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 Abstract: 
Magnetorheological dampers (MRDs) are devices that 
adjust their damping properties in response to an 
external magnetic field. Large-scale MRDs have been 
successfully used as vibration control devices in 
structures. This study focuses on modelling and 
optimizing an MRD using COMSOL Multiphysics. 
Various parameters, such as coil turns and current, are 
optimized to achieve the maximum flux value in the 
MRD. The simulation yielded a maximum magnetic flux 
of 0,44 T with 500 coil turns. Based on the optimized 
MRD parameters, a numerical equation is then used to 
calculate the total damping force. The maximum 
numerical and experimental damping forces 
corresponding to a 2,0 A current were 989,39 and 
1004,63 N, respectively. The numerical damping force 
is then compared to the experimental results to validate 
the accuracy of the model. The MRD is integrated into a 
scaled-down reinforced concrete frame and subjected to 
a cyclic loading test for performance evaluation. The 
results show that the MR dampers improve the 
performance of the frame structure, increasing its load-
carrying capacity and energy dissipation by 19,45 % and 
20,43 %, respectively. The findings of the study provide 
valuable insights into the behaviour of MRDs and their 
optimization using numerical simulations, as well as 
highlight the importance of experimental validation for 
accurate prediction of the performance of MRDs in 
practical civil engineering applications. 
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1 Introduction 

Civil engineering has traditionally emphasized research on the dynamic responses of 
structures subjected to various loading conditions [1]. Vibrations caused by earthquakes, wind 
forces, and other dynamic loads can result in damage to the structure, poor performance of 
the building, and risk to the safety of the occupants. To address these challenges, engineers 
have been investigating new technological developments to improve the robustness and 
responsiveness of civil engineering structures. MRDs are an example of such a technology 
that has garnered significant attention [2, 3]. MR dampers are innovative semi-active control 
devices that adaptively adjust damping characteristics based on real-time structural response. 
This ability allows MR dampers to be used in a variety of applications. Structural engineering 
has been revolutionized by these dampers, which efficiently mitigate vibrations and improve 
structural performance [4-7]. These dampers were developed by applying smart materials and 
sophisticated control systems. MR dampers have become widespread in the construction of 
civil engineering structures, such as high-rise buildings, bridges, and other essential pieces of 
infrastructure. By integrating MR dampers into the design of new structures or the retrofitting 
of existing ones, engineers can significantly improve the capacity of these structures to 
withstand and mitigate the effects of vibrations and seismic forces. Because of the adjustable 
damping characteristics of MR dampers, structures can adapt to various dynamic loads, 
resulting in a solution that is both flexible and responsive [8-14]. 
Rabinow [15] discovered Magnetorheological Fluids (MRFs), which were typically used in 
dampers to generate a tuneable damping coefficient. A typical MRF is a suspension of micron-
sized magnetic particles in a suitable carrier medium, such as mineral or synthetic oil, which 
changes its mechanical properties, viscosity, and stiffness when exposed to electric currents 
or magnetic fields [16]. An MRF can also contain additives (stabilizers and surfactants) that 
aid particle suspension stability and improve rheological properties. When a liquid is confined 
between a piston and an inner cylinder with a gap range of 0,5 to 2 mm, chains of particles 
oriented perpendicular to the Magnetic Flux (MF) direction obstruct fluid movement, thus 
increasing viscosity [17]. 
Unlike fully active control systems, MRDs are semi-active control devices that can also be 
powered by batteries. The performance of an MRD is affected by the MF saturation and the 
shear yield delivered by the electromagnet. MRDs have been used as vibration control devices 
in various engineering domains MRDs can also potentially provide a significant damping force 
(DF) in practical applications such as vehicle suspension and landing gear [18]. They can be 
used as a vibration control system in railway bridges, heavy structures prone to vibration, and 
seismic excitation on a larger scale [19]. Biswal and Rao [20] created a 2D axisymmetric model 
of an MRD using ANSYS FE to simulate the magnetic field distribution for an induced current. 
Gurubasavaraju et al. [21] used ANSYS to perform magnetostatic analyses on three piston 
heads made of different materials to calculate the DF of the damper. The MF strength is 
proportional to the damping force of the MRD. Purandare et al. [22] employed FEM COMSOL 
for magnetostatic simulation. Using MC theory, they verified the flux density, intensity, and 
yield stress of an MRF using the FE model. Li and Yang [23] created a numerical model that 
predicts the MRD's damping force. The mechanical properties of MRFs were characterized 
using the Bingham model, and the mechanical behaviour of the MRD was investigated under 
varying currents and excitations. The yield stress of the MRF was determined using Ansoft 
Maxwell 14.0. The results were utilized to investigate how the MRD worked. Liu et al. [24] 
created a novel MRD with folding resistance gaps and a bending MC to improve damping 
performance. By structuring the multi-stage folded annular gap structure, they expanded the 
length of the resistance gap and developed an MC to activate the no-flux zone. Elsaady et al. 
[25] used an original one-way coupled numerical technique to predict the dynamic behaviour 
of the twin-tube MRD. They found that fluid compressibility has a crucial impact on the 
hysteretic behaviour of the twin tube MRD. The results show that non-Newtonian viscosity is 
higher in the throttling area, and Newtonian viscosity is lower elsewhere. Furthermore, they 
demonstrated that changing damper design factors, such as magnetic pole width, input 
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current, and piston motion frequency, considerably affect damper behaviour. Ganesha et al. 
[26] studied the magnetic field enhancement method using a single cylindrical shield and a 
cylindrical sandwich shield integrated into a twin-tube single-coil MRD. The MRD arrangement 
with a copper alloy shield shows a significant overall improvement in the magnetic field 
strength.  
Gurubasavaraju et al. [27] compared experimental and computational methods to evaluate a 
twin-tube MRD and provided a computational alternative to experimental testing during the 
basic design stage. They initially characterized MRDs at 1,5 and 2,0 Hz for stroke lengths of 5 
mm and DC currents of 0,1 to 0,4 A. Under the same experimental conditions, they determined 
the DF using a coupled FEA and CFD analysis. They also used this computational approach 
to compute and display the DF at 1,5; 2,0; 3,0 and 4,0 Hz. The study showed computational 
results that agree with the conclusion that the DF is inversely proportional to the fluid flow gap. 
Cheng et al. [28] proposed an MRD using a meandering MC to improve DF performance. The 
MRD with a meandering magnetic circuit concept (MMCMRD) uses magnetic and 
nonmagnetic components to direct the MF. The MMCMRD increases the efficiency of the 
MRD, and the theoretical model accurately characterizes its DF performance. Aziz et al. [29] 
used CFD and FE to model the dynamics and DF of a shear-mode MRD. They determined the 
magnetic field-dependent shear stress of MRP60 based on the relationship between shear 
stress and magnetic strength.  
Shiao et al. [30] developed an adaptable valve for a train with an MRF control system. 
According to the modelling results, the temperature of the MRF increased but did not exceed 
operating limits. Hu et al. [31] created a volume-limited geometrically optimized MR valve. They 
combined the Taguchi orthogonal experiment and response surface methodology with a 
COMSOL FE model (FEM) for the optimization process. The DF of the MR valve-controlled 
cylinder system increased by 46 % at 1,25 A, from 2,50 to 3,65 kN, demonstrating RSM and 
optimal design. To examine the dynamic behaviour of multi-coil MRDs from micro to macro 
perspective, Yang et al. [32] designed and tested a three-coil MRD. They evaluated the 
performance of the three-coil MRD for varying currents, amplitudes, frequency ranges, and coil 
configurations.  
Gurubasavaraju [33] proposed modelling a double damper and evaluating its dynamic 
behaviour with ANSYS. They used FE analysis for electro-MC analysis and design. They 
computed the MF induced in the fluid region at various currents. 
The COMSOL software for engineers and scientists simulates interactions across all 
disciplines (heat transfer, vibration, fluid dynamics, structural dynamics, physics, 
electromagnetic response, magnetostatic concerns, etc.). It also provides users access to 
nearly every engineering simulation discipline required throughout any design process, such 
as structural analysis. Designers can also use its pre-processing capabilities to create 
geometry. Once the boundary conditions have been defined and the analysis has been 
completed, results obtained in COMSOL can be displayed in either numeric or visual 
representation. Vivekananda et al. [34] presented the FE study of an indigenously built, small-
scale MRD. They determined the MF via the FE model to understand the effect of MF inside 
the damper. 
The literature presents works based on a numerical/analytical approach, but most of them are 
not validated against experimental data. To fabricate a desired MRD for incorporation in civil 
engineering structure as a vibration control device, it is critical to understand the behaviour, 
performance, and parameters governing the performance of the MR damper since the device 
is aimed to dissipate the energy exerted on the structure by external sources. The discussed 
literature focused on the development and testing of MR damper but was limited to application. 
This study analyses a small-scale MRD using COMSOL Multiphysics to model and optimize 
its parameters. Specifically, it optimizes coil turns and current to obtain the maximum flux value 
that directly impacts the MRD’s performance. Finally, it incorporates the developed MRD into 
a 1:3 scaled-down reinforced concrete frame to study the frame’s ultimate load-carrying 
capacity subjected to a cyclic loading test. 
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2 Analytical approach  

2.1 3D and magnetostatic models of MRD 

The appropriate range of DF is a critical consideration when designing an MRD. Therefore, 
materials for various components of the MRD, such as the cylinder, piston, MRF, and piston 
rod, are chosen. The DF of the damper depends on the magnetic field; for this, the MC should 
have effective electromagnetic behaviour to function correctly. The cylinder and piston should 
be made of soft metals for increased magnetizability. A thorough literature analysis shows that 
low-carbon steel (SA-1018) is an excellent option for magnetic performance because of its low 
carbon content [35, 36]. 

 

Figure 1. Components of the MRD 

Table 1. Geometric properties used in the MRD model [34] 

Parameters 
Dimensions  

(mm) 

Inner diameter of cylinder 40 

Outer diameter of cylinder 44 

Cylinder thickness 2 

Annular gap 1 

Piston head 38 

Piston height 10 

Thickness of piston plate 5 

Figure 1 illustrates the schematic of the MC (magnetic circuit) loop in the proposed MRD, while 
Table 1 presents the dimensions of the prototype MRD used in the design. Figure 2 presents 
the 3D model of the MRD created in SolidWorks. The model comprises individual parts such 
as the cylinder, piston rod, piston head, and top cap, which are designed separately and then 
assembled to form the entire model. 

 1 
 2 

 3 

Piston pole Cylinder thickness 

Thickness of piston plate 

Fluid gap 

Piston height 

Piston head 

Magnetic field direction 

Inner cylinder diameter 

Outer cylinder diameter 
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Figure 2. 3D model of MRD in Solid Works 

The magnetic field created in the working fluid clearance region mainly determines the DF 
generated by the MRD. A 3D FEM (Magnetostatic) model is built and analysed [34]. Figure 3 
shows the meshed model after material attribution. Figure 4 presents the procedure employed 
in COMSOL for a magnetostatic analysis of the MRD [37]. 

 

Figure 3. Extra-fine meshing used in the model of the developed small-scaled MRD 

Many researchers have expressed an interest in this area and have conducted their 
investigations using the FE Method (FEM), which is used to model and design MRD [38, 39]. 
They examined its modelling from various design perspectives. This research has led to the 
development of numerous MRDs with different configurations, practical DF ranges, and 
operating principles. When designing the damper and calculating the pressure gradient of the 
flow through it, the quasi-static laminar flow of the MR-fluid is assumed to exist inside the 
damper. The magnetostatic analysis can identify the saturation phenomena in an MC. 
The magnetic field created in the working fluid clearance region mainly determines the DF 
generated by the MRD. A 3D FEM (Magnetostatic) model is built and analysed [34]. Figure 3 
shows the meshed model after material attribution. Figure 4 presents the procedure employed 
in COMSOL for a magnetostatic analysis of the MRD [37]. 

 

Figure 4. Procedure for magnetostatic analysis of MRD 
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It is necessary to make assumptions when generating a 3D model [40]. The following 
assumptions were made for this study: 

o The model is enclosed in an air medium for MF generation. 
o For the element to be visible, it must be located in the global XY, YZ, and XZ planes. 
o Only the element considered in the model can generate magnetic and electric fields. 
o This component cannot achieve structural, thermal, or piezoelectric effects. 
o Materials with only magnetic and electric characteristics (µo and µx) are used in the 

analysis. 

Except for the piston and MRF in the clearance area, which are both stationary components, 
all MR components are considered stationary. In 3D modelling, a variable coil turns 
electromagnetic coil such as 100, 200, 300, 400, and 500-turn electromagnetic coil modelled 
as a uniform portion represents the electromagnetic field for computing the MF density. The 
electrical current flowing through the coil must be varied to obtain the corresponding value of 
the MF density. It is ensured that the piston and cylinder materials are made of cast iron with 
a relative permeability of 5000 and that the electromagnetic coil has a relative permeability of 
1. The relative permeability of MRF is also considered as 1. Calculations in this study started 
with the magnetic permeability of space (µo) value of 4 x 10-7 H/m [41]. 

2.2 Physics involved in the simulation 

The simulations were run with the COMSOL Multiphysics and Electromagnetics physics 
modules. Maxwell’s equations adopted in COMSOL Manual [37] built a time-dependent solver 
based on the relationships given as the continuity equation for constant electric charge density: 

∇ ∙ 𝐽 = 0 (1) 

Ampere's law: 

∇ × H = 𝐽 (2) 

Where H denotes magnetic field intensity and J current density. 
MF density and magnetic field intensity are related by: 

𝐵 = 𝜇0𝜇𝑟𝐻 (3) 

Similarly, the relation between current density and electric field intensity is: 

𝐽 = 𝜎𝐸 + 𝐽𝑒 (4) 

According to these equations, μ0 and μr correspond to the material permeability and σ to the 
electrical conductivity of the material. The two potentials are derived from Gauss’s law: 

𝐸 = −∇𝑉    (5) 

and Faraday's law: 

𝐵 = −∇𝐴 (6) 

Where V denotes electric scalar potential and A magnetic vector potential. 
Finally, using COMSOL’s Multi-Turn Coil Domain interface, the J term from Equation 4 was 
calculated, with the value indicating the impact of the electromagnetic coil on the current 
density in the air: 

𝐽𝑒 =
𝑁𝑐𝑜𝑖𝑙𝐼𝑐𝑜𝑖𝑙

𝐴
∅ (7) 

Where N denotes the number of turns of the electromagnetic coil in the piston and Icoil applied 
current. 
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2.3 Total DF 

The DF of the magnetostatic model is estimated based on its magnetic field strength, 
determined at different current levels. Figure 5 shows the relationship between the yield shear 
stress (y) and the MF density (B) for the 132DG MRF manufactured by Lord Corporation [41]. 
Based on Figure 5, the yield shear stress for the MF densities is estimated from the 
magnetostatic analysis in the previous section and presented in Table 2. 
The total DF can be calculated by substituting this value into the following formulae. Equation 
2 states that yield stress and MF density are related: 

𝜏𝑦 = (6,9 ∙ 102) + (4 ∙ 104)𝛽 − (1 ∙ 105)𝛽2 + (9,1 ∙ 104)𝛽3 (8) 

 

Figure 5. Relationship between yield stress and MF density [34, 40] 

According to the Bingham plastic model developed by the plate model [42, 43], the DF, FD, is 
a sum of forces induced by yield stress Fτ and Fη as viscous components, i.e.: 

𝐹𝐷 = 𝐹𝜏+𝐹𝜂 

𝐹𝐷 = [(2,07 +
12𝑄𝜂

12𝑄𝜂 + 0,4𝜔ℎ2𝜏𝑦
) ∙

𝜏𝑦𝐿𝐴𝑝

ℎ
𝑆𝑔𝑚(𝜐)] + [(1 +

𝜔ℎ𝑣

2𝑄
) ∙

12𝑄𝜂𝐿𝑡𝐴𝑝

𝜔ℎ3 ] 
(9) 

where Q=Ap∙v is rate of volumetric flow, Ap=π/4(D2-do
2) = C/S area of the piston, D is piston 

diameter; d0 piston rod diameter, v piston velocity, τy yield shear strength of the MRF, η off-
state viscosity of the MRF (no magnetic field), L effective axial pole length, h annular gap, Lt 
total axial pole length, ω mean circumference of the annular flow path of the damper, and 
Sgm(υ) reciprocating motion of the piston. 
MR devices generate some frictional force (Ff) during operation and considered negligible. 
According to the literature [40, 42, 43]. Thus, DF is the sum of Fτ, Fη and Ff, denoted by the 
symbol FD: 

𝐹𝐷 = 𝐹𝜏+𝐹𝜂 + 𝐹𝑓 (10) 

Where 𝐹𝜏 denotes force due to yield stress, 𝐹𝜂 force due to the viscous component, and 𝐹𝑓 

force due to friction. 
The total DF in the MRD model is then calculated using Equation 10 and is tabulated in Table 
2. 
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3 Experimental validation of the MRD model 

3.1 Testing setup 

The MTS servo-hydraulic system shown in Figure 6 consists of a load cell, an accumulator, an 
actuator, a 3000-psi hydraulic power unit, a PC system loaded with MTS Suite software for 
system control, and a Data acquisition system (Flextest-40) system for real-time data 
collection. The actuator can generate a dynamic peak force of 1000 kN via the accumulator 
through the power unit in the frequency range of 0,1 to 2,0 Hz. The actuator’s maximum stroke 
length/amplitude, which can be manually or remotely regulated via the PC system, is ±127 
mm. The MTS system can perform bending, compression, dynamic testing, fatigue, fatigue 
and fracture, tension, stiffness, and strength measurements. Several excitation forms are 
available, such as Sine, True Sine, Triangle, Square, and Static loading, with an accuracy 
grade of 1 %. 

 

Figure 6. Experimental set up using a 311,31 MTS servo-hydraulic UTM 

The prototype MRD was fabricated according to the dimensions in Table 1 and the FEM model. 
Figure 7(a) shows the MRD’s components. MRF flows through the piston-cylinder clearance 
in the damper from the upper to lower chambers. In the Structural Engineering Laboratory, the 
prototype MRD was filled with LORD-MRF132DG in both chambers and then tested using the 
Servo-hydraulic MTS-UTM.  
The MRD was tested on the MTS servo-hydraulic system, which was mounted in the centre of 
the load cell and the cast-iron base, as shown in Figure 7(b). After testing, the MTS Test Suite 
software generated force-time, time-displacement, and force-displacement graphs. The built-
in software MTS Test Suite was used to control the test. Real-time data on force, displacement, 
and time were collected and analysed for different frequencies using the experimental setup 
with the MRD. The MRD’s performance was categorized based on displacement and 
frequency. 
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Figure 7. a) Components of designed and fabricated small-scale MRD; 

b) damper installation in MTS 

The test was carried out for 10 cycles with a maximum displacement of 15 mm in the MRD 
and an excitation frequency of 1 Hz. Following the Multiphysics simulation, the piston was 
wrapped with 500 turns of copper coil (16-AWG) and supplied with a varying DC input value 
of 0,5 to 2,0 A in increments of 0,5 A. The DC supply was set to 0,5; 1,0; 1,5, and 2,0 A using 
the test suit software, with a 15 mm stroke length cyclic excitation. The force versus 
displacement curve was used to analyse the dynamic behaviour of the MRD. 

 

Figure 8. MF lines in the piston of the MRD model 

 

Figure 9. Magnetic flux density induced by varying current for 100 and 200 coils 

  
 1 

  
 1 
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Figure 10. Magnetic flux density induced by varying current for 300 and 400 coils 

 

Figure 11. Magnetic flux density induced by varying current for 500 coils 

Table 2. Damping force corresponding to MF density and number of coils 

Coil turns Induced current (A) Magnetic flux (T) Force (N) 

100 

0,5 0,02 307,90 

1,0 0,05 439,40 

1,5 0,07 513,60 

2,0 0,09 578,80 

200 

0,5 0,05 439,40 

1,0 0,09 578,80 

1,5 0,13 708,29 

2,0 0,18 798,41 

300 

0,5 0,07 513,60 

1,0 0,13 708,29 

1,5 0,20 825,53 

2,0 0,26 890,52 

400 

0,5 0,09 578,81 

1,0 0,18 798,41 

1,5 0,26 890,52 

2,0 0,35 939,43 

500 

0,5 0,11 671,77 

1,0 0,22 805,69 

1,5 0,33 922,54 

2,0 0,44 989,36 

  

 1 
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Table 3. Damping force with a similar magnetic flux density and variation in coil 
numbers 

Magnetic flux  
(T) 

Damping Force 
(N) 

Similarity 

0,05 439,40 100 coils with 1A and 200 coils with 0,5A 

0,07 513,60 100 coils with 1,5A and 300 coils with 0,5A 

0,09 578,80 100 coils with 2A, 200 coils with 1A and 400 coils with 0,5A 

0,13 708,29 200 coils with 1,5A and 300 coils with 1A 

0,18 798,29 200 coils with 2A and 400 coils with 1A 

0,26 890,52 300 coils with 2A and 400 coils with 1,5A 

The relationship between the number of coils and the input current used in the piston and the 
generation of DF is presented in Table 2. It has been found that a smaller number of coils with 
a higher current can produce the same MF and DF as a larger number of coils with a lower 
current. For example, 100 coils with a current of 1 A produce 0,05 T, resulting in a DF of 439,4 
N. This is equivalent to the DF produced by 200 coils with a 0,5 A current. Such examples can 
be seen in Table 3, which contains the simulation results. Similar results on how the current 
affects the MF in the damper can be observed in the studies conducted by Purandare et al. 
[22], T. M. Gurubasavaraju et al. [27], and Guoliang Hu et al. [31]. It has also been found that 
as the number of turns on the coil and the current increase, so do the MF and DF (Figures 12 
and 13). Maximum MF was achieved at 2 A current and various coil turns. Based on the data 
collected, it is possible to conclude that the relationship between the MF generated by the 
number of coil turns and the current, MF, and DF generated is directly proportional. By applying 
a current of 2 A to 500 turns of the coil, the simulation produced a maximum DF of 989,36 N, 
resulting in an MF of 0,44 T. The overall increase in MF and DF is presented in Table 4. 

 

Figure 12. MF generated by current input and coil 

 

Figure 13. Damping force generated by current input and coil 



Vivekananda Sharma, S. et al. 
Performance Evaluation of a Small-Scale Magnetorheological 

damper for Civil Engineering Applications 

 

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

 

Page | 55  

 

Table 4. Increase in DF and MF 

Current induced (A) Coil numbers 
% of magnetic 
flux increased 

% of damping 
force increased 

 
0,5 

200 60,00 29,92 

300 71,43 40,05 

400 77,78 46,80 

500 83,34 53,47 

 
1,0 

200 44,45 24,08 

300 64,29 37,96 

400 73,70 44,96 

500 79,17 48,81 

 
1,5 

200 50,00 27,48 

300 66,67 37,78 

400 75,00 42,32 

500 79,41 44,32 

 
2,0 

200 52,63 27,50 

300 67,86 35,00 

400 76,31 38,39 

500 80,85 41,49 

Based on the numerical model, 500 turns of the copper coil and varying currents from 0,5 to 
2,0 A were used for the validation. The experiment was performed with 15 mm displacement 
and a fixed frequency of 1 Hz. The built-in DAQ system (Flextest-40) of the MTS suite recorded 
the experimental DF, piston rod displacement, and time for completion for the specified number 
of cycles. The MRF had to be filled with care to avoid air bubbles. The annular gap controlled 
the flow of fluid between the chambers. Depending on the first starting stroke, MRF flowed 
from the upper chamber to the lower chamber as the piston rod of the MRD began to excite. It 
was assumed that the compression stroke would be the negative cycle and the positive stroke 
would be the positive cycle. Upon excitation, the volume displaced by the piston rod equalled 
the fluid flow over the annular gap from the upper reservoir to the lower reservoir. The force-
displacement relationship for the entire cycle is presented in Figure 14 for a range of currents 
while keeping the displacement at 15 mm and a constant frequency excitation at 1 Hz. It was 
observed that the force produced by 15 mm piston displacement increased with its velocity. 
When the frequency was high, the size of the F-D plot in the area right before yielding 
increased noticeably. The smooth curve of the F-D plot shown in Figure 15 was due to the 
absence of air bubbles inside the MRD, possibly due to the careful filling of MRF in the 
chamber. Similar smooth curves were observed [44-47]. 

Figure 14. Force-displacement plot for a displacement of 15 mm 
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Figure 15. Force-velocity plot for a displacement of 15 mm 

The test was executed as displacement and excitation frequency control with current 
fluctuation. Hence, the relationship between frequency excitation and velocity was established 
manually from real-time data collected by the DAQ system. Figure 15 shows a velocity plot of 
the data collected for all negative and positive cycles. The velocity of the piston was estimated 
using real-time data from a DAQ system connected to a computer via MTS Suite and was 
found to be 52,284 mm/s for the excitation frequency of 1 Hz. The velocity profile was assumed 
to remain unchanged during the experiment even though the current was varied. It was also 
observed that the positive and negative cycle forces increased as the current increased while 
keeping the same velocity of 52,284 mm/s. 

 

Figure 16. DF for varying current 

The response forces resulted in two distinct cycles due to the excitation frequency, namely a 
negative cycle when the piston moved downwards and a positive cycle when the piston moved 
upwards. Maximum forces for the negative cycle were recorded as 330,69; 582,27; 419,35; 
and 448,29 N for currents of 0,5; 1,0; 1,5 and 2,0 A, respectively. Similarly, for the positive 
cycle, maximum forces were 368,56; 301,43; 512,28 and 556,34 N for currents of 0,5; 1,0; 1,5 
and 2,0 A, respectively. The variation in damping forces in different cycles is plotted in Figure 
16 for clarity. Variations in forces occurred in response to increases in current caused by shear 
thinning and shear thickening inside the MRD. A similar phenomenon has been reported [45-
50]. It was also inferred from Figure 13 that maximum damping force was developed in the 
negative cycle, i.e., when the piston was moving downwards, which corresponded to the shear 
thickening phenomenon governing this study. 
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Figure 17. Total DF for varying current 

The total DF produced by the small-scale MRD was the sum of the maximum forces acting in 
the negative and positive cycles throughout the test [48-52]. Figure 17 shows the overall DF 
produced by the small-scale MRD with a maximum displacement of 15 mm under various 
current conditions. Maximum DF of 699,25; 833,43; 931,63; 1004,63 N were observed for 
currents of 0,5; 1,0; 1,5 and 2,0 A, respectively. It was also inferred from the plot that fixed 
excitation frequency and displacement resulted in increased DFs with increased current. As 
the current increased, the DF of the designed small-scale MRD increased noticeably. 

 

Figure 18. Comparison between the experimental and analytical models 

The overall DF of the developed MRD was compared to the analytical results obtained using 
the numerical solution and FEM solution. Figure 18 compares experimental and analytical 
model data to confirm comparable behaviour that showed the force increased with increased 
current. Similar to [45] the analytical and experimental model curves were smooth and grew 
similarly, although an error percentage of less than 5 was observed. The percentage of error 
in total DF for the analytical and experimental model is presented in Table 6. To summarize, 
one of the most notable findings of this study was that increasing the coil turn and current for 
constant frequency excitation resulted in an increase in the associated DF, which was related 
to a higher velocity and damping coefficient. The FEM (COMSOL) model produced 989,36 N 
at 1 Hz, while the experimental model produced 1004,63 N. 
According to [52, 53] one simple approach to reducing structural vibration is the installation of 
extra-damping devices. This technique uses the structure’s natural motion to generate 
displacements within the MRD’s part. These devices should respond by applying strong DFs, 
distributing energy evenly across the system [49]. Experiments were conducted in which a 

Experimental 
 

Analytical 
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constant sinusoidal excitation, constant displacements, and varying current were used to 
investigate the energy dissipation caused by the newly constructed small-scale MRD. 

 

Figure 19. Energy dissipation in MRD 

The total energy absorbed by the MRD devices during a typical vibration cycle while the MRD 
was operating in a constant magnetic field was used to evaluate the effectiveness of the small-
scale MRD. This calculation was done with the MRD operating in a constant magnetic field 
[54]. The MRD formed a hysteresis closed-loop force-displacement curve, allowing efficient 
cyclic energy dissipation across all varying currents [51-54]. The energy dissipation of the 
designed small-scale MRD was computed as a single cycle using the area enclosed by a 
hysteresis closed loop [44, 46] and an average of 10 complete cycles at 1 Hz, 15 mm, and 0,5-
2,0 A. A hysteresis F-D closed loop was used for calculating energy dissipation. Figure 19 
shows the energy dissipated at the highest cycle among the 10 cycles with varied currents 
generated for 15 mm displacement. Figure 19 shows that energy dissipation increased with 
current. The small-scale MRD could control structure vibrations with this information. 
For the maximum displacement of 15 mm available in the MRD and excitation frequency of 1 
Hz, the energy dissipation ranged from 20,89; 25,62; 27,98 and 30,38 J, corresponding to 
currents of 0,5; 1,0; 1,5 and 2,0 A, respectively. Energy dissipation was proportional to current, 
with a maximum increase observed when the current was increased while displacement and 
excitation frequency remained constant at 15 mm and 1 Hz.  
The validated results for the small-scale MRD in the present study were compiled for clarity in 
Table 5. 

Table 5. Compiled results for the developed MRD 

Coil 
turns 

Current 
DF 

Numerical 
(N) 

DF 
(+Ve) 

DF 
(-Ve) 

DF 
Experimental 

(N) 

% 
Variation 

Energy 
dissipated 

(J) 

500 

0,5 671,77 330,69 368,56 699,25 3,92 20,89 

1,0 805,69 582,27 301,43 833,43 3,33 25,62 

1,5 922,54 419,35 512,28 931,63 1,01 27,98 

2,0 989,36 448,29 556,34 1004,63 1,51 30,38 

4 Experimental testing of reinforced concrete frames with and without MRDs 

The test specimen in this investigation was a reduced-scale (1:3) single-story and single-bay 
RC frame similar to an internal bay at the ground-story level of the prototype frame. The 
support condition of the specimen was fixed, and seismic load was applied. All members of 
the prototype frame were designed and detailed according to the Indian Standards provisions 
IS 456:2021. High-yield strength Fe-500 steel bars were used for the longitudinal and 
transverse reinforcement of all specimens. The yield strength and ultimate strength of 
longitudinal and transverse steel bars were 554,65 N/mm2 and 670,69 N/mm2, respectively, 
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for 8 mm diameter rods and 557,26 N/mm2 and 676,84 N/mm2, for 10 mm diameter rods, as 
per the specifications in the IS456:2021 code. The frame was constructed using an M20 mix 
design in accordance with the specifications in IS 10262:2019. The properties of materials 
used in casting frames are presented in Tables 6-9. The dimensions and detailing of the 
reinforced concrete (RC) frame are shown in Figure 20. 

Table 6. Properties of PPC 

Table 7. Physical properties of the aggregates 

Property Coarse aggregate Fine aggregate 

Specific gravity 2,700 2,65 

Water absorption (%) 0,340 1,12 

Bulk density (kg=m3) 1,485 1,62 

Table 8. Properties of rebar 

Size Yield Strength (N/mm2) Ultimate Strength (N/mm2) Elongation (%) 

8mm 554,65 670,69 20,53 

10mm 557,26 676,84 25,81 

Table 9. Mix design for M20 

Materials Quantity 

Cement 396,62 

Fine Aggregates 572,69 

Coarse Aggregates 1172,86 

Water 189,91 

 

Figure 20. Geometric properties of the RC frames [dimensions in mm] 

Physical properties Observed values Desired values 

Standard consistency 28,5 % — 

Initial setting time 130 min > 30 min 

Final setting time 225 min < 600 min 

Compressive strength 3 day 28,1 MPa > 23 MPa 

7 day 38,3 MPa > 33 MPa 

28 day 48,1 MPa > 43 MPa 
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Figure 21. RC frames tests: a) without damper; b) with MRD 

Two tests based on cyclic loading were conducted to investigate the effect of inserting an MRD 
in the frame. Figure 21 shows the experimental setup for an RC frame with and without a single 
MRD at L/3 from the beam-column. The setup included a lateral load applied to the beam level 
RC frame and cyclic forces mainly affecting the floor level through the hydraulic actuator. The 
actuator had a compressive or tensioning force of 50 kN and a stroke of 125 mm. The loading 
frame had a capacity of 250 kN. Transducers in the MTS (FLEXTEST-40) DAQ system 
measured actuator piston force and displacement.  
For cyclic loading, an actuator and LVDTs were used. The actuator measured the lateral force 
applied to the frame, while LVDTs at the column midpoints measured the displacement 
response. The actuator moved in 25 mm increments, and the LVDT tip was 50 mm from the 
column face. LVDTs were located along the height of the frame columns for all specimens, as 
shown in Figure 21. 

 

Figure 22. Force-displacement response of the tested frames 

The tests showed that placing an MRD on the frame increased its load-carrying capacity. The 
cyclic test found that a frame with an MRD performed better than a bare frame by showing 
higher load-carrying capacity. Figure 22 shows the force-displacement curve based on the 
experimental observations for frames with and without an MRD. This vibration control method 
increased the ultimate load-carrying capacity of a frame with MRD compared to a bare frame 
specimen. The maximum load-carrying capacity of the frame with an MRD was 5,99 kN during 
positive cycles and 6,62 kN during negative cycles. This was 20,16 % higher for the positive 
cycle and 18,82 % higher for the negative cycle than the load-carrying capacity of a bare frame. 
The ultimate load-carrying capacity for the bare frame and the frame with the MR damper was 

  
 1 
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10,03 kN and 12,61 kN, respectively, representing a 19,49 % overall increase in load-carrying 
capacity. 
The stiffness degradation of the specimens was analysed, and it was found that the initial 
stiffness of the frame with MRD was higher than that of the bare frame specimen. The 
experimental test showed a maximum stiffness of 0,479 for the frame with MRD and 0,346 for 
the bare frame. The highest stiffness was observed when the displacement reached 5 mm 
(initial), but it decreased as both the displacement and the number of cyclic excitations 
increased. Figure 23 shows the plot of the stiffness degradation in the specimens. The energy 
dissipating (ED) capability of a structure is important for evaluating its performance under 
seismic excitations. Therefore, ED without significant loss of stiffness or strength indicates the 
structure’s capability. A structure can dissipate more energy by providing enough inelastic 
deformation in a critical area, enough connection ductility, or adding additional devices. The 
ED capacity is defined as the area under the hysteresis loop for each load cycle. Cumulative 
ED can be calculated from the maximum area under the force-displacement curves of test 
specimens [55, 56]. Figure 24 shows the cumulative energy dissipated by both frames. 

 

Figure 23. Stiffness degradation of the tested frames 

 

 

Figure 24. Energy dissipation in the tested frames 

Table 10 presents the load-carrying capacity and energy dissipation results of the two tested 
frames with a comparison of results. 
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Table 10. Compiled results for tested frames 

Specimen 
+ve Cycle 

(kN) 
-ve Cycle 

(kN) 
ED  

(kNmm) 

Cumulative 
Increased 

Force  
(%) 

Cumulative 
Increased 

ED (%) 

Bare Frame 4,74 -5,29 55,52 0,00 0,00 

Frame with MR damper 5,99 -6,62 73,95 19,49 24,92 

 

5 Conclusions 

This study demonstrates the potential of using COMSOL software to model and optimize MRD 
for vibration control in structural applications. The findings show that optimizing various 
parameters, such as coil turns and current, can achieve the maximum MF value in the MRD. 
MRDs are known for their ability to provide adaptive and controllable damping characteristics, 
making them highly suitable for applications that require precise control over vibrations and 
displacements. 

o The analytical simulation shows that the MF density is directly proportional to the 
number of coil turns and induced current. A maximum MF of 0,44 T was generated with 
500 turns of coils and 2,0 A induced current.  

o The maximum damping force at 2,0 A with 500 turns of coils was 1004,63 N for the 
experimental model and 989,36 N for the analytical model, with a difference of 1,54 %. 

o The highest energy dissipated by the MRD with 2,0 A and 500 turns of coils was 30,38 
J, which is 31,23 % higher than that of the MRD with 0,5 A and 500 coils.  

o With an MRD, the frame could carry 5,99 kN during positive cycles and 6,62 kN during 
negative cycles. 

o An MRD increases the positive cycle load-carrying capacity by 20,16 % and the 
negative cycle by 18,82 %. 

o The frame with the MRD has a 19,49 % cumulative increase in load-carrying capacity 
from 4,74 to 5,99 kN in the negative cycle and from 5,29 to 6,62 kN in the positive cycle. 

o The frame with the MRD has a 24,92 % cumulative increase in energy dissipation, from 
53,52 to 75,95 kNmm. 

The study’s experimental and numerical results agree with the developed MRD, indicating the 
model’s accuracy. When incorporated in the Reinforced cement concrete frame (RCC), the 
frame with MRD performs significantly better than the bare frame, which directly implies the 
advantages of MRD in the frame structure. This research provides valuable insights into the 
optimization and validation of MRD, which can lead to their better performance in practical 
applications in civil engineering structures.  
Future research on the current investigation could entail the utilization of a greater number of 
MRD positioned at various locations within the framework rather than confining them solely to 
the current placement site. Implementing and using different accumulator mechanisms can 
significantly enhance the performance of the MRD and frame specimens.  

Abbreviations 

A Ampere 
DF Damping Force 
FD Force displacement 
FEM Finite Element Method 
MC Magnetic Circuit 
MF Magnetic Flux density 
MRD Magnetorheological Damper 
MRF Magnetorheological Fluid 
T Tesla 
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