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The railway pad plays an irreplaceable role in isolating the vibration and noise from
rail/wheel interaction in railway components. A railway pad with variable stiffness and
damping properties can adapt to various railway operating conditions for
suppressing of railway noise and vibration. Unfortunately, to meet the practical
requirements in railway fastening systems, which the railway pad should be able to
bear heavy loads with low stiffness, both the material development and structural
design need to be addressed for the application of magnetorheological elastomer
(MRE). In this work, an MRE railway pad is designed, developed and experimentally
tested. As illustrated by experimental results, the obtained MRE materials illustrate an
obvious magnetorheological effect with the highest efficiency of 171% on storage
modulus and 70% on loss factor. Coupling with the magnet controlling unit, the MRE
railway pad is capable to control the stiffness and damping property under high loads.
By adjusting the coil's current from O A to 5 A, its static stiffness exhibits an
enhancement from 37.9 kN/mm to 68.4kN/mm, and the damping property
increases from 8776.3 Nes/m to 10866.3 Nes/m. These results in this study are
not only a successful demonstration of delivering a tunable stiffness and damping
capability of the railway pad, but also pave the way for the development of MRE
materials to achieve more rational applications.

KEYWORDS

magnetorheological elastomer, tunable stiffness, damping properties, railway pad, railway
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1 Introduction

Railway transportation systems are well developed and widely applied to meet high
demands from fast growth of population, due to its freight capacity, high efficiency and
minimal environmental impact (Ph Papaelias, M., et al., 2008; Gao, X, et al., 2019). A well-
known issue in the railway systems, especially in the high-speed railway, is vibration, which
causes two distinct effects, wayside noise and track vibration. These negative effects are not only
deteriorating the wellbeing of residents living near to railway, but also shortening the life cycle
of railway components, such as wheel polygonization and track irregularity. In addition, the
increasing train speed and loads causes a higher dynamic force on wheel/rail interactions as well
as noise and vibration.
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TABLE 1 Composition of MRE railway pad.

Materials W1t% (phr)

110 Silicone Gum 83
Dihydroxydiphenylsilane 4
CIP 70
Iron oxides 5
Benzoyl peroxide 0.7
Divinyl tetramethyl disiloxane 8

It is well known that the structural stiffness beneath the rail is the
main factor in noise and vibration (Sol-Sdnchez, M., et al., 2015). In
common a high-speed slab track system, the low stiffness rail pad is
applied to overcome the shock load from wheels to track structures,
and therefore to isolate track vibrations response from wheel rolling
(Sainz-Aja, J. A., et al,, 2020). However, the unreasonably low stiffness
may bring the violent wheel/rail interactions when the critical speed is
more than 150 km/h, especially in the presence of track irregularity
with high amplitude (Khajehdezfuly, A. 2019; Maes, J., et al., 2006).
For a traditional railway pad, its stiffness is fixed after structural design
and installation, which cannot adapt to the various working
conditions, such as different track irregularities, train operation
speed and loading weight. Hence, a desirable stiffness of railway
pad could be capable of adapting the different track styles, trans
weights and damping needs.

A novel material, so called magnetorheological elastomer (MRE),
exhibits a unique mechanical property which can change its Young’s
modulus, natural frequency and damping capacity under the external
magnetic field, because of as the magnetorheological (MR) effect
(Ahmad Khairi, M. H., et al.,, 2019; Schubert, G. and Harrison, P.
2015; Li, S., et al,, 2020; Yu, Y., et al,, 2019). This unique rheological
property is due to the presence of ferromagnetic particles in the rubber
matrix, in which the suspended particles induce magnetic interaction
and stress transfer via the external magnetic field (Chen, L., et al., 2007;
Makarova, L. A., et al., 2019). The alteration of MRE materials into
traditional devices could improve its adapting performance or extend
its engineering applications, such as vibration isolators, vibration
absorbers, sensing devices, actuators and magnetic pumps (Liu, C.,
et al,, 2020; Yu, Y., et al,, 2020). Based on the special feature of MRE
materials, whose stiffness and damping properties differ according to
the external magnetic field, tunable vibration isolators are developed
and demonstrated in many studies (Yu, Y., et al., 2016; Behrooz, M.,
etal., 2014; Li, W, et al., 2012; Bastola, A. K. and Li, L. 2018). Sun, S. S.,
et al. (2014) develops an adaptive tuned MRE absorber, whose natural
frequency can shit form 37 Hz to 67 Hz working in squeeze mode.
This kind of adaptive tuned MRE absorber has more active range than
the passive absorber. For large-scale building isolation, a series of
laminated MRE isolators are reported with an maximum percentage
increase of 38% on the stiffness and damping ratio in the shear
deformation (Li, Y., et al, 2013; Li, Y., et al,, 2013). The MRE
isolator is also designed in shear-compression mixed mode. The
small-scale porotypes illustrate a superior changeable capability, of
which the natural frequency, stiffness and damping can increase to
103%, 329.63%, and 180.31%, respectively. An MRE rubber train joint
is demonstrated by Sun, S., et al. (2017), with MRE materials, this train
rubber joint exhibits various stiffness to adapt to the track trafficability
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FIGURE 1
The design and structure of MRE railway pad.

and high-speed stability. Umehara and Mitsumata propose a kind of
railway actuator with tunable stiffness made of MRE materials, which
is mounted between the bogue frame and the axle box of the railway
vehicle. When the test vehicle runs at a speed of 15 km/h, the results
reveal that the lateral force between the rail and wheel is reduced by
20% under the external magnetic field (Yasuhiro, et al., 2018).

Integration of the MRE materials into the railway fastening system
as railway pads is a novel approach to endow its capability of tunable
stiffness/damping properties. The MRE prepared with liquid
precursors is preferred since soft elastomeric matrixes provide less
resistance against particle movement. Although MRE rubbers
fabricated with such methods normally shows a higher MR
efficiency compared with other types of rubber matrixes, it is
restricted for rational applications because of their limited bearing
capacity (Shuib, R. K., et al., 2015; Yoon, J.-H., et al., 2022). Therefore,
both the material development and structural design are equally
essential to develop the MRE railway pads in the railway fastening
system, where the loads as high as 55 kN are applied. In this work, an
MRE railway pad is proposed and fabricated based on thermal plastic
silicone vulcanizate matrix, and then a magnetic controlling unit is
designed to adjust the magnetic field. According to working
requirements of railway pads, the tunable capabilities on stiffness/
damping properties of the MRE railway pad are investigated via
experimental measurement.

2 Materials and preparation

The components used for the fabrication of the MRE railway pad
includes 110 silicone gum, dihydroxy-diphenylsilane, carbonyl iron
particles (CIP, CD grade, BASF), Iron oxides, benzoyl peroxide,
divinyl tetramethyl disiloxane. The weight concentration of all
components is listed in Table 1. There are three steps in
fabricating procedures of the MRE railway pad: mixing, magnetic
alignment and vulcanization. The 110-silicone gum is firstly put into a
Banbury mixer for 2 min at 60°C with a rotation speed of 40 rad/min.
Then, the weighted dihydroxydiphenylsilane, CIP and divinyl
tetramethyl disiloxane are gently added into a mixer, and mixed
for 5 min. The compounded rubber is obtained after another 4 min
mixing with the addition of benzoyl peroxide, divinyl tetramethyl
disiloxane. The compounded rubber is further mixed by a double roll
milling machine at a temperature below 55°C. In the magnetic
alignment step, the compounded rubber is compressed into a
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FIGURE 2
DMA measurement (A) and clamps (B) of MRE materials.
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designed mold and then put the whole mold into an external magnetic
field to align the CIP along the vertical direction and chain-like
structures for 30 min. Finally, the MRE railway pad is obtained by
vulcanization of molded rubber with compressive stress of 15 MPa at
160°C for 10 min.

In order to bear the heavy load with low stiffness for the application to
the railway fastening system, the structure of MRE railway pad is designed
as a double-layer hemispherical bump structure, as shown in Figure 1. The
diameter of the hemispheres is 10 mm, the spacing between adjacent
hemispheres is 1.8 mm with the diplarthrous arrangement. The
thickness of the plate layer is 3mm, the hemispherical bumps are
symmetrically arranged on both sides, and the total thickness of the
backing plate is 13 mm. The designed structure can fulfil the free
deformation on lateral direction by compressive loads.

3 Results and discussion

3.1 Rheological measurement of MRE
materials

The rheological properties of the MRE material samples are examined
by a commercial dynamic mechanical analysis (DMA) instrument (Q800,
T.A. instruments) in compressive mode. When the ideal viscoelastic
material is subjected to sine-wave stress, the stress response behavior is
nether the ideal elastic solid nor the ideal viscous liquid. In this moment
the relationship between stress and strain can be described as:

& = g sin(wt) (1)

0 = 0y sin(wt) cos(8) + 6, cos(wt) sin (8) (2)

where the ¢ is strain amplitude, w is angular frequency and o is stress
amplitude (Moreno, M. A, etal., 2021). By substituting the equation of
storage modulus E; = g¢/¢ cos (), loss modulus E, = /g sin (6),
loss factor 5 = g—f =tan (J), and the Eq. 1 into Eq. 2, the rheological
properties of the MRE material can be expressed as follows:

o =E;e+Ew¢ (3)

To exert the external magnetic field, a home-made clamp is
designed and installed in the DMA instrument, as shown in
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Figure 2A. This testing clamp is consisted of a magnetic induction
frame (low-carbon steel), cylinder core (low-carbon steel), cooper coils
(self-adhesive coils), piston rod (low-carbon steel) and top cover plate
(low-carbon steel), as illustrated in Figure 2B. In addition, the steel
frame is fastened on the DMA base and the piston rod is connected to
the aluminum loading bearer. The external magnetic is applied by a
DC-regulated power supply and controlled by adjusting the coil
current. The MRE specimens are cut into small cylinders with a
size of 9 mm diameter and 2 mm height for DMA measurements. The
dynamic properties dependent on the frequency of the MRE
specimens are investigated under a static load of 2 N and dynamic
amplitude of 2 um from 1 to 100 Hz at room temperature. Frequency
dependences of the storage modulus and loss factor are shown in
Figure 3, measured at different coil’s currents. With the excitation
frequency of dynamic load varying from 1 to 100 Hz, the storage
modulus has an obvious enhancement. Similarly, a slight increasement
from 0.25 to 0.35 in loss factor is observed without any external
magnetic field. By introducing the external magnetic field, both
storage modulus and loss factor are enhanced for all excitation
frequencies, which is due to the MR effects.

Based on the relationship between the storage modulus/loss factor
and current in coils, the MR efficiency can be calculated as:

G-G
estoruge = G_o 0 x 100% (4)
tan 0’ — tan 0 )
elossfactur = tan 0 x 100% (5)

where esorage and ejoss factor are the MRE efficiency of storage
modulus and loss factor of MRE specimens, respectively; G and
Gy are the storage modulus with external magnetic field and initial
storage modulus, respectively; tan 6’ and tan 6 are the loss factor
with and without external magnetic field, respectively (Gong, X. L.,
etal., 2007). The relationship between MR efficiency and current is
shown in Figure 4. The MR efficiency of storage modulus illustrates
a similar trend for all excitation frequencies, and it linearly
increases by enhancing the current from 0 to 1.6 A. The
maximum MR efficiency of storage modulus reaches 171 % at
100 Hz with 1.6 A. In addition, the MR efficiency of loss factor
increases with the growth of external magnetic field. However, in
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FIGURE 4

MR efficiency of Storage modulus (A) and loss factor (B) of the MRE specimen at different current.

contrast of storage modulus, the loss factors are dependent on both
the frequency and the intensity of the external magnetic field,
which it is observed a higher MR efficiency at high frequency range.
The maximum MR efficiency of loss factor reaches 70 % at 100 Hz
with 1.6 A. The results indicate that the obtained MRE railway pads
could change their stiffness and damping properties by meet the
demand of magnetic field.

3.2 Structural design of magnetic controlling
unit based on MRE railway pad

For all components in track structures, the rail fastening system
provides vibration insulation through the railway pad, which is
installed between the rail and the sleeper. In this regard, a
magnetic controlling unit is designed as shown in Figure 5. This
magnetic controlling unit couples an MRE railway pad instead of the
traditional railway pad to deliver the capability of tunable stiffness and
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FIGURE 5
Design and structure of railway fastening system with MRE railway
pad and magnetic controlling unit.
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FIGURE 6
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Design and structure of magnetic controlling unit coupled with MRE railway pad.
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Steel frame Magnetic circuit

TABLE 2 Structural parameters of magnetic controlling unit.

Structural
parameters

Coil parameters

Width of steel frame 50 mm Number of coil turns 800
Length of steel frame 150 mm Current 0-5A
Height of steel frame 50 mm Height of coil 50 mm
Height of steel base 30 mm Width of coil 23 mm
Height of MRE railway pad 13 mm Thickness of coil bobbin 2 mm
Height of top plate 30 mm Air gap 0.5 mm

damping performance as illustrated in Figure 6. Apart from copper
coils and aluminum coil bobbin, all parts are made of #10 steel to be
rigid under heavy load.

Magnetostatic analysis of the whole device is also carried out to
further examine the capability to adjust the required magnetic flux
density through the MRE railway pads. For this purpose, the finite
element method (FEM) is utilized to analyze the strength and
distributions with solid96 elements via the commercial software

ANSYS. The structural parameters of all parts, including the top
plate, steel frame, steel base, MRE railway pad, coils and coil bobbins in
the designed device are listed in Table 2. The relative permeability of
the MRE railway pad is set to three under the ambient conditions (Fu,
J., etal., 2013). The distribution of magnetic flux density at the current
of whole devices at 1 A and 5 A is revealed in Figure 7. It is obvious that
most of the magnetic field circulation is concentrated inside the
structure as well as the distribution of the magnetic flux through
the MRE railway pad is uniform. A slight magnetic field leakage is also
found, while its value only reaches 0.27% to 1.45% on the MRE railway
pad area. The magnetic flux density on the MRE railway pad increases
with the enhancement of the coil current. The magnetic flux density on
the MRE railway pad could be turned to 0.89 T by set the coil current
to 5 A. Based on the simulation results, the designed structure of the
electromagnetic device is capable to provide the desired magnetic flux
density through the MRE railway pad as well as to minimizing the
magnetic leakage.

3.3 Stiffness measurement

The static stiffness of the MRE railway pad is investigated by an
electro-hydraulic-servo mechanical test system (322.25 load units,

FIGURE 7

Magnetic field simulation of magnetic controlling unit coupled with MRE railway pad at 1A (A) and 5A (B).

I - =ew 2 N
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MTS systems corporation). In the test procedure, the compressive load
is applied at a rate of 60 kN/min from 0 kN to 55 kN three times, and
holds for 1 min between every load loop. Six currents ranging from 0 A
to 5 A are applied during the stiffness measurement. The third loading
curve at different currents is illustrated in Figure 8A. It is obvious that
the vertical displacement decreases with the enhancement of the
applied magnetic field, resulting in the increasement of the static
stiffness.

According to TB/T 3395.1-2015 standard (Fastening system for
high-speed railway Part 1: General requirement), a clipping force is
applied on the railway pads by rail clips after the fastening system is
assembled. Therefore, the railway pad receives a preload (Fj.) of
20 kN without the train passing by. When the train passes through the
fastening system, the train’s loads are distributed to the railway pad via
the rail (Knothe, K., et al., 2003). The average wheel weight (Fyneelioad)
of high-speed trains, for instance, is 70 kN with a load distribution
coefficient (&) of 0.5 for a single fastening system, and at this moment
the working load (Fuorking) of the railway pad is:

Fwarking = Lpre ta- theelluad = 55kN (6)

Therefore, the secant stiffness from 20 kN to 55 kN is commonly
considered as the static stiffness of railway pad to evaluate the stiffness
properties of railway pad, which can be represented by (Li, S., et al.,
2020):

Ky = Fssin — Faorn )
Dssinv — Daokn
Where Dssiy and Dagky are the displacement measured under the force
of 55 kN and 20 kN, in the third loading cycle, respectively. Figure 8B
indicates that the static stiffness linearly enhances with the increasement
of coil’s currents. This is due to the MR effect on the MRE railway pad
under the external magnetic field. Compared with the initial stiffness of
37.9 kKN/mm without any external magnetic field, the maximum static
stiffness of MRE railway pad reaches 68.4 kKN/mm at 5 A, increasing by
80.5%. These results confirms that the tunable stiffness unit can change
the stiffness properties of the railway fastening system. By further
designing both the morphology of the MRE railway pad and structure
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of the whole unit, a more rational elastic pad which can sustain the heavy
load with low stiffness can be developed.

3.4 Dynamic characteristics

The dynamic characteristics of the MRE railway pad are
measured by a home-made instrument based on the single
degree of freedom system as illustrated in Figure 9. The whole
test system consists of an impact hammer, two bolts, two
decoupling springs, an excitation block, several acceleration
sensors, a concrete block and four spring vibration isolators.
The MRE rail pad and magnetic controlling unit are placed
underneath the center of the excitation block, the bolts are
screwed up until the preload of excitation block reaches 20 kN
to simulate fastened condition of the railway fastening system.
During the measurement, an impact hammer with a Nylon head is
used to stamp the center of the excitation block, which can acquire
full resonance peak of excitation block within 1500 Hz. In the
meanwhile, the excitation and acceleration signals are
simultaneously recorded by a data signal-collecting device. The
time-history curves of the excitation block after hammer stamped
is illustrated in Figure 10A. By adding the coil’s current in magnetic
controlling unit, the peak value of acceleration response obviously
descends with higher attenuation rates compared with zero
current. This result indicates that the dynamic stiffness and
damping properties of the MRE railway pad are increased by
enhancing the coil’s currents.

In order to extract the dynamic stiffness and damping constant,
the frequency response curves are employed as shown in Figure 10B.
The whole system can be simplified as the elastic and dashpot
components of a mass-spring-damper single degree-of-freedom
system in this condition (Zand, J. v. t. 1994; Kaewunruen, S. and
Remennikov, A. 2021; Zhang, X, et al., 2020). In the vertical direction,
the dynamic characteristics of the MRE railway pad can be described

by a classic motion equation:

f ()= myi + % + kpx (®)
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The experimental setup for characterizing the damping properties MRE railway pad with magnetic controlling unit.

Acceleration (m/s?)

-60 T T T
0.02 0.03

Time (s)

T
0.04 0.05

FIGURE 10

w
=]
w
o

0.30 4

o
N
a
1

0.15 4

Acceleration admittance (m/s¥N)
° o
> S
L 1

o
=}
a

T T T T T T T T T T
430 440 450 460 470 480 490 500 510 520
Frequency (Hz)

The acceleration (A) and frequency response function (B) of the MRE railway pad with different coil's currents.

where Mp, Cp, and kp represent the effective mass, damping and
stiffness of the MRE railway pad, respectively; f(t) is the dynamic
force on the single degree-of-freedom system; %, X and x are the
displacement, speed and acceleration of the excitation block. In
addition, the system resonance frequency (w,), damping ratio (£)
and frequency ratio (r) can be described as:

wy= [ ©)
m,
__ %
£ g (10)
=2 11)
w,

Thus, the frequency response function H (w) can be determined by
taking the Fourier transformation of Eq. 8 and then the equation can
be expressed as:

1 1
M (1 () + (28

H(w) (12)
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By substituting the Eqs 9-11 into the Eq. 11 and considering
w = 27 f, then the magnitude of the frequency response function H (f)
can be obtained as follows:

_ 1 4’ f*
" \/ [1-4mpf]" + [47:2/;(%)[2]

H(f) (13)

Where g = 2.

It is obvious that the frequency response function H (f) is only
determined by My, Cps and kp, which can be used as the curve-
fitting parameters. The other parameters are obtained during the
experimental process, in which the frequency response function
H (f) can be calculated under the hammer impact. Hence, the
dynamic stiffness and damping constant at resonance peak is
obtained by the curve fitting results based on Eq. 13. In this
equation, the dynamic stiffness is the sum stiffness of the
railway pad and two decoupling springs, and therefore the
dynamic stiffness of the MRE railway is the results after
deducting the decoupling spring stiffness of 120.6 kN/mm, as
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TABLE 3 The dynamic stiffness and damping properties of the MRE railway pad.

Coil's current (A)

Dynamic stiffness (kN/mm)

Damping constant (N-s/m)

0 3544 8776.3
1 353.0 9097.7
2 353.8 9596.6
3 381.1 10036.3
4 392.1 10428.1
5 393.0 10866.3

shown in Table 3. The damping constant increases from
8776.3 Nes/m to 10866.3 Nes/m, and the dynamic stiffness
increases from 354.4 kN/mm to 393.0 kN/mm, by changing the
coil’s current from 0 A to 5A. Compared with the MR efficiency of
the MRE materials in DMA measurements, the percentage
increase of dynamic stiffness and damping constant for the
MRE railway pad is much lower, which may result from the
higher baseline dynamic stiffness and the structures of the MRE
railway pads.

4 Conclusion

In summary, an MRE railway pad is successfully designed and
fabricated based on a thermal plastic silicone vulcanizate matrix,
which can instead of the traditional railway pad in this work. The
obtained MRE material indicates an obvious MR effect which can
boost its storage modulus and loss factor under the magnetic field.
The maximum MR efficiency of storage modulus and loss factor
reaches 171% and 70%, respectively. According to the working
conditions of the railway fastening system, the load of 55 kN can be
applied on the railway pad for high-speed trains, the magnetic
controlling unit is designed and porotype to deliver the magnetic
field on the MRE railway pad. As suggested by the experimental
results, the stiffness and damping properties of the MRE railway
pad can be controlled by adjusting the coil’s current. The static
stiffness of the MRE railway pad exhibits an enhancement from
37.9kN/mm to 68.4kN/mm, and damping properties could
increase from 8776.3 Nes/m to 10866.3 Nes/m, by adjusting the
coil’'s current from 0 A to 5 A. These results successfully
demonstrate an MRE railway pad with tunable stiffness and
damping capability and pave the way for developing the MRE
materials on more rational applications.
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