SCIENTIFIC PAPER
Published: October 27, 2023
https://doi.org/10.13167/2023.27.8

I\
Experimental and numerical
simulation of a novel magnetic pole

repulsive passive damper for vibration
control

Saran Sathish Kumar!, Amudhan Vijayakumar?, Daniel Cruze! and Hemnath Kasaram?

1 Hindustan Institute of Technology and Science, Department of Civil Engineering, Chennai, Tamil Nadu,
India

Corresponding author:
Daniel Cruze
danielckarunya@gmail.com

Received:
May 18, 2023

Accepted:
August 21, 2023

Published:
October 27, 2023

Citation:

Satish Kumar, S.; Vijayakumar, A.;
Cruze, D.; and Kasaram, H. (2023).
Experimental and numerical
simulation of a novel magnetic pole
repulsive passive damper for
vibration control. Advances in Civil
and Architectural Engineering.

Vol. 14, Issue No. 27. pp.114-130
https://doi.org/10.13167/2023.27.8

ADVANCES IN CIVIL AND
ARCHITECTURAL ENGINEERING
(ISSN 2975-3848)

Faculty of Civil Engineering and
Architecture Osijek

Josip Juraj Strossmayer University
of Osijek

Vladimira Preloga 3

31000 Osijek

CROATIA

Abstract:

This article presents a novel magnetic pole repulsive
damper (MPRD) incorporating neodymium magnetic
repulsive blocks and springs. The study explores the
mechanical properties of the springs and magnetic
blocks through numerical simulations using ANSYS and
experimental evaluation. To gain deeper insights into
the behaviour of the MPRD, an accurate and high-fidelity
finite element model was developed. The evaluation
process involved a comprehensive comparison between
the numerical simulations and experimental tests,
explicitly focusing on cyclic compression—tension forces.
The study encompassed the functioning, design
implications,  fabrication  technique,  mechanical
performance, and numerical simulation for the cyclic
compression—tension forces of the MPRD. The cyclic
compression—tension tests revealed a gradual increase
in force, with the MPRD achieving an ultimate force of
2,877 kN. The MPRD exhibited robust hysteresis
behaviour in cyclic loading, showing its capacity to
undergo and uphold the stability of the combination of its
materials. The cyclic compression—tension results
indicated the maximum force carrying capability of the
damper. This resilience implies its full reusability in such
scenarios. The  comparison between  cyclic
compression—tension tests confirmed the alignment
between the numerical simulation and experimental
investigation.
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1 Introduction

The extent of damage has increased with the size and frequency of earthquakes in recent
years. In addition to causing secondary damage, including human casualties and facility
maintenance expenses, earthquakes can damage and even result in collapse of a variety of
structures. Therefore, it is essential to create equipment with superior seismic activity and
semi-permanent qualities to limit and stop earthquake damage. Owing to their weight,
structures are often built to withstand vertical loads; nevertheless, limiting the lateral stresses
caused by seismic motion is necessary to reduce earthquake damage. Control of the structure,
which can be active, semi-active, or passive, is used in various ways to decrease vibration and
regulate the displacement of a structure during seismic events [1]. Using sensors, controllers,
and actuators, active control systems can boost structural damping without compromising
rigidity. The sensors track the system response variables, while the controller interprets the
data and delivers control signals to the actuators. These signals cause the actuators to create
forces that may differ from the controller's instructions. Real-time operation requires electricity.
Decentralised and self-regulating PID controller-based mechanisms using magnetorheological
dampers are utilised for earthquake protection of tall building structures. Numerical simulations
showed that the combined approach produced superior earthquake-tracking precision of 95,54
% and 99,27 % with and without faults, respectively, compared with other control mechanisms,
demonstrating its potential for real-world applications [2]. Passive structural control depends
on the equipment and materials used to make the damper and is not affected by the forces
generated by an earthquake or wind. The primary objective of passive control systems is to
minimise the contribution of major structural components to the plastic-deformation-based
dissipation of input energy [3]. Passive control systems include base isolators, metallic yielding
dampers, friction dampers, viscous and viscoelastic dampers, tuned mass dampers, and liquid
dampers [4-7]. Li developed an innovative shape-memory alloy damper to reduce earthquake
responses. Cyclic tests and nonlinear time-history analysis showed that the damper with
deformation amplification exhibited superior seismic performance, with peak displacement,
inter-storey drift, acceleration and residual displacement reduction ratios of up to 27,32 %,
39,73 %, and 95,33 %, respectively, during strong earthquakes. A deformation amplification
coefficient range of 2,0-3,0 was suggested [8]. Dong et al. conducted an experimental
investigation in which nonlinear viscous dampers were used to simulate the effects of a design
basis earthquake (DBE) and the maximum considered earthquake (MCE) on a three-storey
structure. The building had a moment-resisting frame with small beam sections, and the results
demonstrated excellent seismic activity, even for a structure built to only 60% of the necessary
base shear strength. This simplified design procedure can achieve the performance objectives
with lower base shear design strength than conventional MRFs [9-11]. Through testing and
research, the performance and constraints of the steel dampers were revealed by their yield
and mechanism, making them the most representative of all the present dampers [12-16].

Unlike active dampers, passive dampers, such as viscoelastic dampers [17], do not require
sensors or external energy sources. A damper in structural components reduces seismic
activity by producing a shear force, and its performance has been demonstrated through
numerical simulations and experiments [18-20]. Consequently, much research has been
conducted recently on a technology that simplifies the repair of damaged damper components
or on a smart technology that can employ new materials to mitigate the permanent deformation
of dampers. An innovative damper was built based on a novel idea using modern materials
with recentring properties [21]. These dampers have been analysed in high-rise building
structures and have reduced the seismic force of natural disasters [22, 23]. Analysis and
performance evaluation of a damper with a high damping force using the contact force of
permanent magnets was performed [24-28]. In recent years, computational methods such as
the finite element approach have been used to improve the damper structure [27-31]. However,
permanent deformation occurs when the general damper device reaches the permitted
capacity of the seismic force, leading to inter-floor displacement and long-term displacement
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of the building [28]. In addition, different spring materials have been analysed in Ansys [30-
33].

Consequently, the device acts as a smart damper. The most sophisticated friction damper
offers adaptive control of buildings against earthquakes and is known as the variable friction
damper. The varying friction is managed using a piezoelectric actuator [34, 35]. In steel frames
with chevron bracing, the design relationships for two types of yielding elliptical dampers were
demonstrated to prevent brace buckling and improve energy dissipation. Two steel dampers
with shear diaphragms were proposed in this study. It was discovered that the design
relationships were suitable, with the diaphragms providing increased cyclic performance [36-
38].

In this research, a comparison of the numerical simulation using ANSYS and the experimental
performance of springs, magnets, and the proposed magnetic pole repulsive damper (MPRD)
was carried out with the aim of increasing the seismic stability with a decrease in permanent
deformation under the maximum force. The MPRD displays the force performance by
employing springs and magnets. The elastic force of the spring is smart because it can support
the force while being compressed and stretched, and automatically returns to its original state.
In addition, as shown in earlier research, magnetic blocks have been employed to improve the
energy dissipation capability, which is more vital than springs for withstanding forces. In
addition, the springs can be compressed and tensioned to increase recentring, thereby
reducing the residual displacement of the damper. The performance of the MPRD was
assessed based on literature research and tests to identify material features, and it was found
to be satisfactory. In this study, numerical analyses and experiments were conducted on the
compression—tension behaviour of MPRDs.

2 Details of the proposed damper

The MPRD is a novel device designed to minimise the damage and residual displacement in
buildings during earthquakes. This is achieved by effectively absorbing and dissipating the
energy generated by seismic forces. The MPRD incorporates components such as neodymium
magnets, a piston with a magnetic clamp, a magnetic clamp, and springs. These components
work together to provide a mechanism for absorbing and controlling seismic forces in the
tension and compression directions. By utilising the magnetic repulsive force along with the
spring action, the MPRD aims to improve the seismic stability of joints of structures and reduce
the risk of failure due to structural damage. Dampers are particularly useful in regions with
seismic activity because they can significantly improve the resilience and robustness of
structures, allowing them to survive strong earthquakes and reduce the risk of failure.
Furthermore, using dampers in buildings improves the strength of the structure compared to
standard techniques that depend primarily on component stiffening. Table 1 lists the results of
the dimensional study of the proposed damper.

Table 1. Details of the proposed magnetic pole repulsive damper (MPRD)

Parameters Dimensions
Length of the damper 1145 mm
Size of the damper (1145 x 105 x 75) mm
Length of the piston with magnetic clamp 820 mm
Diameter of the piston 20 mm
Number of magnets 4 Nos
Size of magnets (75 x50 x 62,5) mm

3 Material testing
3.1 Experimental and numerical behaviour of the spring

A spring is an elastic machine component that, in response to any stress, deflects and,
depending on the magnitude of the applied force, returns to its original form [30-33]. Springs
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have many significant uses, owing to their capacities as vibration absorbers, as well as their
capability to store potential energy via the deflection that occurs in response to the application
of a force.

3.1.1 Simulation of the spring

A circular cross-sectional model of the utilised spring was developed using the ANSYS
software, as shown in Figure 1la. The spring dimensions and specifications are listed in Table
2. Supports were applied at the ends of the spring to allow force to be applied at its centre.
Static analysis of the spring was conducted using the Ansys Workbench with the Static
structural module. The material selected for the spring was carbon steel (CS 80), and its
properties, such as Poisson's ratio (0,3) and modulus of stiffness (G = 200000 MPa), are listed
in Table 3. The spring was meshed with an element size of 8 mm for the analysis, as shown
in Figure 1b. Spring connections were bonded on both sides using supports, with one support
fixed to the ground and the other applying displacements for compression and tension
separately, as tabulated in Table 4. The force reaction was then estimated to observe the force
pattern, as shown in Figures 1c and 1d. With this numerical simulation, the spring behaviour
under various loading conditions (5, 10, 15, 20, and 25 mm) was analysed, providing insights
into its performance and response.

ANSYS

2020 R2

30.00 () — ) 1500
15.00

(@) (b) (©) (d)

Figure 1. Schematic representation of the springs: a) geometry view, b) meshing of the
spring, ¢) compression of the spring, d) tension of the spring

Table 2. Specification of the spring

Parameters Dimensions

Length of the spring 50,0 mm
Mean radius of the spring (r) 26,0 mm
Diameter of the wire (d) 5,0 mm
Inner diameter 23,5 mm
Outer diameter 28,5 mm
Number of coils (n) 4 Nos

Deflection (d) 25,0 mm

Table 3. Material properties of spring

Materials Properties
Grade of the steel CS 80
Elastic modulus 200000 MPa
Poisson ratio 0,3
Tensile strength 1397 MPa

ACAE | 2023, Vol. 14, Issue No. 27 Page | 117



Experimental and numerical simulation of a novel magnetic pole repulsive
Sathish Kumar, S. et al. passive damper for vibration control

3.1.2 Experimental setup of the spring

After the simulation, the prototype springs were tested using a tensile testing machine (TTM).
Figure 2 shows the experimental arrangement of the springs in the machine, with the springs
fixed on both sides. The force and deflection measurements were captured using a data
collection system. The experiment was conducted under loading control with a gradual load
application. The deflection of the springs was monitored at intervals of 5 mm as the force was
applied up to a total deflection of 25 mm. This experimental setup allowed the characterisation
of spring behaviour under different forces and provided data for comparison and validation with
the simulation results.

Figure 2. Testing of the spring in the tensile testing machine
3.1.3 Behaviour of springs

The behaviour of the spring was analysed through numerical simulations using ANSYS and
experimental testing using the TTM. Testing was performed under compression and tension
with the force gradually increasing, and the deflection was monitored. In the compression tests,
the maximum forces were 2,196 and 2, 2028 kN in the experiments and numerical simulations,
respectively. Similarly, in the tension tests, the maximum forces were —1,972 kN in the
experiments and —1,962 kN in the numerical simulations. The stiffness of the open coil spring
in the experimental and numerical study was 0,0001 kN/mm. The comparison results showed
that the variation around both the experimental and numerical simulation was 0,3% under
compression and 0,5 % under tension, indicating good validation. The force versus deflection
comparison results for compression and tension are shown in Figure 3, and the numerically
simulated and experimental results are listed in Table 4. The agreement between the
experimental and numerical results suggests the accuracy and reliability of the simulation in
predicting spring behaviour.

Table 4. Comparison of the numerical and experimental results of the spring

Simulation results Experimental results
Displacement Maximum force | Maximum force | Maximum force Maximum force in
(mm) in compression in tension in compression tension
(kN) (kN) (kN) (kN)
0 0 0 0 0
5 0,4000 -0,345 0,426 -0,345
10 0,8000 -0,690 0,712 -0,673
15 1,2050 -1,035 1,178 -1,145
20 1,7030 -1,512 1,625 -1,585
25 2,2028 -1,962 2,196 -1,972
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Figure 3. Comparison of the experimental and simulation results of the spring
3.2 Study on behaviour of the magnets

Magnets possess distinct polar directions, where the North Pole (N) attracts the South Pole
(S), and the N—N and S-S poles repel each other. Various types of magnets, such as ferrite,
neodymium, and samarium cobalt, are available. In this study, neodymium magnets were
adopted based on the research conducted by Choi [33].

Neodymium and black ferrite magnets have been tested experimentally, and the results show
that neodymium magnets offer a higher magnetic flux density than black ferrite magnets and
are suitable for the intended application. The specifications of the magnet are listed in Table
5.

Table 5. Specifications of the magnet

Parameters Details
Type of magnet Neodymium magnets (NeFeb)
Grade of the magnets N45
Number of magnets 4 Nos
Combined length of the magnets 75,0 mm
Combined breadth of the magnets 50,0 mm
Combined depth of the magnets 62,5 mm

3.2.1 Numerical study of the magnets

In the MPRD, magnets are crucial in generating the magnetic repulsive force. For effective
functioning, the magnets must be aligned in a specific direction, such as in the SNSN-NSNS
configuration shown in Figure 4a. The magnetic lines of force must be parallel to this direction
to ensure the desired repulsive action.

A neodymium (N45) grade magnet was used in this study. The ANSYS software was employed
to model the magnets, and Figure 4b shows a meshed magnet structure with a size of 3 mm.
The neodymium magnets exhibited the expected behaviour, as depicted in Figure 4c, which
presents the results obtained from the used magnets. The magnets were contained in an
enclosure and surrounded by air to allow for a repulsive force. The enclosure was meshed to
3 mm. The direction of the magnets for the repulsive force was set by the material polarisation.
The magnetic flux density of the neodymium magnets is approximately 1,32T. By observing
and analysing the repulsive force of the magnets, it is possible to assess the performance and
effectiveness of the magnet configuration in generating the desired repulsive action.
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(@) (b) (c)

Figure 4. Schematic representation of the magnets: a) geometry view, b) structure of
the magnets, c¢) obtained results

3.2.2 Experimental study of the magnets

To validate the numerical simulation results, the magnets were subjected to experimental
testing using a TTM. The experimental setups for the ferrite and neodymium magnets are
shown in Figures 5a and 5b, respectively. The boundaries of the magnets were fixed on both

sides during testing.
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Figure 5. Experimental set up of magnets: a) black ferrite magnet, b) neodymium
magnet
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3.2.3 Behaviour of magnets

Force control was employed, and displacement was measured at intervals of 5 mm. A
comparison of the results of neodymium magnets with those of black ferrite magnets showed
that the former outperformed the latter. The comparison results of the neodymium and black
ferrite magnets are displayed in Table 6. Neodymium magnets are expected to exhibit
properties that are superior to those of black ferrite magnets. This comparison helps
understand and assess the performance and suitability of different magnets for MPRD
applications. The experimental testing provided empirical evidence to support the numerical
simulation results and aided in optimising the magnet selection for the MPRD design.

The behaviour of the repulsive magnetic force in the MPRD was studied through numerical
simulations and testing using a TTM. The force was observed for every 5 mm in displacement,
allowing for a comprehensive understanding of the performance of the magnet. The maximum
force-carrying capacity of the magnets was determined to be 1,3894 kN in the experimental
tests and 1,465 kN in the numerical simulation at a displacement of 5 mm. The variation
between the experimental and simulated results is 7,69 %. These results are shown graphically
in Figure 6, which visually represents the comparison results. The force versus deflection
results for the magnets is tabulated in Table 7, which provides a comprehensive reference for
their performance characteristics. This analysis and experimental testing provided valuable
insights into the behaviour of the repulsive force of the magnet within the MPRD system.

Table 6. Comparison of the black ferrite magnet and neodymium magnets

Displacement Black ferrite magnets Neodymium
(mm) (KN) (kN)
5 0,812 1,3894
10 0,662 1,1400
15 0,429 0,9340
20 0,239 0,7790
25 0,147 0,7000

Table 7. Force versus deflection for the magnets

Displacement Simulation Experimental
(mm) (kN) (kKN)
5 1,465 1,3894
10 1,149 1,1400
15 0,934 0,9340
20 0,774 0,7790
25 0,650 0,7000
2
E 1'5 1 \
=
@ 14
I~
o . . ——
w05 + - Simulation
— Experimental
0 t t t t t
0 5 10 15 20 25 30

Displacement (mm)

Figure 6. Compared experimental and simulation results of the magnet
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4  Study on behaviour of the proposed damper
4.1 Modelling specification of the proposed damper (MPRD)

The MPRD is an interesting area of research that utilises repulsive magnetic forces and the
compression and tension of springs to control the cyclic forces. Figure 7 shows the assembly
of the 3D MPRD model. The damper was modelled as a combination of various small parts,
as shown in Figure 8. The boundary conditions of the damper involved magnet clamps bonded
to both sides of the springs, whereas the other sides of the springs were bonded to the damper
body. When a force is applied, a spring is triggered, and magnetic repulsion controls the force,
enabling the damper to withstand the forces and reduce the vibrations at the bottom. The
dimensions of the MPRD specified in Table 8 were used for construction.

OUTTER BODY OF THE
OF MPRD

MAGNETS HEAD

SPRINGS +—

Figure 7. Assembly of parts of the MPRD

L]

Figure 8. Schematic representation of the MPRD

Table 8. Dimensions of the MPRD

Parts Length (mm) | Breadth (mm) Depth (mm)
A Piston with magnet clamp 820,0 @ 20,0 -
B End plate 8,0 105,0 75
C Damper head 25,0 105,0 75
D Magnets 62,5 75,0 50
E Damper body 26,0 92,0 66
F Magnet clamp 46,0 75,0 50
G&H Springs 50,0 28,5 5
- Overall size of the damper 1145,0 105,0 75
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4.2 Working mechanism of the proposed magnetic pole repulsive damper

The MPRD was specifically designed to withstand the seismic strains experienced by
buildings. It utilises the motion of the piston and the action of springs to deliver its performance
during sudden seismic stress. Springs play a crucial role in tension and compression to endure
the applied force and return to their original shape. When the spring tension reaches a specific
point, a repulsive magnetic action occurs. This allowed the springs to bear the maximum force
capacity while maintaining their composition. Furthermore, as the compressive force
increases, the bottom spring is activated, enabling it to compress and regain its shape owing
to the inherent elasticity and stiffness of the spring. This combined mechanism ensures that
the MPRD can effectively handle seismic forces and maintain its structural integrity.

4.3 Numerical simulation of the magnetic pole repulsive damper
4.3.1 Modelling of the damper

Researchers have used the finite-element method (FEM) to model dampers from various
perspectives. The FEM technique separates the system geometry into small pieces and
applies boundary conditions regarding forces and limitations to analyse unknown field
variables such as displacement, strain, and stresses. In this study, the MPRD was examined
using the well-known FEM program ANSYS. In the Space Claim, a 3D model of the MPRD
was developed with thorough specifications prior to fabrication. The MPRD was then
generated as a 3D model in Space Claim as part of the ANSYS Workbench. The material
properties of the used steel, which has a density of 76,98 kN/m?3, are as follows: tensile yield
strength of 0,25 kN/mm?, compressive yield strength of 0,25 kN/mm?, and tensile ultimate
strength of 0,46 kN/mm?. In the MPRD analysis, the springs were bonded to one side of the
lower plate, and the bottom magnet clamp was also bonded. Another spring was located
around the piston, with one side bonded to the top end-plate and the other side bonded to the
top of the clamp, respectively. The magnets were bonded to the lower and upper clamps, and
the boundary condition for the clamps was a frictional connection with the damper body. A
magnetostatic numerical simulation of the MPRD was performed using the ANSYS platform
following a series of steps to ensure accurate analysis and performance evaluation. A
schematic representation of the MPRD was created using ANSYS software, as shown in
Figure 9a. The MPRD was meshed with an element size of 8 mm to generate a finite element
model, as shown in Figure 9b. The reaction force was estimated to observe the force pattern,
as shown in Figure 9c.

(@ (b) (c)

Figure 9. Schematic representation of the MPRD: a) geometry view, b) structure of the
MPRD, c) numerical simulation of the MPRD
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4.3.2 Cyclic compression—tension test

The primary purpose of this damper is to withstand seismic forces. As previously described, a
cyclic loading pattern was used in this study. In addition to the magnetic repulsive force, the
spring exhibited a loading pattern. Displacement was applied, and the force carried by the
MPRD was monitored. The bottom of the MPRD was fixed to the ground. The magnets were
arranged in an SNSN-NSNS formation, which caused the repulsive force to be activated. To
observe the hysteresis behaviour of the MPRD, a deflection was applied at the top of the piston
using the combined interaction model, and the force was observed. The MPRD was tested
separately using displacement control at rates of 5, 10, 15, 20, and 25 mm/min for the vertical
in-plane displacements applied from the top of the MPRD.

4.4 Experimental study on the proposed damper
4.4.1 Fabrication of the proposed damper

The passive MPRD operates using frictional constraints between the piston, magnetic clamp,
and damper. When a force is applied in the positive direction, the repulsive force between the
magnets generates a compressive force, and the effective springs are placed to encounter a
direct force on the damper.

This design prevents damage to the damper body by placing springs between the lower clamp
and damper body.

The springs stabilise the damper action, ensuring that the force is absorbed without harming
the damper body. Conversely, when a force acts in the negative direction, the compression of
the springs between the piston and damper reduces the force.

This mechanism allows the damper to effectively manage and control the forces in the
compression and tension directions. The overall weight of the MPRD prototype was 9,544 kg
(the weight of the piston with end plate, damper cap, spring, and magnet clamps is 3,28 kg;
the weight of the damper body is 3,26 kg; the weight of the magnets is 2,26 kg; the lower
magnet clamp is 0,39 kg, and the spring is 0,029 kg) and had a fully compressed length of 70
mm.

The total damper's housing volume was measured to be 9,46x105 mm?, with the volume of
each a component indicated as follows: piston with magnetic clamp and springs 3,2x105 mm?;
magnets, 4,3x105 mm?3; end plate, 6,3x104 mm?3; damper cap 3,9x104 mm?; and damper body
9,4x104 mm?3. The piston was connected to the damper body through a cylindrical contact to
achieve friction-free performance, minimise frictional resistance, and ensure smooth operation.
The fabricated damper, which incorporated the MPRD principle and springs, exhibited the
desired behaviour and could effectively withstand the absorbed applied force. Figure 10 shows
the prototype MPRD that visually represents the design.

Figure 10. Prototype model of the MPRD
4.4.2 Experimental setup for the testing of the magnetic pole repulsive damper

The primary purpose of the MPRD is to enhance the structural strength of joints during seismic
events such as earthquakes. The MPRD was fixed to both sides of the joint to provide stability
and support. Various loading patterns were applied to the MPRD and the resulting hysteretic
graphs were carefully observed.

The performance of the MPRD was evaluated using a cyclic compression—tension force test.
In the cyclic loading test, the MPRD was subjected to loading cycles to assess its ability to
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withstand and dissipate energy during seismic events. The cyclic compression—tension test
utilised a Material Testing System (MTS) 1000 kN universal testing machine (UTM) to simulate
and observe the reaction of the MPRD.

Figure 11 shows the experimental setup for the MPRD test using the MTS UTM. Overall, these
tests and observations helped evaluate the behaviour of the MPRD in improving the force and
its ability to reduce the damaging effects of seismic activity.

Figure 11. Experimental setup of MPRD in the Material Testing System (MTS)
4.4.3 Cyclic behaviour of the magnetic pole repulsive damper

The MPRD consists of several parts, and the effect of the behaviour of the proposed MPRD
was evaluated. Therefore, MPRDs with different displacements were experimentally tested
and numerically simulated under cyclic loading. The positive direction refers to the spring's
tension and the magnets' repulsive force, and the negative direction refers to the compression
of the spring, which has the capacity of recentring.

Figure 12 displays the force—displacement hysteresis of the MPRD, showing both the
experimental (black) and simulated (red) results obtained from the cyclic tensile-compressive
tests. The maximum capacities of the cyclic force were determined through numerical
simulation, resulting in -2,877, -2,09, -1,226, —0,909, and -0,408 kN in tension, and 2,877,
1,960; 1,231; 0,912 and 0,408 kN in compression. Similarly, the experimental behaviour of the
MPRD under cyclic loading was observed, with the maximum cyclic forces recorded as -2,864;
-2,081; -1,273; -0,926 and -0,4006 kN in tension, and 2,870; 2,242; 1,226; 0,926 and 0,408
kN in compression, respectively, for displacement rates of 5, 10, 15, 20, and 25 mm/min. A
comparison of the simulated and experimental results showed a validation variation of 2,75 %
for compression, whereas tension showed a negligible difference of 0,06 %.

The maximum strengths of the experimental results in the cyclic curves generally followed the
same trend as those obtained from the numerical simulation, as confirmed by comparison. A
comparison of the cyclic test results are tabulated in Table 9.

The cyclic test demonstrated the ability of the MPRD to exert forces at different displacements
and showed the effective repulsive behaviour of the neodymium magnets during structural
investigations without experiencing significant losses due to factors such as heat.
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Figure 12. Comparison of numerical simulation and experimental test results of cyclic
loading at 5, 10, 15, 20, and 25 mm.
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Table 9. Comparison of experimental and simulation results

Simulation results Experimental results Difference of
Maximum Maximum Maximum Maximum experimental
Displacement force in force in force in force in and simulated
(mm) compression tension compression tension results
(kN) (kN) (kN) (kN) (%)
5 0,408 -0,4006 0,408 -0,408 1,84
10 0,909 -0,9260 0,912 -0,930 0,43
15 1,226 -1,2730 1,231 -1,229 3,58
20 2,042 -2,0810 1,960 -2,090 0,48
25 2,800 -2,8640 2,877 -2,866 0,06

4.5 Results and discussion on the behaviour of the magnetic pole repulsive magnet

This investigation aimed to examine the behaviour of springs, magnets, and the MPRD, and
the corresponding numerical simulations and experiments were performed. The maximum
force-carrying capacity of the spring during the compression tests was 2,196 kN in the
experiments and 2,2028 kN in the numerical simulations. Similarly, in the tension tests, it was
-1,972 kN in the experiments and —1,962 kN in the numerical simulations. These results were
analysed and the variation between the experiments and numerical simulations was 0,3% in
compression and 0,5 % in tension, indicating good validation. The maximum capacity of the
magnets was 1,3894 kN in the experimental tests and 1,465 kN in the numerical simulation at
a displacement of 5 mm. The variation between the experimental and numerical values was
7,69 %. In the cyclic compression—tension tests of the MPRD, in the experiment, the forces
were 2,877 kN (compression) and —2,866 kN (tension). Similarly, in the numerical simulation,
the forces were 2,8 kN (compression) and -2,864 kN (tension). The validation variation was
2,75 % for compression and a negligible difference of 0,06 % for tension. The maximum
strengths obtained from the experimental and numerical results followed similar trends,
confirming the consistency between the two approaches.

5 Conclusions

This study comprehensively analysed the behaviour of the MPRD, which was validated
through both the finite element analysis results obtained from the ANSYS model and
experimental results. A numerically simulated model was used to conduct a parametric
analysis and investigate the influence of the MPRD. Several key conclusions were drawn:

o The springs were subjected to numerical simulations and experimental testing, which
revealed their ability to withstand a compressive force of 2,2028 kN in the simulation
and 2,196 kN in the experiment. Similarly, the tensile force was —1,962 kN in the
simulation and -1,972 kN in the experiment. The variations between the results of the
experiment and numerical simulation were 0,3 % in compression and 0,5 % in tension,
indicating good validation.

o Experimental testing and numerical simulations were conducted using a TTM to
examine the repulsive force of the magnet. The experimental results showed a
magnetic block force capacity of 1,3894 kN, whereas the numerical study indicated a
force capacity of 1,465 kN. The variation between the experimental and numerical
results was 7,69 %.

o Inthe cyclic compression—tension test, the experimental results of the MPRD showed
that the maximum compressive force was 2,877 kN, whereas the maximum tensile
force was —2,866 kN. In the numerical simulation, the maximum compressive force
measured was 2,8 kN, whereas the maximum tensile force was -2,864 kN. By
comparing the simulated and experimental results, the variation in the observed results
was found to be 2,75 % for compression. A negligible difference of 0,06 % in tension
was observed in the cyclic tensile—compressive test. The test indicated excellent
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agreement between the physical behaviour of the MPRD and the numerical simulation.
The results confirmed the accuracy and reliability of the MPRD.

Overall, this study successfully validated the behaviour of the MPRD through experimental and
numerical simulations, demonstrating its effectiveness in controlling the forces. The MPRD
exhibited promising performance and can be considered an effective solution for seismic
resilience in areas with moderate to high seismicity. Therefore, the MPRD can be positioned
diagonally to framed structures to improve joint stability. Incorporating the MPRD into
structural joints reduces the risk of failure and reduces earthquake-induced damage. This
integration improves the structural resilience and protects against catastrophic consequences.
In future research, the MPRD can be modified to improve the stiffness of the magnets, the
material properties of the spring can be modified, and the MPRD can be fixed diagonally in the
RC beam-—column joint to improve the strength of the joint.
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