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ABSTRACT ments. The Lamb wave based diagnostics of CSPs is one of

L : : : : he most promising SHM techniques due to the similarity be-
Wi h i
ave propagationis investigated in sandwich composite pa tween the Lamb wavelength and the CSP thickness, the abil-

els using analytical approach for layered materials, Mindlin . . o . .
9 y Pb y ity to travel far distances, high sensitivity, active sensing and

plate theory and finite element modeling in the context of de- ) .
veloping an on-board structural health monitoring system. Igjw cos_t of piezoelectric wafer actuators/sensors (Raghavan
is shown that theoretical results are in agreement with the re-, Cesnik, 2007). The development of the rghable SHM tECh'.
sults of numerical simulations and with experimental resultsMdue based on guided wave propagatlon_ in CSPs is compl_l-
cated due to heterogeneity of the sandwich structures. This
study is needed for better understanding and more reliable
model predictions in the context of development of the in-
Composite sandwich panels (CSP), consisting of fiberflight SHM for the next generation of the heavy-lift vehicle.
reinforced facesheets separated by low-density cores, offer
lightweight and flexible production capabilities and high per-2.  MoDELING WAVE PROPAGATION
formance: high strength, damage tolerance and thermal re-
sistance (Zenkert, 1995),(Zenkert, 1997). During the past fe/ three-dimensional formulation relying on a global ma-
decades, the CSPs have been steadily replacing the traditioriéix technique provides a general framework for analysis
materials in many industries including e.g. automotive, ma©of wave propagation in an anisotropic multi-layered medium
rine, and aerospace. Their stiffness-to-weight ratios and danfZakharov, 2008). We consider symmetrical sandwich struc-
age tolerance are especially attractive in aerospace industiyres and the equation of motion in each layer reads
leading to higher payloads (Bednarcyk, Arnold, Collier, &
Yarrington, 2007). However, the multi-layered construction

and laminate layup of the facesheets allow for debonding, dgypere forj-th layerp; is the density. For an isotropic mate-
lamination, and other internal flaws that are hardly visible and. j and : ;
may severely damage the structural strength of the CSPs i the stresses,,,, and strains,,, satisfy Hook's law and
, 4 , . >+ Kelvin—Voigt model of linear viscoelasticity and constitutive
this context, it becomes important to develop reliable on-lingqations have the form
structural health monitoring (SHM) systems of the composite 4
panels. The aerospace industry has one of the highest payoffs afnp = (N + X} 0)0mperny, + 2(1; + M;’at)az‘np.
for SHM since damage can lead to catastrophic failures.
There are several techniques currently under investigationor small displacements§.") components of the deformation
(See, for example,(Raghavan & Cesnik, 2007)) for diagmatrixz{/) are given by the following relation
nostics including e.g. embedded fiber optic sensors for
strain measurement, active ultrasonics, passive acoustic emis- el = 1 (Opud, + Onud)
sion monitoring, and electromechanical impedance measure- P2 b

V. N. Smelyanskiy et al. This is an open-access article distributed un!:Or the complex-valued representation of Lame constants,

der the terms of the Creative Commons Attribution 3.0 United States LiWave speeds
cense, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited. Aj = )\;- — iw)\;-/, = u;- - iwu;’. (2)

1. INTRODUCTION

Op0d sy + pjwiun =0, m,p,j=1,2,3. (1)



Annual Conference of the Prognostics and Health Management Society, 2011

; (A + 2u15) E;(1—v;) @) the determinant of square matrix of the 16x16 order
[Gi— = = :
’ i+ 2v)(1—2u) ~

Pj [Dos] [—D1i]
 _ _ _ (D] [=Dal _
= Jmiles = B2+ v) = 8l @) det Da]  [~Dal =0,
ki =w/c, ki =w/cl. (5) [D3p]  [=Doi
_ (12)
where material parameters, 5, i, \E, p, v correspond 0 where theD matrices for the top (indeg) and bottom (index
each layerj = 1,2, 3. b) of a layer can be expressed, respectively, as
The three-dimensional formulation assumes the continuity of - C C .
. 4 s 59a 8 —Cpgp
displacements;; and components of stress tensgy on the C _C s s
inner boundaries of the layers and allows for a quite general Dj; = ; E ; Baga O ng ,
form of the boundary conditions. For the circular plate PZT P P33 Ps g Ppt596
i f f L paca 7paco¢ga ZpB ZpBgﬂ i
sensors exiting dynamic stresses at a circular source could be J 12
considered symmetrical about its axis (0Z) and on the inter- - L 12
faces % =z — S0 s Cﬁgﬁ _Cﬁ
%=z, =1,2,3. C..g _C g5 s
Let's consider an infinite sandwich panel for theoretical mod-  Dj» = Z'p;ggo; Z'pl; —psCsgs psCs |
eling and square panel for FE simulation. The cylindrical co- PaCofa —PaCo  ipBgs ipB | .
ordinates(r, 6, z) are used for consideration where zeros of - - J(13)

z-axis coincide with the midplane of the panel. In the Sim'wherej — 0 corresponds o aif; is the wave number in the
plest case due to axisymmetry the solution problem is tWQyiraction of wave propagation

dimensional in coordinatgs, z) (Zakharov, 2008)
Pa = 2ipsa’, pg = 2ips?,

cosné Co = (‘4‘12/052 - 52)1/2a Cp = ("‘12/32 - 52)1/27
g ! (6) iCnz iCgz 2 2.2
sin nd go = €77 g3 = €'"P% B = w* — 2(%s.
i_[im i } cosnf All matrices in (11) arel x 4 exceptD, and Dy; which are
Uy = {u ’ By, (sr) —w’ B, (sr) _sinng [ @) Lx 2
= van(sr){ cos nd } ®) Let us investigate dispersion curves for typical sandwich

—sinné structure with soft core about 1in in thickness and carbon fibre

, . reinforced plastic facesheet consisting of 14 ply. The veloc-
where the first or second term could be chosen in the Frenc es are determined by the geometry of the structure as well

chosen i the Frengy
E[)icrli(eefss'e?i(()asthv?/yr/ﬁregLeeS?Q:n:rs]g t:gns(sl;l) tzree tgg}(l)r:)(;r?heetncgs longitudinal and shear velocities characterizing materials.
appropriate Bessei function or Hgnkgl function of the first orIn the simulations we used_CFRP face sh_eets with Young
second kind and’ — dB, (sr) /d(sr) modulus §OGPa, P0|§son ratio 0.3 and density 1500kayfich

" ' homogenized core with Young modulus E=80MPa, the same
Poisson ratio and density was 100kg/nf\s a result, longi-

ul = [—ujB;L(sr) + wjk%Bn(sr)} {

u » cos Cz » sin C,, 2 tudinal velocity was 7338m/s a_nd 1038m/s and s_h_ear velocity
wi | = A} ci. c +A; ol o 3922 and 555m/s, correspondingly. These velocities are plot-
& S ta? Tk CO5aZ ted by green dashed lines. The spectrum of the waves (9),(10)

- - is presented in Figure 1 and 2 for the case when the core of

+AH —cosCpz | 4 A 2 sinCpz . (9) the sandwich(j = ¢) is much softer than for the facesheet.
sin Cgz cos Cgz The vibration of the soft core is restricted by rigid surfaces of

; i i the face sheet and we have many local modes in the structure.

w? = Bg” cosCaz + By sin Cgz. (10)  The dispersion curves change very drastically if the sandwich

where AZ7;, BZ7 are constants and displacement compo£0re is visc oelastic. Many curves corresponding to honey-
nents are composed of symmetrical and anti-symmetric/l0Mb core just disappear (Figure 2) and for the case when the
terms according ta = 0, which are corresponding to sym- real and imaginary parts of the elastic module become com-
metrical and anti-symmetrical modes, respectively. For th@arable the propagation is determined by facesheet modes.
homogeneous material properties the general approach o#tnalyzing dispersion plots for low velocities we can see
lined above can be simplified allowing for further analyticalthat at at low velocities dispersion curves are modulated by
treatment of the problem of finding dispersion relations of thdacesheet flexural velocity. At higher frequency these curves
sandwich panel (Zakharov, 2008),(Lowe, 1995). Accord4end to shift to shear velocity of the core. For high velocities

ingly, the Lamb wave dispersion relations are determined bdispersion curves exhibit a set of vertical paths where phase
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Figure 1: Dispersion curves of Lamb wave of phase velocifFigure 2: Dispersion curves of Lamb wave of phase veloci-

ties with respect to frequency for symmetric sandwich, (a) -ties with respect to frequency for symmetric sandwich with

low speed limit and (b) — high speed limit, blue lines - sheawiscoelastic core\, = 0.1\., u. = 0.1u.; (&) — low speed

waves, lilac lines - Lamb waves). limit, and (b) — high speed limit. Blue lines - shear waves,
lilac lines - Lamb waves.

velocity changes by a large value at the same frequency. Thatenuation increases practically in the order at the frequency
group velocity at these frequencies (vertical lines) is close teegion of 7.8 kHz where coupling takes place (dark dashed
zero and this means waves are practically standing. This statne).

ments is confirmed by FE simulations. A more simplified approach to investigation of wave propa-
If the core is viscoelastic we have coupling of different modesyation for SHM in CSP lies in using averaged over thickness
and the dispersion curves start to intersect, some of the modparameters of the structures since we obtain 2D model in con-
vanish and some of them change their trend with increasingast to 3D theory considered above. In many cases, such ap-
frequency (Fig. 2). With introducing viscoelasticity, as seemproach is sufficiently good since it makes it possible to find
from the plots, high velocity Lamb wave modes tend to SGa simpler analytical solution for propagating waves than the
modes of the facesheet and shear modes to shear velocitygolution described by formulas (9),(10). The next section is
the facesheet. At a low frequency the limit coupling is notdevoted to the review of the Mindlin plate theory and the ap-
so pronounced but the tendency is that we have two charagtication of this approach to wave propagation modeling.
teristic velocities here: shear velocity of the core and flexural

velocity of the facesheet (green dashed line in the Fig. 1)3. MINDLIN PLATE THEORY FOR SANDWICH

These two modes mainly determine the form of the disper- sTRUCTURES

sion curves at the low velocity limit. o ) i
In the Mindlin plate theory the displacements of the plate in

It should be noted that attenuation increases very sharply fhe transverse, radial, and tangential direction components are

the frequen(_:y range where Coupll_ng 'Fakes place. This can be pressed as follows (Mindlin & Deresiewicz, 1954)
seen from simulations presented in Figure 3 when red dashe
lines vanish due to the interaction between modes associated

with viscoelasticity. The small interval in 1-10kHz is plotted w = w(r,0,t),u = z(r,0,t),v = 2y (r,0,1),

to see how coupling between SO and Al arises with smallvherezis the coordinate defining points across the thickness
viscoelasticity £ = 0.01E"). In this case standing modes of the plate £ = 0 is the neutral plane w is the out-of-
transform into propagating modes with high attenuation in thg@lane displacement of the wavg, andiy are the rotations

frequency region of coupling. As can be seen from Fig. 3of vertical lines perpendicular to the mid-plane.
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Figure 3: Dispersion curves of Lamb wave of phase veloci- 103
ties with respect to frequency for symmetric sandwich panel 0 _203
(red solid line corresponds to viscoelastic cae= 0.01E", E ' °
dashed curve - elastic cofe” = 0, black dashed line is at- g1l w303
tenuation of the coupled mode, [Np/m]). 2 40S

) _ ) 50 7
The governing equations for the symmetric honeycomb pan- 0o / ]
els in terms of moments and shear forces can be presented 10° 10° 10660

based on shell approximation by the following approach Frequency (Hz) b
(Rose & Wang, 2004)

Figure 4: (a) - General view of the panel, (b) - Dispersion

2
1% + —Qr + EQT —Qp = p%w (14) curves of the velocities with respect to frequency of symmet-
r t ric sandwich panel in Mindlin approximation.
OM,,. 1 10 ) )
+=M,, M99+ Mg —Q, = glﬁr, (15)  whereD = Eftf 4 Bele 4 Brts(trite)® s the flexural stiff-
ar r r o0 at . L4 L
nessy is the P0|sson ratio, which for the sake of simplicity is

laMrg 2 10

ZMyp+ == Moy — Qo = 1/)9 , (16) takenasequalforeach layéfy, E. are the Young's modulus

roor r r 00 5t2 of the facesheet and the core, correspondingly,. - thick-
wherep = Zk 1 f prdz, is the mass density per unit area nesses of the facesheet and the core lay@rss the shear
of the plate, index: corresponds to the material layey, is  stiffness of the plates is the shear correction factor ~1.

the density,] = >5_, fak prz>dz is the mass moment of The general solution of the acoustic waves propagation with
inertia. Each layer in the sandwich panel is bounded by theycling frequencyw is (w,v) = Re[(W,¥)exp(—iwt)]
coord_inatesak andb, in the thickness dirgction as shown in (Rose & Wang, 2004), where and throughout this paper Re(.)
the Figure 4 (a). The stress resultants in terms of momentenotes the real part of the quantity appearing in parentheses,

M., Mgy, and M, 4, along with shear forceQ, andQy can  =(y),.1y). The variablesV, ¥ are presented by expressions
be related to the transverse displacements and rotations as fol-

lows:
W =Wy + Wa,
r U = — Cz )
M= 2 e+ ). an VIR VI Tl x VT |
r wheree, is a unit vector in z direction (the displacement is
D(1—v) 5% 3% u,=we,, normal gtress anq strgin 'in the thickness direction of
M, = T — — Yo +r—0— (18)  the plate are notincluded in Mindlin plate theorifj;, Wy, V
satisfy three Helmholtz equations
D o, 0
Mee_[ (;/J +¢r + 5@0}7 (19)
" AW, + E2W, =0, (22)
9 AW, + k‘%Wg =0, (23)
2
Q. = 2k2G (zbr + ar“’) (20) AV +k3V =0 (24)
10 and A, V - Laplace and Nabla operators, correspondingly.
_ 2
Qo =2r°G <¢9 + T@g“’) ’ 1) For isotropic sandwhich layers



Annual Conference of the Prognostics and Health Management Society, 2011

Let us consider that any pulse of the wave can be expanded

1 1 into the Fourier transform which represents pulse as a series
2 _ 12 2 4 0 212 _ 1.2)2
M= 2(k” k) + \/kf + 4(kp R @8 o plane waves. If the Fourier spectru@{w) of the signal
o(t) is
k2k32
W= (26) -
p .
t) = — G(w)e  “dw, 28
ke = w/cs, kp = w/cy, by = (pw?/ D)4, a(t) 2m [00 ) (28)
o= (G/p)l/Q,cp _ (D/I)l/z,gj = (ks/kj)% — 1. thep thg final solution for mechanical fields in the time do-
‘ main will be

The dispersion curves for a typical sandwich panel corre-
sponding to three branches are shown in the Figure 4 (b). The

flexural wave corresponds to the reak in wholew domain. u’(r,t,0) 1 [ w (w) o
The second (and third) dilatation branch kf.() dependence v(r,t,0) | =Reg— Gw) | v(w) e ™dw
become real starting from the cutoff frequency. w (r,,0) e w’ (w)

For a similar 3D consideration we will consider a circular- For Mindlin plate theory we omit indices. Let us prt(ei?a)nt

patgh actuator on thg Mindlin plate .gen.erated by a sqrfac%e results obtained by (29) and compare them with the re-
traction p'at? waves in the form (_Mlndlm & D_ereSIeW|cz, sults of the direct computer simulation of the real honeycomb
1954)'. In this case, the radially dlr_ected beF‘d'”g rnomentBlate. We consider the Hanning type actuation signals which
M, ur_uformly d|str|bgted along the ring of radiug , can be are usually used for fault detection in SHM (Raghavan & Ces-
described as follows: nik, 2007). The Hanning signal can be presented in the form

m, = %hp(t)&(r —7r0), Mmpe=0, '
g(t) =[0(t) — O(t — 2rN/wp)] [1 — cos(wot/N)] sin(wpt)

wherep(t) is the amplitude of the force. (30)
The source term for circular force leads to the solution fowhereN is a parameter of impulsdy =w/27 is a carrier
out-of-plane displacement frequency©(t) is the Heaviside step function. The selection
of the driving frequency was made in the frequency range
w(r,w) = s1Ho(kir) + soHo(kar), (27)  from 20 to 100 kHz and this selection is critical for Lamb

waves generation and fault detection.

We compare the analytical results with the corresponding re-
sults obtained by the Finite Element simulation. The FE mod-
eling for 2D Mindlin plate is presented in Fig. 6. and it fits

where radius vectaris counted from the center of the actua-
tor and coefficients,;, s, are presented by

o mhp(w) kiroJi(kiro) well with the theoretical approach. The main difference be-
! 4D k¥ —k% 7 tween these signals is that the theoretical results are valid for
imhp(w) koroJa(karo) the infinite plate, and the FE 2D Mindlin plate model pro-
§2 = — 4D Bk vides the result which takes into account reflections from the

boundaries. The comparison of the 3D modeling of sandwich

whereJ,, andH,, are the Bessel and the Hankel functionscomposite panels with the theoretical result is considered in
of the first kind, respectively. We will consider that the fre- he |ast section.

quencyf of the source is sufficiently high=2xf >wc, where
w, is the cutoff frequency,=(G/I)'/2. As aresult, the prop- 4.1 Propagation of the signal

agation spectrum is determined by two real wavenumbers k . . : .
and k. Expressions for rotation§=(s, %) and, conse- As an example, for simulation we used Hunning pulses with

quently, u(r, o), v(r,w) can be found in the article (Mindlin 3.5 windowed inpu.t waveform with differgnt cqrrying fre-
& Deresiewicz, 1954). quencyf. The Fourier transform of such signal is presented

in Fig. 5 a) forf = 100kHz (dashed red line). Disper-
sion curves are presented in Fig. 5 (b) calculated according to
the characteristic equation (11). It can be seen that the main
To study the transient wave propagation we consider that thdomain of narrowband 3.5 windowed input waveform taking
plate is excited by a pulse of the load stimulated by a PZTpart in wave propagation is sufficiently broad (the domain be-
sensor (Raghavan & Cesnik, 2007). The expression for theveen two red lines in dispersion curves Fig. 5 (b), which
wave pulses in the plang,) may be derived from the steady- is taken, for example, on the level of 10 db Fig. 5 (a). The
state solution in the frequency domain by applying the Fouriemodes A, and .S, of the facesheets are the leading ones in
transform technique. the formation of wave propagation through the structure. The

4. DYNAMICS. TRANSIENT SOLUTION
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wave velocitiesy = w/k, werew = 27 f, k is a wavenum- lines in the Fig. 5 (c). In this region, the, $node is almost

ber, of the soft core are much lower than the facesheet velocron-dispersive, and the A0 mode is slightly dispersive. Con-
ities and that is why most dispersion curves have much lowesidering the structure of the dispersion curves (Fig. 5 b) and
slope than facesheet modes, except for the small vicinity ofelocity curves (Fig. 5 ¢) we can confirm that the majority of
the facesheet modes, and.Sy. As a result, the generation wavenumbers of the modes in dispersion curves are located
of the Hanning windowed signal with leading frequenty in the small vicinity of Ay and Sy, modes and in this case

(f = 100kH =z on the plot) leads to generation of antisym- facesheet modes are much more sensitive to debond delami-
metric and symmetric zeros modes of the facesheets couple@tion defects than the core modes synchronizing vibration of
with a large number of local modes of the soft core. the two facesheets.

For comparison, we will consider here the dispersion rela-
, tions of Mindlin plate theory for symmetric sandwich struc-
I ' tures (Dashed red line in Fig. 5 (c). The theory of the sand-
i [\ wich panels is considered in (Zenkert, 1995). We used analyt-
05 mso | o mf\ ical formulas from these sources just to identify coefficients
in Mindlin plate theory used for investigation of wave propa-
gation . The Mindlin plate theory approach shows that disper-

sion curves in the vicinity of f=100kHz are sufficiently close
to the antisymmetric mode of the facesheet (Fig. 4).

../
— Dispersion curves in coordinatg®, /) for homogenized
plate are presented by green curves and they show quite dif-
o ferent dispersion curves (Fig. 5¢). In this case we can expect
that a simplified approach can not completely describe wave
propagation, and wave patterns in honeycomb structure are
2 much more diverse. This is especially true fohigh fre-
guency excitation signal like 100kHz.

| level

signal
w
o

Frequency (kHz) a

1ot SO A0
B —

Frequency, Hz

100 200 300 400 500
Wavenumber, 1/m b

5. FINITE ELEMENT MODEL

1 O L O
m The SCP has two main components, namely two stiff

facesheets and a soft core between them. In addition to these
S subcomponents, we will consider an adhesive layer binding
/ RN N facesheets with the core. The thickness of the adhesive layer

< \ is generally sufficiently small but this component is important
x\ﬁ for simulation of the debond origination and growth. We also
, consider PZT actuator and sensors mounted on the panel. As
/ a result of simulation, electrical signals of the sensors were
compared with the signals obtained experimentally. Such ap-
proach best fits the typical sketch we have in SHM when
the measured signals are used for interpretation of changes
in monitored panels.

: : - , The FE model of the honeycomb sandwich structures with a
Sc))r:esc%erﬁtt:ulgn g:etgzt'rnupcltjltjrse'g;il dl;dsr _(C)l O_Oligrf]b S/tglo_citie iezoelectric actuator/sensor distribution is shown in Fig. 6.
y Y ’ Jne model consists of the honeycomb core and two laminated

modes. (Blue lines - fa(_:esheet modes, r_ed I_|ne ) homOgemZ(?acesheets with an actuator and sensors attached to the top
panel modes, dashed line - modes of Mindlin plate theory ap-

proach). sheet.

Velocity, m/sec

2 4 6 8 10 12
Frequency, Hz X 104

Figure 5: Dispersion relation for symmetric sandwich panel

" . 5.1 Facesheet
The phase velocities of the sandwich panel are presented in

the Fig. 5 ¢ (black lines) and correspond to the same depeiihe facesheet in Abaqus can be modeled using shell, contin-
denciesw = w(k) of the Fig. 5 (a). It can be easily seen uum shell, or solid element types (Fig. 7). We have found
that for the considered impute signal many modes propagatbat continuum shell element type for the facesheet provides
in the structures. If we consider the facesheet itself then onlperformance that is close to optimal. The facesheets were
the § mode and the A mode can propagate in the consid- made by graphite/epoxy with lay-up sequence of [0/ 90]. In
ered frequency range below or at the ordel @k H =z (blue  all cases, the composite layup is modeled explicitly as shown
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Table 2: Parameters of the actuator and sensors.

Actuator diameter 0.709”
Actuator inner diameter 0.394”
Actuator thickness 20 mils
Sensor A diameter 0.354"
Sensor A thickness 20 mils
Sensor B diameter 0.250"
Sensor B thickness 10.5 mils

elasticity matrixc

0 0 54
0 0 54
=10 o op|lCm @
Figure 6: Finite element model of the sandwich honeycomb 0 123 0.0
structure with a piezoelectric actuator (shown by an arrow) 123 0 0.0
and a set of sensors (marked by the numbers).
121 754 752 0 0 0
7.54 12.1 7.52 0 0 0
_Table 1: Parameters of the facesheet. ] = 7.52 752 1.1 0 0 0| 109[Pq]
Ply elastic modulugz;; | 16 Msi 0 0 0 226 0 0
Ply elastic modulugzss | 1.2 Msi 0 0 0 0 211 0
Ply Poisson’s ratia/; o 0.3 0 0 0 0 0 211
Ply shear modulu&/15 | 0.6 Msi (32)
Ply thickness 6 mils The dielectric matrix of the PZT material has the following
Laminate thickness 84 mils diagonal elements;; = £ = 8.11 x 10~? [C/V/m] and

in the figure 7. The parameters of the ply are shown in th

table

Figure 7: The composite layup of the facesheets consisting %f
14 layers with orientation 0 and 90 degrees. The parameters
of the lamina are shown in the Tablel.

5.2 PZT sensors and actuators

£33 = 7.35 x 1079 [C/V/m]. The density of the PZT material
éS ppzT = 7750 [kg/m3]

Figure 8: Snapshot of the actuator and sensor A during the
simulations.

.3 Honeycomb core

A special attention was paid to modeling of the detailed hon-
eycomb structure (Fig. 9 a,b,c) including the difference in
thickness for different walls of the structure and the presence
of bending tips. The structure was built from a single strip
shown in the Fig. 9(c). The bending tips were attached to

Geometrical properties of PZT elements (Fig. 8) of the modethe structure using the boolean operation on the mesh. The
are summarized in the Table2. The response of the PZT el@arameters characterizing mechanical properties of the hon-

ments was determined by the piezoelectric stress magnd

eycomb structure are listed in Tab. 3
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Figure 10: The location of the adhesive layer between PZT
elements and facesheet and cohesive layer between facesheet
and honeycomb.

Figure 9: (a) Detailed view of the honeycomb structure. (b)
A single cell of the structure with bending tips. (c) A single
strip of the core used to build the structure.

Table 3: Parameters of the honeycomb core.
Cell size 0.25”
Shear modulus, ribbon direction (L) 70 Kksi
Shear modulus, transverse direction (W20 ksi

Density 5.2 lbs/ft
EEEZ: zggzgm E\I;\)/) 328 gz: Figure 11: Finite element modeling of the sandwich honey-
Thickness 1 comb structure with a piezoelectric actuator. (a) — out-of-

plane displacement far= 0.02ms, (b) —t = 0.06ms, () —
t = 0.16ms, (PZT sensors corresponding experimental layup
are denoted black circles).

The material properties of the Aluminum used to build thee' FE MODELING WAVE PROPAGATION

structure are the following: Young's moduluBa;,, = g1 Numerical results
7.3084 x 10'0 [Pa], Poisson’s rati® 4;,, = 0.33, Mass den-
Sity paim = 2700 [kg/m3]. An experiment in Lamb wave propagation in a honeycomb

sandwich panel was done by Metis Design Inc. in collabo-
) ration with ARC NASA. The sandwich panel fabricated for
5.4 Adhesive layers this test consisted of two 84-mil thick cross-ply carbon fiber
composite laminates (bonded to a 1"- thick aluminum hon-
An important property of the honeycomb sandwich structureeycomb core). The size of the panel wagxlft. In the
is the presence of adhesive layers both between the actuaxperiment, PZT sensors located on the facesheet of the hon-
tor/sensors and the facesheet and between the facesheet agdomb panel were used to determine the deformation at a
the honeycomb core (Fig. 10). Accordingly, the layer with thedifferent location (Fig. 6). The primary goal of this study is
following properties (Young’s moduluB' 44, = 4.82 x 10°  to model wave propagation field 81D sandwich honeycomb

[Pa], Poisson ratiov44, = 0.40, and mass density4q, =  panel to fit these results to SHM experimental data. Lamb
1255 [kg/m?3]) was explicitly included into the finite element wave tests were done over a frequency range from 20 to 100
model. kHz and 3.5-cycle Hanning windowed toneburst was used as
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Figure 13: The results of the simulations of the wave propa-

Figure 12: The results of the simulations of the wave propagdation in honeycomb structure are shown in comparison with

gation in honeycomb structure are shown in comparison wit#e experimental results measured for 80 kHz on (a) sensor #

the experimental results measured for 80 kHz on (a) sensor &and (b) sensor # 8.

1 embedded into actuator and (b) a similar sensor # 2 on the

other side of the structure. The results of simulations of the wave propagation in a hon-
eycomb sandwich structure are shown in comparison with the
experimental results fof = 100k H z for a much longer time

an actuation signal for SHM. period, and they are presented in Fig. 14. You can see that

First, we simulated a generation of acoustic modes by annuld¥hen the time is longer we have stronger discrepancy be-
PZT patch and studied wave propagation. Second, differefivveen the theoretical and the experimental results even for
voltage generating signals were used to obtain transient fieldg€ pristine panel without any damage. This is probably due
which generate an electrical signal in a set of PZT sensor® imperfections in the panel manufacturing and nonperfect
mounted on the facesheet plane in a particular experimereoundary conditions in experiment in contrast to perfect ge-
Finally, we compared an electrical signal in pitch catch an®®Metry we use in numerical simulation.

pulse-echo technique and showed a very good agreement of

both the theoretical and experimental data. Typical view off’. CONCLUSION

the .FE S|mulat|ons_results IS presen';e_d n F'g' 11. Itcan bSVe have investigated the wave propagation in sandwich hon-
easily seen from Fig. 11 that magnified displacement actué comb panels. A narrowband excitation waveform is em-
ated by transducer located at the top of right-hand side corney '

ropagates through the structure and generates electric si loyed to study wave propagation and damage detection in
propag 9 g 9'%SP. The new detailed model of SCP is developed. Computer
in PZT sensors mounted to the top facesheet.

simulation of the wave propagation is performed and results
Results for voltage measurement for different sensorgfihe strains are compared with those obtained by experimen-
mounted on the plate are presented in Figures 12 and 13 fg4) testing. For this the PZT sensors mounted on a composite
f = 80kH z, which shows the voltage on the correspondingfacesheet plate are used. It has been demonstrated that ini-
sensors as a function of time at two locations, x = - 0.135Mjg| stages of the propagating pulse practically always fit each
(y=6in) and x = 0.135m (y=6in), respectively, (the panel ispther. For much longer time intervals many reflections from
centered at (0,0) and all sensors are positioned with respectiife phoundaries change the phases of the strain oscillations,
the center). and it is not always possible to fit theoretical and experimen-
Theoretical and experimental results fit very well at the ini-tal signals well. The conducted analysis has shown that in
tial stage of wave propagation. The wave modes reflectethick (1in core) sandwich panels with! honeycomb struc-
from the boundaries of the plate lead to change in the phagare acoustic signal generated by the PZT actuator can be eas-
of strain vibration and are not identical in the instance wherily detected. Simulations have demonstrated practically the
we have reflections from the boundaries. same response of the sensors we have in the experiment. The
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Figure 14: The results of the simulations of the wave propa-

gation in honeycomb structure are shown in comparison with

the experimental results measured for 100 kHz on (a) sensor
# 3 and (b) sensor # 4. The blue line corresponds to FE mod-
eling, Black one to experimental results and dashed red line
to the modes calculated by Mindlin plate theory approach.

obtained results allow us to use FE methods for simulation
of the acoustic waves propagating in the panel. The obtained
results open up the prospect of the development of the SHM
methods for advanced composite panels. This study makes it
possible to deeper understand the physics based processes for
the development of SHM methods. It should be pointed out
that the FE model developed in this study has only been tested
on one sample CSP and additional study will be necessary.

This paper addresses the different approaches to simulation
of the guided wave propagation in sandwich structures with
the emphasis given to the properties which can be used for
SHM. The analytical investigation of dispersion curves, the
plate wave using the Mindlin plate theory and the numerical
simulations shows the main features we come across when
developing real SHM methods. An analytical study is carried
out to find the solution for transient wave propagation. The
obtained analytical solutions are compared to the FE analysis
as well as the experimental data.
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