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Abstract. This work focuses on the quasi-static behavior study for simply supported sandwich
beams with aluminum faces and magnetorheological elastomer core subjected to three points
bending subjected to a magneto-mechanical loading by numerical and experimental
investigations. The mechanical properties of the magnetorheological elastomer core are measured
experimentally and the mechanical behavior of the MRE was identified by the generalized
Maxwell rheological model. Depending upon the adjustable properties of the beam, energy
dissipation is by core shear. A systematic series of experiments and finite elements simulations
have been performed in order to assess the static behavior of the beam. The results obtained show
a significant influence of the magnetic field intensity on the flexural displacement of the beam.

Keywords: active control deflection, MRE sandwich beam, anti-seismic, magnetic field.
1. Introduction

Innovative control systems in the field of civil and mechanical engineering have become in
recent years of great importance, they allow to design structures to resist, without significant
damage, to dynamic actions, for example storms, great seismic action, etc. At the same time, it is
required during construction to protect the structures by effective and reliable protection systems
by reducing the seismic response. Among these innovative control systems, three different
approaches can be distinguished: the passive, semi-active and active control system.
Magnetorheological elastomer (MRE) has attracted increasing research interest for the application
in semi-active base isolation system to protect structures from seismic vibrations [1]. As known,
the most intended gain of base isolation is to decouple the superstructure from hazardous ground
motions by introducing lateral flexibility to the base layer [2, 3]. However, maximal level of
decoupling may lead to a common issue, which is excessive base drift in traditional base isolation
system [4].

Materials for which rheological properties can be controlled by the application of a magnetic
field are called magnetorheological materials (MR) [5-7]. They belong to the class, more widely
defined, active materials since they can respond to changes in their environment, changes brought
here by semiconductors and appropriate control algorithms. Such materials can be used directly
in devices or incorporated into composites to create advanced composite structures, making their
multiple applications in the automotive, aerospace and electronics industries. The
magnetorheological elastomers (MRE) consist of ferromagnetic particles (generally of
micrometric size) dispersed in a silicone elastomeric matrix [8-12]. Their low response time (on
the order of one milliseconds), their continuously controllable properties, and their ability to
withstand wide variations in rigidity make MRE attractive for potential applications in acrospace,
automotive, civil engineering or in electrical engineering [13-17]. Examples include adaptive
lenses, interactive man-machine interfaces, damping devices and variable stiffness supports. Thus,
the development of the use of composite materials in structures requires putting in place the
necessary tools for modeling the dynamic [18, 19] or static [20] behaviors of new structures such
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as sandwich structures in magnetorheological elastomer. In civil or mechanical engineering, the
search for effective damping in a wide range of vibration frequencies is a critical issue to prevent
human and material losses. First, we stuck to incorporate elastomers because they certainly reduce
vibration and noise, but their stiffness and damping capacities can be adjusted independently.
Today it is possible to go further with the so-called magnetorheological materials: controlled by
magnetic field, they can change continuously, quickly and reversibly some of their characteristics
and adapt to a new environment [21]. Zhou and Wang [22, 23] formulated an analytical model of
the vibrating motion of a sandwich beam under a uniform magnetic field, perpendicular to the
direction of the thickness. To validate the analytical model, they conducted a second study based
on numerical modeling to control the rheological properties. Dwivedy et al. [24] studied the
parametric instability areas of a sandwich beam with a magnetorheological elastomer core
identical to that studied by Zhou and Wang [18, 19], but subjected to a periodic load, to determine
the adjustment advantages of the mechanical properties of the loaded elastomers exposed to a
magnetic field. Nayak et al. [25, 26] studied the vibration reduction of a sandwich beam with three
cores, an unloaded elastomer core, a loaded elastomer core with ferromagnetic particles, and a
loaded core with carbon particles. Areas of parametric instability for the two different types of
particle loading were studied only for the first three vibration modes to illustrate the passive and
active vibration reduction. Dyniewicz et al. [27] in their paper dealt with the semi-active control
of the vibrations of structural elements. Elastomer composites with ferromagnetic particles that
act as magnetorheological fluids are used. The damping coefficient and the shear modulus of the
elastomer increase when it is exposed to an electro-magnetic field. This technique reduces
vibrations more effectively than if the elastomer was permanently exposed to a magnetic field.
Zuguang Ying et al. [28] have developed an advanced magnetorheological elastomer structure to
control vibrations. Sun et al. [29] investigated the controllable capability of an adaptive MRE
sandwich beam; the experimental investigations showed that the MRE damps unwanted motion.
Hu et al. [30] conducted an experimental study on the dynamic response of a sandwich beam
containing two aluminum layers with a MRE core under non-homogeneous magnetic fields; it was
shown that a reduction of 13.9 % is achieved on the first mode of transverse motion. More recently,
the semi-active control of a MRE sandwich beam was investigated under different loadings [31];
results showed the changing stiffness and damping of the MRE layer controls the motion
amplitude. Yanxiang Wan et al. [32] determined the properties of the magnetorheological
elastomer by dynamic analysis (DMA) under different conditions. The results show that the
transition behavior of the silicon rubber based MRE samples under uniaxial compression occurs
at about 50 °C. The storage modulus exhibits two different trends with the temperature variation:
It first decreases rapidly and then increases slightly or maintains a stable value with increasing
temperature. Schiimann et al. [33] used X-ray microtomography to analyze the microstructure of
particles in the presence of magnetic fields. The situation of the sample during mechanical testing
was recreated during tomography to observe the particle microstructure under the exact
circumstances of occurring magnetorheological effects. A significant impact of the magnetic field
and the strain on the rotation of the particles and their radial distribution was verified.
Almeida et al. [34] studied the effectiveness of MREs to control wave motion in a
one-dimensional structure. It is shown that the MRE can be used to control the amplitudes of the
reflected and transmitted waves from the section of beam containing the MRE. Felipe et al. [35]
realized free and forced vibration tests under different magnetic field intensities to evaluate the
dynamic properties of MRE sandwich beams. The experimental results show a favorable reduction
of mechanical vibrations, especially on the fundamental mode of the structure. That MRE
sandwich beam shifted the natural frequencies and amplitude of vibration due to the increase of
an induced magnetic field.

Given the human and material damage caused by the earthquake (Algeria May 21, 2003, Japan
March 11, 2011, Indonesia August 5, 2018). In this paper, a smart base isolation system is
developed by exploiting the uniqueness of MRE seismic isolators. As mentioned below, an
MRE-based beam damper is developed to adjust the parameters of this real-time isolator. A
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numerical and experimental investigation has been conducted to evaluate the seismic protection
performance of the MRE isolation system comparing fixed base building; passive base isolated
structure and Bang-Bang controlled base isolated structure. Testing results reveal the superiority
of the active control based in MRE isolation system. In this work, the time response from the
structure en MRE with applied of maximal force to the generation of the desired applied magnetic
field intensity of is less than 3s, satisfying the requirement of real-time structural control.

2. Mathematical modeling of bending mechanical behavior
In this section it is considered a simply-simply supported (S-S) beam exposed to a uniformly

distributed magnetic field (see Fig. 1). Geometry of a sandwich beam in three-point bending and
the different characteristics of each layer are illustrated in Fig. 2.

Magnetic coill

Sandwichbeam

MRE

Fig. 1. Schematic of the sandwich beam with magnetorheological elastomer
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Fig. 2. a) Geometry of a sandwich beam in three-point bending,
b) geometrical schematic of a sandwich beam elements

The boundary conditions are given as follows:

M =0, M =0,
sz:{sz, x:L:;wzo,
Q=0, Q =0.

In order to best represent the static behavior of the beam without resorting to complex theories
of higher order, the Nilsson model, taking some of the principles from the Timoshenko theory,
[36] will be used. However, Nilsson’s works were interested in a sandwich structure where skins
are homogeneous materials.

In this case, if the equilibrium equation, written as a function of the longitudinal elasticity and
the shear moduli of the beam, is given by:

dM(x) dwy
dx - (GA)eq <(px + a) =0, M
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wherein the expression of the transverse shear angle along the axis is given by:

do(x) M(x) 1
dx  (EDeq  2(EDe (F = Fn)x, &
with:
_ B?bh owy}
o Hej x?

By integrating Eq. (2) we deduce the following expression of ¢ (x):

) = L (q B?bh; 0w} 24k 3
plx T 4(ED,, Lej 0x2 x ' (

The symmetry of the beam requires:

1 szh] 6W]2 L2 szh] 6W]2
p() = - x? - , ©
4(ED) ¢q Hej 0x2 16(ED)¢q Hej 0x2
by substituting Eq. (4) into Eq. (1) we obtain:
dw 1 szh} aWIZ 2 LZ szhj aWIZ
PR —— — + —
dx 4(ED)q Uej O0x? 16(ED),q Uej O0x? 5
N 1 (F B?bh; awf) )
2(GA),q fej 0x2)

Finally, by the integration of Eq. (5), the response of the magneto-visco-elastic behavior of the
Timoshenko beam is given in the form:

1 B%bh; 0w} 1? B%bh; 0w}
w(x) =— F— 1 )3y — - (p_ 97T
12(ED)q tej 0x? 16(E1)q Hej 0x? ©)
L1 ( _szh,-awj2>x
2(GA)¢q Hej O0x?

where (ET).q and (GA),4 are the bending and shear rigidity of beam respectively.
The maximum deflection is given for x = L/2 as follows:

(L)_ L L L v B?bh; 0w} o
Ymax\2) = "\ 24(ED),, * 4(GA)., le; 0x2)

In this study, we assume that the rigidity of the magnetorheological elastomer is very low in
the x-direction. In the y-direction, it shall be sufficient to ensure the displacement in phase of the
two skins. The flexural rigidity per unit width of the beam is calculated by:
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Q h‘i'ht

2 2 2 2 2

Epy dy+fthcy dy+ﬁlc Ecy*dy,
2 2

(EDeq = nyzdy = f_

gon)

hoy' (Che Y hey' (_hey?
(B CEN) (G () N
3
(F+n) (%)
+E 23 B 23 ’
with:
(EDeq = %Echc +E, (% h2 + h h? + §h3), ©)

where: h, = h, = h, E,, = E; = Ey,, and its equivalent shear stiffness (GA).4 is expressed as:

bd?G
(GA)eq = . ° x~ bdG, = AG.,. (10)

3. Finite element simulation
3.1. Identification of viscoelastic materials under Abaqus

For viscoelasticity materials the response is time dependent. Conceptually, the stress response
at time t reads in time domain (following the Abaqus Manual):

() j R(t — s) £(s)ds, (11)
0

where R is the relaxation modulus and & is the strain rate. When the stress and strain variables are
interpreted in the sense of the previous section, the relaxation moduli can be interpreted as time
dependent representations of the bulk and shear moduli as:

1 —Z_kl-(l - exp<—1_%)>l, (12)
G(t) = G, [1—Z'gi<1—exp<—_[%> )] (13)

L

M(t) = M, [1 - Z-mi (1 — exp (— TLM) )], (14)

L

K(t) = K,

which employ Prony series expansion with instantaneous moduli, Ky; Go; M, relative relaxation
moduli, k;, g;, g; and characteristic times ¥, t¢, T, respectively, for the Prony terms with
index i.

For the case of the bulk contribution, Eq. (11) reads together with the bulk relaxation modulus:

ki (¢ (-
Uo(t) =Ky [Evol - Z‘[_K,[ €xp (T_If> Svol(t - S)ds]’ (15)
Lt Jo i
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where the expressions in the summation are the contributions by the Prony terms i to the
volumetric ‘‘creep’’ strain:

ki t —S
Epol; = r_’(_[ exp e Epo1(t — s)ds. (16)
A ]

L 4

Finally, the volumetric stress stain relation reads:
om = Kolevor — €501l (17)

by introducing the volumetric “creep strain”:

£ =) oty ()
i

Equivalent relations can be given for the deviatoric behavior with respect to G(t) and M(t),
which give rise to three equations for the diagonal elements and three equations for the
off-diagonal elements, respectively, of the stress and strain deviators.

The creep strain contributions, &,,;, (and their deviatoric equivalents), are interpreted as state
variables.

3.2. Finite element method implementation and response calculation

The Abaqus interface for “user supplied material laws” only allows for formulations of
constitutive material laws in the time domain (Section 3.1). The implementation follows the
Abaqus Manual pretty closely; extensions and modifications concern material symmetry. The
characteristic times 7X, ¢, M need not to be equal for Prony series since their effects are entirely
separated. The maximum number of Prony terms is set to 13. No temperature dependence is
included. Extensive single element testing has been conducted to verify the implementation. Since
the effects of the contributions by the bulk behavior and the two shear behaviors can be decoupled,
these effects have been tested separately. This is also possible for the verification of the response
of a constitutive law according to the generalized Maxwell model. For the shear behavior of
magnetorheological elastomer the decoupling properties can be utilized to define loading
scenarios in which either solely G or solely M will be “activated”.

The calculation of structures by finite elements is performed using the Abaqus software. The
element used is a 2-D element, CPS4 type with four nodes (Fig. 3).

z
r

=51

Fig. 3. Mesh element in Abaqus: 2D type CPS4

The sandwich material is modeled by three structures, two isotropic elastic structures
corresponding to the aluminum skin, and a MRE core. The skins are characterized by the Young’s
modulus, Poisson's ratio and density, given in Table 1. The mechanical and rheological
characteristics of the MRE measured experimentally were given by [18]. The identification of the
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magnetorheological elastomer by Abaqus software were performed taking into the rheological
characteristics of the MRE according to different magnetic field intensities using the Prony series
and the generalized Maxwell model at six-branches.

The sandwich beam model realized in Abaqus is given in Fig. 4.

Table 1. Mechanical, electrical and geometrical properties of the beam

Material properties | p (kg/m®) | E (MPa) % Hej (Hm™)
Aluminum skins 2800 72000 0.33 1.2566650x 107
Elastomer 1100 1.7 0.45 —
Geometrical characteristics of the top (t) and bottom (b) skins
b (mm) L (mm) | h, (mm) | h, (mm) -
30 500 1 1 -
Geometrical characteristics of the elastomer
b (mm) L (mm) | h, (mm) - -
30 500 2 — —

Fig. 4. Model of the sandwich beam in Abaqus, without mesh and with mesh

The results of meshing of the beam in Abaqus are given in Table 2.

Fig. 5 shows the deflection of the composite material structure for different values of the
magnetic field. These values of the magnetic field are chosen according to the capacity of the coil
used in the experimental part (0.1 T, 0.3 T and 0.5 T).

u,u3
|

0T 01T
+2.037e+401
+1.867e+01
+1.697e+01
+1.528e+01
+1.358e+01
+1.188e+01
03T :

g +5.092e+00
05T +3.395e+00

+1.697e+00
~ ' . ’ +0,000e+00

Fig. 5. Deflection obtained by finite elements for different values of the magnetic field

Deflection obtained by finite elements for different values of the magnetic field through the
distance between supports is given in Fig. 6, for different values of magnetic field. It is observed
that the deflection of the beam is strongly dependent on the magnetic field and its value decreases
with the increase of the magnetic field intensity, for L/2 = 250 mm it has a value of deflection of
27.820 mm for a value of B =0 T and a 23.350mm for B = 0.3 T and a value of 20.370 mm for
B=05T.

The deflection values obtained are presented in Table 3.
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301

Deflection (mm)

0 Il L
0 100 200 300 400 500

Length of the beam (mm)
Fig. 6. Deflection obtained by numerical simulation for different values of the magnetic field

Table 2. Problem size of meshing by FEM
Number of elements 16000
Number of nodes 21105
Number of nodes defined by the user | 21105
Total number of variables in the model | 63315

Table 3. Deflection obtained by finite elements for different values of the magnetic field
w (mm)
0T 01T 03T 05T
20 02.318 | 02.070 | 01.946 | 01.697
40 04.637 | 04.140 | 03.892 | 03.395
60 06.955 | 06.210 | 05.837 | 05.092
80 09.274 | 08.280 | 07.783 | 06.790
100 11.590 | 10.350 | 9.7290 | 08.487
120 13.910 | 12.420 | 11.670 | 10.180
140 16.230 | 14.490 | 13.620 | 11.880
160 18.550 | 16.560 | 15.570 | 13.580
180 20.870 | 18.630 | 17.510 | 15.280
200 23.180 | 20.700 | 194600 | 16.970
220 25.500 | 22.770 | 21.400 | 18.670
250 27.820 | 24.840 | 23.350 | 20.370

x (mm)

4. Experimental analysis
4.1. Elastomer development procedure (MRE)

For the charged elastomers, the implementation is a decisive step because it conditions the
incorporation and the homogeneous dispersion not only of the reinforcing charges but also of the
various ingredients of the formulation.

4.1.1. Choice of ingredients

This part details the constituents used to elaborate the magnetorheological composites. The
nature of the elastomer (RTV141) and the charges, as well as the structuring protocol of the
particles under magnetic field will be explained.

4.2. Matrix

The realization of a structured composite material cannot be done under any conditions.
Firstly, the elastomer must have good mechanical properties but also a low viscosity before
crosslinking to facilitate the dispersion and structuring of the charges. A cold or moderate
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temperature crosslinking is a clear advantage because it facilitates the implementation of
structuring under magnetic field. The choice was made on a silicone elastomer marketed by
Rhodorsil: RTV 141. The characteristics of this elastomer are given in Table 4.

The RTV141 polymer has a sufficiently low viscosity so that the dispersion of 40 % of charge
remains easy. The hardening time of the RTV 141la was measured on a Haake RheoStress
600 rheometer, thermoregulated at 75°.

Table 4. Characteristics of this elastomer RTV141

Primary Catalyst Mixed
Viscosity (Pa.s) 3.5 0.65 4
Young’s modulus (kPa) — — 700
Elongation at break - - 120 %
Release time (h) - - 4 (60°) 2 (100°)
Density — — 1.02
Color Transparent | Transparent —

4.2.1. Charge

The charges must be magnetic, a size of about one micron. If larger particles are used, problems
of cracking [23] and sedimentation appear while the number of chains decreases. For this, our
choice of particles was fixed on Prolabo Normapur iron with high purity (99.5 %), whose average
size is 2.5 pm, the magnetization saturation is 1800 kA/m and the relative permeability is close to
1000 [24]. The characteristics of this elastomer are given in Table 5.

Table 5. Particle characteristics
Fe % | Insoluble impurities
99.5 0.1

Iron 99.5

4.2.2. Elastomer elaboration
4.2.3. Isotropic composite

The development of the isotropic composite follows a protocol that aims to best disperse the
particles in the matrix, while breaking up a maximum of agglomerates. The particles retained are
Prolabo iron with 99.5 % purity, so as to facilitate the chemical treatments of the charges. The
matrix is an RTV141 silicone elastomer marketed by Rhodia and will perceive its good
flowability, which is used for the highest charge rates; its crosslinking is ensured by heating at
70 °C via a heating resistor connected to a 0-240 V autotransformer. The heating resistor, a
Jouimin FCF 200 W Acim, is cold-formable and has been modeled to heat evenly the isotropic
sample.

The first step consists of a particle treatment which aims either to graft the particles of an
adhesion promoting agent or to degrease the fillers (pre-treatment).

The particles are then dispersed in the matrix (25 %) by volume (Eq. (19)). The mixture is then
sheared for one hour using a turax (Fig. 7) to break up a maximum of agglomerates. A catalyst is
added to the mixture to initiate crosslinking of the elastomer, and the whole is degassed under
vacuum for 10 minutes. This last step is important because the imprisonment of small air bubbles
in the elastomer clearly harms the mechanical properties of the set.

Finally, the mixture RTV141+charges is poured into a glass mold. To protect against
accidental bonding between the sample and the mold, the glass is covered with a heat-resistant
silicone non-stick agent (Brenntag Sil-Vert, usable between —40 and +204 °C). The jaws are made
of duraluminium and covered with an adhesive primer (4094 a primer provided by Rhodia
Silicones): simply deposit a thin liquid film on the area to be treated and allow to dry 30 minutes
before mold the polymer.
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—

- g

The volume fraction or charge rate is the ratio of the volume of the charges to the total volume
of the mixture:

Fig. 7. Ultra-turrax homogenizer

Vparticles

(p = . 19
VMatrix + Vparticles ( )

The elaborated elastomer is given in Fig. 8.
The ingredients in terms of volume fractions of each MRE are given in Table 6.

Elastomer (RTV141) ot Fe Glass mold

Fig. 8. Elastomer composite elaborated

Table 6. Constituents of the magnetorheological elastomer
Time of reticulation in hours | Msiticonoit (&) | Mgrv(a) (&) | Mg (2) | Mgrv(e) (8)
Charged elastomer to 25 % ferromagnetic particles
30h | 1.23 | 1193 | 5339 [ 1191

4.2.4. Elaboration of the magnetorheological anisotropic composite

The development of a structured anisotropic composite material consists in the creation of a
structure of column of magnetic particles as perfect as possible within the elastomer.

In this section we have repeated the same steps of elastomer composite fabrication
(Section 2.2.1), but in this section an aluminum specimen holder has been manufactured to
guarantee the transmission of the magnetic field, shear stress and the dimensions of the test piece
(Fig. 9(b)). This specimen holder is placed between two coils to generate a variable magnetic field.
This mechanism is mounted in a dynamic mechanical analysis machine, equipped with a suitable
software that is used to determine the parameters studied below. Fig. 3 shows the essential parts
of the device which is composed of:

1. Aluminum specimen holder (Fig. 10(a) and (b));

2. Two coils for magnetic field generation (Fig. 10(a));

3. An upper unit which permits to apply a static load, being controlled in displacement /
deformation or in force / stress (Fig. 10(c));

4. A lower unit which permits to apply the dynamic parameters with a frequency of 1 Hz to
1000 Hz, being controlled in displacement / deformation or in force / stress (Fig. 10(c));
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5. A fan allowing temperature-controlled tests (Fig. 10(c)).

a) Control and acquisition of data b) C

)
Aluminum  specimen holder AL yoatie t(?_

Static unit

Force sensor F

Specimen

ﬁ Ventilator

Dynamic unit
Two coils generating the magnetic field AL gymamic

Fig. 10. Description of the experimental device
4.2.5. Elaboration of the magnetorheological sandwich beam

After evaluating the influence of the magnetic field on the elastomer comprising 25 % volume
of'iron particles, and given the lack of literature on magnetorheological sandwich beams, we found
it particularly interesting to study the influence of the magnetic field on the vibrational behavior
of these beams. The objective was to develop a sandwich beam containing an MRE with micro
sized iron particles at a volume fraction of 25 %. The particles had to be aligned before
crosslinking under the effect of a constant magnetic field to obtain a structure with viscoelastic
properties that can be tuned by a magnetic field applied externally.

4.2.6. Implementation of the preparation

A rubber mold of rectangular form, 15 cm in length, 3 cm in width and 2 mm in thickness, was
bonded to the lower aluminum skin of the beam (Fig. 11(a)). Dough of the elastomer was injected
into the mold (Fig. 11(b)). The upper skin on the elastomer was bonded to prevent separation
(Fig. 11(c)). The beam obtained was subjected to a perpendicular constant magnetic field (0.14 T)
so that the ferromagnetic particles could be aligned during the crosslinking of the elastomer

(Fig. 12).
\

¢) MER beam
Fig. 11. Steps in fabricating the MRE beam
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Fig. 12. Device for manufacturing elastomer beams loaded with 25 % by volume of iron particles
4.3. Three-point bending of the beam — experimental test stand

The experimental tests were conducted in the laboratory of the Research Unit Materials -
Processes and Environment UR-MPE University of Boumerdes. The dimensions of beam are
shown in Table. 1, the distance between the supports is around of 300 mm, the distance between
supports and the ends of beam is around of 150 mm. Zwick 2.5 kN strength test machine with a
macro extensometer was used for strength tests of beams. These tests are carried by varying the
intensity of the magnetic field (0, 0.1, 0.3 and 0.5 T) with a speed of displacement of 1 mm mn'.

The beam was investigated using a test stand specially designed for three-point bending
strength tests. The test stand is shown in Fig. 13. The obtained results are presented in the form of
plots and tables. The aim of the presented section is validation of developed numerical model.

Sandwich specimens of size 500 mm*30 mmx4 mm are manufactured using two aluminum
skins of 1 mm thickness and an elastomer core charged at 25 % by ferromagnetic particles of
micrometric size is inserted between the two skins (Fig. 11(c)). The sandwich beam was manually
assembled by gluing the aluminum skins onto the magnetorheological elastomer core using
two-component RTV141B adhesive. Mechanical, electrical and geometric characteristics
aluminum and the MRE are listed in Table 1.

—_———

Fig. 13. Photography of the three-point bending test machine

4.3.1. Interpretation of the results (force/displacement)

The force-displacement curve of the beam subjected to a three-point bending load is given in
Fig. 14. From this curve, it can be seen that the breaking force is about of 115 N for the test of the
part subjected to a magnetic field intensity of zero. On the other hand, the specimen subjected to
a magnetic field intensity of 0.5 T is quite far from the rupture. It can be clearly seen that the
rupture of the last specimen is not yet reached even for the value of the maximum applied force
(around 150 N) during the test.

As well as the curve in Fig. 14 shows that specimens exhibit non-linear behavior, even at small

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 1 93 9



NUMERICAL SIMULATION AND EXPERIMENTAL ANALYSIS OF MAGNETO-MECHANICAL BEHAVIOR OF ANTI-SEISMIC ACTIVE SANDWICH
STRUCTURE. NASSIM ZERROUNI, SALAH AGUIB, ALI GRINE, NOUREDDINE CHIKH

deformations. It is possible to define separate domains:

For the test piece subjected to a magnetic field intensity of 0 T, we can observe a behavior
more or less linear at the beginning of displacement and for a force value less than 20 N, then a
non-linear behavior until the rupture. On the other hand, the specimen subjected to a magnetic
field intensity of 0.5 T presents a non-linear behavior even with practically negligible
displacements.

Deflection obtained by experimental analysis for different values of the magnetic field through
the distance between supports is given in Fig. 15, for different values of magnetic field. It is
observed that the deflection of the beam is strongly dependent on the magnetic field and its value
decreases with the increase of the intensity of magnetic field, for L/2 = 250 mm it has a value of
deformation of 25.929 mm for a value of B =0 T and a 21.483 mm for B = 0.3 T and a value of
19.581 mm for B = 0.5 T.

The deflection values obtained are presented in Table 7.

140~ —Exp-B=0T 30r
—Exp-B=05T —B=0T
1201 25 —B=0T
- —B=03T
1001 € ool —B=0.5T
EN |—B=05T |
=M §1s
© X
S 60r ]
o 10
40t a
50
20
0 Il L Il Il I I I L Il I I} 0 : : : :
% 05 1 15 2 25 3 35 4 45 5 55 0 100 200 300 400 500
Displacement (mm) Length of the beam (mm)
Fig. 14. Three-point bending strength / Fig. 15. Deflection obtained by experimental analysis
displacement curve of the sandwich beam with for different values of the magnetic field

and without magnetic field intensity

Table 7. Deflection obtained by experimental analysis for different values of the magnetic field
w (mm)
0T 01T 03T | 0.5T
20 02.453 | 02.196 | 02.007 | 01.894
40 04.943 | 03.801 | 03.048 | 02.889
60 07.538 | 06.232 | 06.002 | 05.586
80 09.425 | 08.458 | 07.897 | 07.064
100 12.062 | 10.910 | 09.567 | 08.752
120 14.537 | 12.489 | 11.584 | 10.586
140 16.836 | 14.794 | 13.627 | 12.562
160 17.948 | 15.925 | 15.364 | 14.267
180 20.852 | 18.586 | 16.297 | 15.567
200 21.858 | 20.351 | 18.564 | 16.867
220 24432 | 21.708 | 19.438 | 18.285
250 25.929 | 23.496 | 21.483 | 19.581

x (mm)

5. Comparison of the deflections obtained experimentally and by finite elements simulation

Fig. 16 shows the curves of the deflection obtained experimentally and those obtained by finite
elements as well as the differences. The latter does not exceed 10.7 % for B =0 T, 10 % for
B =0.1T,16.7 % for B = 0.3 T and 14.55 % for B = 0.5 T. This difference can be attributed to
the side effects of the magnetic field on the MRE behavior, which are ignored by the numerical
simulation.

The comparison of the error ratio of the deflection obtained by the experimental analysis and
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numerical simulation are listed in Table 8. It is noted that the deflection values obtained by the
two methods are confronted with an error rate not exceeding 16.67 %.

%0 —O0T-Exp

. * OT-FEM
—0.1T-Exp
¢ 0.1T-FEM
—0.3T-Exp
* 0.3T-FEM
—0.5T-Exp
* 0.5T-FEM

[}
13
T

N
o
T

Deflexion (mm)
S o

3
T

0 100 200 300 400 500
Length of the beam (mm)

Fig. 16. Comparison of the deflection obtained by experimental analysis
and by finite elements simulation for different values of the magnetic field

Table 8. Comparison of the experimental deflections and those obtained by finite elements

B=0T B=0.1T B=03T B=05T

x(mm)| EXP | FEM | A% | EXP | FEM | A% | EXP | FEM | A% | EXP | FEM | A%
20 02.45 | 02.31 | 05.82 | 02.19 | 02.07 | 06.08 | 02.00 | 01.94 | 03.00 | 01.89 | 01.69 | 11.61
40 04.94 | 04.63 | 06.60 | 04.20 | 04.14 | 01.47 | 03.77 | 03.89 | 03.00 | 03.88 | 03.39 | 14.55
60 07.53 | 06.95 | 08.38 | 06.23 | 06.21 | 00.35 | 06.00 | 05.83 | 02.83 | 05.58 | 05.09 | 09.70
80 09.42 | 09.27 | 01.63 | 08.45 | 08.28 | 02.15 | 07.89 | 07.78 | 01.46 | 07.06 | 06.79 | 04.00
100 | 12.06 | 11.59 | 04.07 | 10.91 | 10.35 | 05.41 | 09.56 | 09.72 | 01.70 | 08.75 | 08.48 | 03.12
120 | 14.53 | 13.91 | 05.93 | 12.88 | 12.42 | 03.78 | 11.58 | 11.67 | 00.70 | 10.58 | 10.18 | 03.99
140 | 16.83 | 16.23 | 03.73 | 14.79 | 14.49 | 02.10 | 13.62 | 13.62 | 00.05 | 12.56 | 11.88 | 05.74
160 | 17.29 | 18.55| 07.25 | 16.72 | 16.56 | 01.00 | 15.36 | 15.57 | 01.34 | 14.26 | 13.58 | 05.06
180 | 20.85 | 20.87 | 00.08 | 18.58 | 18.63 | 00.23 | 17.29 | 17.51 | 01.23 | 15.56 | 15.28 | 01.88
200 | 21.01 | 23.18 | 10.30 | 20.35 | 20.70 | 01.70 | 18.56 | 1946 | 04.83 | 16.86 | 16.97 | 00.60
220 | 24.43 | 25.50 | 04.40 | 21.70 | 22.77 | 04.90 | 19.43 | 21.40 | 10.00 | 18.04 | 18.67 | 03.46
250 | 25.12 ] 27.82]10.70 | 22.57 | 24.84 | 10.00 | 20.01 | 23.35 | 16.67 | 18.76 | 20.37 | 08.58

6. Conclusions

A formulation based on the Timoshenko beam theory is put in place to describe the static
behavior of the beam. Numerical simulation and experimental were done of 3-point bending
analysis in order to evaluate the bending stiffness by varying the intensity of the magnetic field.
The main conclusions drawn from this work are as follows:

1) The quasi-static behavior of the beam is controlled by the adjustment of the rheological
properties of the magnetorheological elastomer.

2) The energy dissipation is influenced by the shearing of the sliding motion between the
micro-particles of iron generated by the effect of the intensity of the magnetic field. This is the
essential factor to reduce earthquake wave displacements.

3) The results found show that the intensity of the magnetic field has a very important influence
on the rigidity of the magnetorheological elastomer (the global bending rigidity of the MRE-based
sandwich beam increases with increase of the applied magnetic field); this influence is due to the
repulsive attractive force between the ferromagnetic particles.

4) It should also be noticed that the quasi-static model cannot deal with a local and transient
effect that occur under dynamic loading. We did not analyze the dynamic factors such as strain
rate effect and inertial effect. These effects may be significant when the impact velocity is high.
Also, the range of impact velocities within which the quasi-static model is valid is of interest.

5) The above conclusions reveal that the proposed sandwich beam exhibits promising
controllable property. Since the bulk stiffness of the sandwich can be widely increased by the
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applied magnetic field, the proposed sandwich beam holds potentials for developing applicable
semi-active devices for earthquake wave displacements control.
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