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Abstract. The application of Viscoelastic Materials (VEM) as a passive or semi-active damping treat-
ment has been shown as a good damping strategy. In order to design these damping treatments on actual
problems, one should analyze at least two phases: firstly to estimate the mechanical properties of the ap-
plied VEM; and, secondly, to simulate the structural behavior by means of numerical and/or experimental
tests.

In this paper, the results of two time domain based VEM numerical models are compared with ex-
perimental counterpart available in literature. Initially, the dynamic properties of the used VEMs are
analyzed and, subsequently, the dissipative characteristics of this passive structural control are also eval-
uated.
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1 INTRODUCTION

Aiming the reduction of structural vibrations, several techniques were developed to increase
structural damping. Among these techniques, the passive control with viscoelastic materials
has shown reasonable efficiency. These materials have low bearing properties with high dissi-
pative capacity when subjected to cyclic deformations. That is the main reason that justifies the
wide application of VEM in sandwich layers with stiff elastic materials working as a passive
control system (Felippe et al., 2013). This type of control systems have experienced a growth in
practical applications also due to some benefits related to cost-effectiveness (Kim et al., 2006;
Battista et al., 2010; Saidi et al., 2011; Moliner et al., 2012).

Computational modeling of VEM materials may be performed in frequency domain or in
time domain. Due to mechanical properties frequency dependence of VEM, time domain based
models are not as numerous as frequency domain methods. In view of facilities that time domain
methods may directly provide, such as the maximum displacement range in a structural model
analysis, many researchers have been developing numerical methods to simulate the dynamical
response of VEM in time domain.

Among these time-domain based methods for VEM, those that introduce extra dissipation
coordinates or internal variables in order to apply the Finite Element Method (FEM), has been
applied in several situations such as the ones presented by Wang et al. (2000), Roy et al. (2008),
Friswell et al. (2010) and Wang and Inman (2013). In this context, it is possible to observe
that Golla-Hughes-McTavish (GHM) method (Golla and Hughes, 1985; McTavish and Hughes,
1993) and Anelastic Displacement Field (ADF) method (Lesieutre and Mingori, 1990; Lesieu-
tre, 1992; Lesieutre and Bianchini, 1993; Lesieutre and Govindswamy, 1996; Lesieutre and
Lee, 1996) are a frequent choice to simulate the dynamic response of VEM.

In that way, this paper will discuss the computational modeling of VEM and their use for
reducing vibrations in structures, working as passive control mechanism in sandwich layers.
Computational viscoelastic sandwich models, based on GHM and ADF methods, are analyzed
and their results are compared with theirs theoretical and experimental counterparts. Finally, an
actual structure is used to evaluate the facilities and difficulties of each applied technique.

2 VISCOELASTIC MATERIALS MODELLING
2.1 The GHM Model

The stress-strain relation on Laplace’s domain as mentioned by Golla and Hughes (1985)
and McTavish and Hughes (1993) may be written as:

a(s) = [Eo + h(s)le(s), (D)

where s is the Laplace operator, o (s) and £(s) are, respectively, the stress and strain on Laplace’s
domain, Fj is the elastic fraction of complex modulus and h(s) is the relaxation function.
Function h(s) can be written using Biot’s series with four terms (or two GHM terms):

h( ) 82+518 82+528
S) =« (67 )
182+618+(51 282+528+52

where N is the number of terms, «;, §; and §; are materials constants and («y, 5;,0;) > 0.
Starting from the equation of motion in the Laplace domain:

2)

{Ms*+ K} q(s) = f(s), 3)
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being M, K and f(s) respectively the mass, stiffness and external loading in the Laplace do-
main and:

K =[B+> o] K., 4)

where: K, is the rigidity fraction associated with geometrical characteristics of the model.
Therefore, the GHM model defines the equation of motion in the time domain as:

M 0 0 ) ¢ 0 0 .
0 ﬂ[(v 0 ,q 0 alBIKU 0 EI
(51 '.2:1 + 51 %1
o o 2| \E) |y o @i |5
52 (52 v
K,(Eo+ a1+ ) —anK, —aK, q f(@t)
+ e K, 0 Zipg=49 0 o, (9
—O[QKU 0 Kv Zo 0

where z; is the auxiliary variable introduced into the problem, called dissipation variable. Gen-
eralizing Equation (5) for n degrees of freedom, Equation (6) may be written as:

M 0 0 U 0
aq q a3 q
I I 5_21 Zy 0o 0 04252I Zy
2 2
K,(E0O+> o) —aiR —asR| [ q f(t)
+ —alRT CklI 0 VAl = 0 s (6)
—OéQRT 0 O[QI Zo 0

where: M is the mass matrix of the corresponding elastic element,

K, =TTAT, (7)

and A is a diagonal matrix consisting of the non-zero eigen-values of the stiffness matrix nor-
malized with respect to the elastic modulus, £; T is the matrix of eigen-vectors corresponding
to the non-zero eigen-values of the matrix (1/E)Kqsic; R = TAY? and z; = Rz;. As shown
in Equations (6) and (7) the number of dissipative degrees of freedom associated with viscoelas-
tic elements depends on the number of terms used in relaxation function and the number of rigid
body motions (Barbosa, 2000). It should be noted that the greater number of terms used to write
function relaxation more accurate the model will be.

2.2 The ADF Model

Lesieutre (Lesieutre and Mingori, 1990) establishes that the displacement field can be written
as:

q(t) = ¢°() + D> _ g5 (D), ®)
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where ¢°(t) is the elastic displacement field and ¢f (t) is the j — th anelastic displacement field,
then the strain field is defined as:

e(t) =e°(t) + Y &5(t). 9)
The ADF model defines the equation of motion in time domain as:

M(t) +o(t) = f(1), (10)

where o (t) = E*°c¢(t) is the stress in material and E> is the elastic modulus at high frequency.
Considering Equations (9) and (10) one can write:

Mij(t) + B> (e(t) - Ze?(t)) = f(t). (11)
j=1

Defining the anelastic stress as an “thermodynamic force” that carry the anelastic deforma-
tions to an equilibrium point, Lesieutre and Mingori (1990) defines the “relaxation equation”

governing the time evolution of the anelastic displacement field as:

1 a 8 a a _.a [oe)

Q—jEj 55 (t) + Ejel(t) — E>e(t) =0 (12)
being Ff the j — th anelastic modulus and (2; is a material parameter. Applying the Finite
Element Method on Equations (11) and (12) and considering just two terms on Equation (8)

one can write:

0 0 0
M 0 0] (g Cy q
—LE>A a
0 00 a1 + 0 O 0 q;
L rofld) |g o Cpep| @
2
K, -K,T -K,T q £(t)
+ |-TK? C,E*A 0 qQy=< 0 %, (13)
~TK” 0 CLE®A| | ¢ 0

where C; is a material parameter defined by:

a N
_ Ej _ 1+Zj:1Aj
E~> A,

J

C; (14)

with A; being another material parameter and, as in GHM Model, K, = TTAT.
As shown in Equations (8) and (13), the same observations about the number of dissipative

degrees of freedom associated with viscoelastic elements can be made as the ones made for
GHM model.
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2.3 Validation of the VEM models

The validation test, applied in both methods, consists in evaluate the dynamic behavior
of a viscoelastic cantilever beam. The beam has 1000mm length and rectangular cross sec-
tion,300mm height and 150mm width.

Numerical simulations were performed using FEM meshes of Constant Strain Triangular
elements (CST) to discretize the domain of the structures. FEM matrices were achieved by
means of Equations (6) and (13) for GHM and ADF methods, respectively.

In order to obtain the suitable refined mesh, a convergence analysis was performed until
no significant difference in terms of displacements was observed for two levels of refinement.
Once defined the configuration of the FEM mesh for each tested beam model, this mesh was
used for the both formulations - GHM and ADF. The adopted mesh has 602,302 physical dof
and 1,800,000 dissipative dof, 2,402,302 dof total. A schema of the used mesh is presented in
Figure 1.

L]

Figure 1: Structural Finite Element discretization for validation tests.

LS

In order to better evaluate the accuracy of the analyzed methods, two VEM were used. For
GHM and ADF tests, materials 1 and 2, respectively, were applied. Tables 1 and 2 presents
the parameters of these materials used in Equations (6) and (13) to obtain the VEM cantilever
models. This strategy was adopted due to differences at complex modulus expressions used on
both formulations.

’ Parameter \ Term 1 \ Term 2 ‘
Ey 637 x 10°
« 763774.0 x 10° | 763774.0 x 106
15} 2.9178 x 107 2.9178 x 107
) 3.2408 x 10% 3.2408 x 108

Table 1: Material 1 parameters used in validation tests (GHM model).

GHM and ADF formulations allow time domain equations for VEM. However, using theirs
respective frequency domain equations, it is possible to apply classical discrete solutions to
compare and evaluate the quality of GHM and ADF results, as is explained bellow.

Starting from the dynamic equilibrium equations, using the complex excitation one has the
classical discrete Equation (15):

Mq + K(w)q = Pezp(iwt), (15)
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’ Parameter \ Term 1 \ Term 2

Ey 637 x 10°
A 2.0118 | 2.0118
Q; 83.0916 | 83.0916

Table 2: Material 2 parameters used in validation tests (ADF model).

where M is the mass matrix of the structure; K(w) is the frequency dependent stiffness matrix of
the structure; Pexp(iwt) is the harmonic excitation vector having w as the excitation frequency
and i = v/—1. It can be noticed that if the mechanical properties of the structure is not frequency
dependent, then K(w) = K which is not the case of VEM.

Using GHM or ADF, Equation (15) may be rewritten as:

R e S

where M, C, K are, respectively, the mass, damping and stiffness matrices, q and z are the
displacement and dissipation variable vectors for GHM or ADF model. It is important to notice
that the stiffness matrices in the GHM or ADF formulations are not frequency dependent.

The frequency domain displacements q may be obtained by solving Equations (15) and (16),
resulting in Equations (17) and (18), respectively:

q=[Kw)-w?M] P, (17)

q - . = onx1—1 | P
{Z}—[K(w)—i-sz—w M| {0} (18)

By solving Equations (17) and (18) for the two beam models, Figure 2 may be achieved.
It is possible to observe that, for all tested beam models, ADF and GHM formulations allow
identical results when compared to the respective classical responses, supporting the accuracy
of applied methods. These figures were achieved observing the vertical nodal displacements at
the free end of the beam models, with only one nodal harmonic transversal load also at the free
end. As it can be observed, both models produce de same response on frequency domain, as the
classic formulation (Equation (17)).

Classic model
= * = GHM model

7.

Classic model
= = ADF model

Ll <
S o o

g
Q
Amplitude (mm)

Amplitude (mm)

2.0

. 0 . .
10’ 10 10° 10° 10’ 10
Frequency (rad/s) Frequency (rad/s)

(a) GHM model (b) ADF model

Figure 2: Frequency response for validation tests.
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2.4 Time processing evaluation of numerical methods

Another parameter to compare both models is the time spent to numerical simulate models.
Thereunto, both methods were implemented in MATLAB using the toolbox for sparse matrixes.

The used computer was an Intel Core 2 Duo computer with 2.1GHz clock and 2.00Gb RAM.
The VEM cantilever beam models were evaluated 20 times, running under a Windows Vista
Operational System. It was registered the total time spent to calculate the elementary matrices,
assembly the global matrices and impose the boundary conditions. The elapsed time for solving
the time integration problem was not taken into account since the involved global matrices of
both methods have the same order resulting in practically the same integration time.

For the GHM model the mean processing time was 8.97h with standard deviation 1.83h; For
ADF model the mean processing time was 8.00h with standard deviation 0.79. One can notice
that the mean times of both models are close but the ADF model was slightly faster than GHM
formulation and presented a smaller standard deviation ratio.

3 EXPERIMENTAL EVALUATION OF VEM STRUCTURES AND MATERIAL
3.1 Experimental program

In order to evaluate the viscoelastic models, experimental data was taken from literature.
Borges (2010) performed a wide laboratory study. In these laboratory studies, a set of four
kinds of sandwich beams were tested. The beams were grouped in accordance with its layer
configuration:

1. VS1 beam, with two elastic layers (base beam and clamped restraining layer) and one
viscoelastic layer;

2. VS1c beam, with two elastic layers (base beam and free restraining layer) and one vis-
coelastic layer;

3. VS2 beam, with three elastic layers (one base beam and two clamped restraining lay-
ers)and;

4. VS2c¢ beam, with three elastic layers (one base beam and two free restraining layers).

The layer configurations of each sandwich beam group can be seen in Figure 3.

All beams have rectangular cross section and 1140 mm length; the bean working as elastic
base structure has 16,1mm height; viscoelastic layers has 2,0mm height; and elastic constraining
layers has 3,17mm height. The elastic material was aluminium and the viscoelastic material
used was VHB 4955. Some mechanical properties of the materials are listed in Table 3.

’ Propertie \ Aluminium \ VHB 4955 ‘

L (GPa) | 48.878 -
v 0.30 0.49
p(kg/m?) |  2690.0 795.0

Table 3: Mechanical properties of beam materials.

Two geometrically identical base structures (base beam A and B) were used for each group
of beams. This strategy was applied in order to evaluate the experimental result dispersion. It is
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Figure 3: Longitudinal section of the analyzed beams.
Base beam A Base beam B
Vib. Mode | Natural frequency | Damping rate | Natural frequency | Damping rate
(Hz) (%) (Hz) (%)
1 10.25 £ 0.00 0.05 £ 0.00 10.24 £ 0.00 0.05 £ 0.00
2 63.38 = 0.00 0.02 £ 0.00 63.70 = 0.00 0.04 £ 0.00
3 179.00 £ 0.00 0.06 = 0.00 179.26 £ 0.00 0.05 = 0.00

Table 4: Natural frequencies and damping rates of base beams.

important to notice that damping ratio of the base beams A and B (without the viscolastic core)
were measured and in all analyzed cases they were close to zero as shown in Table 4.

The beams were excited under the action of a hammer impact at 15 cm from cantilever and
at the same section the transversal displacements were measured .

3.2 VEM characterization

Table 5 present the results of VEM characterization test in terms of Shear Modulus, G'(w),
and Loss Factor, n(w), for frequencies between 0 and 179 Hz,.

Frequency G'(w) n(w)
(Hz) (MPa) )
11.17 0.895 £0.025 | 0.629 £ 0.047
62.58 1.204 = 0.050 | 0.801 £ 0.094
171.88 2.468 £0.116 | 0.808 0.249

Table 5: VHB 4955 characterization data. (Adapted from (Borges, 2010))

After the values of Complex Modulus are experimentally determined, one can adjust the
curves of the real part of the Complex Modulus and the loss factor for the points obtained
experimentally.

In the case of the GHM formulation, they are given, in terms of Shear Modulus, by:

(w? — 5 + 67)
GO + Z aj + BQ CL)2’

(19)
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1 2 ;30w
_ = JF3%
1) =G +Zj_1 (0; — w?)? + FRw?’ )

and in the case of the ADF formulation these equations are:

G (w) (1+chl+wfl/g)> 1)

(w/€y)
20314— (w/Q;)?

7=1

n(w) = : (22)

(w/;)?
1+ZC]1+ (w/;)?

Equations from (19) to (22) were used to determine the GHM and ADF materials parameters.
In this work, it was applied a Particle Swarm Optimization (PSO) algorithm (DeJong, 1975) in
order to curve fit the characterization equations. Using the data from the experiments between
0 and 179 Hz, the material parameters could be determined. These fitted values, defined in
terms of Young Modulus, are shown in Table 6, for the GHM Model, and in Table 7, for the
ADF Model. Figure 4 shows two graphics comparing the experimental values and the adjusted
curves of G'(w) and n(w).

’ Parameter \ Term 1 \ Term 2 ‘

Eo 3.7337 x 10°

; 7.5785 x 10° | 9.3972 x 10
B; 5.9225 x 10° | 8.9636 x 107
5; 6.7544 x 10° | 4.2422 x 10°

Table 6: GHM parameters adjusted to the viscoelastic material.

| Parameter | Term 1 | Term 2 |

Eo 47375 x 10°
A; | 58132 | 1.6795
Q; 400 | 13.2280

Table 7: ADF parameters adjusted to the viscoelastic material.

4 NUMERICAL EVALUATION

In order to numerically simulate the dynamical behavior of the beams, the structures were
discretized with CST meshes as the one shown in Figure 5. These meshes had 98,084 phys-
ical dof and 54,720 dissipation dof (152,804 in total) for VS1 and VS1c beams and; 120,894
physical dof and 109,440 dissipation dof (230,334 in total) for VS2 and VS2c beams.

The models were simulated under the action of a hammer impact at 15 cm from cantilever
and, at same point, it was observed the transversal displacement along the time. With the
models given by Equations (6) and (13), the time response of the beams could be obtained.
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Figure 4: Experimental values and fitted curves of G’ (w) and n(w).
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Figure 5: Viscoelastic sandwich cantilever beam structural Finite Element discretization.

Natural frequencies and damping ratios were extracted by means of an automatic Stochastic
Subspace Identification algorithm as proposed by Cabboi et al. (2013).

S5 RESULTS

For the four analyzed sandwich beams, natural frequencies and damping ratios experimen-
tally and numerically obtained are listed in Tables 8, 9, 10 and 11. Experimental results for VS2
with base beam A were not presented by Borges (2010).
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Experimental Numerical
) Base beam A | Base beam B GHM ADF
VieMode |\ B e R e | RO & | RO &
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
1 11.31 | 498 | 11.03 | 444 | 10.81 | 4.79 | 10.89 | 3.05
2 63.37 | 490 | 61.76 | 432 | 62.61 | 4.62 | 62.64 | 2.80
3 175.05 | 4.39 | 168.08 | 3.28 | 159.81 | 1.90 | 158.10 | 0.51
Table 8: Natural frequencies and damping ratios for beam VS1.
Experimental Numerical
) Base beam A | Base beam B GHM ADF
VieMode |\ B e R e | RO | RO &
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
1 082 | 274 | 841 223 | 9.72 1.80 | 9.75 1.06
2 63.70 | 4.80 | 55.09 | 348 | 62.37 | 3.79 | 6249 | 1.82
3 174.05 | 4.44 | 145.16 | 3.86 | 159.86 | 2.73 | 157.42 | 0.81
Table 9: Natural frequencies and damping ratios for beam VSlc.
Experimental Numerical
) Base beam A | Base beam B GHM ADF
VibMode ot e R e | ROl e | EO| &
(Hz) | (%) (Hz) (%) (Hz) (%) (Hz) (%)
1 - - 1234 792 | 1143 | 799 | 11.46 | 4.91
2 - - 64.79 | 8.65 | 62.15 | 6.91 | 62.38 | 3.81
3 - - 173.29 | 6.17 | 157.62 | 4.01 | 154.67 | 1.15
Table 10: Natural frequencies and damping ratios for beam VS2.
Experimental Numerical
) Base beam A | Base beam B GHM ADF
VibMode | S e | R e | R e | RO g
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
1 826 | 4775 9.82 |[514| 932 |3.18| 941 1.92
2 56.81 | 6.67 | 6543 | 8.60 | 6194 | 7.24 | 61.94 | 3.70
3 146.04 | 4.73 | 172.33 | 590 | 156.65 | 4.03 | 153.48 | 1.36

Table 11: Natural frequencies and damping ratios for beam VS2c.

Copyright © 2014 Asociacién Argentina de Mecanica Computacional http://www.amcaonline.org.ar

1553



1554 W.F. FILHO, F.S. BARBOSA

6 DISCUSSIONS AND CONCLUSIONS

This study evaluated the GHM and ADF methods on computational modeling of viscoelastic
materials acting as structural sandwich dampers. Based on experimental data available in lit-
erature, it was shown that this type of passive control significantly improve the damping rates,
since the damping contribution of the elastic beams were close to zero and, after the damper
treatment, the sandwich beams achieved significant values for damping ratio as shown in Tables
8toll.

As one can observe, beams with clamped restraining layers (VS1c and VS2c) present higher
damping rate than those without clamped restraining layers. This behavior was expected since
beams with clamped restraining layers impose larger shear deformations on VEM. Conse-
quently, the material dissipates more energy.

The GHM and ADF models were implemented in a finite element code and it was observed
that both methods have excellent agreement when the results are compared to the respective
classical frequency domain response.

By comparing the obtained responses with the experimentally tested beams, it is possible to
notice that numerical natural frequencies have good agreement with the experimental counter-
part for all tested beams.

Concerning damping ratios, GHM and ADF models tend to under-evaluate £ values specially
for higher frequencies. For ADF models this feature is more pronounced. Despite this, GHM
results achieve fair results for damping ratios for a significant number of mode shapes.

With regards to time of processing, ADF was around 10% faster than GHM.

In view of the above, and taking into consideration the small difference in terms of perfor-
mance between the analyzed methods and also the superior accuracy of GHM, authors suggest
that GHM produces slightly better results than ADF models.
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