functions based on differences between predicted and observed behaviors, and
applying various methods such as sensitivity-based approaches, iterative optimization procedures, Bayesian methods, and
computational intelligence algorithms. Despite computational challenges, including intensity and convergence issues,
FEMU methods offer significant benefits in enhancing the accuracy of numerical models. By leveraging experimental
data and computational techniques, FEMU enables engineers to gain deeper insights into structural behavior, make
informed design decisions, and ensure the reliability and safety of engineering systems. As research in this field continues
to advance, further innovations and refinements in FEMU methods are anticipated, bolstering their applicability and
effectiveness in real-world engineering applications.
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Table 4. Summary of study on experimental and numerical analysis in a test structure

Type/joining Geometric Experime.nta Numerigal Finding Number Result: Trends Error Findings Reference
of structures parameter | analysis analysis data of modes
2 Plates / Plates: Force FEM Natural 6 modes  Experiment!, 0.077%-mode5 e The decrease of the tightening [48]
Bolted flange  100mm x 120mm  hammer frequency, Model T (10 N.m) torque will increase the

X 2.2mm mode 0.032%-mode5 structural modal damping ratio

Flange: shapes (6 N.m) and reduce the vibration

15mm x 2.2mm 0.029%-mode5 amplitude.

Bolt: M10 (2 N.m)
2 Plates / Plates: Structural Three- Failure N/A Experimentl, N/A e Joint rigidity increases by [56]
Hybrid 330mm x 330mm  loading dimensional  mode, Model T 98.9%~133.1% comparing the
bonded/bolted x 20mm system: ST Hashin-type load- second loading stage to the first

Overlap region: PL-630 Criteria displaceme stage.

192mm x 192mm nt curve o Failure loads of 4-bolt and 9-

Bolt: M16 bolt joints are respectively

14.5 % and 22.9 % higher than
the single-bolt specimen.

Plate / bolted  Plates: Hammering  ANYSS Natural 10 VAT plate: 0.86%- mode3 e The frequency veering behavior  [83]

120mm x 120mm  and frequency, modes Experiment T,  4.98%- model of the VAT plate is caused by

Overlap region: sweeping mode Model | variations in boundary stiffness,

30mm frequency shapes Bolted CFRC connection stiffness, and fiber

testing plate: orientation.
Experiment {,
Model T

Dual rotor / Rotor: Bolted joint FEM Amplitude  N/A N/A N/A ¢ Rubbing stiffness increases and [136]
bolted Length of LP dual-rotor , Natural the impact force imparts more

shaft — 1m test rig frequency, energy to the rotor system

Outer radius Rotational leading to an increase in system

—0.0401m speed vibration amplitude.

Length of HP e The amplitude of self-excited

shaft — 0.36m vibration frequency increases

Outer radius with the rubbing stiffness, which

—0.36m contributes to the occurrence of

the beating phenomenon.
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Table 4. Summary of study on experimental and numerical analysis in a test structure

Type/joining Geometric Experime_nta Numeripal Finding Number Result: Trends Error Findings Reference
of structures parameter | analysis analysis data of modes
Double-hat/  Hat: Three-point  ABAQUS Energy N/A Experiment!, N/A EA and SEA increased by an [77]
adhesive 400mm x 60mm x  bending test absorption Model T average of 23.19 % and 18.61 %
bonding and Imm (EA) respectively once the joining
bolted from bolt to a bolt-adhesive
hybrid is changed.
Adhesive bond reduces the
stiffness of the structure.
Plates/ Plates: Quasi-static ~ N/A Stress N/A N/A N/A The increase of aluminum alloy ~ [235]
Adhesive 100mm x 25mm x  shear test level, bonding area length improves
single-lap 2.5mm and fatigue amplitude, the bonding strength of the
joint Adhesive layer test load adhesive joint.
thickness: 0.2mm
Plates/ Plates: FSW and DEFORM -  Temperatu N/A Experiment !, N/A Ultrasonic-induced dislocation- ~ [91]
Ultrasonic 200mm x 65mm x  UVeFSW 3D re, strain Model T annihilation and decrease of
Vibration 3mm rate, dislocation density in UVeFSW
enhanced Welding dislocation cause declining of the atomic
FSW parameter: density diffusion coefficients.
(UVeFsSW) 800rpm —
50mm/min
Weld length:
70mm
L-shaped Pipe: e Fixed-end  Optimizatio  Natural 4 modes  Experiment!, 0.74%- model Miminize the discrepancies [137]
Pipeline 1800mm x pipeline n: NSGA-Il  frequency, Model T 0.29%- mode2 between before and after
system 1200mm e Spring- mode optimization around 89.29 %
damper shapes and 55.56% for excitation
shock frequencies 38 Hz and 47 Hz
absorber respectively
Plates/ bolted  Plates: Force FEM Natural 5modes  Without Without BJAR: The accuracy of the model [33]
flange 100mm x 120mm  hammer frequency, BJAR: 0.6% -mode4 results improved by considering
X 2.2mm mode 3 modes - 26.5%- model the pressure distribution in the
Flange: shapes Experiment T, bolted joint affected region
15mm x 2.2mm Model | With BJAR: (BJAR).
Bolt: M6 and M8 With BJAR: 1.1% - model Flange geometry has a
4 modes - 4.2%- mode5 significant effect on the
Experiment {, resonance frequency and
Model T amplitude of bolted joints.
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Table 4. (cont.)

Type/joining Geometric Experimenta Numerlpal Finding Number Result: Trends Error Findings Reference
of structures parameter | analysis analysis data of modes
Beam Beam: Impact FEM Damage 4 modes  Experiment!, Predicted Predicted locations are close to [236]
469mm x 20.4mm  hammer location, Model T locations: the real locations for damage
X 3.98mm natural 0.19 - 2.66% detection.
frequency, Predicted Experimental mode shapes show
mode severities: the error is larger due to the
shapes 1-2.6% noise affected.
Plate and Plate: Impact FEM Natural 5modes  Plate: FE model: The updating procedure reduced  [237]
beam/welded 350mm x 177mm  hammer Model frequency, Experiment T,  6.16%-model errors between the updated
X 10mm updating mode Model | 1.77%-mode2 numerical model and the
Beam: shapes Beam: experimental natural
350mm x 10mm x Experiment |,  Updated frequencies.
20mm Model T model: Damping identification
0.09%-model techniques produced a good fit
0.13%-mode2 between the experimental and
numerical FRFs
Frame/ bolted ~ Frame: Impact FEM Natural 8 modes  ExperimentT, FE model: The closer value of closeness [238]
Height — 66.75cm  hammer Model frequency, Model { 3.07%-mode2 index (CI) indicates more
Length —2.75cm updating damping 11.78%-mode4 accurate structural parameters.
Cross-sectional: ratio, The existing sensitivity methods
3.81cm & 0.95cm mode Updated in the time domain are only
shapes model: applicable for damage with low
0%-mode7 severities.
0.51%-mode2
0.32%-mode4
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