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ABSTRACT

This main objective of this study was focused on a proof-of-concept study of the performance of
an adaptive bearing (AB) system under traffic and wind loadings, featuring magnetorheological
elastomers (MRES). MREs were utilized to generate adaptability (variable stiffness) to the AB
system. The investigations of this project were fundamental and developmental studies ranging
from material synthesis, material characterization, theoretical studies, design and fabrication of
the AB system, and large-scale component testing and evaluation. In addition, since no
fabrication and testing systems were available in the market, testing and fabrication units were
developed to facilitate the manufacturing of small and large-size MRE specimen, and a double-

lap shear test unit to characterize MRE samples based on the ASTM standards.

Project started with an extensive literature survey to identify feasible material
compositions that were reported to have achieved high magnetorheological (MR) effect under
different loading conditions. Carbonyl iron, medium (Tap silicone and Natural rubber), and
additives (Carbon black and Carbon nanofibers) mixed MRE’s were fabricated under applied
magnetic field of 1.2 Tesla. Scanning electron Microscope (SEM) pictures of the MREs showed
the chain-like structure within MREs. A small-scale shear and compression test setup was
manufactured for the characterization of MREs. Quasi-static and sinusoidal cyclic experiments
were performed to investigate the magnetic field-dependent change on MREs properties under

simultaneous shear and compression loads.

In second phase of the project, bridge load requirements were established under traffic
and wind loads. A large-scale shear and compression test setup was designed and manufactured

to study the performance of the AB system under combined and compression loads. Component



tests were successfully performed on two quarter-scale prototype bearings, measuring the
changes in the stiffness of the adaptive bearing under the applied magnetic field, strain level,

loading frequency, and compression load.

Finally, a seven-parameter viscoelastic model was developed and adapted to simulate the
response of natural rubber — based MREs and concluded it can capture the behavior sufficiently

accurate.

Results demonstrated that plastic silicone MREs show high MR effect at lower strains
and MR effect diminishes for large strains whereas natural rubber based MREs show uniform
MR effect for strains up to 150%. Also, carbon black improves the base passive stiffness and
carbon nanofiber improves MR effect due to magnetically permeable characteristics. Storage
modulus, loss modulus, effective stiffness, and effective damping showed increasing trend with
increased applied magnetic field. However, MR effect was reduced with increased frequency.
Experimental results demonstrated that the effective stiffness of adaptive bearing increases with

increased applied magnetic field.
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Chapter 1. Introduction

1.1. Background
Approximately 45% of the nation’s inventory of 590,000 bridges is rapidly approaching the end

of its intended design life (National Bridge Inventory, 2011). Bridges are commonly subjected to
wind and traffic loads. The continuous deterioration due to various loading conditions has
become a major concern to FHWA, DOTSs, bridge owners and engineers. Continuous structural
health monitoring along with vibration suppression systems for bridges has been recognized as
means to increase the service life of bridges and ensure their safety. The vibration suppression
systems can be passive, active, or semi-active. Passive conventional bearings with elastomeric
layers have been installed in a variety of highway bridges to accommodate translations and
rotations. The performance of these passive systems can be tailored to specific stiffness and
damping; however, they cannot be tuned in real-time for different operating conditions. A semi-
active variable stiffness system may overcome such a limitation. Semi-active vibration
absorption systems have the advantage of tunability while they require less power compared to
active systems. Semi-active vibration absorption systems can change the stiffness of an isolated
bridge and hence avoided resonant frequencies or reduce the vibration when used with a

controller.

1.2. Literature Review
1.2.1. Material characterization

Different materials and technologies are suggested for semi-active systems, such as MREs which
are magnetically controllable elastomers. A MRE is composed of micron-size magnetically
permeable particles, elastomeric medium, and additives such as carbon black and carbon

nanofiber. MRE exhibits magnetoviscoelastic behavior and upon application of an external



magnetic field, the force between the particles increases that results in an increased stiffness,
damping, and hysteresis of MRESs; however, damping change is smaller compared to stiffness
change (Behrooz et al., 2013a). When MREs are cured within a strong magnetic field, chain-like
structures of particles are created that result in a higher stiffness change when MRE is subjected
to the magnetic field. Characterization experiments of mechanical properties showed that the
moduli of MRE samples can be significantly increased by applying a magnetic field (Gong et al.,
2007). The optimum particle concentration for increasing the shear modulus is 27% by volume
(Davis, 1999). It is shown that MR effect is stronger for softer elastomer matrix and the storage
modulus can be increased up to 800% (Gong et al., 2007), if the off-state shear modulus is on the

order of kilo Pascals. Also, MR effect (A G/G,%) increases at higher loading frequencies (Jung

et al., 2009) and a compressive force reduces the MR effect of a MRE subjected to shear
deformation (Dong et al., 2012). (Stepanov et al., 2007) showed that the MR effect is higher for

a MRE subjected to small strains.

1.2.2. MRE — based devices

Researchers have been testing MRE based devices due to its enarmous potential of changing its
stiffness under external stimuli. A MRE-based vibration isolation system utilizes changes in
shear modulus (G) or stiffness (K) of MRE under an applied magnetic field. MREs have a very
fast response time that is 7 ms under impact loading (Fu et al., 2013) or about 60 ms under large
strains (Nguyen and Ramanujan, 2010). MRE vibration absorbers have shown promising
performances in a vehicles’ engine mounts (Ginder et al., 2000), vehicle transmission system
(Hoang et al., 2011), vehicle seat suspension (Du et al., 2011), and adaptive tuned vibration

absorbers (Deng et al., 2006; Deng and Gong, 2008).



Due to MRE’s fast response and proportionality of the change in stiffness of an isolation
system to that of MRE layers, it may be possible to control the response of a supported structural
by controlling the stiffness of MRE layers and prevent or attenuate resonant vibrations. (Li et al.,
2013) demonstrated the design of a MRE base isolator by replacing traditional rubber layers in a
bearing with MRE layers and achieved a 30% increase in effective stiffness. (Behrooz et al.,
2013a) presented a variable stiffness and damping isolator for seismic base isolation of buildings
and modeled its behavior using a phenomenological model with springs, viscous dampers, and a
hysteretic Bouc-Wen element. (Behrooz et al., 2013b) used the current-dependent relations of
the MRE base isolator with a control algorithm to control its performance. A design for a MRE
base isolator was presented by (Yang et al., 2014) that incorporates a permanent magnet and can
achieve both positive and negative stiffness changes based on the direction of the applied
magnetic field. (Tu et al., 2014) investigated the field-dependent shear modulus of a MRE
isolator. (Xing et al., 2015) designed and tested the performance of a bridge bearing using MRE
layers and implemented a field-dependent model to consider the dependency of the stiffness and

damping of the isolator on the applied magnetic field.

1.2.3. Modeling

Modeling efforts of magnetorheological elastomer materials and devices made of elastomers
have been increased. However, not much data and modeling are available to accurately predict
long-term durability and performance of MRE’s. Therefore, there is a need to develop models
which can predict performance of desired MRE based devices during the design and evaluation
stages. In recent years, many models have been developed and evaluated against experimental

data. Models have been categorized based on particle interaction based, magneto-elastic response



based, magneto-viscoelastic response based, or models including the effects of environmental

conditions and fatigue (Cantera et al., 2017).

(Norouzi et al., 2017) proposed a generalized Maxwell viscoelastic model by placing two
Maxwell elements and a spring in parallel to capture the dynamic behavior of isotropic MRE’s
under combined tensile — compressive loadings and concluded it can portray the behavior well.
(Wang and Gordaninejad, 2009) developed a three-parameter model with two elements, the
friction damping force as a function of applied magnetic field and displacement and a stiffness
element as a function of displacement and captured the MR-fluid elastomer mount behavior well.
A four-parameter viscoelastic model to portray MRE behavior under harmonic loading, consists
of a standard solid model and a spring parallel to the standard solid model representing field
dependency of modulus. The model predicted versus experimentally recorded responses are
compared and concluded it can predict effectively (Li et al., 2010). (Chen and Jerrams, 2011)
discussed a model considers the influences of viscoelasticity of the polymer composite,
magnetic-field induced mechanical properties, and internal slippage between the matrix and iron
particles. A standard liner solid model, variable stiffness spring, and a spring-Coulomb friction
were arranged in parallel to model three components respectively. (Eem et al., 2012) presented a
model by combining a Maxwell element and a Ramberg-Osgood model in parallel to study
behavior of MRE under shear deformation and concluded it can capture dynamic behavior over a
wide range of operating conditions. A magnetoviscoelasticity parametric model by a spring
element, a fractional derivative dashpot element, a nonlinear spring element and analogous
dashpot element in parallel was developed to describe the behavior of MRE device and
concluded it can capture response effectively (Zhu et al., 2012). To capture the MRE based base

isolator, (Yu et al., 2015) proposed a model by placing LuGre fricition element parallel to



Kelvin-Voigt element and showed the proposed model is capable of forecasting MRE base
isolator behavior effectively. (Behrooz et al., 2013a) modeled and captured MRE isolator
response by combining standard solid linear model, Bouc-Wen element, a field-dependent spring

and a damping coefficient in parallel.

1.3.  Objective and scope

The goal of the project was to design, develop, test and evaluate the performance of an adaptive
bridge bearing system using magnetorheological elastomer (MRE). The proposed adaptive
bearing (AB) encompasses a semi-active bearing system. The adaptive bridge bearing includes
MRE layers that can be tuned to desired stiffness with an external magnetic field. Such a system
has the potential to offer the structural vibration suppression. In first part of the project, an
extensive literature survey was conducted followed by material characterization. Before
finalizing bearing dimensions and loading protocols, different designs for the AB system were
investigated. An innovative design of variable stiffness bearings employing MREs was finalized
and two bearings were manufactured. The passive rubber layers of conventional bearings are
replaced with layers MREs, which provide controllable stiffness while retaining the fail-safe
characteristic of the traditional isolators. The applied magnetic field, produced by the built-in
electromagnet, changes the stiffness of MREs and the adaptive bearing. The performance of the
AB system was examined in a double lap shear and compression test setup.
The objectives of this study were to:

1. Literature survey to identify feasible material composition to achieve high

magnetorheological (MR) effects under large strains.
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. Characterize the mechanical properties of MREs (TAP Silicone based, and Natural

Rubber based) using a newly designed and built combined double-lap shear and

compression test setup.

Identify bridge load requirements under traffic and wind loads.

Design a bearing system, similar to a conventional bridge bearing system, utilizing MREs

and considering all materials, geometrical and bridge system requirements.

Develop a large-scale double-lap shear and compression test setup for characterization of

the adaptive bearings.

Experimentally examine the performance of the AB system using the large-scale

combined double-lap shear and compression test setup.

Modeling of natural rubber -based magnetorheological elastomers under combined

loading.

Organization of document

The report organization is as follows: after introduction in Chapter 1, Chapter 2 is a stand-alone

published journal paper, describes the characterization of mechanical properties of natural rubber

and plastic silicone based MRE materials. Chapter 3 is a published journal paper explains the

magnetic field analysis of the bearing. The fabrication process of the bearing and the double lap

shear and compression test setup and the results of the double lap shear and compression

experiments to investigate the performance of the AB system. Chapter 4 describes the analytical

study of magnetorheological elastomers under combined loading. Chapter 5 describing a

summary, conclusions, and recommendations for future research. The paper in Chapter 2 and

Chapter 3 were published in 2018 and the paper in Chapter 4 have been submitted for review.



Two appendices are included after Chapter 5. Appendix A includes three published conference
papers. Appendix B provides the experimental and analytical investigations discussed in Chapter
2-4. Appendix C discusses viscoelastic material modeling. Finally, Appendix D includes MRE-

based sensor and wireless sensing system.
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Chapter 2. Performance of natural rubber and silicon-based
magnetorheological elastomers under large-strain combined axial
and shear loading

Note. This chapter is a stand-alone paper published in Journal of Intelligent Materials Systems
and Structures.

Yarra, S., Gordaninejad, F., Behrooz, M., & Pekcan, G. (2018). Performance of natural rubber
and silicone-based magnetorheological elastomers under large-strain combined axial and shear
loading. Journal of Intelligent Material Systems and Structures.
https://doi.org/10.1177/1045389X18808393

ABSTRACT

This study presents an experimental investigation on large-strain behavior of natural rubber and
silicone-based magnetorheological elastomers (MRESs) within a larger scope of structural
vibration mitigation due to wind, traffic and seismic events. MRE samples with different weight
percentages of iron particles, additives and elastomer matrix were fabricated. The
microstructures of specimens were examined, and their mechanical properties were investigated
by a unique electromagnetic double-lap shear experimental setup capable of applying
simultaneous compression and shear loads. The experimental results demonstrated that the
isotropic natural rubber-based MREs exhibit about 30%, magnetorheological (MR) effect under
large strains while they achieve a higher MR effect under the combined axial and shear loading.
The MR effect was 92% and 33% for 10% and 100% shear strains when 100psi axial stress was
applied. A natural rubber-based MRE was further investigated applying dynamic cyclic load
with and without compression load for different strains, frequencies and magnetic field
intensities. It was observed that for higher frequency, MR effect was reduced. MR effects were
73% and 29% for 0.1Hz and 10Hz frequencies, respectively, under 100psi axial stress at 150%
shear strain. The result of this study suggests that isotropic natural rubber-based MREs may be

suitable for high-demand-force applications, and in paarticular in civil structures.
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2.1. Introduction

Conventional (passive) elastomers, such as natural rubber, have been utilized in structures,
vehicles and other machineries to mitigate shock and vibration. Passive elastomeric layers have
limitations in accomodating a wide range of operating conditions. Magnetorheological
elastomers (MRES) are a class of materials whose monotonic (shear modulus) and dynamic
(storage and loss moduli) properties can be tuned by an external magnetic field. For fabrication
of MREs, magnetically permeable particles are mixed with an elastomeric matrix. When the
mixture is cured under a magnetic field, iron particles form chains. On the other hand, when the
mixture is cured without a magnetic field, iron particles randomly scatter in elastomer and result
in an isotropic MRE. Polyurethane-based anisotropic MRE showed 20% better MR effect than
anisotropic natural rubber MRE (Shen et al., 2004). Gong et al. (2005) investigated the relation
between microstructure and mechanical properties of isotropic magnetorheological elastomers
and concluded that the isotropic MRE with 70%wt. iron particle showed 51% MR effect. Chen

et al. (2007) reported 133% MR effect for the 80%wt. anisotropic natural rubber MRE.

Lokander and Stenberg (2003) demonstrated that natural rubber based isotropic MR
material with irregularly shaped iron particles has a better MR effect than with carbonyl iron.
However, MR effect was reduced with a high-viscous matrix than the softer matrix due to less
well-dispersed iron particles. The shear modulus of anisotropic MRE increases with increasing
strain rate, magnetic field intensity, and pre-compressed loading (Jung et al., 2009; Behrooz et
al., 2016). The increase in modulus is significant, if the applied stress is parallel to the particle

alignment (Ruddy et al., 2012). A theoretical model based on effective permeability rule and the
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consideration of normal pressure concluded that the shear modulus of MRESs increases with
increased normal pressure, and the influence of normal pressure is more significant at higher
levels of the magnetic field (Dong et al., 2013). Schumann et al. (2017) analyzed magnetic field
effect on the particle movement and concluded that magnetic field does have significant effect on
rotation and translation of the particles. The addition of carbon black into the matrix enhances
the passive shear modulus of isotropic and anisotropic MREs (Chen et al., 2008; Nayak et al.,
2015). Hang at el. (2017) proved that carbon nanotubes can enhance field-dependent
conductivity by at least two orders of magnitude. In a previous work by the authors Yarra et al.
(2017), isotropic natural rubber MRESs showed better MR effect than anisotropic silicone based
MRE at large strains. The stiffness of anisotropic MRES increases with increased frequency
(Behrooz et al., 2016). Stepanov at el. (2007) demonstrated an increase in shear modulus and in
loss modulus from three different experimental technigques such as elongation, quasi-static, and
dynamic shear tests. Wen et al. (2017) demonstrated that storage modulus of isotropic and
anisotropic MRE’s made of hard magnetic particles can increase with increasing magnetic field
and decrease with increasing magnetic field of opposite orientation. Also, asymmetric storage

modulus curves were observed if the magnetizing field was higher than the test magnetic field.

Depending on the application of magnetic field during fabrication of MREs, different
iron particle dispersion and different directional mechanical properties can be achieved.
Isotropic and anisotropic MREs have been utilized in vibration absorption applications, such as
vehicular powertrains (Hoang et al., 2010) and vehicle seat suspension (Du et al., 2011). Popp et
al. (2010) built a MRE-based vibration absorber and demonstrated capabilities in reducing
vibrations. Deng et al. (2006) proved that resonance frequency of MRE-based adaptive tuned

vibration absorber can be controlled by electrical currents. Also, MREs were used in
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controllable stiffness and damping devices to evaluate feasibility of adapting in civil engineering
applications. MRE-based isolator was tested under shear and compression loading and
experimental results showed 175% increase in stiffness, and 216% in damping at 40Hz when the
current was increased from 0A to 1.5A (Fu et al., 2013a, 2017b; Yang et al., 2014a, 2015b).
Yancheng et al. (2013) designed, developed, and tested a MRE based seismic isolator and
concluded that the stiffness and damping can alter up to 37% and 45%, respectively. Liand Li,
(2007) designed and tested MRE based isolator and showed an increase of 16 times in lateral
stiffness at 8% strain and 0.1 Hz. The optimal design of MRE bearings depends upon particle
volume fraction (Shiwei et al., 2016). Lujie et al. (2017) showed MRE isolator can be used for
vibration suppression of bridge monitoring equipment. Authors have presented a large-scale
MRE bridge bearing that showed reduced MR effect of 12% to 5% for strain amplitudes of 20%

to 50% (Yarra et al., 2017).

Since there have been multiple studies on properties of MRE mainly in a low strain
regime, summary of mechanical properties from previous works is carried out to better compare
with the current large strain results. Based on the data presented in Table 1 and to the best of the
authors’ knowledge, the research to date on magnetorheological elastomers has been mainly
focused on small strain regimes, loading and scaled geometry which is not reliable as MRE
materials’ behavior is nonlinear in nature for higher strains. Also, methods of testing that most of
results presented in Table 1 are obtained does not replicate the method used to test isolation
bearings for structures. Therefore, large strains study of MRESs is essential in the understanding
of structural vibration isolation using MRE isolator since large strains (up to 150%) are possible
in structural events. In this study, test setup was designed such that both shear strain and

compression force can be applied and controlled individually or at the same time on ASTM



standard size MRE samples. Electromagnets with extended trapezoidal prism shape were

fabricated and used to apply uniform magneticfield focused to surface area of MRE samples.

MR effects were studied experimentally using double lap shear and compression method

described in ASTM D5992 for natural rubber and platinum silicone MRE samples for large

strains.

Table 1. A Summary of MR Effect under Different Loading Conditions.
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Reference [number] IP f\aﬁile of thickness |Loading conditions Goft |Gon  |AG/Go WorkCd
6) [(in?) (in) Freq. (Hz) [Strain (%) B (Tesla) |(psi) [(psi) 1(8) | P%

(Jolly et al., 1996) 30v [0.23 0.04 2 1 0.85 261 [342 |31 E
(Jolly et al., 1996) 30v [0.23 0.04 2 10 0.85 261 [290 |11 E
(Ginder etal., 1999) [27v |na na 2 10 1 319 |435 |36 E
(Ginder etal., 1999) |40v |na na 2 3 1 435 |566 |30 E
(Ginder etal., 1999) |40v |na na 2 6 1 391 471 |21 E
(Ginder etal., 1999) |40v |na na 2 12 1 290 [341 |17 E
(Davis, 1999) 27v |na na na 14 >1 109 (145 |33 FEM
(Davis, 1999) 27v |na na na 19 >1 87 |115 |32 FEM
(Shen et al., 2004) 25v |na na 12 115 0.4 64 |82 |27 E
(Deng et al., 2006) 70w [na na 10 na 0.9 87 197 |126 E
(Deng et al., 2006) 70w [na na 20 na 0.9 93 |210 |127 E
(Deng et al., 2006) 70w [na na 30 na 0.9 96 |218 |126 E
(Gong et al., 2007) 80w [na na 5 2 1 49 1484 (882 E
(Chen et al., 2008) 33v [0.16 0.12 1 0.30 0.8 152 [286 |88 E
(Chen et al., 2008) 33v _|0.16 0.12 1 0.30 0.8 255 [498 |95 E
(Chen et al., 2008) 33v [0.16 0.12 1 0.30 0.8 561 [1146 |104 E
(Jung et al., 2009) 30v |0.38 1.50 0.1 7.80 0.5 223 |325 |46 E
(Liao et al., 2013) 80w |0.12 0.04 0.062 10 11 10 |50 390 E
(Behrooz et al., 2015) |50w |0.44 0.50 0.10 17.50 0.2 52 |61 16 E
(Schubert et al., 2015) |20w |2.32 1.00 502 45 0.3 297 |467 |57 E
(Li and Li, 2015) 70w |17.53 0.98 0.10 8 3P 1 20 1629 |E
(Li and Li, 2015) 70w |17.53 0.98 0.10 32 3P 1 12 881 E
(Li and Li, 2015) 70w |17.53 0.98 4 8 3P 2 21 848 E
(Li and Li, 2015) 70w [17.53 0.98 4 32 3P 2 13 |530 E
(Yang et al.,, 2015) 70w [17.53 0.16 na na 1.5P 6 28 (330 E
(Behrooz et al., 2016) |80w |0.99 0.20 0.10 10 0.8 58 (88 |53 E
(Behrooz et al., 2016) [80w |0.99 0.20 0.10 50 0.8 32 |45 39 E
(Behrooz et al., 2016) [80w |0.99 0.20 0.100 30 0.8 43 |56 32 E
(Behrooz et al., 2016) |80w |0.99 0.20 5 30 0.8 49 |67 |39 E
(Chen et al., 2016) 5v_ [1.10 1.18 0.2 6.67 3P 46 |86 |87 E
(Chen et al., 2016) 11v |1.10 1.18 1 6.67 3P 49 (92 |88 E
(Chen et al., 2016) 15v [1.10 1.18 2 6.67 3P 61 |120 |95 E

(S Yarraetal.,, 2017) [80w |7.07 1.25 0.10 20 195 592 |665 |12 E

(S Yarraetal.,, 2017) [80w |7.07 1.25 0.10 50 195 513 [540 |5 E

(S Yarraetal.,, 2017) [80w |1.00 0.20 0.10 30 0.7 137 [152 |11 E

(S Yarraetal,, 2017) |76w |1.00 0.20 0.10 30 0.7 33.3 |50.2 |51 E

amm/min; ® Amp; ¢ E=Experimental; ¢ FEM=FEM analysis; na=Not available; IP=Iron particles
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2.2.  MRE specimens fabrication process

Isotropic and anisotropic standard size (ASTM, 2011) MREs with silicone and natural rubber
matrices, different weight percentages of carbonyl iron particles, and additives were fabricated.
Elastomer matrix used in the mixture to fabricate anisotropic MRE samples were TAP platinum
silicone is a bi-component comprised of silicone side A base and silicone side B catalyst with a
weight ratio of 1:1 should be mixed to catalyze the polymer and Carbonyl iron particles with an
average size of 5 micron (Sigma-Aldrich company). In addition, carbon nanofibers, type PR-19-
XT-PS (Pyrograf Products, Inc.) contain less than 14,000 ppm of iron and average diameter of
nanofiber is 150 nanometers (0.15 micron) was included in the mixture to further enhance the
magneticfield by linking iron particles together as an additive, carbon black, type SR303
(SidRichardson carbon and energy co.) was used as an additive to increase base passive shear

modulus.

In this study, maximum weight percentage of additives were used to achieve highest
mechanical and magnetic properties, possible for current samples. Maximum weight percentage
of carbon nanofiber (CNF’s) and carbon black (CB) was determined by mixing different weight
percentage of CNF’s and CB into the base mixture and observing molding capability of the
mixture. The different weight percentage of these composites are mixed in a beaker and then
placed into a mold designed to produce ASTM (2011) standard size (1.6 in x 0.625 in x 0.2 in)
MRE samples. To remove any air bubbles, the mold was kept in a vacuum chamber until the
pressure reaches to -70 kpa. Lastly, the mold was placed into the electromagnet and cured under

1.2 Tesla magnetic field.

Isotropic natural rubber, type TSR 20 MRE slabs (10 in x 10 in x 0.5 in) comprised of

different weight percentage of carbonyl iron particles, and carbon black were fabricated using
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rubber mills. The natural rubber based MRE slabs were cut to ASTM standard size to compare
with anisotropic silicone based MRE material properties. Figure 1 (a) shows natural rubber
based MRE with carbonyl iron particles and carbon black. Figure 1 (b) and Figure 1 (c) shows
silicone-based MREs with added iron particles, carbon black (Figure 1 (b)), and carbon
nanofiber (Figure 1 (c)). Reduction in elongation was observed due to carbonyl iron particles
and carbon black presence in natural rubber based MRE. Silicone-based MRE fabricated with
carbon nanofiber showed smooth surface than made with carbon black. The material

compositions of different tested MRE samples are summarized in Table 2.

(a) (b) (c)
Figure 1. ASTM standard size MRE samples fabricated with: (a) Natural rubber, carbon black;
(b) TAP silicone, carbon black; (c) TAP silicone, carbon nanofiber.



Table 2. The Composition of Different MRE Samples.

19

Test ID Pola_r ized Additives Matrix
particles
] . Natural
TAP Platinum Silicone Rubber
Iron Particle Carbon Carbon Side A Side B -
(9) Black Nanofiber (g) Base Catalyst (g) TSR20
(9) (9) (9)
MRE-S-3 80.0 2.0 0.0 9.00 9.00 0.0
MRE-S-4 80.0 1.0 0.2 9.40 9.40 0.0
MRE-S-5 80.0 0.0 0.3 9.85 9.85 0.0
MRE-S-6 75.0 0.0 1.0 12.00 12.00 0.0
NR-S-1 80.0 0.0 0.0 0.0 0.0 20.00
NR-S-4 77.6 3.0 0.0 0.0 0.0 19.40

A scanning Electron Microscope (SEM) (Hitachi S-4700) was used to understand the

microstructure of silicone and natural rubber based MREs. The MRE samples were cut into

small pieces by submerging in liquid nitrogen to achieve smooth sectional surface.

Subsequently, the surface of the MRE sample was coated with a thin layer of platinum by a turbo

sputter coater for SEM microstructure analysis. Figure 2(a) represents silicone MRE with

50%wt. iron particles and 5%wt. carbon black. As can be seen in Figure 2(a), iron particles were

arranged in chain-like forms because MRE was cured under magnetic field. Figure 2(b) shows

isotropic microstructure of natural rubber based MRE sample that was cured without a magnetic

field. This sample included 80%wt. iron particles and 5%wt. carbon black.
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: ) (B ;"I’I'.I L
MRE-IP50% 20.0kV 12.0mm x250 YAGBSE 1/27/16 200um

6 20.0kV 11.3mm x500 SE(M) 4/26/16
(@) (b)
Figure 2. Microstructure of MREs with different matrix and fabricated at different curing
conditions (a) Silicone MRE cured under magnetic field (b) Natural rubber MRE cured with no
applied magnetic field.

2.3. Experimental setup

A unique double—lap shear and compression test setup was designed and fabricated as shown in
Figure 3. The test setup was used to conduct monotonic and sinusoidal cyclic experiments to
characterize quasi-static (shear modulus) and dynamic (storage and loss moduli) properties of
MRE samples. The test setup was designed such that the electromagnets generate a closed loop
magnetic field with a strength of 0.6 Tesla at 4 amp using TDK -Lambda GEN 300-5 power
supplies through the thickness of MRE samples, and was verified by ANSYS Maxwell FEA
simulation. Rubber pads were used on both sides of electromagnets to apply uniform
compression load over an entire surface area of MRE samples. The test setup shown in Figure 3
was used to apply a shear load, compression load, and magnetic field on the ASTM (2011)
standard size MRE samples. The actuator was used to apply shear strain and inbuilt load cell and
displacement transducer of the MTS testing machine were used to measure the shear force and
associated strain amplitude in the MRE samples during the tests. Pre-compression handle was

used to apply compression force and measured using external load cell as shown in Figure 3.
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Figure 3. Double-lap shear and compression experimental setup.
2.4. Experimental results and discussion
2.4.1. Monotonic experiments
The main objective of monotonic experiments was to identify quasi-static material properties
such as shear modulus of silicone-based and natural rubber-based MREs. Experimentally
observed shear force-displacement response for the silicone and natural rubber-based samples

due to monotonically applied forces are shown in Figures 4 and 5.

Specimens were subjected to monotonically increasing shear strains (10%, 30%, 50%, 75%, and
100%) with applied magnetic field intensities of 0, 0.3, 0.5, and 0.6 Tesla. Each test was

repeated five times to ensure repeatability and average results are presented. Based on the
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experimentally recorded response data, the MR effect (i.e., change in apparent shear modulus

with respect to passive mode shear modulus) is quantified by Eq. (1):

%MR ef fect = G’;‘—ffff +100 (1)

where G, s is shear modulus obtained with no applied magnetic field, and G,,, is shear modulus
obtained under a magnetic field. As can be seen in Figures 4 and 5, silicone (MRE-S-5) and
natural rubber (NR-S-4) based MRE samples show various levels of MR effect due to applied
magnetic field under pure shear. It was observed that the MR effect can be characteristically
different for cases when iron particles are distributed isotopically or anisotropically within the
elastomeric compound. The MR effect reduces significantly at large strains (Table 1) for
silicone-based anisotropic MRE samples due to increasing distance between iron particles, which
are initially aligned in chain-like formations. Furthermore, as these chain-like formations are
subjected to shear deformations, the apparent magnetic field intensity diminishes (Table 1).
However, silicone MREs can be recommended for lower strain application due to high MR
effect. Also, it can be observed from Table 1that the base passive shear modulus for MRE-S-5 is
lower than the MRE-S-4 sample due to the absence of carbon black in MRE-S-5 sample. MRE-
S-5 shows higher MR effect (Table 1) compared to MRE-S-4 sample, due to the higher weight
percentage of carbon nanofiber presence in MRE-S-5 sample. Therefore, it may be concluded
that carbon black and carbon nanofibers served their purpose as intended. Carbon black was
used to improve base passive shear modulus and carbon nanofiber was used to link iron particles
together and to improve magnetic permeability of magnetorheological materials (Luo et al.,

2015). Less iron content (75g) in MRE-S-6 leads to reduced MR effect than MRE-S-5 which
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has 80g even though MRE-S-6 has 1g carbon nanofiber compared to 0.3g in MRE-S-5. The,

iron content influences MR effect more than carbon nanofiber.

In case of natural rubber-based isotropic MRE sample (NR-S-4), it was observed that the
MR effect for shear modulus was very stable (Table 4). The MR effect for 0.1Hz frequency
remained nearly constant (approximately 30%) for all strain amplitudes and with no axial force.
The constant MR effect on shear modulus is attributed to the nominally isotropic material
composition. The random distribution of iron particles allows the formation of alternative and

desirable magnetic field paths irrespective of the deformation field within the material.

Figure 6 shows the MR effect of natural rubber based MRE (NR-S-4) under combined
loading. Natural rubber MRE (NR-S-4) demonstrated a better MR effect under axial force,
however, the MR effect reduced with increasing strains. It was observed that at 10% and 100%
strain with 100 psi axial stress, the MR effects were 92% and 33% (Table 5) respectively. This
observation is attributed to the fact that axial force reduces the spacing between iron particles,
thus increases forces, thereby enhancing the magnetic field. At constant axial force, increased
strain pulls iron particles away from each other thus causes reduced MR effects shown in Table
5. However, at 75% strain the observed MR effect was 26% which is less than the MR effect
(33%) at 100%. Test conditions, such as, temperature of the room, wait time to run the test,
timing to switch on power supplies to create magnetic field, distribution of iron particles while
fabricating natural rubber based isotropic MRE’s and arrangement of iron particles due to
applied magnetic field are possible reasons. The effective shear modulus values for all tested

samples are summarized in Table 3 through Table 5.
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Table 3. Effective Shear Modulus Values of Different Silicone MREs under Pure Shear.

Effective shear modulus (psi)

MRE-S-3 MRE-S-4 MRE-S-5 MRE-S-6
Shear strain  10% 30% 50% 10% 30% 50% 10% 30% 50% 10% 30% 50%
Gof 745 792 850 868 842 912 796 628 680 722 780 786
Gon 941 86.1 863 989 915 936 1043 784 76.1 96.0 89.2 834

%MR effect 26 9 1 14 9 3 31 25 12 33 14 6

Shear Force (Ib)

0 Tesla 0 Tesla
; ; |l T~ ——0oEBTesla ———p6&Tesla
Ma ooz 0.04 0.08 008 o1 95 K 02 03 04 05
Strain Amplitude (in.) Shear Amplitude (in.)
(a) 10% Shear strain (b) 50% Shear strain

Figure 4. Monotonic force—displacement curves for silicone based MRE (MRE-S-5) under pure

shear.
12 20 - 30
r— i 1,"" i
=) ~ 15 w e
P o4 Z 20 -
=
el 10
5 4 10
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4 — — 06 Tesla — — — 0.6 Tesla — — —0E6Tesla
a a
1] 0.0z 0.06 0.09 i 0.1 n.z 0.3 04 na 1] 0.25 0.5 0.75 1
Strain Amplitude (in.) Strain Amplitude (in.) Strain Amplitude {in.)
(a) 10% Shear strain (b) 50% Shear strain (c) 100% Shear strain

Figure 5. Monotonic force-displacement curves for natural rubber based MRE (NR-S-4) under
pure shear.
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Table 4. Effective Shear Modulus for Different Natural Rubber MREs under Pure Shear.

Effective shear modulus (psi)

NR-S-1 NR-S-4
Shear strain  10% 30% 50% 75% 100% 10% 30% 50% 75% 100% 150%
Goft 202.2 609 40.0 336 255 1001 50.7 347 270 231 22.0
Gon 2172 699 518 415 325 1321 644 437 350 305 294
%MR effect 7 15 29 23 28 32 27 26 30 32 33
g 20 a0
25 il T — e
3 el ,-’fﬁf a0 _ i
5 4 et 10 = o
iy s
- . 10
E 2 ff 0 Tasla 5 0 Tesla 0 Tesla
=4 ! — — — 0.6 Tezla — — — (0.5 Tesla — — — DB Tesla
0 1] ]
i 0.0z 0.06 ooe o 01 nz 0.3 0.4 0e 0 04a 0a 0.74 1

Strain Amplitude {in.)

(a) 10% Shear strain

Strain Amplitude {in.}

(b) 50% Shear strain

Strain Amplitude (in.)

(c) 100% Shear strain

Figure 6. Monotonic force-displacement curves for natural rubber based MRE (NR-S-4) under
combined loading, 100psi axial stress.

Table 5. Effective Shear Modulus Values of NR-S-4 under
Combined Compressive and Shear loading.
Effective Shear Modulus (psi)

NR-S-4
Shear strain  10% 30% 50% 75% 100%
Goft 409 318 274 263 209
Gon 787 506 395 331 277
%MR effect 92 59 44 26 33

2.4.2. Sinusoidal cyclic experiments
Monotonic test results demonstrated that the NR-S-4 was the best candidate for further

investigation. A series of sinusoidal cyclic experiments were conducted to study viscoelastic
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properties and effective stiffness of NR-S-4 sample under varying strain amplitudes (10%, 30%,
50%, 75%, 100%, 125%, and 150%), test frequencies (0.1 Hz, 0.5Hz, 1Hz, 3Hz, 5Hz, 7Hz, and
10Hz), and magnetic field intensities of 0, 0.3, 0.5, and 0.6 Tesla. The loading and unloading
cycles were repeated until the load-displacements curve stabilized. The storage and loss moduli
were obtained by using Egs. (2) and (3), respectively. The effective stiffness was determined
from the second cycle of force-displacement hysteresis by equation 17.8-1 of ASCE-7-16 (2016)
shown in Eq. (4). The effective damping was determined from the force-displacement loop by

using equation 17.8-2 of ASCE-7-16 (2016) shown in Equation (5), below:

G' =t/ycosd (2)
G =1/ysind (3)
I IE
T 1At + 1A (4)
ﬂ =E Eloop
7 1 [kepr (1AF] + 1A7])2 )

where § is the phase lag measured from the shear stress and shear strain responses. F* and F~
are the positive and negative forces, at A* and A~, respectively. Ej,,, is the energy dissipated
per cycle, k.sf is the effective stiffness, and A" and A in Eq. (5) are peak displacements in force-

displacement hysteresis curve.

The effect of frequency on storage and loss moduli of NR-S-4 is shown in Figure 7. Both
moduli increase with increasing test frequency, on the other hand, MR effect reduces with
increasing frequencies. As can be seen in Figure 8, the NR-S-4 sample shows an increase in

magnetic field results in increase in storage and loss moduli for any given strain amplitude.
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Unlike silicone MREs, the natural rubber-based MREs shows a uniform MR effect with
increasing strain amplitudes. For storage modulus, NR-S-4 sample achieved approximately
41%, 47%, 56%, 74%, and 55% MR effect at 10%, 30% 50% 100% and 125% strain amplitudes,
respectively. For the loss modulus, experimentally determined MR effects were 60%, 52%,
50%, 57%, and 50% at 10%, 30%, 50%, 100%, and 125% strain amplitudes, respectively, which

implies a constant damping capacity for all strain amplitudes.

Figure 9 and Figure 10, show the shear force-deformation response for different strain
amplitudes (10%, and 125%), test frequencies (0.1 Hz, 3 Hz, 7Hz, and 10Hz) and applied
magnetic fields. Accordingly, the effective stiffness and effective damping values show
increasing trend with increasing magnetic field intensity. Effective stiffness increases with
increased loading rate. However, effective damping values show decreasing trend with increased
loading rate. Table 6 summarizes the effective stiffness and damping values with the
corresponding MR effect. The MR effect of effective stiffness show decreasing trend with
increased frequency. Also, it was observed that the effective damping for small strains show
increasing trend while it shows nearly unaffected for large strains. The MR effect on effective
stiffness at different strains depend on the formation of magnetic paths and magnetic intensity of

those paths due to randomly distributed iron particles.
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Table 6. Summary of Effective Stiffness and Damping Values and their Corresponding MR
effect of NR-S-4.

Effective stiffness (Kip/in) Effective damping
Frequency, Hz 0.1 3 7 10 0.1 3 7 10
10% Shear Strain

Kotf 1,795 3,587 3,822 4,166 Perr-orr 0.12 0.09 0.07 0.07
Kon 2,772 4544 5159 5167 Perr-on 0.14 0.12 0.10 0.11
% MR effect 54 27 35 24 17 33 43 57

30% Shear strain

Kotf 1,119 2,277 2,703 2,895 Ber-or 0.17 014 0.12 0.11
Kon 1,654 2,807 3,039 3,271 Perr-on 0.18 015 0.15 0.14
% MR effect 48 23 12 13 6 7 25 27
50% Shear Strain
Kotf 899 1,775 2,030 2,161 Berr-or 019 0.17 016 0.15
Kon 1,236 2,129 2,352 2,543 Berr-on 0.20 018 0.17 0.16
% MR effect 37 20 16 18 5 6 6 7

75% Shear Strain

Kotf 892 1,609 1,833 1922 fef-or 021 0.17 0.16 0.16
Kon 1,004 1,555 1,753 1,956 Beff-on 0.21 0.21 0.20 0.19
%MR effect 13 3 4 2 0 24 25 19
100% Shear Strain
Koff 561 1,210 1,438 1,530 Perr-of 0.22 0.21 0.19 0.19
Kon 932 1,498 1,664 1,735 Perf-on 025 0.22 0.20 0.20
% MR effect 66 24 16 13 14 5 5 5
125% Shear Strain
Kot 510 1,083 1,253 1,362 Perr-of 0.24 0.22 0.21 0.20
Kon 775 1,289 1,461 1,540 PBerf-on 0.26 0.23 0.22 0.22
% MR effect 52 19 17 13 8 5 5 10

To evaluate the effect of compressive stress on the behavior of natural rubber MRE (NR-S-4), a

constant compression force of 1001b (100psi) was applied and the tests were repeated for all
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strain amplitudes, frequencies, and magnetic fields described previously. Figure 11 shows the
effect of frequency on storage and loss moduli under combined loads. As can be seen, both
moduli increase with increased frequency. The effect of magnetic field on storage and loss
moduli is shown in Figure 12. Increased magnetic field yields increased storage and loss moduli
for any given strain amplitude under a compression stress of 100psi. Storage and loss moduli of
natural rubber MRE (NR-S-4) sample showed nearly constant MR effect (65% and 55% for

storage and loss, respectively) over a wide range of strain amplitudes from 10% to 150%.

Figure 13 and 14, show the cyclic shear force-deformation relationship for 10% and
150% strain amplitudes, and different frequencies (0.1 Hz, 3 Hz, 7Hz, and 10Hz) with varying
magnetic field intensities (0 and 0.6 Tesla). The effective stiffness increases with increasing
magnetic field intensity for any test frequency and strain amplitude. Also, it was observed that
the effective stiffness shows increasing trend with increased frequency at any given strain. The
MR effect was 29% for the frequency of 10 Hz and strain amplitude of 150%. As shown in
Table 7, the MR effect of effective damping shows increasing trend with increasing frequency at
10% strain. However effective damping, Eq. (5), MR effect was insignificant for large strains
(Table 7). Summary of effective stiffness and damping values with their corresponding MR
effect are presented in table 7. The MR effect of effective stiffness reduces with increased
frequency. In addition to desirable magnetic field paths due to uniformly dispersed iron
particles, the compression force brings iron particles closer to each other and improves the

strength of the magnetic field that results improved MR effect.
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Table 7. Summary of Effective Stiffness and Damping Values and their Corresponding MR

effect of NR-S-4.

Compression force (p=1001b)

Effective stiffness (kip/in.) Effective damping
Frequency, Hz 0.1 3 7 10 0.1 3 7 10
10% Shear Strain

Kot 1,832 3,750 4,070 4,086 Perr-or 0.17 0.10 0.09 0.08
Kon 2,613 4,487 5,087 5,295 Perr-on 0.17 0.13 0.13 0.13
% MR effect 43 20 25 30 0 30 44 63

30% Shear strain

Kot 1,007 2,261 2,728 2,903 Berr-orr 0.19 0.16 0.15 0.14
Kon 1,539 2,793 3,189 3,281 er.on 0.20 0.17 0.16 0.17
% MR effect 53 24 17 13 5 6 7 21
50% Shear Strain
Kotf 780 1,646 2,054 2,046 Perr-or 0.22 020 0.18 0.19
Kon 1,115 2,053 2,390 2,482 Berr-on 0.22 021 0.19 0.19
% MR effect 43 25 16 21 0 5 6 0
75% Shear Strain
Kot 597 1,369 1,614 1,673 Perr-ofr 0.24 022 021 0.21
Kon 910 1,619 1,844 1,899 Perr-on 0.26 0.23 0.22 0.23
%MR effect 52 17 14 14 8 5 5 10
100% Shear Strain
Kot 488 1,105 1,323 1,379 Perr-of 0.26 0.24 0.22 0.23
Kon 779 1,365 1547 1,685 Perr-on 0.27 025 0.24 0.23
% MR effect 60 24 17 22 4 4 9 0
150% Shear Strain
Koff 524 1,053 1,230 1,313 Perr-or 037 036 0.35 0.35
Kon 909 1456 1,585 1,692 Pef-on 0.41 037 035 0.36

% MR effect 73 38 29 29 10 3 0 3
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2.5.  Summary and conclusions

Different anisotropic silicone-based and isotropic natural rubber-based MREs were fabricated.
Monotonic and cyclic experiments were conducted to investigate the static and dynamic
properties of MREs. Monotonic experimental results demonstrated that silicone-based MREs are
a good choice for lower strain applications due to high MR effect. However, the MR effect
reduces with increasing shear deformations due to the increased distance between iron particles
that reduces magnetic field flow intensity. Carbon nanofiber improved the performance of
silicone-based anisotropic MRE (MRE-S-5) and showed 31% and 12% MR effect at 10% and
50% shear strains, respectively. This is attributed to the magnetic permeability of carbon

nanofibers, which resulted in higher MR effects.

Natural rubber-based MREs demonstrated constant MR effect (around 30%) at all strain
levels due to random dispersion of distributed iron particles that allows the formation of
alternative magnetic field paths irrespective of the deformation. For natural rubber MRE (NR-S-
4) at 10% and 100% strain with 100 psi axial stress, the achieved MR effects were 92% and 33%
(Table 5) compared to 32% and 32% (Table 4) under no axial stress, respectively. This
observation is attributed to the fact that axial force, hence axial deformation, reduces the spacing

between iron particles, thereby enhancing the magnetic field.

Further, sinusoidal cyclic experiments of NR-S-4 for both cases: (i) without compression,
and (ii) with compression for any given strain and/or frequency, the effective stiffness and
damping showed increasing trend with increased magnetic field intensity. The MR effect on the
effective stiffness reduced with increased frequency. The MR effect on the effective damping
for NR-S-4 sample was 57% at 10% shear strain and 10 Hz test frequency. Also, it was observed

that the MR effect on the effective damping varied from 2 to 13% for all other shear strains
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(30%, 50%, 75%, 100%, and 125%) and applied frequencies (0.1 Hz, 3 Hz, 7Hz, and 10 Hz)
without compression load (Table 6). However, 63% MR effect was observed at 10% strain at
10Hz test frequency under a uniform compression stress of 100psi. For all other strains and

frequencies, MR effect on the effective damping was varied between 3 to 21%.
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Chapter 3. Performance of a large-scale magnetorheological
elastomer-based vibration isolator for highway bridges

Note. This chapter is a stand-alone paper published in Journal of Intelligent Materials Systems
and Structures.

Yarra, S., Gordaninejad, F., Behrooz, M., Pekcan, G., Itani, A. M., & Publicover, N. (2018).
Performance of a large-scale magnetorheological elastomer—based vibration isolator for highway
bridges. Journal of Intelligent Material Systems and Structures.
https://doi.org/10.1177/1045389X18799493

ABSTRACT

This study presents an experimental investigation on magnetorheological (MR) effect of a new
magnetorheological elastomer (MRE)-based adaptive bridge isolation bearing system. Two
identical MRE-based adaptive bridge bearings (isolators) were designed and fabricated.
Electromagnets were incorporated to create a closed-loop magnetic path in the MRE layers. A
double-lap shear and compression test setup was utilized to characterize the mechanical
properties of the system subjected to scaled structural cyclic forces and strains. Experimental
results demonstrated that the effective stiffness of adaptive bridge bearings increase with
increased applied magnetic field and a compressive force resulted in larger apparent shear
stiffness. Also, increasing loading frequency resulted in larger apparent shear stiffness and lower

MR effect and similarly; however, a compressive force resulted in smaller MR effects.

KEYWORDS: Magnetorheological elastomer (MRE), adaptive bridge bearing isolator, vibration

control, MR effect

3.1. Introduction

Various mechanical systems may be susceptible to high frequency vibration, which can result in
metal fatigue. Similarly, vibration sensitive equipment such as medical and electronic equipment
may malfunction due to short duration as well as sustained vibration, even low intensities.

Furthermore, structural systems may be subjected to adverse ambient conditions due to wind,
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traffic and rare events such as earthquakes, which impose various levels of deformation and
acceleration demands. Vibration isolation is recognized as an effective means to mitigate shock
and vibration induced damage in mechanical and structural systems. Over the last 80 years, the
concept of isolation has evolved, and large number of research culminated in categorically three
sets of strategies and devices/systems. These systems may be passive, semi-active or active;
while passive devices are well established and most commonly used in various applications,
research on the latter two continues to develop alternatives that are more versatile than their
passive counterparts. Passive devices can be designed to accommodate various vibration-
induced translation and rotational deformation demand. However, they cannot be tuned in real
time for different loading and operating conditions. Semi active vibration isolation systems may
overcome such limitations since their apparent properties can be tuned while they consume

significantly less power than active systems.

There is a variety of materials and technologies suggested for semi-active vibration
isolation, such as magnetorheological elastomers (MRES). MREs are composed of micron-size
magnetically permeable particles, elastomeric medium, and can have other additives such as
carbon black and carbon nanofibers. They exhibit a magneto-viscoelastic behavior and upon
application of an external magnetic field, the force between the particles increases which results
in an increased stiffness and damping. However, damping change is typically smaller compared
to stiffness change (Behrooz et al., 2016). When MREs are subjected to a variable magnetic
field, changes in stiffness can be realized in relation to the field intensity. In general, material
tests conducted on MREs with various compositions showed that the moduli of MRE samples
can be significantly increased by applying a magnetic field (Gong et al., 2007) and the optimum

particle concentration for increasing the shear modulus is approximately 27% by volume (Davis,
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1999). In addition to the applied magnetic field, the MR effect (percentage of increase in
stiffness due to the applied magnetic field) is sensitive to loading conditions such as loading
frequency, shear strain level, and applied compressive force. For example, simultaneous
application of compressive force can result in reduced (around 50%) MR effect in shear mode
(Dong et al., 2012). Furthermore, Stepanov et al. (2007) showed that the MR effect is higher
when samples were subjected to small strains. Nonetheless, experimentally observed fast
response times (7 ms under impact loading (Fu et al., 2013) and 60 ms under large strains
(Nguyen and Ramanujan, 2010)) makes the MREs potential candidates for use in vibration
isolation applications in over a wide range of frequencies. MRE vibration isolators have been
studied in vehicles’ engine mounts (Ginder et al., 2000), vehicle transmission system (Hoand et
al., 2010), vehicle seat suspension (Du et al., 2011), and adaptive tuned vibration absorbers
(Deng et al., 2006; Deng and Gong, 2008; Liu et al., 2017). Recently, MRESs have been
proposed for use in structural vibration isolation applications. Li et al. (2013) demonstrated the
design of a MRE-based isolator by replacing traditional rubber layers in a bearing with MRE
layers and achieved a 30% increase in effective stiffness. Behrooz et al. (2013) presented a
variable stiffness and damping isolator for seismic base isolation of buildings and modeled its
behavior using a phenomenological model with springs, viscous dampers, and a hysteretic Bouc-
Wen element. Behrooz et al. (2013) used the current-dependent relations of the MRE-base
isolator with a control algorithm to control the performance of the isolator and reduce vibrations
in a scaled model of a building. A design methodology was presented for a MRE base isolator
by Yang et al. (2014) that incorporates a permanent magnet and can achieve both positive and
negative stiffness changes based on the direction of the applied magnetic field. Tu et al. (2014)

investigated the field-dependent shear modulus of a MRE isolator and concluded that shear
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modulus increases 40% before reaching magnetic saturation. Xing et al. (2015) designed and
tested the performance of a bridge bearing using MRE layers and implemented a field-dependent
model to consider the dependency of the stiffness and damping of the isolator on the applied

magnetic field.

Both isotropic and anisotropic MREs were studied experimentally and analytically for
different applications and loading conditions to evaluate their feasibility. These studies
concluded that mechanical properties of magnetorheological elastomers are influenced by
volume of iron particles, curing conditions, magnetic field intensity. Chen et al. (2016)
theoretically and experimentally determined that the optimal design of MRE isolator depends
upon the particle volume fraction particle distribution. The reported maximum and minimum
MR effect in past research were varied between 1,629% (Li and Li, 2014) and 5% (Yarra et al.,
2017) which depends on magnetic field intensity, thickness of sample, iron particle shape and
size, viscosity of matrix and additives. Zhao et al. (2017) designed a miniature MRE isolator for
lateral vibration suppression of bridge monitoring equipment and showed a maximum increase of
114% in effective stiffness through experimental results when current was increased from 0 A to
3 A. Wahab et al. (2016) developed a natural rubber (1 mm thick) based MRE isolator and
tested to evaluate compression force and concluded an increase of 14.5% during static and an
increase of 7% for dynamic experiments (5Hz). MREs with carbon black content showed
enhanced off-state shear modulus (Chen et al., 2008; Yarra et al., 2017). However, studies
related to MRESs use in civil engineering applications, such as bridges and buildings, with
combined shear and compression loads calculated from following standard codes were slim to

none.
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This study presents an experimental investigation on a new MRE-based adaptive
isolation bearing particularly for highway bridges. The prototype geometry and properties of the
bearings were selected based on a comprehensive analytical investigation of typical steel-
reinforced elastomeric bearings with comparable passive characteristics. A geometric scale
factor of four was selected based on the test setup and equipment limitations. Two bearings
which were designed and fabricated for this study incorporated eight electromagnets per bearing.
Electromagnets were designed to generate a closed loop magnetic field and optimized to produce
an average magnetic field of 1.3 Tesla through four MRE stacks. Each stack consisted of
alternating layers of MRE material and steel shims. TAP platinum silicone (Side A base and
Side B catalyst with 1:1 ratio) and carbonyl iron particles were used to fabricate MRE layers.
Electromagnets, steel shims, sole plate, and masonry plate were fabricated using steel 1018 due
to its high magnetic permeability. A specially designed double-lap shear test setup was used to
evaluate the performance of the bearings under different applied current, shear strain levels,

loading frequency, and compression loads.

3.2.  System requirements for the design of bearings

To establish realistic force and deformation demands on the MRE-based bearings, steel-
reinforced elastomeric bearings with similar passive characteristics were considered first. The
baseline passive (off-state) properties were determined after a comprehensive analytical
evaluation of 24 steel plate-girder benchmark bridge configurations. The bridges vary in span
length, bridge width, and girder spacing as shown in Figure 1. A complete statistical analysis of
geometric properties of steel girder bridges across the United States was presented by Amiri
Hormozaki (2013). It was found that most of the common steel plate-girder bridges have one of

the following geometric configurations including three different average span lengths (80ft,
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130ft, and 170ft), four different bridge widths (34ft, 58ft, 82ft, and 106ft), which represent 2-lane
to 8 lane bridges, and two different girder spacing (10.5ft and 12ft). Each geometric
configuration of reinforced elastomeric bearings was analyzed for three different shear moduli
(100 psi, 175psi, and 250psi) to quantify the effect of stiffness changes on the various response

quantities.

The steel-reinforced elastomeric bearings for all the benchmark bridges were designed in
accordance with AASHTO LRFD Bridge Design Specifications (AASHTO, 2012). Based on the
service limit criteria in AASHTO provisions (AASHTO, 2012), permanent and transient loads
are considered. For this purpose, the analytical models of the bridges were developed using
CSiBridge software (2015). The software has the capability of analyzing bridges under different

types of loading.
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Figure 1. Parameters considered in geometric properties of the bridge.

The diameter of the bearing and elastomer height were considered as the main design
parameters. These two parameters are selected in a way that the bearing design would be

applicable for three different shear moduli in each benchmark bridges. The total rubber
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thickness is determined to ensure shear strain due service load conditions remain under 50%,
hence it is controlled by the minimum anticipated shear modulus (softer bearing will result in
smaller shear stiffness, hence larger deformations). On the other hand, the surface area of the
rubber was determined to ensure the sufficiently high axial stiffness to limit the axial strain
below 4.5% under gravity loading as well as the smallest possible diameter as per AASHTO

LRFD, therefore it was governed by the largest shear modulus.

Finally, the prototype bearing diameter (24”) and elastomer height (5) with an average
shear modulus of elasticity, G, of 175 psi were established based on the deformation and forced
demands on the bearings. These prototype dimensions, with a geometric scale factor of 4, were
adopted in view of the test setup and equipment limitations as well as other requirements, e.g.,
electromagnetic field design. The test protocol for the component tests were determined to
satisfy the minimum requirements of AASHTO (AASHTO, 2012). Accordingly, maximum

anticipated forces were 23 Kkip (in compression) and 5 kip (in shear).

3.3. Design and fabrication of the bearings

The bearings were designed such that they resemble traditional passive isolation bearings
commonly used in highway bridges. Overall dimensions, rubber area, shear stiffness and
deformation demand were determined from an extensive analytical study of different bridges
around the United States. For the analytical study, AASHTO M251 (AASHTO, 2016) which is
referenced in Section 14 of AASHTO LRFD Bridge Design Specs (AASHTO, 2012) and Section
18 of AASHTO LRFD Bridge Construction Specs (AASHTO, 2015), were considered as the
basis for the laminated bridge bearing design and properties. A geometric scale factor of 4 was
adopted for the bearings that were experimentally evaluated in this study. The MRE-based

bearings feature four stacks of alternating MRE and steel shim layers, eight coils, sole plate and
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masonry plate. Each stack consisted of 3-in diameter of ten 1/8-in thick MRE and nine 1/8-in

steel shim layers. Figure 2 shows the overall dimensions and geometry.

L LU
URUHA IR

Figure 2. Overall dimensions of the bearing
(All dimensions are in inches).

3.3.1. Fabrication of MREs, steel shims and preparation of stacks

The MRE material consisted of 35.3%vol. (80%wt.) spherical shape iron particles (Grade-R-
2410; Provided by ISP Technologies Inc.), 3.7%vol. (2%wt.) SR303 carbon black (Provided by
Sid Richardson), and 30.5vol. (9%wt.) base A and 30.5vol. (9%wt.) base B of Taps Platinum
Silicone. The average diameter ranging from 5 to 8 microns of iron particles were used for MR
effect. SR303 was used as an additive to improve base passive stiffness of MRE material. The
mixture was prepared by using the above composition, poured into a pre-fabricated mold
designed to produce 1/8-in thickness and 3-in diameter MRE then the mold was placed into a
vacuum chamber and suctioned to -70 kPa to remove air bubbles. Then, the mold was placed in
a vise and squeezed until the desired thickness of MRE was produced. Finally, the mold was
placed into the electromagnets consisted of two coils wrapped with superior Essex 19 Heavy
AWG magnet wire, with each coil ranging from 13-17 ohms and capable of producing 1.2 Tesla

of magnetic field and cured for 4 hours at room temperature. Two power supplies (Sorensen
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SGA 400-25) were used to apply a constant 5 amp which generates the desired magnetic field.

Figure 3 shows the electromagnet system used for fabrication of MRE layers.

MRE samples

i Fiure 3. Eleétromagnet system used for MRE fabrication. “

Steel shims (1/8-in thickness and 3-in diameter) were made from high magnetic
permeability steel 1018. Steel shims were sand blasted for better bonding. Extensive testing
was performed to determine the bonding strength of three commonly used adhesives used for
bonding silicone and rubber materials to steel. The three adhesives were Loctite 380 Instant
Adhesive, Titebond Construction Adhesive, and Dow Corning 832 RTV Sealant. Finally, MRE
and steel layers were connected using an adhesive (Dow Corning 832 Multi-Surface Adhesive
Sealant), which also included iron particles with a 1:1 ratio to ensure better magnetic

conductivity through the adhesive.

3.3.2. Fabrication of electromagnets for bearing

The coils used to induce the magnetic field in MREs of the bearing were made from 2.25-in
length and 6-in diameter 1018 steel rod. CNC mill was used for precision and to fabricate 3-in
diameter and 1.5-in long electromagnet cores with 6-in diameter and ¥2-in thickness plates at top
and bottom. Fabricated coils can be seen in Figure 4. Coils were double insulated with non-

magnet conductive CP high-temperature red varnish insulation spray and Teflon liners as they
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were wound using Superior Essex 15 heavy AWG Ultra shield plus magnet wire to achieve
desired magnetic field. Each electromagnet was built to have same number of windings which
was 515, sub-sequent to the fabrication and winding of each electromagnet, measured resistance
of each electromagnet was 2.5Q. Therefore, all electromagnets were considered as identical thus
bearings. The coils were designed to carry 19.5 amperage. The detailing and the material
properties of the electromagnets result in capacities of several folds larger than the capacity of
the elastomer stacks that ensures safe load path from the top and bottom plates to the MRE

stacks. A photo of one of the fabricated bearing is shown in Figure 5.

Alternate layers of MRE and Steel Shims
= Sole Plate

Figure 4. Electromagnets for bearing. ) Figure 5. Fully assembled scaled
bridge bearing.

To ensure sufficient magnetic field for the activation of the MRE layers, three-
dimensional magnetic field analyses were performed by modeling the bearings shown in Figure
5 using ANSOFT/Maxwell3D FEA software package (2016). A direct current (DC) of 10,000
amp-turns was applied through insulated copper wire gage 15 with a resistance of 2.5 Q. Figure
6 shows the analytically predicted magnetic field distribution along the height of each stack (total
of 8 stacks for two bearings) with an average of 1.3 Tesla. The alternating magnetic field is due

to higher magnetic permeability in the steel shims than MREs. Similarly, the maximum
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magnetic field of over 1.6 T is achieved in the steel top and bottom load bearing plates.
However, after designed matrix was completed, the middle and outer most MRE layers were cut
with a blade, size as probe of a gaussmeter and measured the magnetic field at the same applied
amperage for experimental tests. This procedure was not an ideal as gap between probe and hole
might filled with some air, thus reducing the magnetic field and the experimentally measured
magnetic fields at 1/16 inch and 1-1/16 inch were 0.5 to 0.7 Tesla, respectively. The difference
between the analytically predicted and experimentally measured field intensities was attributed
to less than ideal physical bonding between elastomer and steel shim layers which analytical
model does not account. In addition, the magnetic permeability of the MRE material used in the
analytical models was estimated based on previously published research (Kashima, 2012), hence,
it was deemed as one of the factors that contributed to this discrepancy. In conclusion,
reduction in experimentally measured magnetic field was due to magnetic permeability,

saturation limits of materials used, and method used to measure the magnetic field.
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Figure 6. Analytically predicted magnetic field distribution across the stack height.
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3.4. Experimental evaluation of the scaled bridge bearings
3.4.1. Double-lap shear and compression experimental setup

The component tests were conducted at the Large-Scale Structures Laboratory at the University
of Nevada, Reno. The main objective of the component tests was to characterize the mechanical
properties of the bearings such as axial (compressive) and shear stiffness as well as energy
dissipation characteristics under various magnetic field intensities. A double-lap shear and
compression test setup was designed and fabricated for this purpose as shown in Figure 7. The
setup was used for the application and control of shear and axial force and strains on the bearing
system. The shear strain was applied and controlled using a hydraulic actuator (type MTS
244.22) and axial force was applied and controlled by a hydraulic cylinder (Manufactured by
William S Pine). Hydraulic actuator (MTS 244.22) has stroke length of 20-in and with force
rating of 22 kip in compression and in tension. Hydraulic cylinder has stroke length of 12-in
and with force rating of 360 kip. Two power supplies (Sorensen SGA 400-25) were used to
apply a varying amperage (0-amp, 7-amp, 14 -amp, and 19.5-amp) which generates the desired
magnetic field. As shown in the Figure 7, aluminum plates were used to prevent magnetic field
passing through entire test setup and to magnetically isolate the bearings, thereby preserving the

high levels of the magnetic field in the MRE layers.
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Figure 7. Experimental test setup for the MRE adaptive bearing system.

3.4.2. Instrumentation and data processing

A total of eight displacement transducers (four per bearing; Novotechnik TR75) were installed to
measure axial deformation and potential rotation of bearings when they were subjected to
combined shear and compression loading. Three string pots (UniMeasure PA40) were used to
capture the out of plane deformations that may result due to imperfections in the test setup. In
addition, two thermocouples were installed to measure the temperature of the MRE layers before
and after each test. Finally, one accelerometer was used to measure absolute acceleration at the
actuator head. The accelerometer was a three-axis Analog Devices Model ADXL326 MEM with
nominal measurement ranges of £ 16g. Each sensor was connected to National Instrument data
acquisition system, conditioned and low-pass filtered with a cut-off frequency of 80Hz. And

sampled at 48Hz.
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After each test, preliminary inspection and processing of recorded data was performed to
ensure fidelity. The measured acceleration response was used to apply the necessary correction
to measured bearing forces due to induced inertia forces, particularly during the high frequency
tests. Further post-processing of effective stiffness and damping were carried out using a

custom-developed software in MATLAB (2014).

3.4.3. Experimental results and discussion

The experimental program was developed to apply six constant strain cycles and the following
test parameters were considered: (1) shear strains (5%, 10%, 15%, 20%, and 50%); (2) axial load
(0, 2.5Kkip, 5kip, and 10kip with corresponding normal stress on each stack as 0 Ib/in?, 88 Ib/in?,
177 Ib/in?, and 353 Ib/in?); (3) Sinusoidal loading frequency (0.1Hz, 0.5Hz, 1Hz, and 4Hz), and
(4) magnetic field intensities that correspond to 0, 7, 14, and 19.5 amps of applied current to the
electromagnets. Effective stiffness was calculated using the procedure recommended by US
codes ASCE 7-16 and AASHTO (2015). The effective shear stiffness is defined as shown in

Figure 8 and determined using Equation (1) (ASCE, 2016), as follows:

|F*I +|F7]

= @ 1
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where F* and F~ are the positive and negative forces, at A* and A, respectively. The
component tests were used to evaluate the effect of various magnetic field intensities on the
effective stiffness calculated from the force-displacement curves. The MR effect is defined as
the change in the properties of MRE under the magnetic field and quantified as the ratio of
absolute change in effective stiffness due to a given magnetic field intensity to zero field

effective stiffness (Ko, eff) and determined using Equation (2).

k —k
%MR ef fect = %ﬁoeﬁ (2)
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Bearing force

Bearing shear deformation
Figure 8. Definition of effective shear stiffness.

3.4.3.1.  Response under shear-only loading

Experiments were carried out for different strains, frequencies, and magnetic fields using
hydraulic actuator and by setting hydraulic cylinder at zero position as pre- load condition. The
percent change in effective shear stiffness is determined relative to the 0.1 Hz tests as
summarized in Table 1. For a given strain level with varying frequencies, the increase in
effective shear stiffness varies between 13% to 66%. While the increase is insignificant for
frequencies up to 1 Hz, up to 66% increase in effective stiffness was observed corresponding to 4
Hz and 20% shear strain. The effective shear stiffnesses are summarized in Table 1. Figure 9
shows a sample shear force-displacement hysteresis. The overall behavior of MRE follows the
stress-strain relationship of rubber-like materials which show a higher initial effective stiffness.
Also, due to viscoelastic behavior of MREs, a higher stiffness is observed at higher loading

frequencies.



Table 1. Effect of Loading Frequency on the Effective Shear Stiffness.

Effective stiffness (kip/in.)

Strain (%)

Loading

frequency (Hz) 5 10 20

0.1 4.10 3.70 3.47

0.5 4.13 3.67 3.52

1.0 4.20 3.68 3.57

4.0 4.62 4.99 5.76

Frequency

effect (%) 13 3% 66

Strain (%)
240 160  -8.0 0.0 8.0 160 240
0.9 31.8
= Freq. =0.1 (Hz) i
= 06 || Axial Force = 0 (kip) 22 =
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2 03 106 =
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Figure 9. Shear force-displacement response of the bearing with f = 0.1 Hz, P =0, Amp = 0.

Figure 10 shows an example of shear force-deformation response for loading frequency

of 0.1 Hz and applied strain of 50% with different magnetic field intensities corresponding to 0

Amp and 19.5 Amp. For a given test frequency, an increase in effective stiffness due to
increasing magnetic field was observed. For example, Figure 11(a) shows that for the quasi-
static tests (0.1 Hz) at 20%-shear strain and 19.5 Amp input current, the increase in stiffness is

approximately 12%. However, for a given magnetic field intensity, the increase in effective
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stiffness reduces with increasing strain amplitude. In summary, the percent increase in effective
stiffness reduces from 18% at 5% strain to 5% at 50% strain since a larger force is applied at
higher strains and the ratio of generated magnetic force to mechanical force decreases. It can
also be seen in the Figure 11(comparison between Figure 11(a) and 11(b)) that the MR effect is
reduced with increasing frequencies. This is due to higher forces being applied at higher
frequencies and a reduced ratio of magnetic force to mechanical force. Figure 11(b) shows that
the maximum increase in effective shear stiffness is approximately 14% at 5% strain for test
frequency of 4 Hz. Effective shear stiffness with zero axial force and varying frequencies and

strains are summarized in Table 2.

Strain (%)
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Figure 10. Force-displacement response at 0.1 Hz with varying input electrical subjected to
50% Strain.
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Figure 11. Effect of magnetic field on the effective shear stiffness with no axial force and
loading frequency of: (a) f = 0.1 Hz, and (b) f = 4 Hz loading frequency.

3.4.3.2.  Combined shear and compression loading

The test setup was used to apply simultaneous shear strains and axial forces. Hydraulic cylinder
was used to hold a constant axial force and applied different strains, frequencies, and magnetic
fields using hydraulic actuator. As shown in Figure 12(a) and (b), for a given strain amplitude,
the effective shear stiffness of the bearing increases with increasing compression force. It can
also be observed that the effective shear stiffness increases for larger magnetic field intensities
for any given compression force and strain. Table 2 summarizes the effect of axial force on
shear force-deformation properties of the bearing. Figure 13(a) shows that under quasi-static
shear deformation and an axial force of 5 Kkip, effective shear stiffness enhancement due to
magnetic field is 23% at low strain level (5%), but reduces to 9% at higher strain amplitude of
20%. The corresponding enhancement in the effective stiffness with 10.0 kips of axial force
decreases from 22% to 4% when the strain level increases from 5 to 20%. Therefore, it is
reaffirmed that larger strain amplitudes usually result in lower MR effect due to a smaller ratio of

applied magnetic to mechanical force, as presented in Table 2. Also, as shown in Figure 13, the
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effect of magnetic field on the effective shear stiffness decreases with increasing axial load. This
may be due to reduced distance between the iron particles, and thus an increase in the base
passive shear stiffness values. At higher frequencies, the bearings exhibit a higher stiffness due

to viscoelastic properties of the elastomer matrix (Table 2).

Table 2. Effective Stiffness [Kip/in.] under Various Loading
Conditions with Different Axial Loadings.

0, 1 0, i 0, i 0 i
Applied current and MR 5% Strain 10% Strain 20% Strain 50% Strain
Effect 0.1(Hz2) 4(Hz) 01(Hz) 4(Hz) 01(Hz) 4(Hz) 0.1(H2)

Axial Force = 0 kip

00A 3.91 472  3.46 420 335 396 290

195 A 4.61 536  4.03 472  3.76 440  3.05

MR effect (%) 18 14 17 12 12 11 5
Axial Force =5 kip

0.0A 5.04 6.15 4.86 5.60 4.41 5.20 NA

195 A 6.19 740 554 6.36  4.80 577 NA

MR effect (%) 23 20 14 14 9 11 NA
Axial Force = 10 kip

0.0A 8.06 841 742 796 590 700 359

195 A 9.58 10.27 8.00 869 6.13 751 393

MR effect (%) 19 22 8 9 4 7 9
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Figure 12. Effect of magnetic field on the effective shear stiffness with (a) P = 0 kips and (b) P =
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Figure 13. Effect of magnetic field on the effective shear stiffness with different axial forces and
loading frequencies of: (a) 5-kip, 0.1 Hz, (b) 5 kip, 4 Hz, (c) 10 kip, 0.1 Hz, and (d) 10 kip, 4 Hz.
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3.4.3.3. Compressive loading

As pre-load condition, hydraulic actuator was used to hold bearing system at zero shear strain
position and studied magnetic field effect at different axial forces applied using hydraulic
cylinder. These experiments were conducted to investigate adaptability of the bearings while
supporting large structural loads based on AASHTO axial strain limits. The maximum
compression force was determined based on AASHTO [33] as 23 kip, which results in 115psi.
Bearings were tested under different axial forces with varying magnetic field and loading
frequencies. The axial force-displacement plots shown in Figure 14(a) and (b) demonstrates a
smaller increase in axial stiffness compared to shear stiffness due to increasing magnetic field.
Table 3 shows axial stiffness increment with increased magnetic field. The stiffness increment is
12% for 10-kip axial force and 4% under 20 kip axial load. Therefore, similar to shear stiffness,

the relative effect of magnetic field on the stiffness decreases with increasing axial load.

Axial Strain (%) Axial Strain (%)
0.0 12 24 36 48 0.0 24 4.3 72 56
12.0 4240 25.0 883.0
- - = Damp == QOamp
10.0 19.5 amp 3533 20.0 19.5 amp 706.4
= - B by
= 80 2827 & = . *
g S 3 15.0 528.8'5
5 6.0 2120 = = =
|£ _.-'/f d : |£ 10.0 9532 :
= b = 10. 532 @
E 40 141.3 g = g
= <
¥ 20 70.7 5.0 176.6
- -—-__'_—___..-""'
00 L= 0.0 0.0 - 0.0
0 0.015 0.03 0.045 0.06 0 0.03 0.06 0.08 0.1z
Axial Deformation(in.) Axial Deformation (in.)
(a) (b)

Figure 14. Axial force-displacement relationships under (a) P = 10-kip axial load (b) P=20 kip
axial load.
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Table 3. Pure Compression Test Results.

Axial . . Axial Axial . .
Force Amp I(_Igflsigatmg ;I\-Ahécé(r(]lens; of Displacement  Strain '(Tt): '/?L U;.tlffness
(kip) ' (in.) (%) '

0.00 50.00 1.25 0.056 4.48 178.57
10.00

19.50 50.00 1.25 0.050 4.00 200.00

0.00 200.00 1.25 0.105 8.60 190.48
20.00

19.50 200.00 1.25 0.101 8.09 198.02

3.4.3.4. Temperature
During the experimental testing, bearing electromagnets temperature was measured and it varied

from 23° C at 0 amp to 27° C at 19.5 amp.

3.4.3.5. Mode of failure

Finally, the failure of the adaptive bearings was investigated by subjecting the bearings to 100%
shear strain cyclic loading. Figure 15 shows the force-displacement response of the adaptive
bearing under the constant strain of 100%, frequency of 0.1 Hz with zero magnetic fields. As
shown in the Figure 16, failure was observed approximately at 74% strain amplitude. Further
investigation of the MRE layers revealed that the failure was due to the bond failure between

MRE and steel surfaces, as shown in Figure 16.
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Figure 15. Force-displacement response of the bearing under 100% strain, 0 amp, and 0.1 Hz
loading frequency.

Adhesive failure

Figure 16. Failure of the MRE stacks of the bearing system.

3.5. Conclusions

A large-scale adaptive MRE bridge bearing (vibration isolator) was designed and manufactured

to investigate the effect of structural loads on its MR effect. The effects of magnetic field, strain
level, and loading frequency on the effective stiffness of the bearing were studied. The observed
MR effect under combined shear and compression loading ranged between 23% and 9% at 5-kip

axial load and strains 5% and 20%, respectively. However, increasing the compression force
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further to 10 kip reduced the MR effect relative to 5 kip. Effective stiffness increased with
increasing frequency for a given strain amplitude. In the absence of compressive force, the
maximum and minimum change in effective shear stiffness (due to increased frequency) were
between 13% and 66% for strains between 5% and 20%, respectively. Under compression only
loading, MR effect was reduced from 12% to 4% when the axial load increased from 10 to 20
kip. Larger axial force resulted in larger apparent passive stiffness which increased by 7% when
the axial force was increased from 10 Kip to 20 kip. The computed damping was insignificant.

Adhesive failure was observed between MRE and steel surface at 74% shear strain.
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Chapter 4. Modeling of natural rubber-based isotropic
magnetorheological elastomers subjected to combined compressive
and shear loading

Note. This chapter is a stand-alone paper will be submitted on December 06, 2018 for review and
possible publication by the Journal of sound and vibration - Elsevier.

ABSTRACT

This study presents a seven-parameter linear viscoelastic model that was developed to capture
the behavior of isotropic natural rubber-based magnetorheological elastomers under high shear
strains. The model comprised of a dashpot and three Maxwell elements arranged in parallel. The
model parameters were identified using a nonlinear multivariable regression approach by
minimizing simultaneously the error between experimental and model predicted properties. The
comparison between the predicted and experimental storage and loss moduli, and effect of
magnetic field thereof, demonstrated the validity of the proposed model. However, since the
hysteretic behavior of natural rubber is highly nonlinear and therefore deviates from that of a
linear viscoelastic model, particularly at large strain amplitudes. It was demonstrated that
magnetic-field may have significant effect on the stiffness of MREs, while damping is not

affected, as much.

Keywords: Natural rubber, magnetorheological elastomer, viscoelastic model, combined

compressive and shear loading.

4.1. Introduction

Magnetorheological elastomers (MRE) belong to a class of adaptive materials, which consist of
elastomeric matrix material, magnetically permeable iron particles and other additives such as
carbon black. The mechanical properties, shear storage, G’, and loss moduli, G”, of MREs can

be controlled in real-time under an applied external magnetic field. MREs exhibit magneto-
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viscoelastic response and, upon application of an external magnetic field, the force between the
particles increases which results in increased apparent stiffness and damping. Controllability of
these key properties renders MRES as possible candidates for use in semi-active control devices.
These composites have been considered for different engineering applications where vibration
mitigation is needed, such as, vehicle engine mounts, transmission systems, seat suspensions,
adaptive tuned vibration absorbers, and civil structural vibration isolation [1-3]. It is noted that
all previous investigations have focused mainly on small-scale applications and relatively small-
strain regimes, which limit the use of MRE-based vibration isolators for large-scale structural
systems, such as buildings and bridges. More recently, Yarra et al. [4] demonstrated that silicon-
based elastomers demonstrate inherently limited deformation capacity and investigated natural
rubber-based isotropic MREs for applications where large strain deformation capacities are

required [5].

The need for reliable analytical models for various MRE material compositions is
recognized [6]. Such analytical models can facilitate the design and widespread use of MRE-
based devices. Prior work modeling efforts have been focused on to predict performance of
MREs and MRE-based devices [7-8]. These models have been categorized based on particle
interaction [9-13], magneto-elastic response [14-15], magneto-viscoelastic response [16-22], and

models including the effect of environmental conditions and fatigue [23].

Li et al. [19] proposed a four-parameter linear viscoelastic model to predict MRE
performance under various loading conditions and demonstrated the model validity for loading
frequencies and strain amplitudes less than 10Hz and 10%, respectively. A rheological model
considering the effect of material matrix, embedded iron particles and the interaction between

iron particles was developed to capture MRE’s response under dynamic loading and external
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magnetic fields [17]. The study demonstrated that dynamic response of MRE containing any
volume of iron particles and properties of matrix can be simulated, successfully. Ivaneyko et al.
[24] proposed a lattice model that can predict the effect of particle distribution and concluded
that the Young’s modulus (E) decreases for chain-like distributions and increases for plane-like
distributions with increasing magnetic field. Norouzi et al. [25] developed an eight-parameter
viscoelastic model to predict the response of MRE under combined tensile and compressive
loads. Kaleta et al. [26] adopted a four-parameter constitutive model to predict the inelastic
properties of MRE composites under cyclic shear conditions and concluded that the model is
valid in a frequency range above 5 Hz. Eem et al. [18] developed a dynamic model by arranging
Ramberg-Osgood and Maxwell models in parallel and demonstrated that it can predict the
response of MREs’ under shear deformation. Behrooz et al. [8] employed Bouc-Wen hysteresis
element to characterize the force-displacement relationship of a variable stiffness and damping
isolator. Yang et al. [21] proposed a new model which incorporates Bouc-Wen component to
reproduce hysteresis loops and Voigt element to predict solid material response in parallel and
showed that can predict MRE isolator response very well. Phenomenological model that
comprised of a variable friction damper and a nonlinear spring was recommended to simulate the
dynamic response of the MR fluid-elastomer mount [27]. Zhu et al. [22] proposed a magneto
viscoelasticity parametric model to describe the MRE vibration mitigation device and concluded
that the model forecast experimental results. Jung et al. [28] calibrated a Bouc-Wen model based

on test results of MRE samples and validated with experimental results.

This study introduces an experimentally calibrated viscoelastic model that can simulate
dynamic characteristics and response of isotropic natural rubber-based magnetorheological

elastomers under combined compressive and shear loadings. The model was calibrated using
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data generated following a comprehensive experimental investigation [5, 29] for a wide range of
test frequencies and magnetic-field intensities. The results indicate that the seven-parameter
viscoelastic model can capture solid and fluid-like behavior, and stress relaxation of MRE
material. An empirical relationship is introduced to account for the effect of magnetic field

intensity on the model parameters.

4.2.  Experimental study of natural rubber-based MREs

This section describes material fabrication, experimental setup and testing procedure adopted for
the material testing of MRESs under pure shear and combined compressive and shear loads.
Experimentally observed and recorded response was used to validate the proposed model.
Detailed information on the characterization of isotropic natural rubber-based, as well as
anisotropic TAP-silicone based MREs with various material compositions can be found in earlier

study [4-5, 29-30] and summarized herein.

4.2.1. Material fabrication

The natural rubber MRE samples were manufactured by a certified supplier. Natural rubber -
TSR 20, Iron powder and N550 Carbon black were mixed in a 1.6 liter tilt body internal mixer
with tangential rotors. Rotor speed was set to 40 rpm and temperature was varied between 80°C
and 110°C to achieve uniform dispersion of iron powder and carbon black. Rubber batches were
warmed up on a mill and taken off in a thick slab. The slabs were placed in a 254 mm x 254 mm
x 12.5 mm picture frame mold and put in a press. The press was set to 138°C to help the rubber
flow, but to minimize sticking of the rubber to the top and bottom plates. A semi-permanent
mold release (Stoner A353 Endurance Mold Release) was used to reduce sticking. The press was
crash cooled until temperature was below 3.2°C and slab was removed from the mold. For the

experimental study, fabricated natural rubber based MRE slabs were cut following ASTM
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D5992 [31] to a recommended standard size of 40-mm x 16-mm x 5 -mm for double lap shear
testing. Natural rubber-based MRE samples that were fabricated and tested are summarized in

Table 1. Carbon black was used to improve base passive stiffness of the material [4-5, 32-34].

Table 1. Material Compositions of Natural Rubber-Based MRE Samples (%wt.).

Test ID Iron particles Carbon black Natural rubber TSR- 20

NR-S-1 80.0 0.0 20.0
NR-S-4 77.6 3.0 19.4
NR-S-6 76.0 5.0 19.0

4.2.2. Experimental setup and testing

Natural rubber-based MRE properties were characterized using a uniquely designed test
apparatus shown in Figure 1. The test setup was used to apply and control shear and compression
forces individually and/or concurrently. Hydraulic actuator was used for the application and
control of shear force that was measured with an inbuilt Instron loadcell. Axial force was applied
and controlled manually and measured with an external loadcell. Monotonic and limited cyclic
tests were performed on all the samples listed in Table 1. Based on the preliminary monotonic
testing, [5], it was concluded that NR-S-4 was the most viable candidate for civil engineering
applications due to its moduli in passive mode and controllability thereof. Therefore, NR-S-4
sample was subjected to comprehensive sinusoidal cyclic tests at different frequencies (0.1, 0.5,
1, 3,5, 7 and 10Hz), strain amplitudes, y (10%, 30%, 50%, 75%, 100%, 125% and 150%) and
magnetic-fields, B (0, 0.3, 0.5 and 0.6 Tesla) under pure shear and combined loading conditions.
Furthermore, a constant compressive force of P = 445 N was applied since it resulted in 0.7
N/mm? normal stress, which is common for isolation bearings used in civil engineering

applications.
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Figure 1. Experimental setup for characterization of NR-based MREs

4.2.3. Summary of experimental observations
The overall performance of MRE samples subjected to various magnetic field intensities, B was

quantified in terms of percentage of MR effect as:

Gon - Goff (1)

%MR effect = G * 100
off

where Goff and Gon are shear moduli without and with a magnetic field, respectively.

Sinusoidal cyclic tests were performed under pure shear and combined compressive and shear
loadings. It was observed that natural rubber-based MRE demonstrated uniform MR effect when
subjected to pure shear loading. A uniform MR effect of approximately 30% was observed at all
strain amplitudes. This observation was attributed to the random distribution of iron particles that
allow formation of alternative magnetic-field paths irrespective of the amount of shear
deformation. Under combined loading condition, it was observed that samples showed higher
MR effect (92%) under low strain amplitudes (10%). The MR effect reduced asymptotically to

30% at 100% shear strains under combined compressive and shear loading. This observation was
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attributed to the fact that compressive force reduces distance between iron particles thus causing
increase in MR effect at low strain amplitudes. However, this effect diminishes with increasing
strain due to increased distance between iron particles. It was observed that both storage
(stiffness) and loss (damping) moduli show increasing trend with increased frequency or
magnetic-field for any given strain amplitude under pure shear. However, MR effect reduced
with increasing frequencies. Further detailed discussion of experimental observations are

presented in [5].

¥s T|111+tn12+tm3+r4

Figure 2. Seven-parameter viscoelastic model for natural rubber-based MREs

4.3. Material modelling of natural rubber-based MRE

A seven-parameter viscoelastic model, depicted in Figure 2 was developed to simulate the
experimentally observed response of natural rubber-based MREs. In this model, a single dashpot
and Maxwell models are arranged in parallel branches as shown in the Figure 2. The dashpot
element, C4, represents the variation of effective material damping as a function of frequency.
The model establishes relationship between shear stress and strain. It is noted that while pure
natural rubber is expected to demonstrate essentially pure viscoelastic characteristics, natural
rubber compounds with additives (iron particles and carbon black) possess nonlinear hysteretic

and damping properties. However, equivalent linear representation of mechanical properties
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provides valuable insight towards establishing unified nonlinear viscoelastic models.
Accordingly, the general relationship between complex shear strain, y* and stress, T iS

represented through complex modulus, G™ as:
T=Gy"= (G+i G") y" (2

in which G  and G are storage and loss modulus, respectively. The storage (G') and loss (G)
modulus expressions for the proposed seven-parameter model can be derived using integral
formulations and the Laplace transform as summarized in Eq. (3) through Eq. (12). Accordingly,

the moduli are represented in terms of the seven model parameters as follows:

(_(A)sz + (1)4b4)(a0 - (l)zaz) + ((Ubl - w3b3)(wa1 - (1)3a3)

o= (ap — w?ay)? + (wa; — w3az)? (3)

(wb; — wb3)(ay — w?ay) — (—w?b, + w*by)(wa; — waz)

¢ = (ap — w2a;)? + (wa; — w3az)? (4)

in which o = 2xf is the circular frequency (r/sec) of the excitation, f = frequency (Hz) and the

model parameters are:

ay = K1 Kim2Kims )
a1 = KmiKm2Kms (Tima + Tz + Tims) (6)
az = Km1KmaKms (TmaTimz + TmzTms + TinzTina) (7)
az = Km1Kn2Km3TmiTm2Tims (8)

by = Kmi1KmaKmz (TmiKm1 + Tz Kz + Tz Koz + Ca) (9)
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b, = KmiKm2Kmz (Km1Tm1Tmz + KmiTmsTmi + Km2Tma Tz + K2 Tz Tns

(10)
+ Km3Tmi1Tms + Km3Tmz2Tms + TmiCa + T2 Cs + Tz Ca)
bz = Km1Km2Km3Tm1Tm2Tms (K1 + Kmz + Kimz) + K1 Km2Kmz Ca(Tin1Tima
(11)
+ Tn2Tms + TimzTmi)
by = Km1Km2Km3TmiTimzTimzCa (12)

If the applied shear strain, y(t) is a harmonic excitation (Eq. (13)), the corresponding shear stress
and phase angle is given by Eq. (14) and Eqg. (15), respectively. It is noted that Sis the loss factor

as a measure of energy dissipation capacity.
y(®) = v, sin(wt) (13)

() = Yo/ (G)? + (G'")? sin(wt + @) (14)

§ = tan(p) = G" /G’ (15)

4.3.1. Identification of viscoelastic model parameters

The storage and loss moduli were calculated from the experimentally recorded cyclic shear stress
versus strain response data. The model parameters (Km1, Km2, Km3, Tm1, Tm2, Tm3, and Cs4) were
identified using Nonlinear Generalized Reduced Gradient (GRG) method implemented in MS
Excel, by minimizing simultaneously the square-root-of-sum-of-squares (SRSS) error between
the experimentally measured and the model-predicted moduli (Eq. (3) through Eq. (12)) for a

given strain amplitude as:
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- 1/2

e = D [65(@) = Gy + [6:(@) — a(r, BYGy(w))]’ (16)

i=1

in which Gf and G are experimentally measured moduli and G,, and G,, are
corresponding model predicted values, « (3, B) is loss modulus adjustment factor as discussed
further below, B = magnetic field intensity in Tesla, and n is the number of frequency

measurements.

The parameters Kmi, Km2, Kms, represent the effective stiffness contributions of natural
rubber-based MRE material. These parameters decrease with increasing strain amplitude due to
strain-softening (Figure 3 (a), 3(b), 3(c)). Initial overall stiffness of the samples at small strain
amplitudes was determined as 6.89 N/mm/mm from monotonic shear force-deformation
response. This initial stiffness conforms with the model-predicted combined effective stiffness

(Km1+Km2+Kmsz) of 5.35 N/mm/mm at zero magnetic field and 10% shear strain.

The dashpot constant Ca, represents primarily frequency dependency of loss modulus
with respect to storage modulus, hence damping as a function of the frequency of imposed
deformations. In essence, dashpot element intends to simulate the fluid-like behavior. This
effect can be seen due to consistently reducing C4 values for increasing strain (Figure 3(d)),
while it remains nearly constant for all magnetic-field intensities for a given strain amplitude.
The proposed model decouples the individual effects of strain versus magnetic field on the
measured damping via « parameter in Eq. (16). As can be seen in Figure 3(e), the loss modulus
adjustment factor, « increases linearly with respect to the applied magnetic field and
demonstrates increasing contributions at larger strain amplitudes. When the material is subjected
to increasing strains, and furthermore subjected to increasing magnetic-field intensities, particle

surface areas contributing to interparticle friction increases. Therefore, friction induced damping
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contributes to the overall effecting damping and may offset the reduction in C. It is noted that

both C4 and « have net effects on the loss modulus only, however, as it is further demonstrated

in the following section, the magnetic field does not lead to any significant effect on the overall

damping.
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Figure 3. Variations of model parameters.

Furthermore, Tm1, Tm2, Tms suggest different relaxation times as expected based on

average particle sizes of molecules in natural rubber, iron particles (micron) and carbon black

(nanometre). Model predicted relaxation time for Tm1, Tm2, and Tmz are 0.03, 5.60, and 0.24 sec,
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respectively. Viscoelastic flow in the material or breakage of the hydrocarbon chains supporting

the stress are possible reasons for stress relaxation.
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4.4. Experimental results versus model-predicted response

4.4.1. Pure shear loading

The storage and loss moduli predicted by the proposed seven-parameter model are compared to
experimentally calculated values in Figure 4 and Table 2. As can be seen in Figure 4,
experimental and model predicted storage and loss modulus both increase with increasing
frequency for a given strain amplitude. Table 2 summarizes the experimentally calculated and
model predicted storage, loss moduli, corresponding regression error, and

loss factor (6 = G''/G"). Comparison of model predicted and experimentally determined shear

and loss moduli with varying magnetic fields is presented in Figure 5. As can be seen in the
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Figure, both storage and loss moduli increase with increased magnetic fields for any given strain

amplitude. This trend confirms that natural rubber-based MRE exhibits variable stiffness

properties.

5.0 4.0
NE 3.8 NE 3.0
£ £
£ £
: 25 = 2.0
O] O]
° ___X____;(——X T | == = == % = X
S13F " s10 T
o Gy Gy X Gy —-- Gy ©

0.0 0.0

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Magnetic field (Tesla) Magnetic field (Tesla)
(@) (b)

2.0 1.4
NE 1.5 NE 1.1 -
E C - £ e el
2 mmme T 2 _k--
= e - =
) 1.0 ) 0.7
© ©
c c
®0.5 ©0.4
O] O]

0.0 0.0

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Magnetic field (Tesla) Magnetic field (Tesla)
(© (d)

Figure 5. Effect of magnetic field on the rheological properties; f=1 Hz, shear strain: (a)
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Table 2. Experimental Versus Model Predicted Moduli (N/mm?), B = 0.
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Frequency (Hz) Ge G'wm Error (%) G'e G'wm Error (%) =G"/G’
10% Shear Strain
1.0 3.30 3.25 15 1.38 1.38 0.0 0.42
3.0 412 411 0.2 1.53 1.52 0.7 0.37
5.0 4,55 4,57 0.4 1.58 1.59 0.6 0.35
7.0 4.80 4.85 1.0 1.60 1.59 0.6 0.33
10.0 5.09 5.06 0.6 1.61 1.61 0.0 0.32
30% Shear Strain
1.0 1.99 1.99 0.0 1.17 1.17 0.0 0.59
3.0 2.58 2.58 0.0 1.34 1.34 0.0 0.52
5.0 2.88 291 1.0 1.41 1.42 0.7 0.49
7.0 3.09 3.11 0.6 1.44 1.43 0.7 0.47
10.0 3.31 3.28 0.9 1.44 1.44 0.0 0.44
50% Shear Strain
1.0 1.40 141 0.7 1.02 1.02 0.0 0.73
3.0 1.86 1.86 0.0 1.19 1.19 0.0 0.64
5.0 2.10 2.12 1.0 1.25 1.26 0.8 0.60
7.0 2.26 2.27 0.4 1.28 1.27 0.8 0.57
10.0 2.42 2.39 1.2 1.30 1.30 0.0 0.54
100% Shear Strain
1.0 0.90 0.92 2.2 0.80 0.80 0.0 0.89
3.0 1.22 1.24 1.6 0.94 0.94 0.0 0.77
5.0 1.39 1.42 2.2 0.99 1.00 1.0 0.71
7.0 151 1.52 0.7 1.02 1.02 0.0 0.68
10.0 1.65 1.60 3.0 1.05 1.06 1.0 0.64

As it was reported by [4, 5], magnetic field does not have sensible effect on the damping

of natural rubber based MREs. This is demonstrated in Figure 6 (a) in terms of the measured

o corresponding to 1.0 Hz cyclic tests for various shear strain amplitudes. While the damping

increases for strain amplitudes that are less than 30%, the increase is not of any practical

magnitude. The same observation is valid in the presence of compressive loads on the samples

(Figure 6 (b)). It is noted that the apparent damping is larger for higher shear strains, and

corresponding values due to compressive loads are higher as expected.

Figure 7 shows the reconstructed shear force versus displacement hysteresis for different

strain amplitudes at a frequency of 1 Hz. As can be seen in the Figure, the model is able to

simulate the hysteretic MRE’s response considerably well particularly for small strain response.



85

However, the hysteretic response of the MRE deviates - from that of a viscoelastic material at

large strain amplitude.
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Figure 7. Shear force — deformation; f=1 Hz, B=0 Tesla, and shear strain: (a) 10%, (b) 30%, (c)
50% and (d) 100%

4.4.2. Combined compressive and shear load

The NR-S-4 sample was further tested under a constant compressive load of P = 445 N for
different shear strains, frequencies, and magnetic field strengths. Compressive load was chosen
to result in typical axial stress (0.7 N/mm?) in bridge bearing applications [4]. Figure 8 shows the
estimated model parameter variations. Applied compressive load reduces the distance between
iron particles thus increase magnetic field effect due to iron particles in comparison to pure shear
results (Figure 3). On the other hand, the apparent moduli are slight reduced due to the presence

of compressive load.

Figure 9 shows the comparison between experimentally calculated versus model

predicted storage and loss moduli over the range of test frequencies and under a constant
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compressive load (445 N). Table 3 summarizes the experimentally calculated and model

predicted storage, loss moduli, corresponding regression error, and damping. Figure 10 shows

the magnetic field effect on storage and loss modulus for varying shear strains. As can be seen in

Figure 10, both moduli increase with increasing magnetic field for any given strain amplitude.

However, magnetic field effect on storage and loss moduli at higher fields reduces due to near

saturation of iron particles. In addition, it can be observed that both moduli decrease with

increased strain. These observations indicate that the model predicts MR effect and axial load

effect on natural rubber based MRE properties.
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Table 3. Experimental Versus Model Predicted Moduli (N/mm?), B =0, P = 445 N.
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Frequency (Hz) GEe Gwm Error (%) G'e G'm Error (%) G’/G
10% Shear Strain
1.0 3.10 3.13 1.0 1.42 1.42 0.0 0.46
3.0 4.04 4.01 0.7 1.61 1.60 0.6 0.40
5.0 4.49 452 0.7 1.70 1.72 1.2 0.38
7.0 4.80 4.86 1.3 1.76 1.74 1.1 0.37
10.0 5.20 5.15 1.0 1.74 1.74 0.0 0.33
30% Shear Strain
1.0 1.74 1.73 0.6 1.17 1.17 0.0 0.67
3.0 2.32 2.38 2.6 1.47 1.46 0.7 0.63
5.0 2.75 2.75 0.0 1.50 1.52 1.3 0.55
7.0 2.95 2.95 0.0 1.53 1.52 0.7 0.52
10.0 3.10 3.10 0.0 1.55 1.56 0.6 0.50
50% Shear Strain
1.0 1.21 1.21 0.0 0.99 0.99 0.0 0.82
3.0 1.63 1.68 3.1 1.24 1.24 0.0 0.76
5.0 1.91 1.94 1.6 1.28 1.30 1.6 0.67
7.0 2.09 2.09 0.0 1.32 1.31 0.8 0.63
10.0 2.20 2.20 0.0 1.35 1.35 0.0 0.61
100% Shear Strain
1.0 0.73 0.75 2.7 0.74 0.74 0.0 1.01
3.0 0.98 1.02 4.1 0.93 0.92 11 0.95
5.0 1.16 1.18 1.7 0.95 0.96 11 0.82
7.0 1.26 1.26 0.0 0.98 0.97 1.0 0.78
10.0 1.36 1.31 3.7 1.02 1.02 0.0 0.75
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Figure 11 show the reconstructed hysteretic shear force - deformation relationship for
10% and 100% strain amplitudes and for different axial loads (0 and 445 N) with varying
magnetic field (0 and 0.6 Tesla). As can be seen in the Figure, the effective stiffness increases
with increased magnetic field for all strain amplitudes. In general, equivalent damping is
proportional to the hysteresis area, which represent the energy dissipation of a cycle. However,
as it can be inferred from Figure 11 that the magnetic field has a nominal effect on the damping
at small strain amplitude, and the effect diminishes for larger strain values. Furthermore, a

similar conclusion can be derived in case the MRE is subjected to compressive loads.
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Figure 10. Effect of magnetic field on the rheological properties P = 445 N, shear strain -
f: (@) 10% - 1 Hz, (b) 30% - 1 Hz (c) 50% - 5 Hz and (d) 100% - 5 Hz

45. Concluding remarks

A seven-parameter viscoelastic model was developed to predict the static and dynamic behavior

of the natural rubber-based isotropic magnetorheological elastomers. The parameters were
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identified using nonlinear GRG method implemented in Excel, by simultaneously minimizing

SRSS error between experimentally determined and model predicted moduli for different

excitation frequencies, strains and magnetic fields. The stiffness contribution increases with

increased magnetic field for any given strain amplitude as magnetic field attracts particles

towards each other and this effect increases further under axial force. However, strain-softening,

the shear stiffness of MRE reduces under large strains.
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Figure 11. Model predicted shear force - deformation hysteresis under two different compressive
load conditions and with varying magnetic field, shear strain-P: (a) 10% - 0 N (b) 10% - 445 N
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The comparison between the predicted and experimental storage and loss moduli, and

effect of magnetic field thereof, demonstrated the validity of the proposed model.

Accurate model should be able to predict the response of MRE materials due to changes

in stiffness, damping, and hysteresis under varying strains, frequencies, magnetic fields, and
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axial loads. The accuracy with linear models when it comes to predicting stiffness and damping
seems to be satisfactory. However, the simulation of highly nonlinear hysteretic response of
rubber-based materials presents a challenge due to complex particle interactions, cyclic Mullins
and Payne effects, and hyper-elasticity. Therefore, there is a need to develop models which can
incorporates nonlinearity of material characteristics such as hysteresis shape and strain-hardening
of MRE due to large strains. In addition to nonlinear viscoelasticity models, the nonlinear stress-
strain response may be described using phenomenological models that can incorporate effect of

magnetic field in case of MREs.
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Chapter 5. Summary, Conclusions and Recommendations for future
research

5.1. Summary

This research was focused on the understanding, design, development, testing, and evaluation of
an adaptive bearing (AB) system featuring magnetorheological elastomers that has the potential
to function as an adaptive bridge bearing. Two quarter-scale ABs with variable stiffness
capabilities were fabricated and successfully tested. This study had three groundbreaking
features: (1) the MRE material development for an AB, (2) the design of a new AB system, and

(3) the large structural loads applied to an MRE-based device.

The MRE materials development, which was an extremely challenging task and had single
objective: (a) MRE layers had to have adaptive mechanical properties, withstand large structural
forces, and satisfy AASHTO requirements. The AB design had to be (i) a fail-safe system, (i)
constrained by geometric dimensions, and (iii) generating a large enough magnetic field to

activate MRE layers.

5.2. Conclusions

This research has contributed in understanding of MRE materials, and MRE-based systems,
particularly as applied to the bridge bearing application. The conclusions of this study can

qualitatively be summarized, as follows:

The first part of the study was focused on to characterize the mechanical properties of TAP
silicone- based and Natural rubber-based MREs to improve MR effects under large strains. The

conclusions of this study are summarized, as follows:

1. The magnetorheological (MR) effect is defined as the percent change in stiffness and

damping properties of MREs when subjected to varying levels of magnetic field. It was
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observed that the MR effect can be characteristically different for cases when iron
particles are distributed isotopically or anisotropically within the elastomeric compound.
The MR effect reduces significantly at large strains for silicone-based anisotropic MRE
samples due to increasing distance between iron particles, which are initially aligned in
chain-like formations. Furthermore, as these chain-like formations are subjected to shear
deformations, the apparent magnetic field intensity diminishes. However, TAP silicone

MREs are recommended for lower strain application due to high MR effect.

It was observed that the MR effect for shear modulus was very stable and uniform for the
natural rubber-based isotropic MRE samples. The MR effect for a given test frequency
remained nearly constant (approximately 30%) for a given strain amplitude and with no
axial force. The uniform MR effect on effective stiffness is attributed to the nominally
isotropic material composition. The random distribution of iron particles allows
formation of alternative and desirable magnetic field paths irrespective of the
deformation field within the material. The only notable reduction in the MR effect was

due to higher frequencies.

. The carbon nanofiber improved the performance of TAP silicone-based anisotropic
MRE. This may be due to desirable magnetic permeability of carbon nanofibers, which

resulted in higher MR effects.

Natural rubber MRE demonstrated better MR effect under axial force, however, reduced
with increasing strains. It was observed that at 10% and 100% strain with 100 psi axial
stress, the achieved MR effects were 92% and 33% compared to 32% and 32% under no

axial stress, respectively. This observation is attributed to the fact that axial force, hence
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axial deformation, reduces the spacing between iron particles, thereby enhancing the

magnetic field.

5. For any given strain and/or frequency, the effective stiffness and damping showed

increasing trend with increased magnetic field intensity.

6. The MR effect on the effective damping for NR-S-4 sample was 63% at 10% shear strain
and 10 Hz test frequency. Also, it was observed that the MR effect on the effective
damping varied from 2 to 13% for all other shear strains (30%, 50%, 75%, 100%, and

125%) and applied frequencies (0.1 Hz, 3 Hz, 7Hz, and 10 Hz).

The second part of the research includes experimental study of MRE-based adaptive

bearing. MRE device have been tested under pure shear, compression and combined loading.

The observations derived from experiments are summarized here in:

1. The effects of magnetic field, strain and frequency was studied. It was demonstrated that
at lower strains and frequency, the increase in stiffness was higher; and as strains and
frequency increase, the MR effect of MRE decreases. The adaptive bearing has the
potential to change the dynamic response of a bridge, but since lower than expected
change in shear stiffness is achieved with larger compressive forces, the design needs to
be modified to accommodate large compression forces while still maintaining the shear

stiffness change properties.

2. The observed MR effect under combined shear and compression loading varied between

23% and 9% at 5-kip axial load and strains of 5% and 20% respectively.
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Finally, a seven-parameter viscoelastic model was developed and adapted to simulate static and
dynamic response of natural rubber based isotropic magnetorheological elastomer (MRE). The
comparison between the predicted and experimental storage and loss moduli, and effect of
magnetic field thereof, demonstrated the validity of the proposed model. The accuracy with
linear models when it comes to predicting stiffness and damping is satisfactory. However, the
simulation of highly nonlinear hysteretic response of rubber-based materials presents a challenge
due to complex particle interactions, cyclic Mullins and Payne effects, hyperelasticity, etc.
Therefore, there is a need to develop models which can incorporates nonlinearity of material

characteristics such as hysteresis shape and strain-hardening of MRE due to large strains.

53. Recommendations for future research

This research was the first investigation of its kind in which MRE layers were subjected to large
structural strains and loads. Like all new materials that have been adapted in various fields of
engineering and have gone through a wide range of synthesis testing and design iterations, the
utilization of MRE for structural applications requires further investigations. This project
demonstrated the initial steps in understanding the structural capabilities of MREs, utilized in an
adaptive bearing system under large forces and strains. The following recommendations are

suggested to improve the current AB system:

1. MRE material development for large loads and strains is needed to improve the MR

effect.

2. The design of the AB system could be improved to reduce size and increase the magnetic

field by incorporating MRE layers which shows high MR effect.
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Appendix A.  Conference papers

A.1 Characterization of carbon black-filled natural rubber and
silicone magnetorheological elastomers under pure shear
loading

Note: This part of the appendix is a standalone conference paper published in 2017.

Yarra S, Pekcan G, Behrooz M, and Gordaninejad F. (2017) Characterization of Carbon Black-
Filled Natural Rubber and Silicone Magnetorheological Elastomers under pure shear loading. In
8" ECCOMAS Thematic Conference on Smart Structures and Materials 2017 June 6, pg. 860-

870. A publication of International Centre for Numerical Methods in Engineering (CIMNE),
ISBN: 978-84-946909-3-8

ABSTRACT

This study presents a mechanical characterization of carbon black-filled natural rubber and
silicone magnetorheological elastomers (MREs). ASTM standard MRE samples with silicone
matrix and carbon black fillers are fabricated and their properties are compared with those of
carbon black-filled natural rubber-based isotropic MREs. The mechanical properties of the
MREs are investigated with a double-lap shear experimental setup. The effect of loading
parameters such as shear strain, loading frequency, and magnetic field on the shear moduli of
MRE are presented. Experimental results show that adding carbon black improves not only the

passive modulus of MRE, but also the MR effect.

KEYWORDS: magnetorheological elastomers, natural rubber, platinum silicone.

All Introduction

Magnetorheological elastomers are a class of materials whose properties can be regulated with
an applied external magnetic field. MREs are fabricated by adding micron-sized iron particles to
a polymeric matrix. If a magnetic field is not used during the curing process, MRE material

maintains an isotropic structure. Isotropic MREs with large and irregular shaped iron particles
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are known to show a higher MR effect (percentage change in moduli due to magnetic field) due
to smaller distance between particles compared to isotropic MREs with regular carbonyl iron 41,
Pre-compressed isotropic MREs show higher elastic modulus when compared to isotropic MREs
without pre-compression 2, The MR effect of an isotropic MRE increases due to an increased
magnetic field and loading frequency 1. Gong et al. ™! showed that shear modulus of isotropic
MREs can be increased up to 60% when subjected to 1.0 T magnetic field intensity.
Furthermore, MREs with carbon black show higher tensile strength (56.8% increase) compared
to MREs with no carbon black . It was also demonstrated by ! that MREs with carbon black
can operate at higher temperatures due to their higher thermal stability. Isotropic MRES show a

linear shear stress-strain behavior when the applied strain is less than 10% (1.

When a MRE is cured under a magnetic field, particles form chain-like structures that
will result in an anisotropic MRE. Shear modulus and hysteresis damping of an anisotropic
silicone MRE increases with an increased magnetic field 1. Anisotropic MREs made of
polyurethane shows 20% higher MR effect than anisotropic natural rubber MRE under a varying
magnetic field of 0 to 0.395T [&l. Non-magnetic fillers in MRE mixtures can be used to modify
the properties to achieve desired passive stiffness and damping levels. Chen et al. [*% concluded
that adding carbon black to MRE improves the microstructure bonding, MR effect, and tensile
strength. Thickness and length of iron particle chains increase with an increased magnetic field;
therefore, anisotropic MREs fabricated in a higher magnetic field show higher MR effect [*1,
MRE has a short response time, in the order of milliseconds, with a reversible behavior under a
magnetic field. Therefore, static and dynamic properties of MRE can be controlled in real time.
Both isotropic and anisotropic MREs were studied experimentally as well as analytically and

used in different vibration absorption applications such as adaptive tunable energy absorbers,
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isolators, and tunable stiffness engine mounts. MRE layers have been proposed in vibration
absorbers for structural applications that can reduce the vibration transmissibility [*2. Also,
using MRE isolators with an appropriate control strategy results in a reduction of acceleration
and displacement in a scaled model of a building structure [**l. Lateral stiffness of a MRE base
isolator can be increased up to 1,630% from quasi-static tests with increased electric current
from 0 to 3 amp 4. An isolator made with anisotropic MRE performs better under combined
shear-compression than shear or compression only %1, The natural frequency, stiffness, and
damping of an anisotropic MRE isolator can be controlled by an applied current to
electromagnets that supply magnetic field through MRE material. When the current increases
from 0 amp to 1.5 amp, the natural frequency increases 103%, stiffness increases 330%, and
damping increases 180%, respectively [*31. In the present study, two different MREs with
different curing conditions, additives, and matrices are fabricated. The mechanical properties of
MREs are experimentally evaluated under quasi-static monotonic and cyclic loadings.
Experimental results demonstrate that adding carbon black improves the MR effect and the shear
modulus of MREs.

A.l2 Fabrication of natural rubber and silicone MREs

Elastomeric matrix was created by mixing TAP platinum silicone side A base and side B catalyst
with a weight ratio of 1:1. Carbonyl iron particles (Grade-R-2410; High purity micro powder
iron) of average sizes ranging from 5 to 8 microns were used for magnetic permeability, SR303
carbon black (provided by Sid Richardson) was used as an additive. Silicone-based anisotropic
MREs are fabricated by mixing 80.5g of iron particles, 0.5g of carbon black and 18g of platinum
silicone side A and side B in a beaker. After thoroughly mixing, the mixture was placed into a

mold designed to produce ASTM standard size [16] MRE samples with the geometrical
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dimensions presented in Table 1. To remove air bubbles, the mold with mixture went through a
two-step vacuum process. First, the mold was placed into a vacuum chamber without the top
until the pressure reaches -70 KPA, and then with top the vacuum process was repeated. Finally,
the mold was placed into the electromagnet and cured under 1.2 T magnetic field. Figure 1 (a)

shows a sample of the aligned silicone MRE sample.

Isotropic MREs slabs with natural rubber (254 mm x 254 mm x 12.7 mm) were
fabricated using milling technique with different carbon black percentages (0, 1, 2, 3, 4 and 5) at
Akron Rubber Development Laboratory (Akron, OH, USA). The samples were cut to the ASTM
standard size by Scougal Rubber Corp. (McCarran, NV, USA). Figure 1 (b) shows an isotropic

rubber MRE sample. Recipe of different MRE samples is summarized in Table 2.

el el

)

Figure 1. MRE samples using different polymeric material with: (a) silicone rubber and (b)
Natural rubber.

Table 1: ASTM Standard Size of Specimens’ Dimensions ¢!

Units Length Width Thickness

mm 40 16 5
Inches 1.6 0.625 0.2
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Table 2: Chemical Composition of MRE Samples

NR-
IP% CB% A% B%
TestID ) wiw)  (wiw)  (wiw) T(stszva)o

MRE-S-1 80.5 0.5 9.5 9.5 N/A
NR-S-2 76.0 5.0 N/A  N/A 19

A.13 MRE microstructure analysis

Scanning Electron Microscope was used to observe the microstructure of silicone and rubber
MREs. The samples were dipped in liquid nitrogen to achieve smooth sectional surface for
imaging purposes. Then, the surface was coated with a thin layer of platinum and finally placed
in the SEM machine. Accelerating voltage of 20 kV was used while taking pictures. Figure 2(a)
demonstrates the iron particle chains in a 40%wt. iron particles and 15%wt. carbon black. SEM
picture of isotropic rubber MRE sample with 80%wt. natural rubber and 5% carbon black is
shown in Figure 2 (b). The anisotropic silicone MRE has the particle chains while in the rubber

MRE particles are randomly dispersed that results in an isotropic MRE.

Figure 2. SEM image of the MREs fabricated at different curing conditions:
(a) with a magnetic field; (b) without a magnetic field.
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Al4 Experimental setup
To characterize the mechanical properties of MREs with different matrices, a special test setup

was designed and fabricated as shown in Figure 2. This test setup was used for the application
and control of shear strains with different loading frequencies and magnetic field intensities. As

shown in Figure 2, electromagnets were used to apply the magnetic field.

MRE-Samples ____ ., Electromagnets

Figure 3. Double-lap shear test setup.

Experiments are performed with monotonic and cyclic tests under pure shear loading,
different magnetic field intensities, and loading frequencies. Results are used to compute shear

moduli of ASTM standard size samples. Table 3 shows test protocol of experiments.
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Table 3: Test Protocol for Monotonic and Cyclic Tests
Strain Frequency Magnetic field intensities

(%) (Hz2) (Tesla) (Amp)
0.1 0.0 (0)
0.5 0.3 (1)
10, 20, 30, 1.0 0.5(2)
40 and 50 3.0 0.6 (3)
5.0 0.7 (4)
10.0 0.8 (5)

Magnetorheological effect (MR effect) was calculated as the ratio of absolute relative
magnetic field to the modulus measured with zero magnetic field. The absolute relative
magnetic field was calculated as difference between modulus measured at certain magnetic field

and the modulus measured under no magnetic field.

G
MR ef fect = mGO 2 1)

Al41 Monotonic experiments

Monotonic tests were conducted to characterize mechanical properties such as shear modulus of
both isotropic and anisotropic MRE’s. The effect of magnetic field on shear modulus of MRE-S-
1 and NR-S-2 is shown in Figure 4. As can be seen, the anisotropic silicone MRE (MRE-S-1)
sample shows 11%, 11%, and 6% MR effect at 10%, 30%, and 50% strain amplitudes,
respectively. The isotropic natural rubber MRE (NR-S-2) sample achieved 11%, 51%, and 38%
MR effect at 10%, 30%, and 50% strain amplitudes, respectively. The effective shear modulus

values are summarized in Table 4.
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Figure 4. Experimentally determined MR effect.
Table 4: Effective Shear Modulus Values
MRE-S-1 NR-S-2
Effective shear 10% 30% 50% 10% 30% 50%
modulus (psi) Shear Shear Shear Shear Shear Shear
strain strain strain strain strain strain
Go 160.0 137.0 129.0 78.0 33.3 29.0
Gy 178.0 152.0 137.0 86.5 50.2 40.0
% Change in
effective shear 11 11 6 11 51 38

modulus

Go - Shear modulus under no magnetic field, and G4 - Shear modulus under 0.7 Tesla magnetic field

A.1.42  Cyclic experiments

MRE samples were subjected to six cycles of strain-controlled sinusoidal motions to study

viscoelastic properties under varying shear loading frequencies and magnetic field intensities.

The storage and loss moduli were calculated by using Egs. (2) and (3), respectively, as follows:

G' =1/ycoséd
G =1t/ysiné

()
(3)

where & is the phase lag measured from the reordered the shear stress and shear strain responses.
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The effect of frequency on storage and loss moduli of MRE-S-1 is shown in Figure 5.
Both moduli increase with increasing test frequency. As can be seen in the Figure 6, the MRE-
S-1 sample show various levels of MR effect due to the applied magnetic field. In general, an
increase in magnetic field results in larger storage and loss moduli for any given strain
amplitude. However, while the MR effect associated with the storage modulus decreases with
increasing strain amplitudes, MR effect for loss modulus increases with increasing strain
amplitudes. Table 5 summarizes the measured MRE effects. Accordingly, the storage modulus
of MRE-S-1 sample achieved approximately 68%, 42% and 24% MR effect at 10%, 30% and
50% strain amplitudes, respectively. The loss modulus of MRE-S-1 show 40%, 111%, and 119%
MR effect at 10%, 30%, and 50% strain amplitudes, respectively, which implies a higher
damping capacity at larger strain amplitudes. Figure 7 shows a sample of cyclic force-

displacement response of silicone MRE under different strains and magnetic field intensities.
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Figure 5. Effect of frequency on the rheological properties of MRE-S-1 at zero magnetic field:
(a) Storage modulus (b) Loss modulus.
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Figure 6. Effect of magnetic field on the rheological properties of MRE-S-1 at frequency of

10Hz: (a) Storage modulus (b) Loss modulus.

Table 5: Storage and loss modulus values of MRE-S-1

Shear strain

Magnetic 10% 30% 50% 10% 30% 50%
('|t|:s|(|ja) Storage modulus Loss modulus
G' G' G' G" G" G"

0 63.9 45.8 55.3 20.2 8.8 13.5

0.3 75.9 521 61.6 28.6 12.6 19.7
0.5 93.8 58.6 68.2 27.1 14.7 239
0.7 107.4 65.3 68.6 28.3 18.6 29.6
MR effect 68% 42% 24% 40% 111% 119%

0.9

0.28

0.21

0.14

0.07

0.00

Loss modulus (N/mm?)

108



109

Displacement (mm) Displacement (mm)
-2.5 -1.3 0.0 13 25 -3 ) 0 2 3
30 133 30 . 133
67 67
o) zZ = z
g 0 § ® ‘ | 0 3
g e g 7 i3
i o sran] O 15 / ' 67
oStramn) | A | [ eeeeeees 0
----- 30% Strain / - - -3 ;nTpp
50% Strain 5 amp
-30 -133 -30 . -133
-0.1 -0.05 0 0.05 0.1 -0.12  -0.06 0 0.06 0.12
Displacement (in.) Displacement (in.)
(a) (b)

Figure 7. Platinum silicone MRE force-displacement results under varying:

(a) Strains and (b) Magnetic field.

As shown in Figure 8, storage loss moduli of the isotropic natural rubber-based MRE (NR-S-2)
show an increasing trend with increasing frequency for any given strain amplitude. Also, from
Figure 8, it can be seen that both storage modulus and loss modulus show a decreasing trend with
increasing strain amplitudes. Figure 9 shows magnetic field effect on storage and loss modulus
of NR-S-2. As can be seen in the Figure, both storage modulus and loss modulus increase with
increasing magnetic field. The storage modulus of NR-S-2 exhibits 35%, 24%, and 24% MR
effect at 10%, 30%, and 50% strain amplitudes, respectively. The loss modulus of NR-S-2 show
45%, 19%, and 26% MR effect at 10%, 30%, and 50% strain amplitudes. Table 6 summarizes
the measured storage and loss modulus values and corresponding MR effects. Figure 10 shows
the shear force—displacements hysteresis of natural rubber-based isotropic MRE under different

loading conditions.
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Magnetic 10% 30% 50% 10% 30% 50%
field
(Tesla) Storage modulus Loss modulus
G' G' G' G" G" G"
0 834.3 519.2 355.5 237.6 202.1 162.8
0.3 969.7 576.3 392.3 293.5 222.1 186.0
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0.7 11249 642.0 441.7 344.2 239.9 204.5
MR effect 35% 24% 24% 45% 19% 26%
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Figure 10. Natural rubber MRE force-displacement results under varying: (a) Strains and (b)

A.l5

Conclusions

Magnetic field.

In this study, different MRE samples are characterized using a double-lap shear test setup that is

designed for combined shear and compression experiments. Experiments were carried out for

anisotropic and isotropic MRE samples. The silicone MRE (MRE-S-1) sample were

characterized as anisotropic (cured under magnetic field) and Natural rubber-based MRE (NR-S-

2) samples were characterized as isotropic (cured without magnetic field). Both samples

demonstrated varying levels of MR effect ranging between 11%-6% for MRE-S-1 and 11%-38%
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for NR-S-2 at 0.7 Tesla (4amp). It is important to note that NR-S-2 sample achieved a higher
MR effect which tends to increase with larger strains. Additional material tests are planned for

further investigation under various loading conditions and larger strain amplitudes.
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A.2 A large-scale adaptive magnetorheological elastomer-based
bridge bearing

Note: This part of the appendix is a standalone conference paper published in SPIE -Smart
Structures + Nondestructive Evaluation in 2017.

Yarra, S., Behrooz, M., Pekcan, G., Itani, A. and Gordaninejad, F., 2017, April. A large-scale
adaptive magnetorheological elastomer-based bridge bearing. In Active and Passive Smart
Structures and Integrated Systems 2017 (Vol. 10164, p. 1016425). International Society for
Optics and Photonics.

ABSTRACT

This study presents the design, development, testing, and performance evaluation of a scaled
bridge bearing utilizing magnetorheological elastomer (MRE) layers as adaptive elements, which
allow for a varying stiffness under a magnetic field. The adaptive bridge bearing system
incorporates a closed-loop magnetic circuit that results in an enhanced magnetic field in the
MRE layers. A new design is introduced and optimized using structural and magnetic finite
element analyses. Two bearings and a test setup for applying simultaneous variable shear,
constant compression, and a variable magnetic field on the bearing are fabricated. The adaptive
bridge bearing results demonstrate the stiffness change of the bearing under different strain
levels and loading frequencies, as well as the ability of the bearing to change its stiffness under

different applied electric currents, which can be correlated to the applied magnetic field.

Keywords: Magnetorheological elastomers, Adaptive bearing, Base isolation, Bridge Bearings
A2.1 Introduction

Conventional bearings are passive systems that have been installed widely in civil infrastructure
to accommodate translational and rotational movement in order to protect them from seismic,
wind, and traffic loads. However, conventional bearings are designed and limited to a specific

stiffness and damping, therefore conventional bearings may not be suitable for all operating
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conditions. On the other hand, a controllable vibration absorber can control the stiffness, and its

performance may accommodate a wider frequency range and type of loading conditions.

Magnetorheological elastomers (MRES) are materials whose instantaneous mechanical
properties can be controlled in real-time. These materials are capable of changing their
mechanical properties continuously, reversibly, and rapidly under an applied external magnetic
field. A MRE is isotropic if it is cured with no magnetic field*, and is anisotropic if cured under
a magnetic field?. In recent years, researchers have investigated the capabilities of MRES to
design controllable bearings for various structural systems. Using numerical simulations, Colette
et. al.® showed that a dynamic vibration absorber incorporating MRE can reduce displacements
in a structure by 10 percent. Also, a scaled MRE-base isolator showed a 30% increase in
stiffness®. By controlling the input current, MRE vibration absorption systems utilized different
excitations and outperformed passive system®. Li et al.® proposed an adaptive MRE-base isolator
with 47 alternating anisotropic MRE and steel shims, sizes of 2mm thickness and 1 mm
thickness with a diameter of 140mm, respectively. Based on experiments conducted on this
small-scale device, it was shown that MR effect (change in apparent stiffness with respect to
passive mode stiffness) was 45% at a frequency of 0.5 Hz and 5% strain. Natural rubber-based
laminated MRE isolator showed a maximum of 14.56% change in effective stiffness under static
compression test for 30% strain’. Furthermore, it was demonstrated by Yang et al.® that both
negative and positive stiffness change could be achieved by incorporating permanent magnets
and changing the direction of the electrical current. The corresponding range of MR effect was
reported as £90%. Another study showed that effective stiffness of an adaptive MRE base
isolator subjected to 16% strain and 0.1 Hz loading frequency could increase over eleven folds®.

In other recent studies, 120% MR effect for a laminated MRE vibration isolator'® and 175%
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increase in equivalent stiffness of a MRE isolator'! are reported. Various semi-active control
strategies, such as Lyapunov control*?, Optimal Control‘3, Fuzzy-logic*4, and NARX neural
network* have been used to control seismic response of scaled-model structural systems. Ina
previous work by the authors, preliminary results of investigations on MRE material properties

and design of a bridge bearing using MRE was demonstrated®®.

In this paper, for the first time, the experimental performance of a MRE-based bearing
subjected to large structural loads is investigated. In the following, the design of the adaptive
bearing is presented, which consists of four MRE and steel shim stacks that are magnetized using
eight electromagnets. The magnetic field of the adaptive bridge bearing is investigated and
optimized using finite element analyses. The adaptive bearing is fabricated with anisotropic
MREs which are cured under a magnetic field of 1.2 Tesla. A double lap shear test setup was
designed and fabricated to conduct component tests of two adaptive bearings under different
loading conditions. Experimental results of the change in the effective stiffness of the adaptive
bearings based on the applied strain level and loading frequency are presented
A2.2 MRE - based bearing design and fabrication
For the system considered in this study, a quarter-scale adaptive bridge bearing was found
appropriate based on the limitations of the experimental facility. The prototype bearings were
designed such that they resemble traditional passive isolation bearings commonly used in
highway bridges. Overall dimensions, rubber area, shear stiffness and deformation demand were
determined from an extensive analytical study of different bridges around the United States. For
the analytical study, AASHTO M251%€ which is referenced in Section 14 of AASHTO LRFD
Bridge Design Specs’ and Section 18 of AASHTO LRFD Bridge Construction Specs*®, was

considered as the basis for the laminated bridge bearing design and properties. The analytical
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study considered different highway bridges across the United States with multiple span length,
bridge width, girder spacing, and shear modulus®®. Accordingly, the quarter-scale bearings were
designed for a compression load of 41 kip and combined shear and compression loads of 5 Kip

and 23 kip, respectively. A schematic of the adaptive bearing is shown in Figure 1.

The adaptive bearing consists of four stacks of alternating MRE and steel shim layers,
eight electromagnets, one sole plate, and one masonry plate. Magnetorheological elastomers
with size of 3in diameter and 1/8in thickness were fabricated using carbonyl iron particles
(Grade-R-2410; High purity micro-fine iron powder), SR303 carbon black and TAP® Platinum

Silicone A and B mixed together with a weight ratio of 1:1.

Loading plate
Electromagnets £2

i

Stacks with alternating
rubber-steel layers

Figure 1. Adaptive bridge bearing design.

To achieve high magnetic permeability, the steel shims, electromagnet core, shim layers,
electromagnets, sole plate, and masonry plate were fabricated from steel 1018. A total of 10

MRE layers and 9 steel shims were used for each stack. Electromagnets with 15-gauge wire and
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10,000 amp-turn per coil, were designed that are powered by two power supplies to induce a
magnetic field in MRE layers. Magnetic field analyses were performed on a finite element
model of the bearing using ANSOFT. The average magnetic field across the middle surface of

MRE layers was determined as 1.3 Tesla, as shown in Figure 2.

2.00
1.80—}

1.50—_ ! Average Magnetic field

Magneticfield, Tesla

1.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Distance [mm)]

Figure 2. Magnetic field density distribution across the middle surface of a MRE layer with an
average of 1.3 T.

A.2.3 Experimental study
A double-lap shear and compression test setup was developed to test the performance of the two

identical adaptive bearings under different loading conditions. The component tests were
performed to characterize the mechanical properties of the bearings such as vertical and lateral
stiffness as well as energy dissipation characteristics under various magnetic field intensities.
Figure 3 demonstrates the assembled double-lap shear and compression test setup for quarter-
scale bearings. The setup was used for the application and control of horizontal shear and axial
force on the bearing system. The horizontal shear force was applied and controlled using a
hydraulic actuator, and axial force was applied and controlled using a hydraulic jack. The

instrumentation of the test setup consisted of eight position transducers (four per each bearing),
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four electrodes (two per each bearing), and three string pots. Position transducers were used to
monitor axial deformations due to applied axial loads and rotations due to combined loading.
String pots were installed to measure potential out-of-plane movements due to imperfections in

the test setup.

e
, :b’é!« |
- P ek S

R TR N

Hydraulic cylinder

Figure 3. Experimental test setup for the MRE adaptive bearing system.

A pseudo-dynamic testing program was developed for the component tests at the Large-Scale
Structures Laboratory at the University of Nevada, Reno. Two identical MRE based adaptive
bearings were tested under varying strains, frequencies, and magnetic fields. Each test consisted
of 6 sinusoidal loading and unloading.

A2.4 Results and discussion

The component tests were used to evaluate the effect of various frequencies, strains, and
magnetic field intensities on the effective stiffness of MRE based adaptive bearings calculated

from force-deformation hysteresis. Effective stiffness was obtained using Eq. (1)%.
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where F* and F~ are the positive and negative shear forces, at A* and A~ shear displacements
of the bearing, respectively.

The effective stiffness of MRE-based adaptive bearings in the off-state (no magnetic field)
increases with increasing frequency as shown in Figure 4. The effective stiffness is not sensitive
to loading frequency at smaller frequencies of up to 1Hz but increases up to 66% for higher
frequency of 4 Hz. For the next set of experiments, the strain level was increased from 5% to
20% to observe the strain-dependent changes of the effective stiffness. At 0.1 Hz loading
frequency, the effective stiffness decreases by approximately 16% at larger strains as shown in
Figure 5. The effective stiffness for 5% and 20% strains are 4.10 kip/in and 3.47 kip/in,
respectively. Table 1 summarizes effective stiffness values for a constant frequency of 0.1Hz

with varying strains.
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Figure 4. Frequency effect on effective stiffness of MRE based adaptive bearing.
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Figure 5. Strain effect on effective stiffness of MRE based adaptive bearing.

Table 1. Effective Stiffness Values for a Constant Frequency and Varying Strains.

. 1 0,
Effective Strain (%) Reduction
stiffness
(kip/in) 5 10 15 20 (5 % Strain - 20% Strain)
0.1Hz 4.10 3.70 3.53 3.47 18%

Magnetorheological (MR) effect is defined as change in the properties of MRE under the
magnetic field as presented in Eg. (2) and defined as the ratio of absolute magnetorheological

effect to zero field effective stiffness.

_ k()-k(0)
MR ef fect = T *100 (2)

where k(1) is the current-dependent stiffness and where k(0) is the off-state stiffness.

Figure 6 shows shear force-deformation hysteresis for a constant frequency of 0.1 Hz
with varying strains (20%, 50%) and varying magnetic fields (0 Tesla, 1.2 Tesla). As can be

seen in Figure 6, the effective stiffness of MRE-based adaptive bearing increases with increased
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magnetic field. The percentage increase in effective stiffness were 12% and 5% for 20%, 50%

strains, respectively. Table 2 shows effective stiffness values for a given constant frequency

with varying strains and magnetic fields.

Bearing [2xShear] Force, kip

Table 2. Effective Stiffness Values under Different Strains for Varying Magnetic Field.
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Figure 6. Magnetic field effect on effective stiffness of MRE-based adaptive

bearing with: (a) maximum 20% strain (b) maximum 50% strain.

Effective stiffness 20% Strain 50% Strain
(kip/in.) 01Hz 1t
00A 3.35 29
70A 3.49 2.82
140A 3.69 2.98
195 A 3.76 3.05
Increase (0 - 19.5 A) 12% 5%

Conclusions

This study presents a new large-scale MRE-based adaptive bridge bearing that was designed and

fabricated strictly following realistic demands imposed on conventional bridge isolation
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bearings. A double-lap shear and compression test setup was fabricated and assembled to
evaluate adaptive bearings under various loading conditions. The force-displacement
characteristics for different loading conditions and magnetic fields were obtained through an
experimental investigation. The effective stiffness of the adaptive bearing increases at higher
frequencies and magnetic fields; however, the increase in effective stiffness can be significantly
lower at larger strain amplitudes. It was observed that the MR effect was 12% and 5% at 20%
and 50% strains levels, respectively.
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A.3 A self-sensing magnetorheological elastomer-based adaptive
bridge bearing with a wireless data monitoring system

Note: This part of the appendix is a standalone conference paper published in SPIE -Smart
Structures + Nondestructive Evaluation in 2016.

Behrooz, M., Yarra, S., Mar, D., Pinuelas, N., Muzinich, B., Publicover, N.G., Pekcan, G., Itani,
A. and Gordaninejad, F., 2016, April. A self-sensing magnetorheological elastomer-based
adaptive bridge bearing with a wireless data monitoring system. In Sensors and Smart Structures
Technologies for Civil, Mechanical, and Aerospace Systems 2016 (\Vol. 9803, p. 98030D).
International Society for Optics and Photonics.

ABSTRACT

This study presents an adaptive bridge bearing that can sense structural loads and tune its
properties to mitigate structural vibrations. The bearing utilizes magnetorheological elastomer
(MRE) layers which allow for an increased stiffness induced with a magnetic field. The system
also features a MRE-based sensing system for sensing the structural wind and traffic load. The
sensing system is capable of transmitting data wirelessly to a central logging computer for
monitoring bridge performance and sending alerts in the case of a major event. The capability of
the MRE-based sensing system for sensing structural loads and wireless transmission of data
were investigated. The adaptive bridge bearing incorporates a closed-loop magnetic circuit that
results in an enhanced magnetic field in the MRE layers. Results show the sensitivity of the
MRE-based sensors and the performance of the wireless system, as well as the design and

analysis of the tunable bridge bearing.

Keywords: Magnetorheological elastomer isolator, magnetorheological elastomer sensor,
adaptive bridge bearing, wireless sensing

A3.l INTRODUCTION

Magnetorheological elastomers (MRESs) are multi-functional composite materials whose
mechanical properties can be regulated in real-time to achieve variable effective stiffness and

damping when subjected to varying magnetic field strengths. The change in the effective
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stiffness (storage and loss moduli) can be achieved within milliseconds under a magnetic field*,2.
The controllability of these properties deems MREs as plausible candidates for use in vibration
control and isolation applications. Various types of semi-active and active variable stiffness
devices have been proposed and studied. These devices achieve the desired variable stiffness
features via either conventional materials coupled with intricate mechanical details, or so-called
smart materials®®. Two recent studies demonstrated that MRE-based isolation systems show a
promising solution for isolation systems due to their tunable stiffness under a magnetic field®,°.
Stiffness and damping of a MRE isolator can be adjusted by increasing the applied magnetic
field to a MRE isolator®. MRE-based isolators for building structures with 80%wt. iron particles
demonstrate increased stiffness by approximately 34%?*!. A prototype laminated MRE-based
bearing showed over 300% stiffness increase'?. If the layers of a MRE-based isolator are soft
enough, lateral stiffness can be increased up to sixteen fold*3. Models are presented to capture

the dynamic and magnetic field-dependent behavior of MRE isolators'®.

Application of load on a MRE layer leads to a change in electrical resistance measured
across the thickness of the MRE layers®®. A phenomenological model was proposed that can
capture this behavior®®. It was proposed that such properties could be used for load sensing
applications. In this study, it is demonstrated that carbon black can be used to increase the
stiffness of MRE layers and also lower its electrical resistance. Chen et al.}” added 0, 4, and 7%
carbon black to MRE’s elastomer compound and found that the MR effect and tensile strength of
MREs improved significantly with the addition of carbon black. Carbon black increases thermal
stability, Young’s modulus, and the shear storage modulus of an isotropic magnetorheological
elastomer®. A MRE vibration absorber, with an embedded silicone based conductive elastomer

as sensor, was investigated by Komatsuzaki et al.*® that can sense the vibration and accordingly
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tune its natural frequency. Moreover, by combining the electronics required for data acquisition
and generating the control signal with a self-sensing absorber, a standalone and pre-programmed
system can be achieved that reduces vibration transferred to a system, and only requires the

connection to a power supply.

By combining adaptive stiffness and load sensing capabilities of MRE, design,
development, and performance testing of an integrated wireless sensor and adaptive bridge
bearing, using magnetorheological elastomers, are presented in this work. The wireless sensor is
composed of a MRE layer that produces variations in resistance due to applied external forces.
The proposed self-sensing adaptive bearing (SSAB) encompasses a sensing system that can
measure the applied force and transmit data wirelessly. The bridge bearing consists of MRE
layers whose stiffness can be adjusted to a desired level with an external magnetic field. Such a
system can be used for effective vibration mitigation strategies and furthermore it can be
incorporated readily in wireless structural load monitoring applications.

A.3.2 WIRELESS SENSING SYSTEM DESIGN

The wireless sensing system consists of a microcontroller platform with wireless capabilities. It
is programmed to perform on-board data processing and analysis to interpret load values from
the measured resistances. The sensing system can also transfer data wirelessly to a remote
computer for monitoring and storing purposes. The microcontroller used for the sensing system
is the Raspberry Pi Model A+ which is shown in Figure 1. It runs a Linux operating system and

can store data on a microSD card.

The wireless sensing system based on the Raspberry Pi microcontroller includes two
shields: Real Time Clock (RTC) and 20 bit Analog-to-Digital Converter (ADC). The RTC

shield is used to timestamp the acquired data. The ADC shield is used to obtain analog data
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which consists of force, shear, and strain readings. The housing box was printed out of high-
density plastic on a 3D printer. As shown in Figure 1, a 9V battery (on the right) powers the
wireless sensing system (on the left) using a micro USB connector. The sensing system can
sense input data from up to six channels that can be dedicated to recording compressive load,
shear load, displacement, etc. and to perform various types of signal processing (e.g. DFT). The
system also allows enabling/disabling of a channel and setting different thresholds for each

channel to trigger wireless text or web-based alerts to users.

Raspberry Pi MRE sensor
microcontroller +

in

Figure 2. MRE wireless sensor electronics.

Battery

Figure 1. A voltage divider circuit used to measure the
voltage drop across the MRE.

Addition of carbon black to MRE leads to a decrease in the measured resistance from GQ
to MQ range and thus, allows the use of a simple voltage divider circuit to measure the resistance
of MRE under an applied load. In Figure 2, Vres represents a reference voltage supplied by the
circuit, and R represents a known resistance. MRE resistance is represented as Rwvre, and Vin is
the voltage drop across the MRE which is recorded by the microcontroller. A calibration was

performed using Eq. (1) to compute the relation between Vi, and the MRE resistance.
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The data from selected channels is stored in a CSV file. A flexible graphing tool is

utilized to allow users to easily view and compare data as shown in Figure 3. The CSV file

contains the date and time the data were sampled, shown in the title header of the graph. An

USB Wi-Fi adapter was attached to allow interactions with remote computers and have Internet

access when available. This adapter also allows the Raspberry Pi to be programmed and/or

updated wirelessly. Apache web server software was installed to allow access to the sensor

database and graph the data. Exim mail transfer agent was installed to send emails whenever an

extreme event occurred as established by predefined thresholds. The sensing system can also

send text notifications to users through the TextMagic text message server. This functionality

allows text and/or email functions to alert the user in case of an event.
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Figure 3. Graph of selected data points.

The sensing system is capable of sampling up to 70 samples per second. Moreover, it can

be programmed to sample at variable rates as a function of the intensity of the recorded response.

Furthermore, the recorded data can be processed in real-time to generate Fourier Amplitude

Spectrum as shown in Figure 4 and results are stored in a CSV file.
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Figure 4. Calculated Discrete Fourier Transform (DFT) in real-time.

Figure 5 demonstrates the tree diagram of the graphical user interface (GUI). The GUI is

designed to allow easy and intuitive access to the current state of a bearing and to data archived

within an SD memory module.
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Figure 5. Tree diagram structure of the GUI for the wireless sensing system controls.

A33 MRE Characterization
MREs are fabricated using carbonyl iron particles (Grade-R-2410; High purity micro-fine iron

powder), SR303 and SR511 carbon black and TAP® Platinum Silicone A and B mixed together
with a weight ratio of 1:1. For the systematic characterization of mechanical and electrical
properties of the MRE samples, samples are fabricated in ASTM standard sizes of

0.63x1.57x0.20 in (16 x 40 x 5 mm), as shown in Figure 6.
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Output resistance
Electrode

Figure 6. A typical MRE specimen for combined shear, compression and electrical resistance
testing.

The objectives of the ongoing material testing program are to quantify the effect of
various mixture components and their relative compositions on the compressive and shear
moduli and electrical resistivity. A series of round-shape MRE samples (shown in Figure 1)
were fabricated with different percentages of carbon black (0, 1.5 and 3%wt) content and 80%wt
iron particles. The experimental setup used for the compression-only tests is shown in Figure 7.
The monotonically increasing compression load was applied using an Instron testing machine.
Young’s modulus of the material shows an increasing trend with increasing carbon black
percentages. Table 1 lists measured values for compression tests where, D is diameter, h is
thickness, E is Young’s modulus, G is shear modulus, IP% is iron particle percentage, and CB%

is carbon black percentage of MRE specimens.



MRE
Sample 1

Figure 7. MRE compression test setup.

Table 1. MRE Compression Test Results.
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Sample Number| D(in.) | h(in) | IP% |[CB% | A% |B% | E, (psi) | G, (psi)
Elastomer only 3.12 0.11 1,179.00 | 398.00
MRE-S-1 3.12 0.16 | 80.00 | 0.00 |10.00|10.00| 1,528.00 | 516.00
MRE-S-2 3.12 0.12 80.00 1.50 | 9.25 | 9.25 | 2,257.00 | 762.00
MRE-S-3 3.12 0.16 | 80.00 | 3.00 | 850 | 8.50 | 4,519.00 | 1,526.00
MRE-S-4 3.12 0.15 | 40.00 | 10.00 |25.00|25.00| 1,181.00 | 399.00
MRE-S-5 3.12 0.16 40.00 | 15.00 |22.50|22.50 | 1,113.00 | 375.00

A test apparatus was design and developed to perform shear and compression

experiments as well as to measure electric resistivity under an applied magnetic field. The MRE

specimens were based on ASTM standard size (D5992-96). Figure 9 shows the experimental

test setup. The aluminum housing was mounted to the fixed section of the Instron machine,

while the central plunger was mounted to the actuator. The setup allowed the application and

control of shear, axial forces, and magnetic field on MRE samples. Shear force was applied and

controlled using a hydraulic actuator, and axial force was applied and controlled by a handle and

measured by a load cell. The Instron provided up to 1 in of displacement. The magnetic field

was measured as 0.8 Tesla within the samples near the saturation point of the MRE’s.
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Figure 10 shows the results of a pure shear test for carbon black field MREs subjected to
0.1 loading frequency with 10 and 50% strains. The effect of the magnetic field on the stiffness
of MRE can be seen in the Figure. Furthermore, the area of the force-displacement loops also
increase, corresponding to an increase in hysteresis damping. At 0.1Hz and 10% strain MRE
shows 291 Ib/in, while increasing the strain to 50% at the same frequency results in a lower
161.69 Ib/in stiffness. These results suggest that MREs show lower stiffness at larger strains.
Also, the stiffness increases for 10% strain is 52.7% while there is a 38.7% increase for 50%
strain. This confirms lower MRE effect at larger applied strains. Figure 11 shows similar results
for 30% applied strain with different frequencies. The passive stiffness increases from 215
(Ib/in) to 244 Ib/in which shows an increase in the stiffness of MRE with increasing frequency.
However, the on-state stiffness also increases with higher frequencies. The MR effect is 31.6%
for 0.1Hz frequency while it is 38.5% for 5 Hz frequency, therefore, the MR effect does not

change significantly with increasing frequency.

Electromagnets

Pre-compression

Displacement
transducer

MRE sensors

Loadcell —

Electromagnet
power input

Actuator

Figure 8. Experimental setup for combined shear, compression, and resistance testing.
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Figure 9. Shear force displacement behavior of 80% wt. MRE with 0.5% wt. carbon black under
0.1 Hz loading frequency at: (a) 10% and (b) 50% strain.
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Figure 10. Shear force displacement behavior of 80% wt. MRE with 0.5% wt. carbon black
under 30% strain at: (a) 0.1Hz and b) 5 Hz loading frequency.

A34  ADAPTIVE BRIDGE BEARING DESIGN

Bearings are key components in bridge structures that govern the overall static and dynamic
responses. While they serve as essential support elements subjected to various vertical loads, the
vibration induced structural response of highway bridges is related in part to the compressive as
well as shear stiffness of the bearings. Support reactions (bearing forces) are distributed

relatively uniformly in regular bridges, however, uneven distribution of such forces are expected
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in geometrically irregular bridges even under service loading conditions. On the other hand,
significant deviations from expected levels of bearing forces may be a sign of redistribution of
forces due to different factors such as support settlement, yielding/failure of other components
elsewhere in the structural system. Therefore, load on the bearings as well as associated
deformations may be correlated with the condition and longevity of the structure. In general, it is
difficult to detect such conditions in bridges with conventional bearings until a leading cause is
visible. The present study introduces a SSAB bearing system that addresses some of these
issues. While the self-sensing feature allows real-time measurements and monitoring of
individual bearing forces and deformations, adaptive features allow real-time control of stiffness
characteristics of the bearings as a function of the instantaneous response due to existing loading
conditions. Implementation of these features results in a more desired distribution of forces in the
structural system, thereby reducing the risk of failure, and provides means for the early detection

of adverse conditions.

The prototype SSAB bearing (Figure 11) was designed in conformance with load
carrying capacity and stiffness characteristics of a conventional circular bridge bearing. The
design is based on a technology that provides a closed loop magnetic field?°. The average
bearing dimensions were determined based on an extensive analytical study of typical highway
bridges across the United States. The SSAB bearing consists of two main components; 1)
alternating MRE and steel layers, and 2) electromagnets. It is noted that stiffness of MRE layers
can be controlled with the application of a magnetic field. Therefore, a closed-loop
electromagnet was designed and incorporated in the SSAB which induces a relatively uniform
magnetic field in the MRE layers. The bearing features 12 electromagnets each capable of

producing 10,000 amp-turns. The magnetic coils induce the magnetic field within the MRE
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layers. Efforts were made to increase the size of the coils to compensate for any potential loss of
magnetic field. Steel 1018 was used for the bearing coils and steel rings located at the top and
bottom of the bearing assembly. Magnetic field analyses were performed on the computational
model of the bearing using ANSOFT Maxwell finite element package. The achieved magnetic
field distribution is at the middle MRE layers in the radial direction, as shown in Figure 12. As

can be seen in Figure 11, the average magnetic field across MRE layers was approximately 1.1

T.

18.98"

Load bearing plate

|_— Electromagnet

57

MRE layers

Figure 11. Design of the adaptive MRE bearing.
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Figure 12. Magnetic field distribution across the middle surface of a MRE layer.
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A35 SUMMARY AND CONCLUSIONS

This paper is a report on a work in progress on the design of a self-sensing adaptive bridge
bearing (SSAB) system that utilizes magnetorheological elastomers (MRESs) both as a load
sensing element and also as an adaptive element for vibration control. A microcontroller-based
wireless data transmission system was utilized to collect and process the data acquired from
MRE sensors and to send an alert in case of an extreme event. MRE sensors using carbon black-
filled MREs were manufactured and their load measuring properties were investigated. ASTM-
standard MRE samples were manufactured for material testing and characterization of electrical
properties. A combined shear and compression test setup was fabricated to characterize the
sensors under simultaneous shear and compression loading to simulate structural loading/sensing
conditions. A bearing design was achieved that ensures the desired magnetic field strength to
control the stiffness of MRE layers. Results of this ongoing study show promising capabilities
for the MRE-based SSABs.
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Appendix B.  Experiments documentation
B.1 Quasi —Static (Monotonic) Test Results of Silicone-based MRE
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Figure B.1.1. Force — Displacement curves under pure shear: (a) MRE-S-1 (b) MRE-S-1
(c) MRE-S-3 (d) MRE-S-3.



Shear Force (Ib)

Shear Force (Ib)

10

10 T r
Shear Strain —-> 10%
Frequency --> 0.1 Hz
ar .
B .
4} 4
2 i
0 Tesla
0 —0.6 Tesla
0 0.02 0.04 0.06 0.08 0.1
Shear Deformation (in.)
(a)
Shear strain > 10% . ;
Frequency--» 0.1 Hz
8t 4
6t 4
4t .
2t -
0Tesla
; a | ———06Tesla
0 0.02 0.04 0.06 0.08 0.1
Shear Deformation (in.)
(©)

Shear Force (Ib)

Shear Force (Ib)

40 T -
Shear strain—-> 50%
Frequency-> 0.1 Hz
32+ 4
24t E
16+ 4
ar .
0 Tesla
0 —0.6 Tesla
0 0.1 02 03 04 05
Shear Deformation (in.)
(b)
35
Shear strain --» 50%
Frequency--> 0.1 Hz
2Bt 4
21+ 4
14} J
7t 4
0 Tesla
0 - r == 0.6 Tesla
0 01 02 03 0.4 05

Shear Deformation (in.)

(d)

Figure B.1.2. Force — Displacement curves under pure shear: (a) MRE-S-4 (b) MRE-S-4 (c)
MRE-S-5 (d) MRE-S-5.
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B.2 Quasi —Static Test Results of Natural rubber-based MRE
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Figure B.2.1. Force — Displacement curves for NR-S-1under pure shear.
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B.3 Cyclic Tests Results Summary for Natural rubber-based MRE

Sample
Table B.3.1. Storage modulus (G') and Loss modulus (G ") of NR-S-4 Sample under Pure Shear
(Ib/in?).
Shear Strain

Freq“e”:i}glg/'ag”e“c 10% 30% 50% 75% 100% 125%
G G G G’ G G’ G G G G G G’
0.0 | 2762|1353 | 1586 | 106.5 | 106.6 | 889 | 126.1 | 96.8 | 69.7 | 68.0 | 653 | 63.7
0.3 | 327.7 | 176.8 | 198.4 | 139.7 | 140.0 | 117.7 | 131.2 | 107.1 | 95.7 | 92.0 | 829 | 828
o 0.5 | 369.9 | 2033 | 223.1 | 157.3 | 157.1 | 130.0 | 136.3 | 113.0 | 109.6 | 101.5 | 949 | 91.8
0.7 | 3888|2159 | 233.3 | 162.1 | 166.4 | 133.7 | 1465 | 115.7 | 121.1 | 106.9 | 101.1 | 95.7
%MR-Effect 41 60 | 47 52 56 | 50 16 19 74 | 57 | 55 | 50
0.0 | 4058 | 1832 | 241.6 | 150.9 | 167.2 | 129.7 | 170.9 | 127.0 | 106.5 | 101.2 | 947 | 92.9
0.3 | 476.1 | 2329 | 2857 | 187.2 | 200.7 | 158.3 | 180.5 | 140.9 | 134.6 | 123.0 | 114.8 | 1108
pon 0.5 | 5237|2652 | 3117 | 2055 | 218.9 | 171.1 | 181.4 | 145.9 | 147.6 | 132.1 | 126.0 | 119.7
0.7 | 5384 2793|3152 | 205.7 | 225.0 | 174.3 | 168.9 | 142.4 | 153.7 | 135.8 | 128.6 | 122.1
%MR-Effect 33 52 30 | 36 3B | 34 7 15 | 44 | 34 | 36 | 31
0.0 | 478.0 | 200.0 | 288.4 | 169.7 | 203.5 | 147.9 | 196.9 | 139.6 | 131.2 | 115.7 | 1145 | 105.4
0.3 | 546.6 | 253.7 | 333.0 | 206.7 | 234.3 | 1749 | 206.5 | 154.0 | 156.7 | 135.8 | 133.3 | 122.2
e 0.5 | 600.6 | 285.3 | 357.9 | 223.3 | 252.4 | 188.3 | 208.4 | 155.2 | 169.5 | 145.3 | 144.0 | 1316
0.7 | 6117 | 304.4 | 362.2 | 228.3 | 255.3 | 190.6 | 185.3 | 154.6 | 170.3 | 147.6 | 143.0 | 133.0
%MR-Effect 28 52 26 | 35 25 | 29 12 11 30 28 | 26 26
0.0 |597.1 |221.7 | 373.7 | 194.8 | 269.3 | 172.4 | 249.0 | 158.1 | 176.9 | 136.1 | 153.7 | 124.2
0.3 | 6814 |281.1|419.2 | 231.6 | 299.3 | 199.4 | 259.5 | 173.3 | 202.6 | 155.4 | 173.9 | 140.9
S 0.5 | 7434 | 3156 | 4423 | 247.3 | 318.1 | 213.4 | 2582 | 172.7 | 214.8 | 164.9 | 185.0 | 151.0
0.7 | 745.1 | 337.3 | 4426 | 250.6 | 318.1 | 217.4 | 224.1 | 175.1 | 209.4 | 166.8 | 179.3 | 152.0
%MR-Effect 25 52 18 | 33 18 | 26 16 11 21 23 | 20 22




B.4 Test Protocol

Table B.4.1. Quasi — Static test protocol.

Strain (%) | Frequency (Hz) | Period (Sec) | Magnetic field (Tesla)
5.0 0.1 10.0 00|03 |05]07
10.0 0.1 10.0 00|03 |05]|07
30.0 0.1 10.0 00|03 |05]|07
50.0 0.1 10.0 00|03 |05]|07
75.0 0.1 10.0 00| 03 |05] 07
100.0 0.1 10.0 00| 03 |05] 07
125.0 0.1 10.0 00|03 |05]07
150.0 0.1 10.0 00|03 |05]|07

Table B.4.2. Cyclic test protocol.

Strain (%)

10, 30, 50, 75, 100, 125, 150

Frequency (Hz) | Period (Sec) | Magnetic field (Tesla)
0.1 10.0 0003|0507
0.5 2.0 00(03]|05]|07
1.0 1.0 0003|0507
3.0 0.3 00(03]|05]|07
5.0 0.2 00(03]|05]|07
7.0 0.1 0003|0507
10.0 0.1 00(03]|05]|07
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B.5 Test setup Assembly

Figure 5.1. (a) Outer plates installation, (b) Actuator and knife plate installation, (c) Complete
test setup without bearings, (d) Bringing half glued bearing to install.
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Figure 5.1. (e) Half bearing installed, (f) Gluing to finish bearing installation, (g) Complete
bearings installation, and (h) Complete test setup.
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B.6 Test Protocol

Table B.6. Test protocol

Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':;’de Cycles (Ib) (amp) (Hz)  (in/Sec)
PB-001 25 0.03 6 0 0 0.1 0.02
PB-005 5 0.06 6 0 0 0.1 0.04
PB-009 10 0.13 6 0 0 0.1 0.08
PB-013 15 0.19 6 0 0 0.1 0.12
PB-017 20 0.25 6 0 0 0.1 0.16
PB-021 25 0.03 6 0 0 0.5 0.10
PB-025 5 0.06 6 0 0 0.5 0.20
PB-029 10 0.13 6 0 0 0.5 0.39
PB-033 15 0.19 6 0 0 0.5 0.59
PB-037 20 0.25 6 0 0 0.5 0.79
PB-041 25 0.03 6 0 0 1 0.20
PB-045 5 0.06 6 0 0 1 0.39
PB-049 10 0.13 6 0 0 1 0.79
PB-053 15 0.19 6 0 0 1 1.18
PB-057 20 0.25 6 0 0 1 1.57
PB-061 25 0.03 6 0 0 4 0.79
PB-065 5 0.06 6 0 0 4 1.57
PB-069 10 0.13 6 0 0 4 3.14
PB-073 15 0.19 6 0 0 4 4.71
PB-077 20 0.25 6 0 0 4 6.28
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am’(’i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
001 25 0.03125 6 0 0 0.1 0.02
002 25 0.03125 6 0 7 0.1 0.02
003 25 0.03125 6 0 14 0.1 0.02
004 25 0.03125 6 0 195 0.1 0.02
005 5 0.0625 6 0 0 0.1 0.04
006 5 0.0625 6 0 7 0.1 0.04
007 5 0.0625 6 0 14 0.1 0.04
008 5 0.0625 6 0 195 0.1 0.04
009 10 0.125 6 0 0 0.1 0.08
010 10 0.125 6 0 7 0.1 0.08
011 10 0.125 6 0 14 0.1 0.08
012 10 0.125 6 0 195 0.1 0.08
013 15 0.1875 6 0 0 0.1 0.12
014 15 0.1875 6 0 7 0.1 0.12
015 15 0.1875 6 0 14 0.1 0.12
016 15 0.1875 6 0 19.5 0.1 0.12
017 20 0.25 6 0 0 0.1 0.16
018 20 0.25 6 0 7 0.1 0.16
019 20 0.25 6 0 14 0.1 0.16
020 20 0.25 6 0 19.5 0.1 0.16
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am’(’i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
021 25 0.03125 6 0 0 0.5 0.10
022 25 0.03125 6 0 7 0.5 0.10
023 25 0.03125 6 0 14 0.5 0.10
024 25 0.03125 6 0 19.5 0.5 0.10
025 5 0.0625 6 0 0 0.5 0.20
026 5 0.0625 6 0 7 0.5 0.20
027 5 0.0625 6 0 14 0.5 0.20
028 5 0.0625 6 0 19.5 0.5 0.20
029 10 0.125 6 0 0 0.5 0.39
030 10 0.125 6 0 7 0.5 0.39
031 10 0.125 6 0 14 0.5 0.39
032 10 0.125 6 0 19.5 0.5 0.39
033 15 0.1875 6 0 0 0.5 0.59
034 15 0.1875 6 0 7 0.5 0.59
035 15 0.1875 6 0 14 0.5 0.59
036 15 0.1875 6 0 19.5 0.5 0.59
037 20 0.25 6 0 0 0.5 0.79
038 20 0.25 6 0 7 0.5 0.79
039 20 0.25 6 0 14 0.5 0.79
040 20 0.25 6 0 19.5 0.5 0.79
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am’(’i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
041 25 0.03125 6 0 0 1 0.20
042 25 0.03125 6 0 7 1 0.20
043 25 0.03125 6 0 14 1 0.20
044 25 0.03125 6 0 195 1 0.20
045 5 0.0625 6 0 0 1 0.39
046 5 0.0625 6 0 7 1 0.39
047 5 0.0625 6 0 14 1 0.39
048 5 0.0625 6 0 19.5 1 0.39
049 10 0.125 6 0 0 1 0.79
050 10 0.125 6 0 7 1 0.79
051 10 0.125 6 0 14 1 0.79
052 10 0.125 6 0 195 1 0.79
053 15 0.1875 6 0 0 1 1.18
054 15 0.1875 6 0 7 1 1.18
055 15 0.1875 6 0 14 1 1.18
056 15 0.1875 6 0 19.5 1 1.18
057 20 0.25 6 0 0 1 1.57
058 20 0.25 6 0 7 1 1.57
059 20 0.25 6 0 14 1 1.57
060 20 0.25 6 0 19.5 1 157
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am’(’i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
061 25 0.03125 6 0 0 4 0.79
062 25 0.03125 6 0 7 4 0.79
063 25 0.03125 6 0 14 4 0.79
064 25 0.03125 6 0 195 4 0.79
065 5 0.0625 6 0 0 4 1.57
066 5 0.0625 6 0 7 4 1.57
067 5 0.0625 6 0 14 4 1.57
068 5 0.0625 6 0 195 4 1.57
069 10 0.125 6 0 0 4 3.14
070 10 0.125 6 0 7 4 3.14
071 10 0.125 6 0 14 4 3.14
072 10 0.125 6 0 195 4 3.14
073 15 0.1875 6 0 0 4 4.71
074 15 0.1875 6 0 7 4 4.71
075 15 0.1875 6 0 14 4 471
076 15 0.1875 6 0 19.5 4 4.71
o077 20 0.25 6 0 0 4 6.28
078 20 0.25 6 0 7 4 6.28
079 20 0.25 6 0 14 4 6.28
080 20 0.25 6 0 19.5 4 6.28
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
081 5 0.0625 6 2,500 0 0.1 0.04
082 5 0.0625 6 2,500 7 0.1 0.04
083 5 0.0625 6 2,500 14 0.1 0.04
084 5 0.0625 6 2,500 19.5 0.1 0.04
085 10 0.125 6 2,500 0 0.1 0.08
086 10 0.125 6 2,500 7 0.1 0.08
087 10 0.125 6 2,500 14 0.1 0.08
088 10 0.125 6 2,500 19.5 0.1 0.08
089 15 0.1875 6 2,500 0 0.1 0.12
090 15 0.1875 6 2,500 7 0.1 0.12
091 15 0.1875 6 2,500 14 0.1 0.12
092 15 0.1875 6 2,500 195 0.1 0.12
093 20 0.25 6 2,500 0 0.1 0.16
094 20 0.25 6 2,500 7 0.1 0.16
095 20 0.25 6 2,500 14 0.1 0.16
096 20 0.25 6 2,500 19.5 0.1 0.16
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
097 5 0.0625 6 2,500 0 0.5 0.20
098 5 0.0625 6 2,500 7 0.5 0.20
099 5 0.0625 6 2,500 14 0.5 0.20
100 5 0.0625 6 2,500 19.5 0.5 0.20
101 10 0.125 6 2,500 0 0.5 0.39
102 10 0.125 6 2,500 7 0.5 0.39
103 10 0.125 6 2,500 14 0.5 0.39
104 10 0.125 6 2,500 19.5 0.5 0.39
105 15 0.1875 6 2,500 0 0.5 0.59
106 15 0.1875 6 2,500 7 0.5 0.59
107 15 0.1875 6 2,500 14 0.5 0.59
108 15 0.1875 6 2,500 19.5 0.5 0.59
109 20 0.25 6 2,500 0 0.5 0.79
110 20 0.25 6 2,500 7 0.5 0.79
111 20 0.25 6 2,500 14 0.5 0.79
112 20 0.25 6 2,500 19.5 0.5 0.79
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
113 5 0.0625 6 2,500 0 1 0.39
114 5 0.0625 6 2,500 7 1 0.39
115 5 0.0625 6 2,500 14 1 0.39
116 5 0.0625 6 2,500 19.5 1 0.39
117 10 0.125 6 2,500 0 1 0.79
118 10 0.125 6 2,500 7 1 0.79
119 10 0.125 6 2,500 14 1 0.79
120 10 0.125 6 2,500 195 1 0.79
121 15 0.1875 6 2,500 0 1 1.18
122 15 0.1875 6 2,500 7 1 1.18
123 15 0.1875 6 2,500 14 1 1.18
124 15 0.1875 6 2,500 195 1 1.18
125 20 0.25 6 2,500 0 1 1.57
126 20 0.25 6 2,500 7 1 1.57
127 20 0.25 6 2,500 14 1 1.57
128 20 0.25 6 2,500 19.5 1 1.57
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
129 5 0.0625 6 2,500 0 4 1.57
130 5 0.0625 6 2,500 7 4 1.57
131 5 0.0625 6 2,500 14 4 1.57
132 5 0.0625 6 2,500 19.5 4 1.57
133 10 0.125 6 2,500 0 4 3.14
134 10 0.125 6 2,500 7 4 3.14
135 10 0.125 6 2,500 14 4 3.14
136 10 0.125 6 2,500 195 4 3.14
137 15 0.1875 6 2,500 0 4 4.71
138 15 0.1875 6 2,500 7 4 4.71
139 15 0.1875 6 2,500 14 4 4.71
140 15 0.1875 6 2,500 195 4 4.71
141 20 0.25 6 2,500 0 4 6.28
142 20 0.25 6 2,500 7 4 6.28
143 20 0.25 6 2,500 14 4 6.28
144 20 0.25 6 2,500 19.5 4 6.28
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
145 5 0.0625 6 5,000 0 0.1 0.04
146 5 0.0625 6 5,000 7 0.1 0.04
147 5 0.0625 6 5,000 14 0.1 0.04
148 5 0.0625 6 5,000 19.5 0.1 0.04
149 10 0.125 6 5,000 0 0.1 0.08
150 10 0.125 6 5,000 7 0.1 0.08
151 10 0.125 6 5,000 14 0.1 0.08
152 10 0.125 6 5,000 19.5 0.1 0.08
153 15 0.1875 6 5,000 0 0.1 0.12
154 15 0.1875 6 5,000 7 0.1 0.12
155 15 0.1875 6 5,000 14 0.1 0.12
156 15 0.1875 6 5,000 195 0.1 0.12
157 20 0.25 6 5,000 0 0.1 0.16
158 20 0.25 6 5,000 7 0.1 0.16
159 20 0.25 6 5,000 14 0.1 0.16
160 20 0.25 6 5,000 19.5 0.1 0.16
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
161 5 0.0625 6 5,000 0 0.5 0.20
162 5 0.0625 6 5,000 7 0.5 0.20
163 5 0.0625 6 5,000 14 0.5 0.20
164 5 0.0625 6 5,000 19.5 0.5 0.20
165 10 0.125 6 5,000 0 0.5 0.39
166 10 0.125 6 5,000 7 0.5 0.39
167 10 0.125 6 5,000 14 0.5 0.39
168 10 0.125 6 5,000 19.5 0.5 0.39
169 15 0.1875 6 5,000 0 0.5 0.59
170 15 0.1875 6 5,000 7 0.5 0.59
171 15 0.1875 6 5,000 14 0.5 0.59
172 15 0.1875 6 5,000 19.5 0.5 0.59
173 20 0.25 6 5,000 0 0.5 0.79
174 20 0.25 6 5,000 7 0.5 0.79
175 20 0.25 6 5,000 14 0.5 0.79
176 20 0.25 6 5,000 19.5 0.5 0.79
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
177 5 0.0625 6 5,000 0 1 0.39
178 5 0.0625 6 5,000 7 1 0.39
179 5 0.0625 6 5,000 14 1 0.39
180 5 0.0625 6 5,000 19.5 1 0.39
181 10 0.125 6 5,000 0 1 0.79
182 10 0.125 6 5,000 7 1 0.79
183 10 0.125 6 5,000 14 1 0.79
184 10 0.125 6 5,000 19.5 1 0.79
185 15 0.1875 6 5,000 0 1 1.18
186 15 0.1875 6 5,000 7 1 1.18
187 15 0.1875 6 5,000 14 1 1.18
188 15 0.1875 6 5,000 195 1 1.18
189 20 0.25 6 5,000 0 1 1.57
190 20 0.25 6 5,000 7 1 1.57
191 20 0.25 6 5,000 14 1 1.57
192 20 0.25 6 5,000 19.5 1 1.57
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21TAf)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
193 5 0.0625 6 5,000 0 4 1.57
194 5 0.0625 6 5,000 7 4 1.57
195 5 0.0625 6 5,000 14 4 1.57
196 5 0.0625 6 5,000 19.5 4 1.57
197 10 0.125 6 5,000 0 4 3.14
198 10 0.125 6 5,000 7 4 3.14
199 10 0.125 6 5,000 14 4 3.14
200 10 0.125 6 5,000 195 4 3.14
201 15 0.1875 6 5,000 0 4 4.71
202 15 0.1875 6 5,000 7 4 4.71
203 15 0.1875 6 5,000 14 4 4.71
204 15 0.1875 6 5,000 195 4 4.71
205 20 0.25 6 5,000 0 4 6.28
206 20 0.25 6 5,000 7 4 6.28
207 20 0.25 6 5,000 14 4 6.28
208 20 0.25 6 5,000 19.5 4 6.28
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21Af)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
209 5 0.0625 6 10,000 0 0.1 0.04
210 5 0.0625 6 10,000 7 0.1 0.04
212 5 0.0625 6 10,000 19.5 0.1 0.04
213 10 0.125 6 10,000 0 0.1 0.08
214 10 0.125 6 10,000 7 0.1 0.08
216 10 0.125 6 10,000 19.5 0.1 0.08
217 15 0.1875 6 10,000 0 0.1 0.12
218 15 0.1875 6 10,000 7 0.1 0.12
220 15 0.1875 6 10,000 195 0.1 0.12
221 20 0.25 6 10,000 0 0.1 0.16
222 20 0.25 6 10,000 7 0.1 0.16
224 20 0.25 6 10,000 195 0.1 0.16
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21Af)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
225 5 0.0625 6 10,000 0 0.5 0.20
256 5 0.0625 6 10,000 7 0.5 0.20
228 5 0.0625 6 10,000 19.5 0.5 0.20
229 10 0.125 6 10,000 0 0.5 0.39
230 10 0.125 6 10,000 7 0.5 0.39
232 10 0.125 6 10,000 19.5 0.5 0.39
233 15 0.1875 6 10,000 0 0.5 0.59
234 15 0.1875 6 10,000 7 0.5 0.59
236 15 0.1875 6 10,000 19.5 0.5 0.59
237 20 0.25 6 10,000 0 0.5 0.79
238 20 0.25 6 10,000 7 0.5 0.79
240 20 0.25 6 10,000 195 0.5 0.79
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21Af)
Strain (%) Am'?i':‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
241 5 0.0625 6 10,000 0 1 0.39
242 5 0.0625 6 10,000 7 1 0.39
244 5 0.0625 6 10,000 19.5 1 0.39
245 10 0.125 6 10,000 0 1 0.79
246 10 0.125 6 10,000 7 1 0.79
248 10 0.125 6 10,000 19.5 1 0.79
249 15 0.1875 6 10,000 0 1 1.18
250 15 0.1875 6 10,000 7 1 1.18
252 15 0.1875 6 10,000 195 1 1.18
253 20 0.25 6 10,000 0 1 157
254 20 0.25 6 10,000 7 1 1.57
256 20 0.25 6 10,000 195 1 157
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Test ID Shear Number of Axial Load Ampere Frequency Rate (21Af)
Strain (%) Amzl:‘;de Cycles (Ib) (amp) (Hz)  (in/Sec)
257 5 0.0625 6 10,000 0 4 1.57
258 5 0.0625 6 10,000 7 4 1.57
260 5 0.0625 6 10,000 19.5 4 1.57
261 10 0.125 6 10,000 0 4 3.14
262 10 0.125 6 10,000 7 4 3.14
264 10 0.125 6 10,000 19.5 4 3.14
265 15 0.1875 6 10,000 0 4 4.71
266 15 0.1875 6 10,000 7 4 4.71
268 15 0.1875 6 10,000 195 4 4.71
269 20 0.25 6 10,000 0 4 6.28
270 20 0.25 6 10,000 7 4 6.28
272 20 0.25 6 10,000 195 4 6.28
Test ID Shear Number of Axial Load Ampere Frequency Rate (21Af)
Strain (%) Am‘()i'r']t;‘de Cycles (Ib) (amp) (Hz)  (in/Sec)
289 50 0.625 2 10,000 0 0.1 0.39
290 50 0.625 2 10,000 19.5 0.1 0.39
293 50 0.625 2 10,000 0 1 3.93
294 50 0.625 2 10,000 195 1 3.93
295 100 1.25 2 0 0 0.1 0.79
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B.7 Test Results
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Figure B.7.1. Force versus displacement hysteresis of adaptive bearing system at a
frequency of 0.1 Hz with varying electric current.
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Figure B.7.2. Force versus displacement hysteresis of adaptive bearing system at a

frequency of 0.5 Hz with varying electric current.



Bearing [2xShear) Force, kip

Bearing [2xShear] Force, kip

2 - T -
Shear Strain = 20%
.15, ................ 4
7 i i i
-%.4 -0.2 0 0.2 04
Bearing [Shear] Deformation, in
2 - - T
Shear Strain = 20%
15+ o Ty 1, ety sttty -
Axial Force = 5.0 kip :
1 Amp o._’ 1’.5 .......................... ....... -
058 «rrevsmrnnans Jressssnrntnasane Jouee -" ................ -
| . M T— 1
L ] e+ ---------------- .
Al ................ .
| . SRR SR T, |
:3.4 0.2 0 0.2 04
Bearing [Shear] Deformation, in

Bearing [2xShear) Force, kip

Bearing [2xShear] Force, kip

170

Shear Strain = 20%

Figure B.7.3. Force versus displacement hysteresis of adaptive bearing system at a

frequency of 1 Hz with varying electric current.
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Shear Strain = 20%

'. i ;
4 02 0 02
Bearing [Shear] Deformation, in

Figure B.7.4. Force versus displacement hysteresis of adaptive bearing system at a
frequency of 4 Hz with varying electric current.
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Figure B.7.5. Force versus displacement hysteresis of adaptive bearing system in passive
state with varying frequencies.
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Figure B.7.6. Force versus displacement hysteresis of adaptive bearing system at 7-amp
electric current with varying frequencies.
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Figure B.7.7. Force versus displacement hysteresis of adaptive bearing system at 19.5-

amp electric current with varying frequencies.
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Figure B.7.8. Force versus displacement hysteresis of adaptive bearing system at a
frequency of 0.1 Hz with varying strains in passive state.
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Figure B.7.9. Force versus displacement hysteresis of adaptive bearing system at a
frequency of 0.1 Hz with varying strains and 19.5-amp electric current.
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Appendix C.  Viscoelastic Material Modeling

Definitions:

Viscoelastic materials exhibit viscous (fluid) and elastic (solid) characteristics when
undergoing deformation. In generally, solid components are modeled with springs and

fluids are modeled with dashpots.

For an elastic material, the relationship between stress and strain can be stated as the

following equation (1):

T=ky 1

where k (N/m?) is linear elastic spring (Spring with stiffness)

For a linearly viscous fluid, the relationship between stress and strain can be expressed as

the following general form (Eq. 2):

T=ny (2)

where 1 (N-s/m?) is the viscosity (dashpot containing a viscous fluid)
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For a viscoelastic material, stress is a function of strain and strain rate can be described as

the following (Eqg. 3):

t=1(7) ©)

Maxwell model:

As shown in Figure 1. Spring and dashpot are arranged in series
k

O /B0 \—O

n

Figure 1. Maxwell element

Stress condition:

Each element has the same stress and that is equal to the total stress of the system
Ty =Tg = Tg 4)

Strain condition:

Total strain is the sum of the strains in each element
Ye =VYstVa (5)
The relation between stress and strain can be derived

dy, dys dyqg
Cre _¢Fs  %Va 6
ar  dr T at ©)

K dt k) dt
d 1
- ()
dt n

plug in Eq. (6).

where, 7, == s = (1) %% and
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dy:  (1\dzs 1 (7)
=) a (ﬁ)’d
we can rewrite as the following
= (D), + (1)1 ®)
Yt - k S r] d

Advantages:

1. Predicts fluid like a behavior
2. Stress relaxation can be modeled well

Stress relaxation:
Stress relaxation can be defined as the time that takes for a material to come to

equilibrium due to stress decline when stretched to a fixed length and can be expressed as

the following

T = g [(N-s/m?)/(N-m?) = Sec]

Kelvin — Voigt model:

As shown in Figure 2. Spring and dashpot are arranged in parallel

n
Figure 2. Kelvin-Voigt element

Stress condition:

Total stress is the sum of the stresses in each element
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Tf = TS + Td (9)

Strain condition:

Each element has the same strain and that is equal to the total strain of the system

Ye =V¥s = Va (10)
where, 7, = ky,
Ta =1 %
7, = kys + n% (11)
T = Kys + ny4 (12)

Advantages:

1. Predicts solid like a behavior
2. Creep can be modeled well

Complex modulus of viscoelastic materials can be derived from generalized Hooks
law:

The generalized stress-strain relationship (Hooks law) can be written as follows:

apgT + al'i- + azf + a3:i:+ e = boy + blV + be + be (13)

For harmonic excitation at steady state applying

T =10e®t and y = yye'®t

we get

agToe®t + a; (iw)Tee™t + a,(iw)?1ee’®t + as(iw)3t e®t + -
= boyoelwt + b1(iw))’oelwt + bz(iw)zyoelwt + byy, (iw)3etet

+ (14)
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TO _ bo + bl(l(l)) + bz(la))z + bz(la))3 +
Yo o +a;(iw) +ay(iw)? + az(iw)d + - (15)

the ratio could be denoted as complex shear modulus such that

_ (bg = by(w)? + ) +i(byw — by (w)® + )
~ (ag— az(@)2 + ) + i(aw — az(w)3 + ) (16)

G*
multiply with conjugate of denominator to convert into

G*'=G'+iG 17)
where G' is storage modulus and G is loss modulus

loss factor tan & = % (18)

Useful Laplace Transformation formulas:

LEF (6)} = F(S)

(19)
L{F(t)} = SF(S) — F(0) (20)
F(0) = 0 (assume initial condition zero)
Applying Laplace transforms to Maxwell model
o1 1
Ve =70+ (5) Tq (21)
L(y:) = ! L((7 ! L
() = T L@ + (1) L) 22
_ (S T\
57=(+ ﬁ)f (23)

t= (nf T-':k) v (24)
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In Laplace transform, power of S will determine the derivative of stress and strain.

GS3=¢ ES3=¢
6S%?=¢ £§S%2 =¢
6S=¢ ES=¢
o=0 E=¢

Seven-parameter viscoelastic model

K:n1Tn11

Koo T Vs T+ Tt Tty

-

Figure 3. Seven parameter viscoelastic model

It is assumed that all elements in the model experience same strain and the total stress is

equal to the sum of the stresses in each element and can be expressed as follows.

F= [( Kmlnmls )+( sznmzs >+( Km37]m35

+C S] 3
T]mls + Kml anS + sz 77m3S + Km3) * (25)

5[(7)m15 + Km1)(77m25 + sz)(ntS + Km3)]
= [(Km177m15)(77m25 + Km2) Min3S + Kins)
+ (sznmzs) (Um15 + Kml)(nm35 + Km3) (26)
+ (Km377m35) (Um15 + Km1)(77m25 + sz)
+ C4S(nm1$ + Km1)(71m25 + sz)(nm35 + KmB)]éT

From equation 26, we can find all the constants shown in Eq. 14. To calculate storage and

loss moduli using Eq. 35 and Eq. 36.
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Ao = Km1Kmn2Kms (27)

a1 = K1 KoKz (Tima + Tz + Tinz) (28)

a; = K1 KmaKms (TmiTmz + Tz Tz + Tz Tmt) (29)

az = Km1Kmn2KmzTmiTm2Tms (30)

by = KniKmaKmsz (TmiKmi + T2 Kz + Tz Kms + C4) (31)

b, = Knp1KmaKmz (KmiTmiTmz + Kmi Tz Tt + K2 T Tz + Km2 T2 Tma (32)
+ K3 T Tz + Kz Tz Tz + Tini €4 + Tia Ca + Tz Ca)

by = K1 Km2Km3Tm1TmzTims (Km1 + Kmz + Km3) + Km1Km2Kmsz Co(TmiTinz (33)
+ 2Tz + Tz Tin)

by, = K1 Km2KmzTmiTm2TmzCa (34)

(_(A)sz + (1)4b4)(a0 - (I)Zaz) + ((Ubl - w3b3)(wa1 - (1)3a3)

o= (ap — w?a;)? + (wa; — w3az)? (35)

(wb; — wb3)(ay — w?ay) — (—w?b, + w*by)(wa; — waz)

¢ = (ap — w2a;)? + (wa; — w3az)? (36)

in which o = 2xf is the circular frequency (r/sec) of the excitation, f = frequency (Hz) and

the model parameters are:
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Appendix D. MRE-Based Sensor and Wireless Sensing
System

D.1 MRE-Based Sensor

The electrical resistance (or resistance) of MRE changes due to applied compression or
shear loads. To measure the change in resistance as a function of the applied load, two
stainless steel electrodes were connected to each side of a MRE layer and one wire is
soldered to each shim to measure the output resistance. Originally, the resistance of MRE
samples made were in the range of GQ which was difficult to measure, since it needed a
high resistance meter to measure the resistance. Thus, carbon black (SR303, Sid
Richardson) was added to MRE specimens’ mixture to lower the resistance. In Phase Il a
suitable carbon black type (i.e. SR303, Sid Richardson) was used in the MRE sensors.
Carbon Black was mixed into the MRE at 0.25, 1, 1.5, 2, 2.5, 3, and 6% (wt.). Figure 1
displays disk-shape MRE samples with different iron particle and carbon black contents.
Figure 2 shows the low load resistance measurement test setup at lower loads. The
compressive load was applied by adding 10 Ib weights and change in the resistance was

measured with a multimeter.

I_Roh.. 35V Tren: 35S AY

Carton Buae: 0 A Cannon Busex: 169,y

Figure 1. MRE-based sensors with carbon black filled MREs.
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Figure 2. Measuring resistance change with an applied load

Figure 3 shows the reduction in the resistance with increasing the axial stress. The
axial stress is normalized with respect to maximum stress of 10.51 psi. Such a decrease in
the load can be correlated with applied load and the resulting relationship was used in the
data acquisition system. At a low load regime, it was shown that polynomial function can
predict the reduction in resistance with respect to applied load. Experiments were
conducted for larger compression forces using Instron testing machine on another sensor
with higher zero-load resistance. The normalized axial stress vs. resistance relationship

was developed as shown in Figure 4 for a maximum stress of 0.73 ksi.

1st run

2Znd run
y=0.1308x%- 1.114x + 2379 ard run

Awerage
Poly. (Average)
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(=]
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s

=
=]
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2 3 4 5
Resistance (MQ)

Normalized Axi.aDI Stress (o/lomax)
o]

Figure 3. Low compressive load vs. resistance for a 2% carbon black 80% iron particle
MRE sensor.
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Figure 4. High compressive load vs. resistance for a 2% carbon black 80% iron particle
MRE sensor

Tests were also performed using one MRE layer of the adaptive bearing during
combined shear and compression experiments. The resistance is measured by connecting
wires to the shims attached to both sides of the fifth layer of MRE. Upon increasing the
compressive force, the resistance significantly drops as shown in the semi-logarithmic
plot of Figure 5. Also, since MRE layers of the bearing will be subjected to a magnetic
field during operation, the change in resistance of MRE with increasing the magnetic
field was studied. Figure 6 shows a sample result of 0.5 Hz sinusoidal shear loading with

2.5% strain and different applied currents.
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Figure 5. Compressive load vs. resistance for a layer of MRE within the bearing stacks.
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Figure 6. Shear load vs. resistance for a layer of MRE within the bearing stacks under
applied current of (a) 7, (b) 14, and (c) 19.5 amperes.

D.2 Wireless Sensing System
The wireless sensing system was developed based on three foundations. The first

foundation is to collect multi-channel data from the MRE sensor which can then be
transmitted to a remote computer. The computer may be anywhere in the world, and it
can receive data in near real time. The second foundation is to send notifications through

e-mail or text messaging should a specific (i.e., pre-defined) event occur. The user will be
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able to set any conditions that may be reached for the system to send such notifications.
Instead of a need to continually monitor bearing operations, this allows a “set and forget”
mode of operation. Finally, the wireless sensing system serves as a survivable “black
box”. In an extreme or unusual event, such as a bridge collapse, an external memory card
from the sensing system can be retrieved to analyze the stored data up to the time of the

event.

The basic layout of the wireless sensing system is shown in Figure 7. The sensor
consists of a MRE sandwiched between two metal electrodes. Any force applied to this
sensor changes its resistance. The electrodes are connected to a circuit that produces
voltages that may be used to compute MRE resistance. Data are transferred to a
microcontroller that also acts as a web server. Thus, the microcontroller acts as both a
data acquisition system and as an interface to the outside world. After collecting the raw
data, the microcontroller processes the data and performs any necessary actions such as

storing data and transmitting the data to one or more remote computers.

Force

MRE Sensor

Wireless Data Tracking

Figure 7. Wireless sensing system design concept
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Wireless System Electronics: The microcontroller used for the wireless sensing system
is an ATSAMD21J18, shown in Figure 8. This is a portion of an Atmel SMART SAM D
ARM-based microcontroller that uses a low-power cortex-MO+ processor, commonly
used in cell phones. This microcontroller can collect and graph data from up to 16
channels, simultaneously. Two extension boards are attached to the microcontroller. One
board, an 1/01 Xplained Pro, is used to store data onto a microSD card. This serves the
“black box” function of the wireless sensing system. At any time, this card may be
retrieved from the system and inserted into any computer to view the data acquired up to
the point of any catastrophic event. The other board is a WINC1500 Xplained Pro board,
which serves two purposes: (1) to synchronize the time clock with the current time. The
time clock is used to time stamp all data, and (2) to wirelessly transmit data to a remote

data site.

AM D21 Xplained Pro

: 1/O1 Xplained Pro

||||||||

,,,,,, . _ Microcontroller
Output

WINC1500 Xplained Pro

Figure 8. Atmel microcontroller at the heart of the wireless sensing system.



190

Like other mobile devices such as a cell phone, the Atmel microcontroller
consumes a relatively small amount of power. The amount of power consumed is
dependent on the clock frequency running the system. The clock can be adjusted to run
slower and consume even less power at the cost of performance. Figure 9 shows the
general relation between the base clock frequency and power consumption. The graph
demonstrates a roughly linear relation with a maximum possible main clock frequency of
48 MHz. During normal operation of the software, if the clock frequency falls below 2
MHz, the system will break. Based on the desired specifications (e.g., sample rate, rates
of wireless transmission) and other requirements for the system, the clock frequency may
be optimized so that the microcontroller consumes as little power as possible while

maintaining a selected performance.

[y}
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i
—
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—
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Main Clock Frequency (MHz)

Figure 9. The general relation between power consumption and the main clock
frequency.

System Interaction with MRE: Foundationally, the sensing system measures the

resistance from each MRE sensor. By knowing such resistances, other values such as
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force and strain can be determined and monitored. To be able to measure the resistance of

MRE, a voltage divider circuit is used as shown schematically in Figure 10.

Figure 10. Basic voltage divider circuit.

The equation to obtain the MRE resistance is, as follows:

Rm — RV (1)

Where Rn is the resistance of the MRE sensor, Rc is a constant resistor, Vn is the
measured voltage, and V. is a constant reference voltage. The reference voltage and the
resistance of the constant resistor are known values, while the measured voltage is read
by the sensing system. The three variables are then used to obtain the resistance of the
MRE. This resistance can be used to compute other measures where the relation between

applied load and resistance is described in more detail below.

If measurements surpass a given threshold, the sensing system is set to send a
notification via e-mail or text, alerting a user to the occurrence of the event. Furthermore,

the system may automatically adjust its sampling rate based on a pre-determined
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“urgency” of the situation. In order to measure the amplitudes of oscillations at specific
frequencies, data are also transformed into the frequency domain using Fourier analysis
(Figure 11). The system can be configured to analyze frequencies at within pre-defined

ranges.

0 5 10 15 20 25 30 35
Frequency (Hz)
Figure 11. Fourier analysis of an applied load.

In real time, the sensing system may also output voltages for feedback control of
the bearing. Using a Digit-to-Analog Channel (DAC), the system can directly output
voltages between 0V and 1V as shown in Figure 12. Using an operational amplifier, the
voltage range can be scaled to any range needed to control the circuitry used to drive
current through the coils that control magnetic fields applied to then MREs. The relation
between measured load and the feedback MRE control is profiled using a simple look-up

table. This facilitates a real-time and automated feedback control of bridge stiffness.



Figure 12. Atmel microcontroller outputting 0.5 volts to multi-meter.
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Controls and Documentation: A website has been created to view and adjust graphs for

the sensing system. Figure 13 demonstrates the structure of the systems server. Upon

request, the system transmits data from a selected period for a user to view in graphical

form. A graph from any sensor (or combination of sensors) and any period can be plotted

as shown in Figure 14.

//\\\

D:.tl Thresheld

R-u.l Timae

Data
Archives

User
Account

Help

Figure 13. Layout for system server.
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Figure 14. The website for viewing graphical data from the sensing system.

Experimental measurements for the SSAB: The wireless sensing system was tested on
a bearing shear and compression test setup to collect, and archive the data to an external
memory card, and wirelessly transfer data to a remote computer. As shown in Figure 15,

the system is attached to a metal plate placed on the side of the test bearing.

Batteries shown on the top left corner are used to power the system. Once the
sensing system is turned on and initialized, data acquisition begins automatically. For
initial testing, the system is shown collecting three resistances values from MRE stacks,
the temperature of the bearing, and the displacement produced by an actuator. These data
are time-stamped and then transmitted to a remote computer. An example of data

collected and transmitted to a remote computer can be seen in Figure 16.
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Figue 16. Acquired data displayed on a remote computer using EuTTY.
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Thermocouple

Figure 17. A thermocouple attached to the bearing.

Figure 17 shows a thermocouple that is attached to the surface of the coils. The
relation relating temperature to the voltage produced by the thermocouple was
determined by performing an experiment in which voltages were recorded at various
temperatures. The results show a linear relation between temperature and voltage. Figure
18 shows a comparison between the temperature obtained by the sensing system and that

measured by a National Instruments-based thermocouple.
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Figure 18. Calibration of temperature measurements.
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