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Abstract

The dynamical equations describing the free vibration of sandwich beams with a locally damaged core are derived
using the higher-order theory approach. The nonlinear acceleration fields in the core are accounted for in the deri-
vations, which is essential for the vibration analysis of the locally damaged sandwich beams. A local damage in the core,
arbitrarily located along the length of the sandwich beam, is assumed to preclude the transition of stresses through the
core between the undamaged parts of the beam. The damage is assumed to exist before the vibration starts and not to
grow during oscillations. The numerical analysis based on the derived equations has been verified with the aid of the
commercial finite element software ABAQUS. The numerical simulations reveal that a small local damage causes
significant changes in the natural frequencies and corresponding vibration modes of the sandwich beams. An important
practical consequence of the present work is that the vibration measurements can be successfully used as a nonde-
structive damage tool to assess local damages in sandwich beams.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The idea of investigating the change in the natural vibration frequencies as an indicator of damage in
composite structures is not new. Kulkarni and Frederick (1971) suggested that the natural frequency of a
circular cylindrical shell reflected the presence of delamination in the composite layout. Cawley and Adams
(1979) went further and pointed out that the shift in natural frequencies due to delamination in fiber
composite structures provided a basis for nondestructive testing techniques.
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The interpretation of such observations used in the detection of damage in sandwich structures requires
development of an accurate vibration theory. An analytical approach to the free vibration response of
debonded sandwich beams with a honeycomb core was reported in the work of Hu and Hwu (1995). In
their analysis, the beam is divided into four parts, and the core displacements in each region are treated as
Timoshenko beam elements. The influence of geometric and material parameters of the core and face sheets
were explored. In addition, the effects of debonding length on the natural frequencies and associated mode
shapes of the delaminated honeycomb sandwich beam were investigated. In related work of Kim and
Hwang (2002), the split beam model was used in conjunction with classical sandwich theory to analyze the
effect of debonding on the natural frequencies and frequency response functions, as well as on the flexural
rigidity of honeycomb sandwich beams. The results of the study showed that debonding reduces the natural
frequencies of honeycomb sandwich beams.

The aim of the present paper is to investigate the free vibration behavior of sandwich beams with a
locally damaged transversely flexible (soft) core for which the ratio of the Young’s moduli of the isotropic
face sheets to the core lies between 500 and 1000. Higher-order theory assumptions (Frostig, 1992) and a
consistent dynamic approach (Sokolinsky and Nutt, 2004) are used to derive the free vibration equations
for the sandwich beams with a locally damaged soft core. The numerical approach used to discretize the
partial differential equations with associated boundary and continuity conditions consists of the harmonic
motion assumption and the direct finite difference method. The numerical analysis based on the derived
equations has been verified with the aid of the commercial finite element software ABAQUS. The numerical
results demonstrate that a local damage of small length, which is located in the span of a soft-core sandwich
beam, leads to significant reduction in the natural frequencies and their corresponding vibration modes.
These findings could provide the foundation for the development of vibration-based nondestructive eval-
uation techniques and health monitoring approaches.

2. Mathematical formulation
2.1. Analytical model

The free vibration equations for sandwich beams with isotropic face sheets and a locally damaged
transversely flexible (soft) core are derived using the higher-order theory of sandwich panels (Frostig, 1992).
In the higher-order theory, the face sheets of the sandwich beams are treated as ordinary beams with
negligible shear strains that follow Euler—Bernoulli assumptions, and are subject to small deformations.
The soft core is treated as a two-dimensional elastic medium with small deformations where the height may
change under loading, and the cross-section does not remain planar. The longitudinal (in-plane) stresses in
the core in the undamaged regions are neglected because the core material possesses a significantly lower
modulus than the face sheets. Both experimental and analytical studies (Thomsen and Frostig, 1997,
Swanson and Kim, 2000) have clearly demonstrated the justification for the neglect of the in-plane stresses
in the soft core. The interface layers between the face sheets and the core at the undamaged regions are
assumed to be rigid and provide continuity of the deformations at the core-face sheet interface.

In the present model, a small local damage in the core, which is arbitrarily located along the length of the
sandwich beam, is assumed to preclude the transition of stresses through the core between the undamaged
parts of the beam. This assumption is reasonable because an impact on the face sheet may significantly
impair the ability of the core material to transfer the stresses through the small damaged region. The
damage is assumed to exist prior to vibration and to be constant in length during the oscillations (see Fig.
1).

Therefore, the longitudinal (o,,) and vertical normal stresses (g..) and the shear stress () in the core
through the small damaged region are assumed to be zero (see Fig. 2).
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Fig. 1. Schematic of the locally damaged sandwich beam.
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Fig. 2. Geometry (a) and internal resultants (b) of a sandwich beam.

The acceleration fields of the face sheets and the core are assumed to have the same shape as the cor-
responding static deformation fields (Sokolinsky and Nutt, 2004). Namely, the acceleration fields of the
face sheets vary linearly with height, whereas the acceleration fields of the core in the longitudinal and
vertical directions vary nonlinearly with height.

Accounting for the nonlinear acceleration fields in the core is essential for analysis of the free vibration
response of sandwich beams with a locally damaged core. Unlike an undamaged structure, the inertia loads
exerted on the damaged sandwich beams are not uniformly distributed along the span.

2.2. Equations of motion

A local damage between the upper face sheet and the core divides a sandwich beam into three regions—
two undamaged and one damaged (see Fig. 1). The kinematic assumptions for the upper (i = ¢) and lower
(i = b) face sheets for all regions read

ui(Xi, 1) = ugi(x:, 1) — Ziwix (i, 1) (1)

where x;, 1, z; are the local rectangular coordinates of the upper and lower face sheets, u;(x;, ¢) and w;(x;, f)
are the longitudinal and vertical displacements, respectively, for any point on the cross-section of the upper
and lower face sheets, u;(x;,¢) are the longitudinal displacements of the centroid lines of the upper and
lower face sheets, and 7 is a time coordinate (see Fig. 2(a)).
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The kinematic assumptions for the horizontal and vertical displacements of a soft core at the undamaged
region are given, respectively, by

uc(xe, t) = (zo/Ge)t(xc, ) — (zgc/Z 723/3)(2Ec)rw(xc,l) — (z§/2c)wh‘x(xc, t)
— (—25/20 + 2o + d, [2)W, (X, 8) + uo(xe, t) (2)

We(xe, t) = ze(e — ze) [ (2E) T2 (xe, £) + (1 — ze/e)wi(xe, t) + (ze/c)wp(xe, ) (3)

where x., )., z. are the local rectangular coordinates of the core, 7 is the shear stress in the core, E. and G,
are the Young’s and the shear moduli of the core, respectively, ¢ is the height of the core, and d; is the
thickness of the upper face sheet (see Fig. 2(a)).

At the damaged region—assuming detachment of the core material from the upper face sheet as the
result of impact the—horizontal and vertical displacements of the core are

e (xe, t) = uop(xp, ) + (dp/2)Wp . (x5, t) 4)
We(xe, 1) = wy(xp, 1) (5)

where dj, is the thickness of the lower face sheet (see Fig. 2(a)).
The foregoing kinematic relations are used for the derivation of the Lagrangian for a sandwich beam.
In what follows, Hamilton’s variational principle is applied to derive the partial differential equations
describing the linear free vibrations of the sandwich beams with a locally damaged soft core for both
undamaged and damaged regions, the continuity requirements connecting the damaged and undamaged
regions together, and the boundary conditions at the edges of the sandwich beam. The equation is

/t2 oLdt =0, ov(t;) =v(tr) =0 (6)

5|

where L is the Lagrangian, v is the vector of unknowns describing the deformed state of a sandwich beam
between the time instants #; and #, and J represents the variation.

The strain and kinetic energy of the isotropic face sheets for both the undamaged and damaged region,
respectively, read

1

V=5 /L (EApig, , + ELwW, . + EApugy, , + ELw; ) dx )
1 2 ) ) ) . .5

Tr=5 {[pfAt(uo, + W) + p v ]+ [ppds(itg, + W) + pplsy,] }dx (8)

where EA; are the axial rigidities of the upper (i = ¢) and lower (i = b) face sheets, EI; are the flexural
rigidities of the face sheets, p, are the mass densities of the face sheets, 4, and 4, and [, and I, are the cross-
sectional areas and the area moments of inertia of the upper and lower face sheets, respectively, and L;
denotes the undamaged (j = u) and the damaged (j = d) parts of the sandwich beam.

In the undamaged region, the strain and kinetic energy of the isotropic transversely flexible core, using
the nonlinear displacement fields in Egs. (2) and (3), are given by

L1 c e E.
Vg :5‘/Lub[a12+12Ecri+?(w,2+wi—2w,w,,) dx )
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/ bp{ (/3G + (137 /SO40E2) 22, + (/20032

2
+[(2/15) + (d/3)c* + (dF [4) ey, + citg, — (7¢° [120E(G,) 1 1

[
— (/4G ) 1wy, — [2(5¢ /24 + 2d,/4) | Gt + (P ) Ge) it
+ (€ JA5E)t Wi + [(13¢ /360 + ¢*d, /24) Ec]t oy
— (c*/12E.) T g, + (3¢ /20 + czd,/6)w;,‘xwtyx —(c? /3) W xito;
— (26 /3 + dic)V, g, + (¢ /120E2)1> 4 (¢/3)w; + (¢/3)w;, + (¢ /12E, )t W,
(c

(6112 )t iy + (¢/ 3y v (10)

where b is the width of the sandwich beam (see Fig. 1).

Because the shear, 7, and horizontal, o,,, and vertical, .., normal stresses in the core are assumed to be
zero throughout the damaged region (see Fig. 2(b)), the strain energy of the core is zero at the damaged part
of the sandwich beam. The kinetic energy of the isotropic core in the damaged region is

1 1
Tg = — / Acpc{il(z)berhithbe dzwbx+Wb}d)C (11)
2 /i, 4

where 4. and p, are the cross-sectional area and the mass density of the core, respectively.

Eqgs. (2) and (3) assure the vertical compatibility at both interfaces and the longitudinal compatibility
only at the upper interface layer. To ensure compatibility between the lower face sheet and the core in the
longitudinal direction through the undamaged region, the following condition must be added to the
Hamilton’s principle in Eq. (6):

@be(xb,t) (12)

Ue(Xey ze = ¢, t) = ugp(xp, 1) + >

which, after the use of Eq. (2) and multiplication by b yields the following auxiliary condition for the
undamaged region:

bugy — bug, — (be/Ge)t + (be J12E) T + [b(c + d,) [ 2lwiy + [b(c + dy) /2w, = 0 (13)

The free vibration equations for the undamaged region of a sandwich beam are derived through the
constrained variation of Eq. (6) using the Lagrangian multiplier method (Lanczos, 1997; Lopez, 2001). The
Lagrange multiplier can be shown to be the shear stress,z, in the core that permits representation of
the higher-order formulation in terms of the vector v(x,#) = {uop, 4o, Wp, W, T}. Thus, for the undamaged
region, the free vibration equations for sandwich beams with a soft isotropic core and isotropic face sheets,
which take into consideration the nonlinear acceleration fields in the core, are

.. 13 9 .
EA gy + bt — p,Ajiio; — {3 5 T 704 ~ 510 (11c + 39d, )V
1 3
+m(l3c+27db)whx 140 (c/G)E ] 0 (14)
EA — bt — p,Apii o E (13¢ 4 27d,)vi
bUOb xx T — PpAplop — 70 =il + 33 Uop — 420 c t )Wt x

1 3
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1 . .
EIW, ox + (PE. /) (W, — wp) — Eb(c +d)t.+ p AW — p W,

1 1
(13¢ + 27d,)itgpx + 3wt

1
—|— pcAC{ 210 (116 + 39d,)u0t“x 420

1
(4¢* + 22¢d, + 39d7 )V, + — 0y + <= [6¢* + 13c(d, + dy) + 27d,dy|ivp

T80 6 840
1
+ 535 (¢/EG. )[35cGC+EC(2c+9d,)]ax} =0 (16)

1 . .
ELWp s — (DEc/C)(Wy — W) — Eb(C +dp)T + AWy — PpIpWh

1 1 .. l.
— pCAC{ 220 (13C‘ + 27db)u0” m (1 le + 39db)u0b7x — gwt

1 1
- % (6¢* + 13¢(d, + dy) + 27d,dy) e — 3 Wy + 20 [4c* 4 22¢dy + 39d: TWh

— 25 (¢/EG )[35cGC+EC(2c+9db)ﬁ,x} =0 (17)

bug, — bugy — [b(c +d,) /2w,y — [b(c + dy/2]wpx — (b J12E) T + (be/Ge)t

1
+ (Acpcc/ECGc){ 140 (14G, — 3E.)(ito, — iiop) — [Ge(7c + 42d,) — E.(2¢ + 9d,)] W,

1
840
840[ (7c + 42dy,) — Ec(2¢ + 9dp) Wy + 210(0/(; )[Zch—EC]%} =0 (18)
Notice that the effect of the rotatory inertia (Shames and Dym, 1985) of the face sheets is accounted for in
the governing equations stated above.

Egs. (14) and (15) represent dynamic equilibrium in the horizontal direction and Egs. (16) and (17) in the
vertical direction of the upper and lower face sheets supported by a soft core. Furthermore, Eq. (18) is a
combination of the compatibility condition in the longitudinal direction at the lower interface layer (see Eq.
(13)) and the dynamic terms. As follows from the variational procedure, these dynamic terms add to zero,
which implies the proper fulfillment of the compatibility at the lower interface in the present formulation.
Retention of the dynamic terms in Eq. (18) provides structural uniformity of all the dynamic equilibrium
equations for the undamaged region (Egs. (14)—(18)). Namely, as anticipated on physical grounds, each
dynamic equation is comprised of elastic and dynamic contributions, which mathematically leads to con-
sistency between the ranks of stiffness and mass matrix differential operators.

For the damaged region, the free vibration equations appear as

EAug v — p,Adiio, =0 (19)
Edpttop.x — (ppds + pede)iton — (1/2) peAcdpivy: = 0 (20)
ELWt e + AW — pliie =0 (21)
ElyWp e + (ppAp + pede)ivy — (puly + peAcdy [4)ip . — (1/2) peAedyiton = 0 (22)

Because the shear stress in the core, 7, in the damaged region equals zero, only four dynamic equilibrium
equations are required to calculate the remaining unknown functions (g, g, ws, w;). In this case, compati-
bility at the upper interface is assumed to not exist through the damaged region as the result of impact, whereas
at the lower interface, compatibility between the lower face sheet and the core is given by Egs. (4) and (5).
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The continuity requirements between the undamaged and damaged regions at the left (x = a) and right
ends (x = a + ly) of the local damage are derived from the boundary terms, which result from the inte-
gration by parts through the undamaged (L,) and damaged (Ly) regions. The kinematic conditions, which
express the compatibility between the left (/) and right () sides of the cross-section of the upper and lower
face sheets at the ends of the local damage are

upy = uy) =
gy = upy (24)
! = w)) (25)
wy = wy) (26)
wil = wf) (27)
Wi = W} (28)

Moreover, the natural continuity conditions for the face sheets at the ends of the damage read

Uy, =ty = O (29)
gy, — ufy, =0 (30)
will, =i =0 (31)
Whke = Wike = 0 (32)

1 . o (r
Elt (Wtuv)vx - WE \fxx) - zbdﬂ' p[[f(w(l) - WS)?)

11 1 2
+p.A {210( c+39dl)uol 420( 3¢+ 27d,)ii)

1
(4¢? + 22¢d, + 39d2)i!) + —~ [6¢% + 13¢(d, + dy) + 27dd,)iv})

) 840
+ 550 (€/Ge)(2e + 9d,)f<€>} =0 (33)
) 1
ELy (Wi = Wyas) — 5 byt = pyly () — i)

2

1 1 |
pA {420(13c+27d,,)u0, +m(11c+39d,,) _Edbug;

1 1,
~ %40 [6¢2 + 13¢(d, + dy) + 27d,dy| i + 13 ——(4c® + 22cd, + 394} )iy, — ngngi
~ 526 (€/Ge) e + 9db)f<@>} =0 (34)

wherec=/latx=aand¢c=ratx=a-+ I,.
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The condition for the shear stress in the core through its height at the ends of the damaged region is
9 =0 (35)

The boundary conditions at the undamaged edges of the sandwich beam (x = 0, L) are, for the upper face
sheet,

EA,up,, =0 or uy, is prescribed (36)
Elw,.., =0 or w,, is prescribed (37)
El +1bd + p I ! (11c + 394,)ii ! (13¢ 4 27d,)ii
Wi xxx 3 tT T PAdWrx — 210 c 1) Uor + 420 c t)Uob
1
-0 (4¢* + 22cd, + 39d%)ii,, + % [6¢* 4 13c(d, + dy) + 27d,dyvy.
1
840 (¢/G:)(2c + 9d,)%} =0 or w, is prescribed (38)
for the lower face sheet,
EAyugp, =0 or ug, is prescribed (39)
Elwy,, =0 or wy, is prescribed (40)

1 ..
EI[,W},JQ“ + 2bdb‘5 + prbWb v+ pc { 20 (136 + 27db)l/l0t 210 (116’ + 39d},)“()],

1
- 2 .
240 [6¢” + 13¢(d, + dp) + 27d,dy| W, + 20 (4c* + 22¢d, + 394 )iy
~ 340 (¢/G:)(2c + 9db)%} =0 orw, is prescribed (41)
and for the core through its height,
=0 or 1, is prescribed (42)

In the case of the damaged edge, namely, when @ = 0 or a = L — [4 (see Fig. 1), the following changes in the
equations describing the boundary conditions at the undamaged edge (Egs. (36)-(42)) are made. The
boundary condition in the vertical direction at the upper face sheet (Eq. (38)) is changed to

—ElW;zr + p i, =0 or w, is prescribed (43)

whereas the boundary condition in the vertical direction at the lower face sheet (Eq. (41)) is replaced with

1 1 . .
+ = pCAcdb{ilo;, + zdbv'isz} =0 or wy is prescribed (44)

_Elbwb,xxx + pblhwb,x 2

Finally, the boundary condition at the core edge (Eq. (42)) is omitted because the value of the shear stress is
known to be equal to zero at the damaged edge.

Thus, through the derived formulation, the actual two-dimensional problem in space is mathemati-
cally treated as one-dimensional, which is of vital importance for the efficiency of numerical analysis (see
Section 5).
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3. Numerical analysis

The discretization of the equations of motion presented above is achieved using the harmonic motion
assumption and the direct finite difference approach. The free vibration response of a locally damaged
sandwich beam in terms of the main unknown functions can be represented as

v(x, 1) = v(x)e" (45)

where v(x) is the 5x 1 vector of the one-dimensional unknowns g, (x), g (x), Ws(x), w,(x), and T(x). A
central difference scheme with fictitious grid points at the boundaries is applied so that the equations of
motion are also satisfied at the beam edges. Moreover, the highest order of the derivatives in the continuous
formulation is reduced to two through the introduction of the new functions

Wi(X) = W(x) and  Wy(x) = Wy (x) (46)

The generalized eigenvalue problem with the large sparse matrices of the general type is efficiently solved
using the deflated iterative Arnoldi algorithm (Saad, 1992). The analysis outlined above has been imple-
mented in dynamic modules of the computer code “FSAN” developed with the aid of the symbolic
mathematical software “Maple” (Heal et al., 2000) running in the “MATLAB” (The MathWorks, 2001)
software environment.

4. Results and discussion

In this section, the higher-order numerical analysis of sandwich beams with a locally damaged core is
applied to the layouts widely used in measurements of the natural frequencies of sandwich beams. Namely,
a cantilever (Fig. 3(a)) and a simply supported sandwich beam layout (Fig. 6(a)) are considered. The
numerical simulations based on the derived equations reveal that the small local damages in the soft core
cause significant change in the natural frequencies and corresponding vibration modes of the soft-core
sandwich beams.

In the following simulations, the mechanical properties of the face sheets correspond to a quasi-isotropic
material of density 4400 kg/m?, whereas those of the core correspond to isotropic polymethacrylimide rigid
foam of density ~52 kg/m?3. The Poisson’s ratios of the face sheets and core are 0.30 and 0.25, respectively.

4.1. Cantilever beam

Natural mode shapes of a cantilever sandwich beam with a local damage centered at the midspan (Fig.
3(a)) are presented in Fig. 3(b). As shown in the figure, the mode shapes of the structure with a locally
damaged core differ significantly from those of the ordinary (undamaged) cantilever sandwich beam. Be-
cause the uniform distribution of inertia forces through the span characteristic of ordinary sandwich beams
is violated, the mode shape cannot be described by a harmonic function of the longitudinal coordinate.

Comparison of the natural frequencies of Fig. 3(b) with those of the ordinary cantilever sandwich beam
(see Sokolinsky et al., 2002) reveals that a midspan local damage with a length of only ~3% of the beam
span causes a reduction in the third natural frequency of ~32% (see Table 1). Notice, in particular, that
sandwich structures typically consist of face sheets that are much thinner than the core. For such thin face
sheets, flexural stiffness is very small. Consequently, the clamping effect is manifest only in close proximity
to the clamped end. This distance is negligible compared with the beam span, making it impractical to
portray a zero slope that could be discerned by the reader.

Deeper insight into the free vibration response of a damaged sandwich cantilever in Fig. 3 can be gained
by studying the dependence of its natural frequencies on the location of a local damage along the span of
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Fig. 3. Cantilever sandwich beam with local damage centered at midspan: (a) layout; (b) natural vibration modes and corresponding
frequencies (Hertz) (dimensions in millimeters; moduli in gigapascal).

Table 1
Comparison of the natural frequencies of the cantilever sandwich beam

Natural frequency (Hz)

1 2 3 4 5
Ordinary, f 130.0 491.4 996.3 1465.1 1930.7
Damaged, f, 1159 483.7 680.9 1287.1 1728.3
Difference, % -10.8 -1.6 -31.7 -12.1 -10.5

the beam. The dependence of the fundamental frequency, and of the third natural frequency of the
sandwich cantilever in Fig. 3(a) at the site of the 10 mm local damage along the span is shown in Fig. 4(a)
and (b), respectively. In Fig. 4, the ratio of the particular frequency of the damaged sandwich beam to the
corresponding frequency of the ordinary beam (marked by the superscript “u”’) (see Table 1) is shown
along the vertical axis. The relative location of the local damage in the span is shown along the horizon-
tal axis, where a stands for the distance from the left edge of a damage to the left edge of the beam (see
Fig. 1).
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Fig. 4. Dependence of (a) the fundamental frequency and (b) the third natural frequency of the locally damaged sandwich cantilever in
Fig. 3(a) on the location of the damage of length 10 mm along the span.

Fig. 5. Distribution of the shear stresses in the core along the span of the ordinary (undamaged) cantilever sandwich beam with the
layout of Fig. 3(a) vibrating at: (a) fundamental frequency; (b) third natural frequency.

The dependence plotted in Fig. 4(a) exhibits global extremum points. The plot of Fig. 4(b), in addition,
contains the local extremum points. Fig. 4(a) reveals that in the case of the fundamental frequency, the
location of the local damage at the tip of the sandwich cantilever does not change the natural frequency. In
addition, the lowest value for the fundamental frequency of the damaged beam, which is more than 17%
lower than the fundamental frequency of the ordinary structure, is obtained in the vicinity of the supported
edge.

A physical explanation of Fig. 4(a) is provided in Fig. 5(a), which shows the distribution of the shear
stress in the core along the span of the ordinary sandwich cantilever, vibrating at the fundamental fre-
quency. Note that the minimum value of the fundamental frequency in Fig. 4(a) is obtained when the local
damage, acting similar to a shear hinge, wedges itself in the ordinary distribution of the shear stress near the
point where it achieves the maximum value (see the dashed lines in Fig. 5(a)).

This also explains why the natural frequency is unaffected by the existence of a local damage at the tip of
the sandwich beam, where the shear stress in the core vanishes. This insensitivity can be anticipated from
considering the corresponding vibration mode pattern.
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In the case of the third natural mode of the sandwich cantilever, the locations of the extremum points in
the plot of Fig. 4(b) correspond to the location of the minima, maxima and zeros in Fig. 5(b). The lowest
value of the third natural frequency of the damaged beam is obtained in the vicinity of the midspan
(xa/L ~ 0.45) and is 34% lower than the corresponding frequency of the ordinary beam.

Note that the core edge at the clamped end of the sandwich cantilever is assumed to be free of shear
tractions (see Fig. 3(a)). As a result, the shear stress in the core achieves a maximum value at some distance
from the supported edge (see Fig. 5(a)). This behavior can be predicted from the consistent higher-order
approach, where the order of the governing partial differential equations matches the number of boundary
conditions imposed on a sandwich beam.

4.2. Simply supported beam

Mode shapes of a locally damaged sandwich beam pinned at both upper and lower face sheets and with
free core edges (Fig. 6(a)), are shown in Fig. 6(b). In this case, the small local midspan damage causes a
~25% reduction in the second and fourth natural frequencies (see Table 2). This reduction is in sharp
contrast to the ordinary sandwich beam of the same layout (see Sokolinsky et al., 2002). Moreover, Fig.
6(b) shows that the third and fourth natural frequencies of the locally damaged sandwich beam are similar,

10 145 -
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- o1

E,=36 /j w
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(@
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f,/f, =0.749
£,=1220.976
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f=1255.916

f,/fl=0755

f./f =0.990

(b)

Fig. 6. “Simply supported” sandwich beam with local damage centered at midspan: (a) layout; (b) natural vibration modes and
corresponding frequencies (Hertz) (dimensions in millimeters; moduli in gigapascal).
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Table 2
Comparison of the natural frequencies of the ““simply supported” sandwich beam

Natural frequency (Hz)

1 2 3 4 5
Ordinary, /" 395.9 783.1 1224.1 1662.7 2100.6
Damaged, f, 395.8 586.2 1221.0 1255.9 2080.6
Difference, % -0.03 -25.1 -0.3 -24.5 -0.9

unlike those of the ordinary sandwich beam. Notice also the localized deformation pattern in the fifth
natural mode shape in Fig. 6(b), where the incompatibility in the vertical displacements of the upper face
sheet and the core at the damaged region is clearly seen.

The dependence of the fundamental frequency, and of the second natural frequency of the ‘“‘simply
supported” sandwich beam in Fig. 6(a) at the site of the 10 mm local damage along the span is shown in
Fig. 7(a) and (b), respectively. Fig. 7(a) shows that the lowest value of the fundamental frequency of the
damaged beam 40% less than the corresponding frequency of the ordinary structure is obtained with the
damage located at the beam edge, where the shear stress in the core reaches its maximum value.
Furthermore, a local damage at the midspan, where the shear stress in the core vanishes, does not affect
the value of the fundamental frequency. This is consistent with the explanations above concerning the
cantilever sandwich beam.

Note that the region of the plot in Fig. 7(b) from the left side to the maximum point is qualitatively
similar to the plot in Fig. 7(a) as expected from comparing the natural mode shapes corresponding to the
two first natural frequencies of the “simply supported” sandwich beam in Fig. 6(b).

The effect of the length of a midspan damage on the fundamental and second natural frequencies of
the “simply supported” sandwich beam of Fig. 6(a) appear in Fig. 8(a) and (b), respectively. The length
of a midspan damage in Fig. 8 is varied from 1 to 25 mm. Fig. 8(a) shows that for the fundamental
frequency, the 25-fold increase in the midspan damage length has a minor effect on the ratio of the
natural frequency of the damaged sandwich beam to the corresponding frequency of the ordinary beam,
although the relative rate of decrease in the frequency ratio significantly increases after the relative
damage length becomes greater than 4% of the beam span. However, in the case of the second natural
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Fig. 7. Dependence of (a) the fundamental frequency and (b) the second natural frequency of the locally damaged “‘simply supported”
sandwich beam in Fig. 6(a) on the location of the damage of length 10 mm along the span.
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the span for the “simply supported” sandwich beam in Fig. 6(a).

Fig. 9. Dependence of (a) the fundamental frequency and (b) the second natural frequency on the location and length of a damage in

frequency, the value of the frequency ratio drops by ~40% as the damage length increases from 1 mm up

to 25 mm. Thus, the results in Fig. 8 reveal that the influence of the damage length on the specific natural
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frequency of a soft-core sandwich beam depends on the location of the damage along the beam span.
And, as shown previously, the effect of the location of a damage on the specific natural frequency de-
pends on the distribution of the shear stress in the core corresponding to the vibration mode under
consideration.

Additional simulations show that when the length of the local damage exceeds 8% of the beam span,
the localized pattern in the midspan, similar to that of the fifth natural mode in Fig. 6(b), begins to
develop in the symmetric vibration mode right at the fundamental frequency of the damaged sandwich
beam.

The dependence of the first and second natural frequencies, on both, the location, and length of a local
damage for the “simply supported” sandwich beam of Fig. 6(a) is shown in Fig. 9.

Finally, the effect of increasing face sheet thickness on the free vibration response of a locally damaged
“simply supported” sandwich beam is considered (see Fig. 10). The thickness of each face sheet is in-
creased from 0.2 to 5.6 mm, whereas the core volume and layout is otherwise the same as in Fig. 6(a).
Fig. 10 shows that, in general, an increase in the face sheet thickness reduces the influence of a local
damage on the vibration response of sandwich beams. However, the magnitude of the effect significantly
depends on the mode shape. Namely, the effect on a specific natural frequency can be minor, as in the
case of the fundamental mode in Fig. 10(a), and the effect can be dramatic, as in the case of the second
natural mode in Fig. 10(b). As discussed previously, this behavior can be understood by considering the
distribution of the shear stress in the core corresponding to the specific vibration mode.

Note that in the case of the fundamental frequency (see Fig. 10(a)), the dimensionless ratio f;/f}" is very
close to one (up to three decimal places). Therefore, the quantity 1 — f;/f} was used instead of the fre-
quency ratio in order to increase the resolution of the plot.

The higher-order analysis presented here addresses the key physical aspects of the free vibration response
of soft-core sandwich beams. As such, it can be used as an essential part in an identification method to
determine the location and size of a local damage. An identification scheme, which utilizes the numerical
results of the presented higher-order analysis and does not require an explicit functional form, is currently
being developed (von Bremen et al., 2004).
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Fig. 10. Dependence of (a) the fundamental frequency and (b) the second natural frequency on sandwich thickness ratio for the locally
damaged “‘simply supported” sandwich beam with the midspan damage of length 10 mm (Fig. 6(a)).



6544 V.S. Sokolinsky et al. | International Journal of Solids and Structures 41 (2004) 6529-6547

5. Confirmation of the higher-order analysis

The higher-order free vibration analysis of the delaminated sandwich beams with a locally damaged core
was verified using the commercial finite element software ABAQUS (ABAQUS Users Manual, 2003). The
finite element results of the natural frequencies and corresponding mode shapes of the cantilever (Fig. 3(a))
and simply supported (Fig. 6(a)) sandwich beam layouts were obtained and compared with those presented
in the previous section. The Lanczos eigensolver of ABAQUS was used to compute the natural frequencies
and corresponding mode shapes of the sandwich beam layouts under consideration.

Four-node two-dimensional plane-stress bilinear elements were used to model the sandwich beams. The
parameters of the finite element meshes used here were chosen based on the mesh-sensitivity studies. In the
case of the ordinary (undamaged) sandwich layouts, the face sheets were represented by 6 and the core by
39 elements through the thickness. Furthermore, there were approximately 2 elements per millimeter along
the span of the beam. In the case of the damaged sandwich layouts, a substantially more condensed mesh
was used near the damage region, with approximately three times more elements per millimeter along the
span than for the undamaged region. The ordinary sandwich layouts were represented by a total of 32,844
elements, whereas in the case of the locally damaged sandwich layouts, a total of 30,287 elements were used.
The number of elements used in the damaged case is less than that used for the ordinary case, because the
core elements in the damage area were removed from the model to represent the locally damaged core. The
boundary conditions of the cantilever sandwich beam (Fig. 3(a)) were modeled by constraining all
the degrees of freedom of the nodes associated with the upper and lower face sheets and located at the left
edge of the sandwich beam. For the simply supported layout (Fig. 6(a)), the translational degrees of
freedom of the nodes associated with the mid-planes of the upper and lower face sheets and located at the
left and right edges of the sandwich beam were constrained.

The natural frequencies of the ordinary and locally damaged cantilever and “‘simply supported”
sandwich beams, which were calculated using ABAQUS, are compared with the higher-order results
in Tables 3 and 4, respectively. And the corresponding vibration modes of the damaged cantilever
and “‘simply supported” sandwich beams with a locally damaged core are shown in Figs. 11 and 12,
respectively.

Tables 3 and 4 show that the natural frequencies of the ordinary and locally damaged sandwich beams,
as calculated using ABAQUS, are in close agreement with the results of the higher-order analysis. The
ABAQUS vibration modes in Figs. 11 and 12 are practically identical with those in Figs. 3 and 6,
respectively. The small discrepancies between the finite element and higher-order calculations are attributed
to the fact that the higher-order analysis neglects the longitudinal normal stresses in the core in the
undamaged regions of a sandwich beam (see Section 2.1). On the other hand, the complexity of the finite
element model made it more sensitive to the numerical errors, than it was the case for the much simpler
higher-order model. The last comment is supported by the example of the “simply supported” sandwich

Table 3
ABAQUS vs. the higher-order results for the natural frequencies (Hz) of the cantilever sandwich beam
Ordinary Locally damaged
ABAQUS Higher-order Error, % ABAQUS Higher-order Error, %
theory theory
1 130.4 130.0 0.3 117.9 115.9 1.7
2 492.7 491.4 0.3 488.1 483.7 0.9
3 999.3 996.3 0.3 702.3 680.9 3.0
4 1470.8 1465.1 0.4 1301.3 1287.1 1.1
5 1941.2 1930.7 0.5 1743.5 1728.3 0.9




V.S. Sokolinsky et al. | International Journal of Solids and Structures 41 (2004) 6529-6547 6545

Table 4
ABAQUS vs. the higher-order results for the natural frequencies (Hz) of the ““‘simply supported”” sandwich beam
Ordinary Locally damaged
ABAQUS Higher-order Error, % ABAQUS Higher-order Error, %
theory theory
1 398.9 395.9 0.8 401.3 395.8 1.4
2 791.3 783.1 1.0 603.7 586.2 29
3 12359 1224.1 1.0 1240.6 1221.0 1.6
4 1676.8 1662.7 0.8 1282.4 1255.9 2.1
5 2116.5 2100.6 0.8 2116.7 2080.6 1.7

R | B

Fig. 11. ABAQUS results for the natural vibration modes of the locally damaged cantilever sandwich beam of Fig. 3(a).

beam, where the values of the first, third and fifth vibration modes were almost the same for the ordinary
and damaged structures (see Table 2). In this case, ABAQUS produced slightly greater frequency values for
the locally damaged beam than for the ordinary one. The higher-order calculations, however, consistently
produced the lower values for the locally damaged structure as should be expected on physical grounds.

Note that the FEA results, which are comparable in accuracy with the present formulation, were
achieved using the two-dimensional finite element model with a large number of degrees-of-freedom. On the
other hand, the one-dimensional higher-order model required a relatively small (an order of magnitude less)
number of degrees-of-freedom. Thus, using a finite element model in this case required significantly more
intensive and costly numerical calculations.
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I

Fig. 12. ABAQUS results for the natural vibration modes of the locally damaged ‘‘simply supported” sandwich beam of Fig. 6(a).

6. Conclusions

The dynamical equations for free vibration response of sandwich beams with a locally damaged soft core
have been derived using the higher-order theory approach, taking into account the nonlinear acceleration
fields in the core. The present work shows that consideration of the nonlinear acceleration fields in the core
is essential for analysis of the free vibration response of locally damaged sandwich beams, where the inertia
loads exerted on the damaged structure are nonuniformly distributed along the span.

Numerical analysis based on the derived equations demonstrated that mode shapes of the sandwich
beams with a locally damaged core cannot, in general, be described by a harmonic function of the longi-
tudinal coordinate. Analysis of soft-core sandwich beam layouts, which are widely used in measurements of
the natural frequencies of sandwich beams, revealed that small local damages in the core can cause a
significant reduction in the natural frequencies and a dramatic change in the corresponding vibration
modes of locally damaged sandwich beams.

The numerical study also revealed that a local damage in the core acts similar to a shear hinge. Locations
of the damage at those portions of the beam span, where the shear stress in the core for the specific
vibration mode reaches maximum absolute values, cause the greatest reduction in the corresponding
natural frequency. Therefore, the influence of the damage length on the specific natural frequency of a soft-
core sandwich beam depends on the location of the damage along the beam span.

An increase in the face sheet thickness reduces the influence of a local damage on the vibration response
of sandwich beams, and the effect of this increase greatly depends on the mode shape and location of the
local damage along the span of a sandwich beam.
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The results of the higher-order formulation were verified through finite element analysis using the
commercial software ABAQUS. The one-dimensional computational realization of the higher-order for-
mulation required significantly fewer degrees-of-freedom than the two-dimensional FEA formulation.

The present work shows that vibration measurements may be used in the future to detect local damages
in sandwich beams, a potentially useful capability for development of systems for nondestructive evaluation
and material health monitoring.
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