Zheche

e-ISSN: 2550-164X

Available online at

https://jmeche.uitm.edu.my/browse-
journals/regular-issue/regular-issue-2025-vol-22-3/ J ou rnal Of
Mechanical
Engineering

Journal of Mechanical Engineering 22(3) 2025, 76 — 94.

Predicting Vibration Characteristics of a Bolted Pipe
Assembly with Complex Boundary and Interface constraints
via the Frequency Based Substructuring Method

Mohamad Affendi Sudin', Muhammad Syafiq Aiman Mohd Kahar', Andreas
Kyprianou?, Wan Imaan Izhan Wan Iskandar Mirza'!, Mohd Azmi Yunus', Rina
Febrina®, Rajasekhara Reddy Mutra*, and Muhamad Norhisham Abdul Rani'*

!Structural Dynamics Analysis & Validation (SDAV), Faculty of Mechanical Engineering,
Universiti Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia.
’Department of Mechanical and Manufacturing Engineering, School of Engineering, University of Cyprus, Nicosia, Cyprus.
3Civil Engineering Department, Malahayati University, Lampung, 35153, Indonesia.
*Department Department of Design and Automation, School of Mechanical Engineering,

VIT University, Vellore, Tamil Nadu, India.

ARTICLE INFO

ABSTRACT

Article history:

Received 25 March 2025
Revised 07 May 2025
Accepted 13 May 2025
Online first

Published 15 September 2025

Keywords:

Vibration characteristics
Bolted joints

Boundary constraints
Experimental modal analysis
Frequency based substructuring

DOI:
https://doi.org/10.24191/jmeche.v22
i3.5782

Accurately coupling Finite Element Frequency Response Functions
(FE-FRFs) with Experimental Modal Analysis Frequency Response
Functions (EMA-FRFs) reduces analytical modelling complexity and
improves the accuracy of vibration characteristic predictions for
complex structures. However, coupling these two different resources
remains a major challenge due to complex boundary constraints and
bolted joints, which are common in aerospace, automotive, and civil
engineering applications. To address these challenges, this study
proposes a methodology that integrates the Finite Element Method
(FEM), Experimental Modal Analysis (EMA), and Frequency-Based
Substructuring (FBS) for accurate and systematic coupling of FE and
EMA FRFs. The methodology is demonstrated using a Bolted Flanged
Pipe Assembly (BFPA), consisting of a Flanged Elbow Pipe (FEP) and
a Flanged Pipe (FP) as a case study. The FE model of the FP substructure
is carefully constructed to include coupling interfaces, and its FRFs are
computed under free-free boundary constraints. Meanwhile, the FRFs of
the FEP substructure, which is extremely difficult to model analytically,
are measured using EMA under fixed-free boundary constraints. To
achieve accurate coupling, formulations based on the FBS method are
developed to integrate FRFs from these two different sources, enabling
the prediction of the coupled FRF of the BFPA. Furthermore, EMA is
performed on the BFPA to measure its FRFs, which serve as a
benchmark. The reliability of the proposed methodology is evaluated by
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the EMA benchmark. The results confirm that the methodology
effectively and accurately represents the measured FRF. Its potential
applications include accelerated product development, enhanced
performance, and improved safety, benefiting industries that rely on
precise structural modelling.

INTRODUCTION

It is commonly acknowledged that a system, usually comprising multiple substructures begins to oscillate
when subjected to external excitation. This condition worsens when the excitation approaches or
corresponds to the natural frequency of the system. This phenomenon is known as resonance. It can lead to
unwanted vibrations that shorten the life of the system and, in the worst case, lead to catastrophic situations
(Allemang & Avitabile, 2017). Therefore, a thorough understanding of the vibration characteristics of the
system is crucial, especially in the design phase, to mitigate adverse vibration effects.

To understand the vibration characteristics of a system, engineers commonly use FEM and EMA
(Ewins, 2000). A FE model of the system is constructed, and its accuracy is evaluated with EMA before
performing subsequent analyses. However, studies have reported that significant discrepancies often exist
between the predicted and measured results (Friswell & Mottershead, 1995; Maia & Silva, 1997; Mohd
Kahar et al., 2024; Yu et al., 2021). These discrepancies primarily arise from the limitations of the FE
models in accurately representing the physical test system, particularly in accurately modelling boundary
conditions (Kreutz et al., 2023; Labbaci et al., 2008; Wang & Yang, 2011) and damping (Caughey, 1960;
Crandall, 1970; Mathis et al., 2020). To improve the accuracy of the FE models, engineers commonly adopt
FE updating. However, not all case studies have been successfully resolved, particularly for systems with
bolted joints (Ibrahim & Pettit, 2005; Mirza et al., 2019; Shi et al., 2024; Sulaiman et al., 2017; Yunus et
al., 2017; Zhang et al., 2024). One of the primary challenges is that these substructures are connected
through mechanical fasteners such as bolted, welded and riveted joints, which critically influence the
vibration characteristics of the system and are particularly difficult to represent numerically with high
accuracy. One approach to addressing these challenges is the FBS method.

The FBS method offers a flexible approach, as it allows experimentally derived and analytically derived
FRFs to be coupled for investigating the vibration characteristics of a complete assembled system (Allen et
al., 2020). In other words, for example, a system composed of two substructures can be independently
investigated. One is investigated using EMA and the other one using FEM. The FRF measured through
EMA can then be coupled with the FRF calculated from the FE model to form a coupled FRF that represents
the complete assembled system. The main advantage of the FBS method can be further noticed in these two
scenarios. Firstly, it is very difficult to analytically develop the interfaces between the substructures and the
joints (Allen et al., 2020; Liu et al., 2016; Sah et al., 2018). Even in cases where such analytical models can
be developed, they are predominantly unreliable and inaccurate, leading to large uncertainties in dynamic
predictions. Secondly, in practice, only certain substructures need to be modified or replaced to improve
the overall performance and safety of the system (Brons et al., 2025; Mirza et al., 2024). For example,
certain components need to be modified or replaced by new, more powerful ones. This selective
modification and replacement make it necessary to accurately model and predict the effects of local changes
on global system dynamics, which is difficult to do using conventional methods.

Conventional methods like Finite Element Analysis (FEA) cannot handle those complexities due to
nonlinearities (Breunung & Balachandran, 2025; Chen et al., 2022; Jin et al., 2022; Kerschen et al., 2006),
uncertainty in damping (Al-hababi et al., 2020; Crandall, 1970; Mathis et al., 2020; Prandina et al., 2009)
and coupling effects caused by mechanical joints (Guo et al., 2012; Ibrahim & Pettit, 2005; Li et al., 2021).
EMA is a robust and accurate method for measuring the dynamic parameters of a system. However, its
applicability is inevitably limited to a fixed configuration of the system design. Since EMA depends on
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testing a physical prototype, proposed changes to the system that could improve performance, such as
changes to geometry, material properties, boundary conditions or substructure replacement require the
construction of a second prototype and retesting. This scenario renders EMA impractical and uneconomical
for iterative design processes where changes are repeatedly evaluated before final realisation.

The coupling of experimental and analytical models through the FBS method offers a promising route
for predicting the vibration characteristics of complex mechanical systems. Although FBS has shown
exceptional performance and success in academic studies, its practical adoption, especially when coupling
EMA and FE models for joint-dominated structures, remains insufficiently explored and validated. It is
worth noting that existing literature reviews offer limited information and guidance on adopting FBS to
structures with complicated joint configurations and boundary conditions, such as the Bolted Flanged Pipe
Assembly (BFPA). The accuracy and robustness of the FBS approach appear to be highly case-dependent,
so extensive research is required to establish generalised, reliable methodologies. Therefore, the research
gap lies in the lack of a validated and generalised FBS based coupling framework that effectively and
accurately couples EMA and FE models for complex jointed structures, which is crucial for engineers to
confidently adopt FBS in real-world engineering applications.

This study addresses these challenges by proposing a robust coupling methodology based on the FBS
method for coupling EMA and FE models. Despite this advancement, accurately coupling these models
remains a considerable challenge, requiring comprehensive and methodical experimental and analytical
investigation. By focusing on the BFPA case, this study aims to bridge the identified research gap by
proposing an accurate and systematic coupling methodology validated with experimental results. The
proposed methodology is expected to provide a robust and accurate methodology that addresses the
limitations in the existing research in the area by making a synergy between computational and
experimental approach to study the vibration characteristics of bolted structures.

METHODOLOGY

This section describes the detailed methodology and procedures adopted for both FE and EMA
investigations to ensure consistency with the main objective of the research stated in the introduction
section. The methodology includes EMA, the FE method and the FBS method, which are systematically
and carefully integrated to analyse the vibration characteristics of the investigated structure.

This study investigates the vibration characteristics of the BFPA consisting of two substructures: a
Flanged Elbow Pipe (FEP) and a Flanged Pipe (FP) connected by bolted joints. The structure is analysed
both experimentally and numerically to gain a detailed understanding of its vibration characteristics.

Experimental Modal Analysis

Measurement of BEPA FRFs

Fig 1(a) shows the EMA setup for the measurement of the FRFs. To conduct the measurements, BFPA
was securely mounted to the test rig with 18 mm bolted joints at the base plate to represent complex
boundary conditions. A reference accelerometer was mounted at a predetermined point on BFPA, serving
as the excitation point for all measurement points. In this case, measurement point 39 was chosen because
it allowed all modes of interest to be measured. Twelve accelerometers were attached one after the other at
different measuring points to measure the FRFs of BFPA. A total of 60 measurement points was used,
requiring five measurement runs with 12 accelerometers per run to complete the FRF measurements. Fig
1(b) shows the schematic diagram, and the measuring points used in the measurement of the BFPA FRFs.
To minimise uncertainties in FRF measurements, auto-calibration errors, real-time monitoring of
coherence, overload detection and time signal were used during testing to identify noise and signal issues
https://doi.org/10.24191/jmeche.v22i3.5782
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at early stage. Furthermore, appropriate windowing and exponential averaging were applied to suppress
leakage and noise, and H1 estimators were used for FRF computation under clean excitation conditions.

In the FRF measurements, the structure was excited at measurement point 39 (Fig. 1(a)) using the
impact testing technique. Each hammer strike provided an input force that excited the vibrational modes of
the BFPA, and the force was recorded via the hammer transducer. The vibration responses at the
measurement points were captured by the accelerometers, and these signals, along with the input force,
were sent to an LMS SCADAS data acquisition system. The recorded time-domain data were processed to
compute FRFs, which described the vibration characteristics of the BFPA as a function of frequency. All
signals were referenced to the fixed accelerometer to maintain consistency across measurements.

The FRFs were analysed using LMS Test. Lab software to determine the modal parameters of BPFA.
The built-in curve-fitting techniques were applied to the FRFs to identify these parameters. The mode
shapes were visualized, and the results were evaluated by comparing them with expected values or
simulation outputs. This process enabled a detailed understanding of the vibration characteristics of the
BPFA, providing valuable insights into its structural behaviour under dynamic loading conditions. Fig. 2
presents the schematic diagram of the measurements of the BFPA FRFs.

“ 40
2 3

45 a4
B

49 | a8

@ (b)

Fig. 1. (a) The detailed EMA set-up of BFPA; (b) schematic diagram and the measurement points of the BFPA
FRFs.

Measurement of FEP FRFs

To accurately measure the FRFs of FEP, EMA was carefully set up (Fig. 3(a)) and performed. This
included a precise setup to measure the FRFs in all three spatial directions (X, Y, Z) at measuring points
35, 36, 37 and 38, as shown in Fig. 3(b). Four specially designed jigs were attached to the flange, with each
jig holding three accelerometers aligned along the orthogonal axes. This configuration allowed a
comprehensive acquisition of the FRFs of FEP and facilitates accurate determination of its modal

parameters.

Fig. 4 presents the detailed schematic of the FRF measurement setup for FEP. For accurate acquisition

of FRFs during the measurements, impact tests were systematically performed by exciting each surface of
https://doi.org/10.24191/jmeche.v22i3.5782
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the jigs ten times. The resulting responses were recorded by 12 accelerometers attached to the jigs,
generating 12 FRF data sets per excitation cycle. This rigorous procedure provided a total of 144 FRF data
sets, ensuring both statistical reliability and a comprehensive data set for analysis. In addition, the robust
bolted connection that secured the FEP to the concrete column ensured precise boundary conditions
throughout the testing process, increasing the accuracy of the results. Table 1 provides detailed information

on the accelerometers used in this study.

Measurement Reference

Accelerometer Accelerometer

BFPA

Column

Impact

Hammer

PC with LMS Test.lab

Fig. 2. Schematic diagram and EMA of BFPA.

The dynamic excitation from the impact testing provided input data for the generation of the FRFs,
which were analysed to extract the FRFs of FEP. The collected data was processed with a data acquisition
system, and the extracted FRFs allowed accurate identification of the vibration characteristics of the
structure. This setup was crucial for the coupling of FRFs in the FBS method. The frequency range used in

the measurements was from 0 to 1000 Hz.
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Fig. 3. (a) The detailed EMA set-up of FEP; (b) schematic diagram and the measurement points of the FEP FRFs.
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Table 1. Information on the accelerometers used in EMA

Apparatus Manufacturer Sensitivity Direction
Accelerometer 1 MMF 10,203 mV/g X-direction
Accelerometer 2 MMF 10,504 mV/g Y-direction
Accelerometer 3 MMF 10,307 mV/g Z-direction
Test sample
(Fixed flange) Accelerometer
TN Jig
Column T R
[ T
fiel
TR |
o e
SN [
| N
|
L |
Measurement
Accelerometer ™~
Impact ‘
Hammer e

Fig. 4. Schematic diagram and EMA of FEP.

Analytical Simulations

In this subsection, a detailed description of the FE models of the FP and FEP substructures and the
BFPA are presented. This is followed by the descriptions of the assembly of both substructures to form the
BFPA and of the calculation of FRFs using NASTRAN SOL111 for the substructures and the BFPA.

FE modelling of BFPA under free-free boundary constraints

The FE models of the FP and BEP substructures were created in Hypermesh. The FE model of BFPA
consisting of the FP and FEP substructures is shown in Fig 5(a). The model has 122372 CTETRA elements
with 32439 nodes and 520 RBE2 (Rigid Body Element, form 2) elements to model the bolted joints between
the two flanges (Fig 5(b)). The material properties of the subframe model are tabulated in Table 2.

RBE2 elements were employed to model the bolted joints over CBUSH elements in this study to
enforce kinematic compatibility between substructures within the FBS framework. These elements ensure
that the interface DOFs are consistently coupled across the coupled structure, which is crucial for the
accuracy of dynamic substructuring. In particular, RBE2 elements simplify the enforcement of interface
boundary conditions and facilitates modal component coupling by maintaining a consistent transformation
of motion between interface DOFs. Therefore, RBE2 elements were considered both sufficient and
appropriate in this study, as the chief objective of this study was to predict the global vibration
characteristics, which is the FRF of the jointed structure rather than resolving local joint flexibility or
interface contact behaviour.

https://doi.org/10.24191/jmeche.v22i3.5782
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FEP
substructure

FP
substructure

RBE2

(a) (b)

Fig. 5. (a) FE model of the BFPA consisting of FEP and FP substructures; (b) RBE2 elements to represent bolted
joints.

Table 2. Material properties of BFPA

Property Nominal value Unit
Young’s modulus 210 GPa
Poisson’s ratio 0.3 Unitless
Mass density 7.89 x 10-6 kg/mm?

FE modelling of BFPA under fixed-free boundary constraints

The detailed modelling of BFPA was presented in the previous subsection and this subsection presents
the fixed-free boundary constraints that were applied to the FE model of BFPA. The FE model was then
used as the baseline model for modelling the BFPA with fixed-free boundary constraints (Fig. 6).

In this study, to analytically reproduce fixed-free boundary constraints of the actual test structure, 426
RBE2 elements and 6 constraints were employed to model the bolted joints anchored to the column. Fig. 6
show the detailed FE modelling of BFPA under fixed-free boundary constraints, including the use of RBE2
to model the interfaces between the bolted joints and the surface hole, as well as how BFPA was anchored
to the column.

Coupling of FRFs Using the FBS Method

In this subsection, the FBS method for coupling the FE-FRF of the FP with the EMA-FRF of the FEP
is presented and discussed, enabling a detailed investigation of the vibration characteristics of the BFPA
via the coupled FRF.

The chief goal of the FBS method is to predict the vibration characteristics of a system comprising
several substructures based on the free-interface FRF of the uncoupled substructures. The FRF obtained
during the assembly uses the structural dynamic stiffness in the frequency domain defined between the
points of the subsystems. These FRFs may be determined analytically or experimentally.

https://doi.org/10.24191/jmeche.v22i3.5782
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E 3
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T rBE2

Constraint

Fig. 6. FE model of the BFPA under fixed-free boundary constraints.

Fundamentals of the FBS method

In this study, the basic theory of the decoupled equations of motion of a substructure J in the frequency
domain is revisited. The FRF of the substructure can be analytically determined using the dynamic
equations of motion in the time domain as follows:

M75E(t) +C7x(e) +K'x(2) = £ (1)’ )

In Equation 1, M”, ¢V, and K’ denote the matrices of the mass, damping, and stiffness of the
substructure. The force excitation vector of the substructure is f.

[~ M’ + joC’ + K | X (o) = F (o) @)

By applying a Fourier transform, Equation 1 can be expressed in the frequency domain, which yields

[-’M’ + joC’ + K’ | X (0) = F (o) 3)
assigning;

Z(o) =[-&o’M’ + joC’ + K’ ] “

H(o) =[2(o) ] 5)

where Z (w)’ and H (w)’ represent the Dynamic Stiffness matrix of the substructure and its inverse, which
is called the Receptance matrix of the substructure. Equation 3 can be arranged as follows:

J

H(0) F(0) =X (o) (6)
https://doi.org/10.24191/jmeche.v22i3.5782
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The receptance matrices used in this study to couple the FP and FEP substructures using the FBS
method are partitioned based on the work of (Jetmundsen et al., 1988; Klerk et al., 2008; Mahmoudi et al.,
2020). However, the notation used in this study has been changed due to the abbreviations used to denote
the substructures used in this study. Equations 7 and 8 are the displacements and forces expressed in the
receptance matrices of the substructures FP and FEP.

X P H” HT FP Frr

( H “ f;;}( AFPJD[H]”( ] "
XI HIA HII FI FI

XFEP HFEP HFEP FFEP FFEP

( e =l e (D [H]T ®)
XI HIB HII FI FI

The two substructures, FP and FEP, have internal degrees of freedom, which are denoted by the sets 4
and B, respectively. The interface shared by the substructures, whose degrees of freedom are represented
by 1. When the two substructures are coupled, they become an assembled structure whose sets of degrees
of freedom also contain the degrees of freedom of the interface.

Equations 7 and 8 should follow the coupling conditions, which are the displacement compatibility and
force equilibrium:

X[+ X[ =0 ©
EFP +F}FEP :A (10)

Assembling the receptance equations and coupling conditions of the substructures FP and FEP in a
single coupling matrix yields:

T
H/::P 0 (CIFP ) XjP FAFP

0 H :‘;EP (C IFEP )T X jEP _ FAFEP (11
crocr 0 A, 0

Since the assembled structure is referred to as BFPA in this study, the generalised coupled receptance
matrix of BFPA is as follows:

)7 R :{HAFP 0 :|_|:H]FP(C]FP)T H™ (C[FEP)T:|><

0 HFEP
A
T T -1 CFPHFP (12)
(C,”’H,FP(C,”’) +CfEPH,FE”(CfEP)) { e ’m}
CI H]

The generalised coupled receptance matrix in Equation 12 can be transformed according to the needs
of the investigation. The coupled receptance can be determined from different locations of excitation and
measurement.

For example, for the first scenario, excitation is performed at the FP substructure and measurement at
the FEP substructure. In the second scenario, excitation and measurement occur at the same location of the
substructure, more precisely at the FP substructure

https://doi.org/10.24191/jmeche.v22i3.5782
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For the first scenario, Equation 12 can be cast into:

-1

HﬁFPA :|:H1FEP (CIFEP )T j| |:C1FPH1FP (C[FP )T + C]FEPH[FEP (C[FEP )T:| I:C[FPH[FP] (13)

For the second scenario, Equation (12) can be expressed as:

HﬁFPA _ H1F,1(Jj,i) _[CIFPH[FP]|:CIFPHIFP (C[FP )T " CIFEPHIFEP (CIFEP )T :|71

LA ]

(14)

It is worth noting that Equations 13 and 14 demonstrate the flexibility and advantages of the FBS
method for dealing with two different sources of FRFs and allow the coupled receptance of assembled
structure to be conveniently determined. Although both formulations can be used, in this study the
experimental and analytical identification of the FRFs of the BFPA is based on Equation 14.

RESULTS AND DISCUSSION

This section focuses on investigating the vibration characteristics of the substructures FP and FEP as well
as BFPA based on the FE-FRF, EMA-FRF and FBS-FRF, which were obtained using the proposed
methodology. The EMA-derived FRF served as benchmark for evaluating the accuracy of those derived
from the FE model and the FBS method. In addition, the FBS approach was used to couple the FRF of the
substructures and synthesise the FRF of BFPA to obtain a coupled FRF of BFPA.

The EMA procedure for measuring the FRFs of the FP physical test under free-free boundary settings,
the BFP and BFPA physical test under fixed-free constraints were clearly described in the ‘Experimental
Modal Analysis’ subsection. Similarly, the FE model of the FE, BFP and BFPA under the same boundary
conditions and the calculations of its FRFs were clearly explained in the ‘Analytical Simulations’
subsection.

The results of this chapter show and discuss a comparison between the FE-FRFs and EMA-FRFs.
Furthermore, the accuracy of the FBS approach in replicating the FRF of BFPA was assessed by
benchmarking it against the EMA-FRF. The results were thoroughly evaluated to highlight the strengths
and weaknesses of the integrated approach and illustrate the advantages of the approach for the accuracy
of predicting the FRFs of BFPA

Analysis of the FP Substructure

The FE model of FP was validated against the EMA model to evaluate discrepancies between the two
results. While the validation of EMA-FRFs and FE-FRFs in the study was defined as up to 1000 Hz, the
validation of the FE model extended to 2000 Hz, considering both natural frequencies and FRFs. This
extended frequency range was deliberately chosen to ensure that the accuracy of the FRFs used for coupling
remained satisfactory up to double the range typically examined (Mirza et al., 2016; Ren & Beards, 1995),
thereby increasing the reliability of the coupled FRFs in the study.

Table 3 presents a comparison between the EMA and FE natural frequencies and mode shapes between
the model under free-free boundary constraints. The natural frequencies and mode shapes, quantified by
the MAC analysis, indicate that the FE model provides satisfactory agreement with the EMA results.
However, Fig 7, which compares both EMA and FE-derived FRFs, highlights discrepancies in the
amplitude of resonance peaks.

https://doi.org/10.24191/jmeche.v22i3.5782
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The first five natural frequencies, listed in columns II and III, demonstrate close agreement between
EMA and FE, with percentage errors (column IV) ranging from 0.76% to 2.02%. The total error across all
modes is 6.45%, which is within an acceptable range for most engineering applications. Additionally, the
high MAC values (column V), all exceeding 0.95, indicate that the mode shapes are well correlated,
confirming that the FE model reliably reproduces the EMA mode shapes.

Despite the good agreement in modal parameters, Fig 7 depicts significant differences in the FRFs. The
FE model predicts the overall resonance frequencies and general trends of the EMA data but fails to
accurately predict the amplitudes of the resonance peaks. For instance, at the first resonance near 650 Hz,
the FE model underestimates the amplitude of the EMA response. Additionally, at the second resonance
near 1500 Hz, while the frequency is closely aligned, the amplitude mismatch is again evident. These
discrepancies suggest that while the natural frequencies and corresponding mode shapes are satisfactory,
the FE model does not fully replicate the EMA dynamic stiffness and damping properties.

Table 3. Comparison between the FE and EMA natural frequencies of the FP substructure under free-free boundary constraints

v
Mede EM/iI(Hz) FEIgIz) %{{‘ﬁl()‘;/ﬁ) MAC
1 651,99 65388 T.06 0.98
5 652.58 658.71 0.94 0.95
3 1498.32 1486.96 0.76 0.96
4 1672.92 1644.89 1.68 0.96
5 1679.13 1645.13 2.02 0.96
Total Error 6.45

, [——EMA-FRF
|- - - - FE-FRF

Accelerance (g/N)

0 500 1000 1500 2000
Frequency (Hz)

Fig. 7. Comparison between the FE-FRF and EMA-FRF of the FP substructure under free-free boundary constraints.

The inconsistencies in FRF amplitudes indicate that the FE model lacks sufficient accuracy in
representing the vibration characteristics of the physical test FP, such as joint dynamics and damping
mechanisms arising from the welded joints connecting the flange and the straight pipe are not adequately
represented. This limitation is critical because FRFs are directly used in predicting system responses under
operational conditions. Therefore, while modal methods provide an initial validation of the FE model, the
significant mismatch in FRFs necessitates further refinement of the model to improve its predictive
capability.

https://doi.org/10.24191/jmeche.v22i3.5782
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Analysis of the FEP Substructure

The FEP substructure under fixed-free boundary constraints

The vibration characteristics of FEP under fixed-free boundary constraints was analysed by comparing
the results from the FE model with the EMA-derived results. Table 4 summarises the comparisons of the
modal characteristics, while Fig 8 shows the EMA-FRF and FE-FRF of the FEP substructure. This analysis
evaluates how accurately the FE model replicates the physical test FP under these boundary conditions.

Table 4 highlights significant discrepancies between the EMA and FE model, particularly in natural
frequencies, while demonstrating strong agreement in mode shapes under fixed-free boundary constraints.
However, the FE model exhibits low overall agreement with the EMA for most modes and fails to predict
the second mode, resulting in an MAC value of 0.00. This outcome suggests that the FE model has limited
capability in accurately capturing certain dynamic properties, particularly for lower-order modes.

Table 4. Comparison between the FE and EMA natural frequencies of the FEP substructure under fixed-free boundary constraints

v

1 1T 1 Error (%) \%

Mode EMA (Hz) FE (Hz) RIRIO! MAC
1 165.51 176.65 6.86 0.93
2 179.62 Missed Mode 0.00 0.00
3 439.63 567.38 29.06 0.90
4 655.83 654.33 0.23 0.95
5 938.18 1036.32 10.46 0.90

Total Error 52.27

——EMA-FRF
100 | oo~ FE-FRF

Accelerance (g/N)

0 200 400 600 800 1000 1200
Frequency (Hz)

Fig. 8. Comparison between the FE-FRF and EMA-FRF of the FEP substructure under fixed-free boundary constraints.

For the other modes, the total error for all natural frequencies is 52.27 Hz, with individual deviations
ranging from approximately 0.23 Hz to 29.06 Hz. The MAC values for the other modes exceed 0.90,
highlighting good agreement in terms of mode shapes despite discrepancies in frequencies. However, with
the largest error of 29.06 Hz recorded from the third mode shape, these results show inaccuracies in the
modelling. These inaccuracies indicate that the FE has limited ability to predict the full spectrum of dynamic
properties, especially for lower modes and specific configurations.

https://doi.org/10.24191/jmeche.v22i3.5782
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Fig 8 shows significant discrepancies between the EMA-FRF and FE-FRF, particularly in terms of the
trends of the resonance peaks and the amplitude. While the overall trends of the FRFs match, the FE model
fails to accurately represent certain resonance frequencies and their corresponding amplitudes, particularly
in the range of 400 Hz to 600 Hz and beyond. These inconsistencies indicate that the FE model has difficulty
accurately representing the effects of boundary conditions, damping mechanisms and other structural
dynamics under fixed conditions.

Furthermore, the absence of the second mode and the discrepancies in the FRF clearly show that it is
insufficient to rely solely on modal characteristics for validation. Compared to modal validation, FRF-based
validation provides a more detailed characterisation of the vibration characteristics and exposes deficiencies
that modal validation alone cannot address.

The results of the comparison underline the need for a dual validation approach that integrates both
modal and FRF-based analyses to ensure a comprehensive assessment of the accuracy of the FE model.
While the MAC values confirm that the FE model predicts the mode shapes well for most modes, the
absence of the second mode and the significant frequency errors in the third and fifth modes clearly show
critical gaps in the model. These limitations are amplified by the FRF discrepancies, which indicate that
the FE representation of damping and boundary conditions needs to be significantly improved.

The limitation in predicting certain modes and accurately reproducing the EMA-FRF shows the need
for more advanced refinement techniques. Enhancing the accuracy of the FE model in these areas is critical
for reliable performance under different boundary conditions.

Under fixed-free constraints, the FEP substructure analysis confirms that while the FE model accurately
predicts mode shapes, its inability to predict natural frequencies accurately highlights critical limitations.
Moreover, the absence of the second mode and the large deviations in the FRFs further emphasize critical
deficiencies in the predictive capability of the FE model. These comprehensive results emphasise the
importance of FRF-based validation as a complement to modal validation to provide a more comprehensive
assessment of the FE model and strongly underline the need for other advanced techniques when it comes
to analysing structures with complex boundary conditions and interfaces.

Analysis of BFPA via FEM

The ability of FEM in representing complex boundary conditions and interfaces was demonstrated in
the previous subsections. It was clearly shown that the FE model of FEP is incapable of accurately
representing the complexity of the boundary conditions and interfaces arising from damping mechanisms.

In this subsection, the comprehensive comparisons of the modal parameters and the FRFs obtained
from the EMA of the BFPA physical test and the FE model of BFPA under fixed-free boundary conditions
are presented and discussed.

BFPA under fixed-free boundary constraints

The EMA procedure for measuring the FRFs of the BFPA under fixed-free boundary constraints was
clearly described in the ‘Experimental Modal Analysis’ subsection. Similarly, the FE model of the BFPA
under the same boundary conditions was carefully developed, and the calculation of its FRFs was clearly
explained in the ‘Analytical Simulations’ subsection.

As shown in Table 5, a detailed comparison is provided between the EMA and FE natural frequencies
of BFPA for fixed-free boundary constraints. The EMA natural frequencies in Column II, the FE natural
frequencies in Column III, the percentage error between them in Column IV, and in Column V the MAC
values. In the case of mode 1, the EMA natural frequency is 46.25 Hz, while the FE model predicts it to be
55.11 Hz, resulting in a percentage error of 19.15%. However, the MAC value is 0.98, which shows a strong
correlation between the mode shapes determined from the EMA and the FE model. However, the FE model
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does not reflect this as Mode 2 is not predicted (with matching frequency), so the corresponding error and
MAC values for this mode are 0.00.

Table 5. Comparison between the FE and EMA natural frequencies of BFPA under free-free boundary constraints

v

1 11 111 Error (%) A%

Mode EMA (Hz) FE (Hz) RIRI! MAC
1 46.25 55.11 19.15 0.98
2 157.60 Missed 0.00 0.00
3 163.43 193.27 18.25 0.96
4 374.51 424.35 13.30 0.96
5 955.19 975.65 2.14 0.96

Total Error 52.84

Mode 3 shows that the EMA natural frequency for this mode is 163.43 Hz, while the FE model predicts
193.27 Hz, which corresponds to an error of 18.25%. The MAC value of 0.96 in this mode indicates a good
correlation between the mode shapes. For mode 4, the EMA frequency is 374.51 Hz, while the FE model
predicts a value of 424.35 Hz, resulting in a percentage error of 13.30%. The MAC value is consistently
high across the entire data set at 0.96. Mode 5 has the smallest difference at 955.19 Hz (EMA frequency)
and 975.65 Hz (FE frequency), with a MAC value of 0.96 and an error of only 2.14%.

Consequently, the total error across all modes is 52.84%, indicating that there are significant differences
between the FE and EMA predictions. These differences indicate that the FE model performs quite well for
the higher modes but has difficulty predicting the lower modes and even omits certain modes altogether.

Fig 9 shows a comprehensive analysis of the EMA-FRF and FE-FRF for BFPA under fixed-free
boundary constraints. The comparison covers the range from 0 to 1200 Hz. The EMA-FREF is the solid
black line, while the FE-FRF is the dashed red line.

The EMA-FRF and FE-FRF show a similar trend in which the resonance peaks occur at approximately
the same frequencies. However, clear discrepancies appear in certain frequency ranges. In particular, the
FE model cannot predict the second mode identified in the EMA-FRF, which leads to a gap in the frequency
response. For the higher modes, the FE model predicts resonance frequencies reasonably well, although
there are discrepancies in the magnitude of the responses near the peaks. This discrepancy indicates that
the FE model does not fully account for damping, joint behaviour or other structural nonlinearities present
in the physical system.

Analysis of BFPA via FBS

Table 6 and Fig. 10 compare the EMA-FRF and FBS-FRF, clearly demonstrating the strong
performance of the FBS method in predicting the actual vibration characteristics of the BFPA. The FBS-
FRF closely matches the EMA-FRF across all frequency ranges, confirming that the FBS method
effectively reproduces the dynamic characteristics of the physical test BFPA. However, local differences
in frequency, amplitude and anti-resonance highlight areas where further adjustments to the FBS method
may be necessary. In particular, there are slight discrepancies in resonance frequencies, particularly at 900
Hz and 1400 Hz. These discrepancies suggest that the stiffness or boundary conditions are inaccurately
represented in the substructure models used for FBS and emphasise the importance of fine-tuning the
substructure parameters to achieve better agreement with the EMA results.

For comparative amplitudes, the FBS-FRF is in good agreement with the EMA-FRF at low frequencies,
especially below 500 Hz. But in the mid to high frequency ranges, such as 400-600 Hz and 900-1400 Hz,
the FBS-FRF sometimes exceeds the amplitude of the resonances. For example, the peaks at 400 Hz and
900 Hz are more pronounced in the FBS-FRF than in the EMA. These amplitude differences may be due
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to an inaccurate representation of the damping or coupling conditions within the FBS. Since the damping
effect at joints and interfaces can differ significantly between experimental and numerical representations,
these differences require further investigation.

10°

o
o

Accelerance (g/N)
3
S

10

0 200 400 600 800 1000 1200
Frequency (Hz)

Fig. 9. Comparison between the FE-FRF and EMA-FRF of BFPA under fixed-free boundary constraints.

Most antiresonances are well represented in FBS, but the information between certain frequencies and
depths differs somewhat from the experimental antiresonances of mode analysis. For example, at around
1200 Hz the FBS-FRF does not become as low as the corresponding EMA-FRF, which has already dropped
below -100 dB, and at around 1400 Hz there is a significant phase shift. Some of these differences in
resonance behaviour could indicate ill- conditioning of the substructure coupling used by FBS.

Table 6. Comparison between the FBS and EMA natural frequencies of BFPA under fixed-free boundary constraints

! EMA e Bror (0 v

Mode (Hz) (Hz) (Ilir(;;l()/l(]l) MAC
1 46.25 4731 2.29 0.97
2 157.60 159.21 1.02 0.97
3 163.43 165.27 113 0.95
4 374.51 376.35 0.49 0.98
5 955.19 883.65 7.48 0.90
6 1423.62 1375.25 3.39 0.91
7 1828.32 1854.65 1.44 0.95

Total Error 17.23

Despite these discrepancies in localisation, the overall trend of the FBS-FRF is indeed very close to the
EMA-FRF. This overall agreement confirms how well the FBS can be used to predict the fundamental
vibration characteristics of BFPA. In contrast, FE-FRF (Fig. 9) shows larger discrepancies in both
resonance frequencies and amplitudes, especially around the two frequency peaks: 200 Hz and 1000 Hz,
indicating inaccuracies in the representation of stiffness and damping.

Overall, the FBS-FRF appears to be a closer representation of the EMA-FRF than FE-FRF, which fails
to show agreement. However, fine-tuning of the FBS model is required to accurately predict the dynamics.
Furthermore, these findings highlight the utility and predictive power of FBS, especially in a scenario
where: 1) developing analytical models of the substructures is challenging. 2) developing analytical models
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of the substructures is impossible due to the unavailability of design dimensions. 3) direct and reliable
experimental results can be successfully obtained.

10?
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Fig. 10. Comparison between the FBS-FRF and EMA-FRF of BFPA under fixed-free boundary constraints.

CONCLUSIONS

In this study, the performance of FBS and FE in predicting the vibration characteristics of an assembled
structure with complex boundary constraints and interfaces, namely BFPA, was evaluated in comparison
with the results of EMA. The results emphasise that FBS largely agrees with EMA and is able to
satisfactorily predict resonance frequencies and trends similar to EMA performance. The FBS-FRF show
consistent trends, but amplitude and frequency shifts, particularly at 400 Hz, 900 Hz and 1400 Hz,
emphasise the importance of refining the damping and coupling assumptions of the substructure.

In contrast to the FRF predicted by the BFPA-FE model, which increasingly deviated from the EMA-
FRF particularly at resonance frequencies and amplitudes above 200 Hz and 1000 Hz, the matching
stiffness and damping, which are very difficult to estimate, were not accurately represented by the FE
model. Although the FE model predicted the general trends, it performed poorly compared to the FBS
model, once again emphasising the importance of updating the model and tuning the parameters.

This study is subject to certain limitations. The accuracy of the proposed methodology is primarily
applicable to linear vibration responses and lower modes. Future work should address the coupling of more
complex joints and nonlinear frequency response functions, as well as extend it to higher modes. These
advancements would further enhance the proposed methodology to more complex jointed structures.

To summarise, the FBS model performed better than the FE model in representing the results of the
EMA model, demonstrating that it is a powerful tool for integrating experimental and computational
information to predict complex structural dynamics.
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