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The dynamic behavior of sandwich beams with a viscoelastic soft core is analytically studied. The analysis
combines the concepts of viscoelasticity with those of the high-order sandwich beam theory and accounts for the
shear and transverse (through the thickness) deformability and the viscoelastic effects through the constitutive laws
of the core material. The beam model assumes no variation through the width. The viscoelastic response is introduced
through the Kelvin—Voigt and Maxwell models, which characterize different materials and provide some of the
fundamental building blocks for more refined viscoelastic theories. The governing equations that correspond to the
two models and the solution procedures that combine time integration through Newmark’s method with a numerical
solution in space are derived. The formulation of a refined viscoelastic model based on the building blocks developed
in the paper is analytically demonstrated. The capabilities of the model are studied numerically with emphasis on the
time variation of the deflections and the interfacial shear and vertical normal stresses under step, impulse, and
harmonic loads. A comparison between the theoretical results and experimental results available in the literature is
also presented. The analytical models and the numerical study highlight some unique aspects of the dynamic
response of sandwich beams with viscoelastic soft cores and provide fundamental analytical tools for their modeling.
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o.., ol = longitudinal stresses in the upper and lower face
sheets

os, = transverse normal stresses in the core

¢ = shear stress in the core

1. Introduction

HE use of sandwich beams made of thin and stiff face sheets

connected by a thick and compliant (soft) core is widely used in
aerospace constructions as well as in many other structural applica-
tions. The vibration of these structures is one of their basic design
aspects, where the minimization of the vibration amplitudes is
commonly required to mitigate fatigue failures. The dynamic beha-
vior of the sandwich structure is commonly enhanced through the use
of thick, shear deformable and transversely (through the thickness)
compressible, viscoelastic core materials along with stiff and thin
sheets. In this configuration, the overall flexural rigidity of the beam
remains high enough to resist the imposed loads, while the visco-
elastic layer provides the structure with damping characteristics and a
“passive damping treatment” [1-5]. During vibrations, the visco-
elastic core deforms in transverse shear and in the transverse (through
the thickness) direction through interaction with the adjacent stiff
face sheets, and the resulting energy stored in the viscoelastic core is
partially dissipated to the surrounding medium. This behavior
contributes to the multifunctionality of the sandwich structural
system that combines load resistance with effective damping and
energy dissipation.

The viscoelastic features are effective and attractive for enhancing
the damping characteristics of sandwich beams. To take advantage
of that, a thorough understanding of their impact on the dynamic
behavior of sandwich structures is required. Among the critical
physical aspects that make the analysis of the dynamic behavior of
sandwich structures with viscoelastic soft cores a challenging and
complicated task are the deformability of the core in shear and in the
transverse direction and the interaction between the transverse shear
and the transverse normal stresses, mainly near edges, irregular
points, or concentrated loads [6,7]. These stresses play a critical role
in the localized and global response of the sandwich structure, and, in
many cases, govern its failure mechanism. The viscoelastic charac-
teristics of the core material may modify the distributions and the
magnitudes of these stresses, as well as those of the deflections and
stress resultants. This aspect and the influence of the viscoelastic
nature of the core on the overall and localized dynamic behavior of
the sandwich beam are studied here.

Along with the aforementioned, other aspects of the viscoelastic
response also contribute to the complexity of the problem. Among
these, the frequency, temperature, and rate dependency of the prop-
erties of the core material [§—10], the coupling of the vibration modes
[11], the influence of the core damping characteristics (material loss
factor) on the overall damping of the sandwich beam, the effect of the
geometrical and mechanical properties of the sandwich layers on the
overall damping characteristics [12], and the potential nonlinear
material behavior of the viscoelastic core at high frequency loading
[13] can be listed.

Many efforts were made to study the vibration response of sand-
wich beams with viscoelastic cores. Kerwin [14] analyzed a simply
supported sandwich beam using a complex shear modulus for the
representation of the viscoelastic core. DiTaranto [15] derived a
sixth-order differential equation of motion in terms of the longitu-
dinal displacements to study the viscoelastic response of sandwich
beams based on the complex shear modulus. Mead and Markus [11]
studied the forced vibration response of sandwich beams with
different boundary conditions by using the complex shear modulus
approach and the assumption of linear distribution of the longitudinal
displacement in the core. Following [11], many research works stud-
ied the viscoelastic response of sandwich beams. Rao [12] derived a
set of equations of motion for sandwich beams using energy
approaches. Lifshitz and Liebowitz [1] developed an automated
optimization numerical program for designing three-layer sandwich
beams for maximum damping. Galucio et al. [16] used the finite
element formulation assuming Euler—Bernoulli’s hypotheses for

the elastic faces and Timoshenko’s ones for the viscoelastic core.
Sakiyama et al. [17], Meunier and Shenoi [18], and Hunston et al.
[19] investigated the free and forced vibration response of sandwich
beams assuming that the core layer is stiff in the transverse (height)
direction and deforms in pure shear only. Pradeep et al. [20] assumed
that the dissipation in the core is only due to shear, and Nayfeh [21]
adopted the lumped mass and stiffness approach to study the flexural
vibration response of viscoelastic sandwich beams but without the
consideration of local effects at the edges or near concentrated loads.

The aforementioned studies, as well as many others, designate
three main aspects that require further investigation:

1) The studies focused on the influence of the viscoelasticity of the
core material on the overall harmonic response of the sandwich beam
without considering its influence on the local shear and normal trans-
verse stresses in the core. In general, the behavior of sandwich beams
is characterized by many local effects that govern their delamination
and debonding failures [22]. The effect of the viscoelastic nature of
the core on these local effects should be clarified.

2) The preceding theoretical models assumed that the height of the
core remains unchanged, that is, incompressible, and that the damp-
ing in the core is mainly due to shear deformations. Modern sandwich
beams are, however, made of compressible foam core materials that
are usually associated with localized displacements through the
height of the core and with different transverse normal stresses at the
interfaces. As a consequence, the transverse (through the height)
damping can play an important role in the dynamic response of the
sandwich beam and should therefore be considered [7,23].

3) The aforementioned studies used the complex shear modulus
approach to model the viscoelastic characteristics of the core.
This approach can be used for harmonic oscillations but it does not
address the transient response of the structure, which could be of
concern in many practical cases [3,24].

To overcome the limitations of the complex modulus approach,
Wang and Wereley [3] developed a spectral finite element model in
the frequency domain for the dynamic analysis of sandwich beams.
However, the transverse flexibility through the height and the trans-
verse damping of the core layer were not considered. Douglas and
Yang [23] presented a theoretical model that accounts for the trans-
verse flexibility and damping of the viscoelastic core. The model
focused only on the transverse behavior of the structure by modeling
the core layer as a transverse spring with a complex constant. The
shear deformations of the core, the interaction of the shear and trans-
verse normal stresses, and the variation of stresses through the height
of the core were not considered. However, the simpler model of [23]
showed very good agreement with the experiment with thick cores,
and provided some important guidance as to the conditions under
which the dissipation from transverse stretching is significant, such
as cases that included delamination or debonding. Also Douglas
[25], who extended the theoretical model of [23] to include rotary
inertia and shear deformation in the elastic layers, compared the
response of transverse stretching alone with that for shear alone. A
model that accounts for the transverse damping only but considers
the inertial forces of the core layer was presented by Sisemore and
Darvennes [7]. Bai and Sun [26] used a high-order theory that
accounts for the deformability of the core in shear and in the trans-
verse direction. Yet, the influence of the viscoelastic behavior of the
core in the transverse direction was ignored. In addition, the model
was limited to the response of sandwich panels under forced har-
monic loads. Baber et al. [27] developed a finite element model for
harmonically excited viscoelastic sandwich beams based on the theo-
retical approach of [26]. Based on the complex modulus approach,
Miles and Reinhall [28] developed a theoretical model that accounts
for dissipation through both shear and transverse normal stresses in
the viscoelastic layer. The model assumed a constant transverse
normal strain and a linear variation of the shear angle through the
thickness of the core. These two assumptions are not compatible in
terms of material point (continuum) level equilibrium in the core,
they lead to constant transverse normal stresses through the thickness
of the core, and they violate the shear stress free boundary condition
at the free faces of the core. Based on [6,22,29-32], the transverse
normal stresses vary through the height of the core, attain different
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values and different distributions at the upper and the lower
interfaces, and, in many cases, even have different signs (tension/
compression) at the different interfaces. These effects must be
considered in the dynamic analysis of the viscoelastic sandwich
beam. Furthermore, to quantify the transverse stress concentrations
at the ends of the core, which are critical for the design of sandwich
beams, the shear stress free boundary condition and the interaction
between the shear stresses and the transverse normal stresses
stemming from the continuum level equilibrium conditions must be
fulfilled. In addition, Miles and Reinhall [28] focused only on the
determination of the modal loss factors and frequencies of sandwich
beams with a relatively thin viscoelastic layer by a free vibration
analysis using the Ritz method with assumed displacement fields
through the length of the beam. Thus, the behavior of sandwich
beams with a thick core under different types of dynamic loads, in
which the aforementioned effects are even more pronounced, was not
studied.

A high-order dynamic theory that accounts for the shear and
transverse deformability of the core was presented by Frostig and
Baruch [6], Frostig and Thomsen [29], and Schwarts-Givli etal. [30—
32]. These works did not take the viscoelastic features of the core or
the damping effects in the sandwich structure into account. The
damping and viscoelastic dynamic response of reinforced concrete
flexural members strengthened with adhesively bonded composite
materials were studied by Hamed and Rabinovitch [33]. The model
used a high-order theory [22], but it was limited to the Kelvin—Voigt
model of viscoelasticity [34] and did not address the unique aspects
of the sandwich structure. A preliminary Kelvin—Voigt model for
sandwich beams was also presented by Hamed and Rabinovitch [35].
Yet, due to the limitation to only one phase of the viscoelastic phe-
nomenareflected by the Kelvin—Voigt model, this model could not be
used for the description of the entire spectrum of the viscoelastic
response.

The objective of this paper is to analytically study and describe the
localized and overall damped dynamic behavior of modern sandwich
beams with a shear deformable and transversely compressible visco-
elastic core. For that purpose, a theoretical model for the dynamic
analysis of a sandwich beam made of a viscoelastic soft core and
elastic composite laminated face sheets is developed. The theoretical
approach combines the basic concepts of the high-order sandwich
theory [6,22] with the Kelvin—Voigt and Maxwell models of visco-
elasticity. The four basic building blocks for linear viscoelasticity
are the elastic solid (single spring), viscous fluid (single dashpot),
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Kelvin—Voigt solid (spring and dashpot in parallel), and Maxwell
fluid (spring and dashpot in series). The investigation of the latter two
models, along with the elastic solid one, which is included in the
numerical study and can be degenerated from the current formulation
to provide the one given in [6] as a particular case, provide a theore-
tical basis for other, more complex, and more refined viscoelastic
theories, such as the standard linear solid model (Maxwell’s model in
parallel with an elastic solid), the generalized Maxwell model, or
others [8,34]. The model developed here accounts for the high-order
deformation fields and for the viscoelastic effect in transverse shear
and in the transverse normal direction in the core under transient and
steady-state dynamic response. On the other hand, following Frostig
and Baruch [6], the high-order velocity and acceleration effects are
not accounted for.

The theoretical formulation uses dynamic equilibrium, compa-
tibility requirements between the structural components, and the
viscoelastic models. The principle of virtual work is used for the deri-
vation of the equations of motion. The lamination theory is used
for the modeling of the elastic composite laminated face sheets. To
account for the response of the structure under different dynamic
loads (not necessarily harmonic ones), the fundamental forms of the
Kelvin—Voigt and Maxwell models [34] are implemented in the con-
stitutive relations of the core. The two types of viscoelastic models
account for the energy dissipation. The temperature rise in the core
due to dissipation of energy is, however, neglected, and it is assumed
that the viscoelastic constants of the core material are independent of
the temperature and the frequency [8,16]. Following Frostig et al.
[6,22], the longitudinal stiffness of the core is neglected with respect
to that of the face sheets. It is also assumed that the loads are exerted
at the face sheets and that the stress and deformation fields are
uniform through the width. Finally, as a first step, the analysis is
conducted in the framework of linear elasticity, linear viscoelasticity,
and geometrical linearity (small deflections).

II. Mathematical Formulation

The mathematical formulation includes the derivation of the
equations of motion and the initial and boundary conditions. The
viscoelastic characteristics of the core material are then introduced
through the constitutive relations, and the governing equations that
correspond to the Kelvin—Voigt and Maxwell models for the core
material are derived. The sign conventions for the coordinates,
displacements, loads, stresses, and stress resultants appear in Fig. 1.

N; M; Upper face sheet

Lower face sheet

T T TR N
} ! }
a)
t .
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Fig. 1 Geometry, loads, sign conventions, and stress resultants: a) geometry and loads, b) deformations and coordinate system, c) stresses and stress

resultant.
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The principle of virtual work requires
0K+ 38U +8W=0 (1)

where 6K is the virtual work of the inertial forces, 6'U is the virtual
work of the stresses, W is the virtual work of the external loads, and
the prime designates that U is not necessarily a potential function.
The virtual work of the inertial forces is

dK = _|:/ o, (x, z,, w, (x, z,, 1) + i, (x, z,, )Su, (x, z,, )] AV,
Vf
+/ Pl (X, Zpy, )W (X, 23, 1) + iy (x, 24, D)1ty (x, 25, ] AV,
Vi

+/ Pelte(x, 2o, W, (X, 2, 1) + i (x, zf,l)Suc(x,zmt)]de}
v,

2

where ¢, b, and c refer to the upper face sheet, the lower face sheet,
and the core, respectively, p; is the mass density of the upper (i = ¢)
and the lower (i = b) face sheets and the core (i = ¢), w;(x, z;, 1), and
u;(x, z;, t) are the transverse and longitudinal displacements of each
component, respectively, V; (i=1, b, c¢) is the volume of each
component, and () denotes a derivative with respect to time. The
virtual work of the stresses [36] is

§U = —|:/ ot (x, z,, )¢ (x, z,, ) AV,
Vi
+ f 07 (.25 DBEL, (x. 2. ) AV,
Vi

+ / [T;Z(‘x’ ZL" t)SV;z(xv Z(" t) + ng(xv ZC’ I)SS;‘,Z(XV ZL" t)] dvc}
v,

3
where i, and ¢, (i = t, b) are the longitudinal stresses and strains,
respectively, in the upper and the lower face sheets, ¢, and ¢, are the
transverse shear and transverse normal stresses in the core, respec-
tively, and yy, and &, are the transverse shear angle and transverse
normal strain in the core, respectively.

The kinematic relations of the face sheets assume small displace-
ments and negligible shear deformations and follow the Bernoulli—
Euler theory:

wi(xv Zis [) = wi(xs t) (4a)
u;(x, 2, 1) = i (x, 1) — Z;w; (X, 1) (4b)
S.ixx(x’ Zis I) = um’.x(xa t) - Ziwi,xx(x’ t) (40)

where z, and z;, are measured from the midheight of the face sheets
downward, u,; is the longitudinal deformation at the reference line
(midheight) of the face sheets (see Fig. 1), and () , is aderivative with
respect to x.
The kinematic relations for the core are
8§Z(x’ ZC’ t) = wC.Z(‘x’ z(,‘? t) (Sa)
ng(x’ ZC’ t) = MC,Z('X’ Z(" t) + w(‘,.\'(x’ ZC7 t) (Sb)

The virtual work of the external loads equals

'x=L
5W = / (21 Ge. 105305, 1) + g (. D115, )
x=0

+ my; (x, ) dw; , (x, 1)]dx
NC x=L _ -

20 [ P00+ 8083
i—] Jx=0

+ M (D8w,  (x;. H)]8p(x —x;)dx (i=1,D) (6)

where q_;(x, t), n,(x, 1), m,(x,t) are the time-dependent external
distributed loads and bending moments exerted at the upper (i = )
and the lower (i = b) face sheets, respectively, P (1), N (1), and
M ;i(#) are the dynamic concentrated loads and bending moments at
X =x d8p is the Dirac function, NC is the number of concentrated
loads, and L is the length of the beam.

The assumption of perfect bonding between the components is
introduced through compatibility requirements imposed on the trans-
verse and the longitudinal deformations at the interfaces of the core:

w.(x,z. =0,1) = w,(x,1) (7Ta)
h,
ML.(X, e = Ov [) = uut(xv l) - E wt,x(-x’ t) (7b)
wc(x’ i = hcv t) = wb(x7 t) (83)
hy
uc('x’ Zc= hc’ t) = uab(x’ t) + 7 wb.x(x’ t) (8b)

where A, h,, and h,; are the thicknesses of the core, the upper and
lower face sheets, respectively, and z. is measured from the upper
core-face interface (Fig. 1a).

Although the high-order terms of the displacements in the
transverse direction are considered, following Frostig and Baruch [6]
and the findings of Sokolinsky and Nutt [37], who have made an
attempt to consider the high-order velocity and acceleration fields of
the core through its thickness and compared the results with [6], the
distributions of the velocities and accelerations are assumed linear
through the height of the core. For example, the velocities are

(e §) = [y (1) = (e D]+ i (v)(9)

05000 = (05, 4 05,0 = 120

h, . e . h .
+?twt.x(xv Z))h_c—’_ uot(x7 t) _Etwl,x(x’ t) (10)

As the motivation of this paper is to investigate the effect of the
viscoelasticity of the core material rather than the influence of higher-
order distributions of the velocity and acceleration fields, the reader is
referred to [31,32] for a different approach that can incorporate the
higher-order inertia effects.

Using the variational principle [Eqs. (1-3) and (6)], along with the
kinematic relations [Eqgs. (4) and (5)], the compatibility conditions
[Egs. (7) and (8)], and the velocity and acceleration fields of the core
[Egs. (9) and (10)], the equations of motion read (also see [6,33,35])

mcht

6

N;x,x(xi l) + bf.gz(x’ e = 0’ [) - mt':iot(xﬁ l) + i[}t,x(x’ t)

m.hy, . m, .. m. .,
= 06 ) = S (0, 1) = =iy (3, 1) + 1 (5,1 = 0
11D
b . mh, ..
Nxx,x(x5 t) - brﬁz(xv Ze = hcv Z) - mbuob(x’ t) + 12 wt,x(xv [)

m(‘hb
6

i (5, 1) = T (1) = Z i (1) + g (1) = 0

12)
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h
M, (2, ) + b;’f_im(x, 7. =0,1) + bol,(x,z. = 0,1)

m.h, (20, (x, t) + 40,(x, t)
12 I,

- m,l'[),(x, t) + ptllwl,xx(xv t) -

- htwt,xx(xa t) + Eb wb.xx(xv t) + 2”0!,){()(# t) + ur)b.x(xﬂ t))

+ qzt('x’ t)_myt,x(x9 t) =0 (]3)

h
M,]\?x<xx(xv t) + b_b )Cczjc(xv e = hz:v l) - bazc.z(xv ic= hcv l)

2
hy (20,(x, 1) + 4w, (x, ¢
by (6, + Pyl o) — b( Bilx, 1) + by (x. 1)

12 h,

h
5y (60 1) = Byt (1) = it (5. £) — iy 1 t))

2
+qzb('x’ l) _myb,x(x’ l) =0 (14)
Toa(¥. 26, 0) + 05, (%, 20, 1) = 0 15)
T (02, 0) =0 16)

where m; (i =t, b, ¢) is the mass per unit length of the upper face
sheet, the lower face sheet, and the core layer, respectively, N, ML,
(i = t, b) are the in-plane and bending moment stress resultant in the
face sheets, b is the width of the beam, and /; (i = ¢, b) is the second
moment of area of each face sheet. Note that the mathematical model
presented in [6], which focused on the free vibration behavior of
elastic sandwich beams only, does not account for a complete
dynamic analysis under different loads, neither for the effect of the
rotary inertia of the face sheets nor the viscoelastic effects studied in
this paper. The free vibration equation presented in [6] can be
degenerated from Eqgs. (11-16) by dropping the external forces and
the rotary inertia terms of the face sheets.

The viscoelastic characteristics of the core layer are introduced
through the constitutive relations. The formulation follows the main
steps developed in [6,22]; yet they are modified and generalized to
account for the viscoelasticity of the core. A variety of models were
proposed in the literature for the modeling of different viscoelastic
materials. Most of these models are, however, based on the funda-
mental Kelvin—Voigt and Maxwell models [8,34] (as well as the
purely elastic case and the purely viscous case). The Kelvin—Voigt
and Maxwell models, which can represent different core materials
and different aspects of the viscoelastic dynamic response, are stud-
ied here (the elastic case, which is addressed in [6] is considered by
degenerating the viscoelastic models studied here). Although the
core never actually behaves like Maxwell’s model nor like a Kelvin—
Voigt model with a single retardation time, but according to advanced
combinations of viscoelastic models, it is of significant impact to
show how the structure behaves according to these two models when
used separately.

In all cases, the discussion limits the viscoelastic effects to the core
material only and the constitutive relations of the face sheets assume
alinear elastic behavior. Thus, the constitutive laws for the laminated
face sheets are

Njcx(xv t) = b[Afcxuoi.x(xv t) - B.’\"xwi,xx(xv t)] (17)

M;x(xs l) = b[Bixuui.x(xﬂ t) - D;xwi.xx(x7 t)] (18)

where AL, Bi,, and D!, are the extensional, extensional-bending,
and flexural rigidities of the face sheets in the x direction.

A. Kelvin—Voigt Model
The formulation of the Kelvin—Voigt model follows [33,35].

1. Constitutive Relations

According to the Kelvin—Voigt model with a single retardation
time, the constitutive relations of the viscoelastic core are

05, (%, 20, 1) = E85,(x, 2. 1) 4 aE €5, (x, 2. 1) (19)

sz(x’ ZC’ t) = GCV)?Z(X’ ZC’ t) + a-I[G(‘)./;Z(x’ ZC? t) (20)

where E. and G, are the transverse modulus of elasticity and shear
modulus of the core, respectively, €5, and 5, are the transverse
normal strain rate and the shear angle rate, respectively, and a{ and aj
are the viscous constants of the Kelvin—Voigt model. In the general
case, the elastic properties and the viscous constants depend on the
frequency and temperature. These effects are not studied here and the
values of the viscous constants are determined based on a character-
istic range of undamped frequencies and maintained constant during
the dynamic time domain analysis [8]. In addition, the modeling
assumes a constant and prescribed temperature and neglects the
temperature rise due to the energy dissipation.

2. Stress and Displacement Fields

Equations (15) and (16) yield the following stress fields (also see
[6,22,33,35]):

T (X%, 2, 1) = T (0, 1) = T°(x, 1) 21

05.(x, 2., 1) = —15(x, 1)z, + C,(x,1) (22)

where C, (x, 1) is a function of x and ¢ only.

The transverse displacement is determined using the kinematic
and the constitutive relations [Egs. (5a) and (19)] and integration
through the height of the core:

[ (X 2. 1) + @b, (5, 20 )]

— [(_fo(x7 I)Z%/Z) + Co(x’ I)Zc]
E

+ Cy(x, 1) (23)

¢

where C,(x,7) is a second function of x and 7 only. Using the
transverse velocity field of the core [Eq. (9)], the transverse
displacement field takes the following form:

w,(x, 2., 1) = —af (Z—” Wy (x, 1) + (1 - Z—) w,(x, t))
(o (o
2

Zc c Z_l
- ZEC T,x(x* t) + EC C(,(X, t) + Cm(xv t) (24)

Cy(x,1) and C,(x,f) are determined using the compatibility
conditions of the transverse displacement at the core-sheet interfaces
[Egs. (7a) and (8a)] and, following [33,35], the transverse displace-
ment and normal stresses through the height of the core become

U)E(X,Zc,t) :_fo(x’ t) 2E

[wb(xﬂ t) - wt(xv t)]zc
h

+ w,(x, 1) (25)

¢

Ecfw, (x,0) = w,(x,1) + ag iy (v, 1) — b, (3, )]
h

05(x,2c, 1) =

(ZZC — hc)
2

c

— T5(x. 1) (26)

The distribution of the longitudinal displacement is determined using
the kinematic relation [Eq. (5b)] and the constitutive relations
[Eq. (20)]. Integration through the height of the core yields
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°(x, 1)

[ML' ('x’ ZL" t) + afu.L('x’ ZL" t)] = / G dz( - /[wL',X(x’ ZL" t)

+ a‘ltl’b(hx(x’ ZC’ [)] dZ(‘ + CLI (x7 t) (27)

where C, (x, t) is determined through the compatibility condition of
the longitudinal displacement at the upper interface [Eq. (7b)].
Explicitly, u, is determined by introducing the velocity fields [Eq. (9)
and (10)] and the transverse displacement field [Eq. (25)] into
Eq. (27) (also see [33,35]):

°(x, 0z, | (X, 0) (22 2
= ’ S hes
(¥, 2e, 1) G. T2 \3 "3
wb.,\'(xa t)Zg Zg ht
20, w,,(x,1) . +z.+ > + uy(x, 1)

Szl |z . % zh .
a'(2h0+2h6)wb”‘(x’l) al(z(. th-i—th W, (x, 1)

a2t (e, ) = i (5, ) (8)

By comparing the stress and displacement fields obtained here for the
core layer with the ones presented in [6,22], it can be seen that the
transverse displacement field is identical to the one presented in
[6,22], whereas the viscoelasticity of the core introduces additional
viscous terms to the fields of the transverse stresses and the longi-
tudinal deformations. Setting the viscous coefficients aj and af to
zero, reduces Eqgs. (25), (26), and (28) to the elastic case and recovers
the stress and displacement fields presented in [6,22]. Also note that,
as opposed to Miles and Reinhall [28], which assumed a constant
transverse normal strain and a linear variation of the shear angle
through the thickness of the core, no assumptions are made here with
regards to the pattern of the deformation fields. These fields stem
from the formulation of the model, whereas a linear distribution is
only assumed for the velocities and accelerations through the thick-
ness of the core. This assumption was also adopted in [28] (as well as
in [6]).

3. Dynamic Governing Equations

The dynamic governing equations are derived using the equations
of motion [Eqgs. (11-16)], the constitutive relations [Eqs. (17-20)],
the compatibility requirements of the longitudinal deformations at
the lower core-sheet interface [Eq. (8b)], and the transverse shear and
transverse normal stress fields [Eqs. (21) and (26)]. These equations
are stated in terms of the unknown displacements w,(x, t), w,(x, 1),
u,,(x,t), u,,(x, t), and the unknown transverse shear stress 7¢(x, ),
and take the following form (also see [35]) (for brevity, the notation
of the independent variables is omitted):

‘ " .
bexuot.xx - bexwt,xxx + b.[c — MUy,

¢ .. . .. ..
+ % (hlwhx - Ehbwb.x - 2”01 - uob) + ny = 0 (29)

b b c b
bexuob,xx - bewa.xxx — bt — myU,p

1, . .. .. ..
+ % (E htwt"x - hbwb.x — Uor — zuob) + Nyp = 0 (30)

bDi‘xwLxxxx - bB;xual,xxx + T( (wt - wb)
bE,. . . bt<, .. ..
+af h (i, — p) — TA(hL + h) + mab, — p A0,
meh, (20, + 40 .. hy .. .. ..
?’ (# - hrwt..\'x + 7b Wp xx + zuot.x + uob,x)

—qz + myt.x =0 (31)

¢

b b
bD.\'wa,xxxx - bexuoh‘xxx - (wl - wh)

e
bE, . . bt .. ..

—af 7 (W, —wp) — T(hc + hy) + myy — Pl Wy
m.hy, (20, + 4w, b, .. .. .. ..
Tb (ITb + EI Wy — hbwb,xx - zuab,x - l"m,x)

+ g t+my, = 0 32)

.. he+h he+h) .
Upr — Upp + a}(uot - uub) - %wt.x - a?%‘wr,x
(he +hy) e+ hy) th, Tk
_wab,x_alwab,x G. 12E =0 (33)
4. Boundary and Initial Conditions
The boundary conditions are

ANE(D) = Ni() 0w () = it (1) (34)
—AME() = M(1) or  wy (1) =W (1) (35)

. h . m, .
)‘|:M,I\Ex.x(t) + ¢ (f)bik + ol () — ﬂhbht[awb.x(t)

m m, .
2 v [Oth,l/tm(l)

— (1= iy ()] 4+ 5 W (1) = 7
— (L= @)y, (1] = Ty (1)

— (I = &) hyiig ()] = myk] =Pi(n) or wi(1) = (1) (36)

() =0 or w(z., 1) =Wz 1) (37)

where P, (1), N.(t), and M,(r) (k =1, b) are dynamic loads and
bending moments exerted at the boundaries, u,;(f), w, (), and
Wy (1) (k =1, 2) are prescribed deformations and rotations at the
boundaries, A = 1 where x = L, A = —1 where x = 0, « = 1 where
k=t,a =0where k = b, and w.(z,, t) is a prescribed deformation
field through the height of the core.

The initial conditions at t = 0 are

Ui (x,0) = il (x) (i =1,b) (38)
it i (x,0) = tti(x)  (i=1.b) (39)
wi(x,0) = w;(x)  (i=1b) (40)
w;(x,0)=w,(x) (i=1b) 41

where ii,;(x), W;(x), #,;(x), tf),-(x) (i=t, b) are prescribed
displacement and velocity distributions along the beam at t = 0.

B. Maxwell’s Model
1. Constitutive Relations

The classical form of the constitutive relations according to
Maxwell’s model of viscoelasticity with a single retardation time is

. 05 (x,2.,1) 0L (x, 2.t
e nzn = EE T D) Ol Ee D)
c 1*~c¢

(42)

T (X620, 1) | Te(x. 20, 1)

43
G. biG, (“43)

)'/;z(xv Zes [) =
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where b{ and b} are the viscous constants of Maxwell’s model. The
assumptions made in the previous section on the viscous constants
(frequency independent within the examined range of response fre-
quencies, constant temperature, no temperature rise due to damping)
are adopted here as well. Integration of Egs. (42) and (43) in time
yields the following constitutive relations:

c ot t ¢ , c’t/
0%,(x, zcs )+/ o5 (x,2 )dt, (a4
0

&, (x,z,,0) =
£ x g ) = 2 bE

c

:f)‘éz(x,zc,t)Jr 11 (x, 2., 1)
G. s biG,

Opposed to the Kelvin—Voigt model, this form shows that Maxwell’s
model carries a memory of the stressing history in the form of the
temporal integrals.

Ye(x, 2, 1) dr (45)

2. Stress and Displacement Fields

The transverse shear and transverse normal stresses, Egs. (21) and
(22), directly stem from the requirement of differential equilibrium.
Therefore, they are independent of the constitutive behavior and are
valid here as well. On the other hand, the transverse displacement,
which is determined by means of integration of Eq. (44) through the
height of the core, reads

{[_T,[:r(x7 f)Z?/Z] + C(I('x7 t)Zc}

wc(-x’ Z('* t) = E + Cw(x, t)
L 2/2) et t’2212+ 2 [1Cy(x, 1) dr] 6

The function C,(x,t) is determined using the compatibility
condition of the transverse displacements at the upper core—face
sheet interface [Eqs. (7a)]. Therefore, the distribution of the trans-
verse displacement through the height of the core reads

{[=5(x, 022 /2] + Co(x, )z}

E.
[( 22/2) fi 1 (x, ) At + z, [ Co(x, 1) dF]
bSE,

we(X,ze,0) =

+w(x, 1) (47)

The function C,(x,t) is determined using the compatibility
condition of the transverse displacements at the lower core—face
sheet interface [Eqgs. (8a)]. However, due to the implicit integral
expressions in Eq. (47), this compatibility condition is to be fulfilled
simultaneously with the solution of the governing equations. In other
words, the compatibility condition of the transverse deformations at
the lower core—face sheet interface [Eq. (8a)] joins the set of
governing equations and the additional unknown function C, (x, t) is
added to the set of unknowns.

The distribution of the longitudinal displacement is determined
using the kinematic relation [Eq. (Sb)] and the constitutive relation

[Eq. (45)] and reads
ut(x,zc,t)=/ °(x, t) //t(x t)

- /wax(xv Zes l) dzc + Cu(x7 t) (48)

Substituting the transverse deformation field [Eq. (47)] into Eq. (48),
integrating through the height of the core, and using the condition of
compatibility of longitudinal displacements at the upper interface
[Eq. (7b)] yields the following expression for the longitudinal
displacement field:

Z.T°(x, 1) 17, T°(x, 1)
(X, 2., 1) = dr
ueln e t) =g+ A G,
a0z Cou(xnze |z / ‘.
> — i - C ) t/ dt/
+ 6EC 2Er + Gb?EC 0 T,xx(x )
Z2 '
- zbli;E(‘ /(; CJ’X(X’ [,) d[, - Zl?wt-X(x’ [) + uot(x; Z)
h,
- Ew:.x()ﬁ 1) 49)

3. Dynamic Governing Equations

The dynamic governing equations are derived using the equations
of motion [Egs. (11-16)], the constitutive relations [Egs. (17), (18),
(44), and (45)], the compatibility requirements of the transverse
and longitudinal displacements at the lower core-sheet interface
[Egs. (8a) and (8b)], and the transverse shear and transverse normal
stress fields [Eqgs. (21) and (22)]. These equations are stated in terms
of the unknown displacements w,(x, 1), w,(x, ), u,,(x, 1), U, (x, 1),
the unknown transverse shear stress 7°(x,?), and the unknown
function C,(x, 1), and take the following form (for brevity, the
notation of the independent variables is omitted):

1 t C 7
bexuol,xx - bexwt,xxx + bt — mU

1. . .
+ ? (h wtx - Ehhwb.x - Zuot -

uob) + Ny = 0 (50)
bAfxuob.xx - bB[;wa.xxx — bt — mbiioh
m

1
+ ?C (E htii)t,x - hbwb.x - iiat - 2i’iob) + Ny = 0 (51)

h .. ..
ng:xw[,xxxx - bB;xum.xxx —b 3’1:0 - bc{r + mw, — prltwt,xx

mh, (21, + 40 .. hy .. .. ..
12t (# - htwhxx + Eb Wp xx + zuot,x + uob«t)
t
—qzu + myt,x =0 (52)
b hb ¢ . ..
bewa XXXX bexuobxxx - b7T + bcn + myw, — pblbwb,xx
hy, (2, + 40 h

% (% + EI l.i)t xx hbl.i)b,xx - 2iiob.x - i'im,x)

+ g +my, =0 (53)

[(=eihe/2) + Cohe [(=h2/2) Js & dt' + h, [5 Cp dt]
E. bJE.
+w, —w,=0 (54)

hcfc+ h /‘E dr +Txrh2 Caxhg+ hz /t.’:(- dr
biG 6E. 2E. 6bSE.J, ™

h? t
- zbfi(E / CJ,X dr' — h('wt.x + Upt — tht.x —Uop — war,x =0
1=c¢J0

(55)

Note that Egs. (54) and (55), which result from the compatibility
requirements of the transverse and longitudinal deformations at the
lower core-sheet interface [Eqs. (8a) and (8b)], respectively, include
the integral history terms.

4. Boundary and Initial Conditions

Also here, seven time-dependent boundary conditions are
prescribed at the ends of the beam, and two x-dependent initial
conditions at r =0 are defined for each of the four unknown



HAMED AND RABINOVITCH 2201

displacements. According to the principle of virtual work, Eq. (1),
the unknown function C, (x, t), which is only defined in the field, is
not subjected to boundary conditions. In addition, at time 7 = 0, the
temporal integrals vanish and C,(x,0), which is obtained from
Eq. (§4), is not subjected to initial conditions. Hence, the boundary
and initial conditions of Maxwell’s model are identical to those of the
Kelvin—Voigt model of Egs. (34—41).

III. Solution

Each of the two sets of dynamic governing equations [Eqs. (29—
33)and Egs. (50-55)] form a set of partial differential equations. The
solution of the governing equations in time uses Newmark’s
approach [38]. The time domain is divided into finite intervals and the
first and second time derivatives of each unknown function are
expressed as explicit functions of the unknowns in the present time
step and the known functions and their first and second time
derivatives in the preceding time step. Thus, the first and second time
derivatives of a generic unknown function g(x, ¢) at the end of the jth
time step (¢ = t;) take the following form:

_ (BAt—yADEX);—y + V[g(x); — g(x);—i] + (BAF — %VAIZ)E(x)j—I

1 11 At
/ o(x, 1) dr :/ g(x.0)dr + =2 g(x);
0 0 3 :
2At AP
+ Tg(x)j—l +?g(x)j71 (60)

Using this procedure, Egs. (50-55) reduce to a set of algebraic-
differential equations in terms of w,(x);, Wy (x);, Uy, (X);, Upp(X);,
7°(x);, and C,(x);. The last term C,(x); is eliminated from the
evolution of Eq. (54) and is introduced into the evolution of Eq. (55)
to yield a set of ODEs that is compatible with the boundary
conditions of Eqs. (34-37). Also here, a multiple shooting method,
which is described next, is adopted for the resulting equations.

In the multiple shooting method, the governing equations that are
based on the Kelvin—Voigt model [Egs. (29-33)] or Maxwell’s model
[Eqgs. (50-55)] are first converted into a set of ordinary first-order
differential equations in terms of the unknown deformations, slopes,
internal forces, shear stress, and shear stress gradient. In the
following discussion, the unknowns are designated by the entries of
the unknown vector Y(x). The spatial domain x = [0, L] is then

g 1)) =¢W); =

g(x); —g(x); — Arg(x);_, — 3 APE(x);; + BALE(X);

Ba; (56)

gn 1) =8W); =

where g(x);, §(x);, and g(x); are unknown functions at the jth time
step, &(x);_1, &(x);_;, and g(x);_; are known functions at the end of
the j — Ith time step (with 7, =0), B and y are parameters that
control the stability and accuracy characteristics of the algorithm, and
At is the time step interval.

By using this procedure, the governing equations that are based on
the Kelvin—Voigt model [Eqs. (29-33)] reduce to a set of ordinary
differential equations (ODEs) in terms of the unknowns w,(x);,
Wy, (X)), Uy, (X) , Uy, (x);, and 7¢(x) ;. These equations, along with the
boundary conditions, are solved analytically or numerically at every
time step. Here, a multiple shooting method (e.g., Stoer and Bulirsch
[39]) is adopted.

On the other hand, by applying the preceding procedure to the
governing equations that are based on Maxwell’s model [Egs. (50—
55)], the equations still include implicit time integrals that require
special treatment. Based on Newmark’s approach [38], the time
integrals in Eqs. (54) and (55) are also expressed as explicit functions
of the unknowns in the present time step and the known functions,
their first time derivatives, and their second time derivatives in the
preceding time step. Recalling Newmark’s method,

glx.t) = gx); = g(x);_y + Atg(x);_

+ 2510 - 2500, + 26500, 58)
The integral of g(x) at time ¢ = ¢; becomes
A e,y dr = A ety dr + Argv),
#2250, + 200 - 20, + 2850 69

By substituting Eq. (57) into Eq. (59), the integral of any unknown
function g(x) at time ¢ = ¢; becomes a function of the unknown
function at the present time g(x) ;, the known integral of this function
from =0 to t=1¢;_,, and the known function and its first time
derivative at t = 1;_;, as follows:

BAR ©7

divided into N regions, and the set of first-order equations is
numerically integrated using the Runge—Kautta or other method with
assumed initial conditions s}, in each region:

st =Y, (x,), m=1,...,M, n=1,....,N 61)
where M is the number of first-order governing equations (in the
present case M = 14), s7, is the assumed initial value for the mth
unknown function in the nth region, and x,, is the x coordinate of the
left end of the nth region. The numerical solution of the differential
equations is reduced to finding the vector s}, that satisfies F(s7,) = 0,
where F stands for the difference between the value of s, at the left
end of the nth region and the value at the right end of the adjacent
region (nth — 1) resulting from the numerical integration, the
differences between s!, and the prescribed values given by the
boundary conditions at the left end of the beam, and the differences
between the values at the right end of the Nth region resulting from
the numerical integration and the prescribed values given by the
boundary conditions at the right end of the beam. In general, the
unknowns s7, that satisfy all continuity and boundary conditions are
iteratively solved for using the Newton—Raphson scheme. However,
in linear problems, the multiple shooting method yields a simpler
straightforward solution procedure; see, for example, Stoer and
Bulirsch [39].

IV. Advanced Viscoelastic Models

The two fundamental viscoelastic models (as well as the elastic
solid model [6] and the viscous fluid model which is not addressed
here) and their analytical and numerical treatment provide a basis and
building blocks for more refined viscoelastic models that include
multiple retardation times or multiple rheologic components. To
illustrate this, consider the generalized Maxwell viscoelastic model
for the core that includes a number of Maxwell units and a single
Hookean (elastic) spring connected in parallel. Each viscoelastic unit
has different material constants and relaxation time. In this case, and
in any desired viscoelastic model, the equations of motion [Egs. (11—
16)], which are not affected by the constitutive relation, do not
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change. On the other hand, the stresses in the core equal to the sum of
stresses developed in each unit

N N

0L 20 ) =Y 0%, (K20 s Tz ) = Y T (X200 1)
u=1 u=1

(62)

where N is the number of units in parallel. Recalling Maxwell’s
constitutive relations [Eqs. (44) and (45)] and using Eq. (60), the
transverse normal strain and shear angle at the uth Maxwell’s unit,
which are equal to those of the entire group, take the following form:

O-gzu(x* chtj) Eagzu(xv Zc’[j)

8;:()(’ Zes tj) =

Eeu 3 b,
o1 05 (X, 26, 1) 2A105, (X, 20, t: )
Zrur ey 7 qy 210Xy 2y Lj—1)
* L bZEcu + 3 bZEcu
AD? 6L, (X, 20015
(A1)? 0%, (% 20 1j-1) -
6 b(l;EL'u
¢ (x ‘ ) _ T;zu(x, Zes tj) gtﬁm(x, Zes tj)
et = ch 3 b;ch
o bZch 3 bZGw
A2 T, (0, 2, 1
(AN £, (6,200 1,) o
6 biG.,

where E_, and G, are the transverse modulus of elasticity and shear
modulus of the uth unit, and 59 and b}, are the viscous constants of the
uth unit. These constants, as well as the material moduli and the
assumed relaxation time of each unit, can be determined by a Prony
or Dirichlet series with the aid of the least square or other method to
fit test data. The normal strain and shear angle of the Nth unit, which
correspond to the single Hookean spring, can be degenerated from
Egs. (63) and (64) by setting the viscous terms (1/5% and 1/b%) to
zero. Also note that, for N = 2, Eqgs. (62—64) recover the standard
linear solid model that combines a single Maxwell unit and a
Hookean spring in parallel.

As all the terms that are related to the response at time 7 = ¢;_; are
known, the stresses at time ¢ = ¢; can be obtained from Egs. (63) and
(64) in terms of the unknown normal strains and shear angles at
t =1t;, and the known response at t = t;_;. These stresses are then
backsubstituted into Eq. (62) to obtain the general constitutive rela-
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tions of the generalized Maxwell model at each time step. Following
the procedure described in Sec. ILB, the stress and displacement
fields in the core layer, as well as the governing equations, are then
obtained. For brevity, this is not described here, however, note that,
once the solution is known at t = ¢ s the stresses at each unit can be
obtained using Eqgs. (63) and (64).

V. Numerical Study

The numerical study examines the influence of the viscoelastic
characteristics of the core layer and compares the theoretical results
with experimental ones available in the literature. The first example
focuses on the behavior of an ordinary sandwich beam that is
simply supported at the ends of its faces and at the core. The second
example focuses on the behavior of a sandwich beam simply
supported at the lower face sheet and free at the upper face sheet and
the core. The third example studies the behavior of the cantilevered
sandwich beam that was experimentally studied by Barbosa and
Farage [40].

A. Sandwich Beam Simply Supported at the Ends

The geometry, mechanical properties, and the dynamic load
appear in Fig. 2. Although this sandwich beam includes a relatively
thin core, where the transverse deformation and dissipation may be
negligible, it is provided here to describe and explain some of the
main differences between the two viscoelastic models. The shear
modulus of the core and its corresponding modulus of elasticity are
taken from Galucio et al. [16], assuming that the vibration frequency
of the structure equals its first natural frequency (76 Hz), which was
obtained by a preliminary free vibration analysis. The viscoelastic
coefficients of the core material used in the Kelvin—Voigt model are
estimated as a} = 1, /w and a = n, /o (see [35]), where 1, and 7,
are the core material loss factors in shear and normal stresses,
respectively (see [41]), and w is the frequency. Following Galucio
etal. [16], the magnitudes of the loss factors for 3M ISD112 material
atroom temperature and at a frequency level of approximately 76 Hz
are estimated as 1, = 1, = 107. Thus, the viscous coefficients are
taken as a] = af = 0.00066 s. For reference, the peak deflections of
the face sheets (at midspan) and the peak transverse shear stresses
that develop under static loading are w, =0.579 mm, w,=
0.585 mm, and ¢ = 3.168 kPa.

The time variation of the peak deflections, and the variation of the
peak transverse shear stresses under the dynamic step load are
studied using the Kelvin—Voigt model for the core [Eqs. (29-33)] in

q(®
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2.0mm A =140.6 kN/mm
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b)
q(®
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0.05
t [sec]
=0
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Fig. 2 Geometry, material properties, and loading of an ordinary sandwich beam: a) geometry, b) cross section and material properties, c) step load.
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Fig. 3 Response to a step load of a sandwich beam simply supported at both face sheets and the core; Kelvin—Voigt model for the core material:
a) deflection of upper face sheet, b) deflection of lower face sheet, c¢) peak transverse shear stresses.
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Fig. 4 Response to a step load of a sandwich beam simply supported at both face sheets and the core; Maxwell’s model for the core material: a) deflection
of upper face sheet, b) deflection of lower face sheet, c¢) peak transverse shear stresses.

Fig. 3. The results show that the deflections and stresses decay in time
toward the elastic static results. It is also shown that the deflections of
the upper and lower face sheets are almost identical through the
entire time domain. Using the logarithmic decrement technique, the
damping ratio in terms of transverse deflections and stresses is about
1.8% of the critical one.

Figure 4 shows the dynamic response of the sandwich beam
analyzed using Maxwell’s model [Egs. (50-55)]. In this case, the
viscous coefficients were chosen to give the overall damping ratio of
1.8% akin to the one obtained by Kelvin—Voigt model. This equi-
valency yields b = b] = 0.001 s. The results show that, although
the structure oscillates with the same frequency as the one obtained
in the Kelvin—Voigt model, its behavior in time is significantly

different. It can be seen that the transverse deflection of the upper
face sheets asymptotically reaches a constant finite displacement,
whereas that of the lower face sheet oscillates around an asymp-
totically decreasing line toward zero. The peak shear stress, on the
other hand, oscillates around the zero line and decays in time. These
results actually reveal that, although the core layer is modeled as a
Maxwell model, the entire sandwich beam behaves like a standard
linear solid model that combines the Maxwell model and a Hookean
spring in parallel. In this case, the Hookean spring effect is attributed
to the bending stiffness of the upper face sheet and its ability to
transfer load to the supports. Thus, as the stresses in the core layer and
their rate of change decay in time (Fig. 4¢), the viscoelastic Maxwell
layer becomes less and less effective in terms of resisting the shear
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EEREEEEREEE RN R RN R N R E.=0.056 GPa
T T T T e 60mm G.=0.022 GPa
5 P.=60 kg/m’
7 [ 6.0
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| 1200.0mm 1 | 100mm D, =324 kN-mm
! ! i B, =0 kN
a) b) A, =108 kN /mm
P=2000kg/m?
q) ) g ic Load
q(t) q0) im0 Srsin(214 £)
[kN/m] Step Load [kN/m]|  Impulse Load 0.5
0.5 0.5]-- /\00588 t[sec]
t [sec] t [sec] 0 \/ \/
=0 0" 0.0015 05
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Fig. 5 Geometry, material properties, and loading: a) geometry and cross section, b) material properties, c) step load, d) impulse load, e) harmonic load.
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Fig. 6 Static response: a) transverse shear stresses in the core, b) transverse normal stresses at the core interfaces.

and transverse normal stresses. A larger portion of the global bending
moment is then carried in the form of bending of the loaded face sheet
while a smaller part is carried by means of the composite action of the
face sheets and the core. Once the internal stresses in the core are fully
relaxed, all the external loading is carried through bending of the
upper face sheet only, and the finite displacement of the upper face
sheet (1.3 mm) actually equals the static elastic displacement of a
simply supported beam of the same elastic and geometric properties
as the upper sheet. In practical terms, the load resisting mechanism
evolving with the Maxwell model is evidently not desired, as the
sandwich quickly looses its ability to resist loads through composite
action of the face sheets and the core.
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Note that, as the viscoelastic feature of the core that is modeled by
a Kelvin—Voigt model damps the entire response of the structure,
including all the transverse displacements, the core in this case is
more effective than the case with Maxwell’s model. Because of that,
it can be seen in Figs. 3c and 4c that the peak shear stresses that
develop with the Kelvin—Voigt viscoelastic core are significantly
higher than the ones with Maxwell’s model.

B. Sandwich Beam Simply Supported at the Lower Face

The geometry, mechanical properties, and the dynamic loads
appear in Fig. 5. The beam consists of two glass fiber reinforced
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Fig. 7 Response of a sandwich beam supported at the lower face sheet to a step load; Kelvin—Voigt model (solid line: viscoelastic core; dashed line:
elastic core): a) deflection, b) peak transverse shear stresses, ¢) peak transverse normal stresses, upper interface, d) peak transverse normal stresses,

lower interface.
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polymer (GFRP) face sheets and a Divinycell H60 foam core.
Following Dwivedy et al. [5], the magnitudes of the loss factors for
Divinycell H60 foam at room temperature are estimated as n,=
n, = 0.1. The first natural frequency of the structure is obtained by a
preliminary analysis and equals about 68 Hz. Thus, the viscous
coefficients are taken as a] = af = 0.000234 s. The step, impulse,
and harmonic dynamic loads shown in Fig. 5 are examined. The
interfacial stresses that develop in the beam under a static load of
equal magnitude appear in Fig. 6 and reveal the transverse shear and
transverse normal stress concentrations near the edges and the
variation of the normal stresses from one core-face interface to
another.

1. Simply Supported (at the Lower Face Sheet) Beam: Response
to Step Load

The time variation of the stresses at their critical locations and the
variation of the peak deflection at midspan under the step load are
studied in Fig. 7 using the Kelvin—Voigt model. The results are
normalized with respect to the static elastic results and the figures
describe the dynamic magnification factors (DMFs) with DMF = 1
designating the static value. For reference, the response of the sand-
wich beam with an elastic core (a] = af = 0) is plotted in dashed
lines. The results show that, with the viscoelastic core, the peak DMF
is approximately 1.9 at the first vibration cycle and it decays after few
cycles. In the case of the elastic core, the peak DMF does not decay
and, as expected, it equals 2.0. The damping ratio in terms of
transverse deflections and stresses is about 3% of the critical one.
These results quantify the level of effective damping expected with
the Kelvin—Voigt type of viscoelastic core.

Figure 8 shows the dynamic response of the sandwich beam
analyzed using Maxwell’s model. Also here, the viscous coefficients
were chosen to give the overall damping ratio of 3% obtained by the
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Kelvin—Voigt model, to yield 6] = b] = 0.018 s. The results show
that the natural frequency and the DMFs of the internal stresses are
similar to the ones obtained using the Kelvin—Voigt model. However,
in terms of transverse deflection, Fig. 8a shows that Maxwell’s model
damps the vibratory response but yields a monotonic growth of the
deflections in time. Because, in this case, the lower face sheet is
supported, its peak deflection (Fig. 8a) eventually approaches a finite
value. However, this finite displacement, which is determined by the
relatively low flexural rigidity of the lower face sheet only, is about
350 times the static displacement of the entire sandwich beam. This
effect is not prominent within the time interval shown in Fig. 8.

In the unique case studied here, the load is applied to the upper face
sheet while only the lower face sheet is supported (Fig. 5a). As the
rates of the internal stresses diminish in time, the peak levels of
transverse shear stresses in the core and interfacial normal stresses at
the lower interface slightly drop toward normalized values that are
smaller than one (Figs. 8b and 8d). On the other hand, the peak
interfacial normal stresses at the upper interface decay toward a
normalized value of one. This is attributed to the effect of the external
load applied to the upper face sheet, its notable influence on the
normal stresses at the upper interface, and the fact that the upper face
sheet is not directly supported but transfers the load to the supported
lower face sheet through the core. On the other hand, the decay of the
shear stresses and the interfacial normal stresses at the lower interface
below the level of the static values is a result of the softening effect
introduced by Maxwell’s model and the corresponding redistribution
of stresses in the structure. Under the sustaining load studied here,
this effect eventually leads to large deflections of the lower supported
face sheet and unbounded deflections of the upper (nonsupported)
face sheet. These effects imply that, by itself, Maxwell’s model,
which is naturally more relevant to viscous fluids, does not provide a
realistic representation of the solid core of the partially supported
sandwich structure subjected to a sustained load. The importance and

PO A S
\
[ A AR AT AR A
I (A
v
L

Ahonn
N
foay
s
\
Ay LA Ll

\

—_ N W R LN 3
T
L

/ /
! ! 1 [ A ]
I\ P R R A Ay

T(x=26mm,t) / T} (x=26mm)

vl N
I ERYIRY
ERVER \
\ VEERVERRY
R VY /

1

0 0.05 0.1 0.15 0.2 0.25

t[sec]
b)
8 T T T T
7, 4
~— 6' 1
9
= Of 1
tzb;; 4l 1
= 3r 1
S
\LI/ 2r Aonh A A N A A A A A A A ]
O VA R R B O A
0
-1 L L
0 0.05 0.1 0.15 0.2 0.25
t[sec]
d

Fig. 8 Response of a sandwich beam supported at the lower face sheet to a step load; Maxwell’s model (solid line: viscoelastic core; dashed line:
elastic core): a) deflection, b) peak transverse shear stresses, ¢) peak transverse normal stresses, upper interface, d) peak transverse normal stresses,

lower interface.



2206 HAMED AND RABINOVITCH

relevance of Maxwell’s model to the problem at hand is due to its role
as a building block for refined representation of the viscoelastic
nature of the core material and its ability to demonstrate, shed light
on, and explain some aspects of the response of the structure.

2. Simply Supported (at the Lower Face Sheet) Beam: Response to
Impulse load

The dynamic response of the beam subjected to a triangular
impulse load (Fig. 5d) is investigated using the Kelvin—Voigt and
Maxwell’s models in Fig. 9. The load duration is about one-tenth the
first vibration period. Also here, the results are normalized with
respect to the response to a static load of equal magnitude, and the
results corresponding to the case of the elastic core are included. The
elastic and viscoelastic properties are the same as the ones used in the
previous case.

The results of the sandwich beam with elastic core show that the
time variation of the transverse deflection and transverse shear
stresses is controlled by the first mode of the structure but is also
influenced by higher vibration modes. Yet, the effect of the higher
modes of vibration is less pronounced in the deflection results com-
pared to the stress results. When a Kelvin—Voigt viscoelastic core
material is used, the high-frequency effects in the stresses response
are rapidly decayed (see Fig. 9b).

The results obtained using Maxwell’s model appear in Fig. 9¢
(deflections) and Fig. 9d (interfacial shear). The comparison between
the two models in terms of deflections shows that, in both cases, the
vibratory response is effectively damped. However, with the Kelvin—
Voigt model (Fig. 9a), the beam oscillates around the zero line, and
with Maxwell’s model (Fig. 9¢), the deflections decay toward a
residual value that is slightly higher than that (around 0.02). This
nonphysical residual displacement is attributed to a numerical arti-
fact associated with the higher frequency modes. These modes are
triggered by the impulse loading but are not effectively damped using
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a Maxwell model with a single relaxation time. To examine this
effect, the behavior of the sandwich beam under a harmonic load that
is less involved with the higher frequency modes is studied in
Sec. V.B.3. Figure 9d also shows that, with Maxwell’s model, the
higher frequencies decay much slower and still affect the dynamic
response. These differences highlight the importance of the
characterization of the viscoelastic properties of the core and the
selection of the corresponding model.

3. Simply Supported (at the Lower Face Sheet) Beam: Response to
Harmonic Load

The dynamic response of the beam subjected to a harmonic load
(Fig. 5e) is investigated in Fig. 10. The frequency of the applied
harmonic load equals half the 34 first natural frequency of the beam
(34 Hz), and the load duration is 4 times the first vibration period
(Fig. 5e). The results are normalized with respect to the response to a
static load of equal magnitude.

The results obtained using the Kelvin—Voigt model (Figs. 10a and
10b) reveal that, once the load is released, the response in terms of
displacement and transverse shear stress is effectively damped by the
viscoelastic core toward zero. Similarly, as this loading history only
slightly triggers higher frequency modes, the response according to
Maxwell’s model (Figs. 10c and 10d) decays toward zero displace-
ment and stresses, with no artificial residual values. Thus, once the
higher frequency modes are not significantly triggered (opposed to
the impulse loading studied in Fig. 9) Maxwell’s model with single
relaxation time can better describe the behavior of the structure.

C. Cantilevered Sandwich Beam

The dynamic response of the cantilevered sandwich beam that was
theoretically and experimentally studied by Barbosa and Farage [40]
is studied here. The geometry, the mechanical properties, and the
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Fig. 9 Response of a sandwich beam supported at the lower face sheet to an impulse load (solid line: viscoelastic core; dashed line: elastic core):
a) deflections with Kelvin—Voigt model for the core, b) peak transverse shear stresses with Kelvin—Voigt model for the core, c) deflection with Maxwell’s
model for the core, d) peak transverse shear stresses with Maxwell’s model for the core.
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Fig. 10 Response of a sandwich beam supported at the lower face sheet to a harmonic load: a) deflections with Kelvin—Voigt model for the core, b) peak
transverse shear stresses with Kelvin—Voigt model for the core, c) deflection with Maxwell’s model for the core, d) peak transverse shear stresses with

Maxwell’s model for the core.

dynamic loads appear in Fig. 11. The boundary conditions at the
clamped edge include zero deflections and rotations of the face sheets
and zero transverse deflection through the height of the core. The
response of the beam to the impulse load (Fig. 11c) that was used and

3 PO

reported in the experimental study [40] is examined. The hammer
excitation impact was not measured or reported in [40] and,
therefore, the magnitude of the load was evaluated by multiplying
the hammer’s mass (0.2 kg) by the peak measured acceleration
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Fig. 11 Geometry, material properties, and loading of a cantilevered sandwich beam (adapted from Barbosa and Farage [40]): a) geometry, b) cross

section and material properties, c¢) impulse load.
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Fig. 13 Theoretical response of a cantilevered sandwich beam to impulse load with Maxwell’s model for the core: a) deflection (lower face sheet), b) peak
transverse shear stresses, c) peak transverse normal stresses at the upper interface.

(60 m/s?). The load duration was also approximated from the
experimental results as 10% of the vibration period of the structure.
Following [40], the magnitude of the overall loss factor for the visco-
elastic material obtained from the experimental data is n = 0.1434,
and the natural frequency of the sandwich beam is 5.05 Hz. Because
of the absence of more detailed data, it is assumed that the reported
loss factors applies to both transverse shear and transverse normal
response. Thus, the viscous coefficients according to the Kelvin—
Voigt model are taken as af = aj = 0.0045 s, whereas those
according to Maxwell’s model were chosen to give an overall
damping ratio of the deflections similar to the one obtained by the
Kelvin—Voigt model. This equivalency yields by = b} = 0.25 s. In
addition, due to the lack of data, it is also assumed that the elastic
moduli of the viscoelastic core, which appear in Fig. 11b, are
applicable for both the Kelvin—Voigt and the Maxwell model.
However, in a more accurate analysis, these parameters should be
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given different values in the two models, as these parameters depend
differently upon the magnitude of the frequency. This aspect is not
considered here.

The time response of the peak deflection and peak interfacial
stresses obtained by the Kelvin—Voigt model and by Maxwell’s
model are described in Figs. 12 and 13, respectively. Figure 12 shows
that the dominant vibration frequency in terms of transverse deflec-
tion and interfacial stresses equals about 4.75 Hz. This value is in fair
agreement with the experimental result (5.05 Hz). Note that the
impulse load triggers higher modes of vibration but the Kelvin—Voigt
viscoelastic core damps these effects and eliminates them after the
first cycle of vibration (Fig. 12). With Maxwell’s model (Fig. 13), the
decay of the higher modes is notably less significant and the higher
frequencies are prominent through the entire time domain. The
application of the fast Fourier transform to Maxwell’s model results
shows that the lower among the two dominant frequencies is about
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Theoretical and experimental [40] response to impulse load: a) Kelvin-Voigt model for the core, b) Maxwell’s model for the core.
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4.5 Hz, which corresponds to the first mode of flexural vibration. This
value is in reasonable agreement with the experimental results. The
second frequency equals about 18.8 Hz and corresponds to the
second mode of flexural vibration. The different types of responses
outlined in Figs. 12 and 13 highlight the differences between the two
fundamental viscoelastic models and point in favor of using them as
building blocks for refined viscoelastic models.

The time variation of the transverse (vertical) acceleration of the
lower aluminum face sheet under the impulse load is studied in
Fig. 14. The response is compared with the experimental results of
Barbosa and Farage [40]. Figure 14a shows that the results of the
Kelvin—Voigt model are in fair agreement with the experimental
ones. The discrepancies at some points are due to the approximated
impulse model that was adopted for the theoretical computation, due
to the uncertainties with regard to the magnitude and duration of the
applied load, and due to the use of a single retardation time in the
viscoelastic Kelvin—Voigt model, which is not enough to represent a
real viscoelastic material. On the other hand, excluding the first cycle,
the prediction of Maxwell’s model is far from the experimental
results (Fig. 14b). These differences highlight the role of the detailed
viscoelastic characteristics of the core and the selection of the
corresponding model.

Figure 15 shows the distribution of the transverse deflection, the
axial force in the lower face sheet, and the interfacial stresses at three
times, which correspond to the response at peak loading (¢ = 0.01 s),
at the adjacent peak after the load is released (# = 0.05 s), and at the
peak steady-state response (r = 0.27 s). For clarity, only the results
that were obtained by the Kelvin—Voigt model, which is in better
agreement with the experiments, are presented. Figure 15a shows
that the deformation pattern of the lower face sheet at r = 0.01 s is
similar to the classical second mode of flexural vibration of a can-
tilevered beam. On the other hand, as the load is released, the second
mode of vibration is damped, as shown by the response at # = 0.05 s.

After 0.27 s, the deformation pattern becomes similar to the first
mode of vibration and the second mode is completely damped (see
also Fig. 12).

Figures 15b—15d show the variation of the distribution of the
internal forces and stresses with time. Because of the nature of the
concentrated impulse loading, it is seen that, at = 0.01 s, the load
induces concentrated forces and stresses (local response) at its close
vicinity (x = L/3). This localized response propagates through the
length of the beam and reaches an almost steady state at t = 0.05 s
where the entire structure is affected by the loading. Figure 15d
shows that localized transverse normal stresses develop in the core
near the location of the load at r = 0.01 s. At = 0.05 s and 0.27 s,
these stress concentrations vanish, and the stresses at the free edge of
the beam (x = L) are amplified. These results demonstrate the
importance of the localized effects in the viscoelastic dynamic
response of the sandwich beam, and reveal the capabilities of the
proposed model.

VI. Conclusions

A theoretical model for the dynamic analysis of sandwich beams
with soft viscoelastic cores has been developed. Along with the
viscoelastic characteristics, the formulation has taken into account
the shear deformability and the transverse (through the height)
compressibility of the core under the framework of a high-order
theory. The local effects (stress concentrations) and interfacial
stresses that characterize sandwich structures, their variation in time,
and the transient damped response of the viscoelastic sandwich beam
have also been considered.

The formulation has introduced the viscoelastic characteristics of
the core through the basic Kelvin—Voigt and Maxwell models with a
single retardation/relaxation time. The governing equations of the
two structural models and the corresponding numerical tools for the



2210

solution in the time domain have been derived. These two models
have provided the basic tools for the analysis of soft core sandwich
beams with different types of viscoelastic cores as well as the
theoretical and mathematical basis for the construction of more
complex and more refined viscoelastic models. This has been
demonstrated through an analytical formulation of a generalized
Maxwell model and a standard linear solid viscoelastic model.

The numerical results have examined the response of sandwich
beams with different types of viscoelastic cores and have been
compared with experimental results available in the literature. The
numerical study has quantified the damping characteristics intro-
duced due to the viscoelastic core and its impact on the global and
localized response of the beam. It has also revealed the different
physical aspects described by the Kelvin—Voigt and Maxwell
models, highlighted their characteristics, and opened the way for
their potential augmentation to more advanced viscoelastic theories,
including ones with multiple retardation/relaxation times. Although
the proposed model is applicable for restricted frequency range, as
the frequency and temperature dependence of the material constants
have not been considered, the paper reveals and highlights some
aspects of the dynamic behavior of modern sandwich beams with soft
viscoelastic cores, and provides a basic theoretical modeling
approach for more refined theoretical models to be developed.
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