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Abstract—High-Fidelity Model of the sandwich composite 1. INTRODUCTION

structure with real geometry is reported. The model mctudeDuring a few past decades advanced composite materials

two composite facesheets, honeycomb core, piezoelectric . . )
. : such as sandwich structures have been steadily replacing
actuator/sensors, adhesive layers, and the impactor. Tf{e

) g . raditional materials such as e.g. aluminium, steel, and
novel feature of the model is that it includes modeling of thesOlid fiberglass in many industries producing everythiogfr
impact and wave propagation in the structure before and afte 9 y P 9 Y

. . ._Storage containers to the key structural components ofyheav
the impact. Results of modeling of the wave propagation;. . .
) o ; lift space vehicles. The key advantages of sandwich struc-
impact, and damage detection in sandwich honeycomb plates =" . ; ; . o

. . i dres include [1], [2] high stiffness to weight ratios, stiyp
using piezoelectric actuator/sensor scheme are repaorrted. : : ; X
. . : . under compressive forces, improved fatigue life, and good

results of the simulations are compared with the experiedent

results. It is shown that the model is suitable for analysisthermal and acoustic isolation properties. These advaatag

. : . .~ determine the fact that the use of composites has increased
of the physics of failure due to the impact and for testing _." .. : . L
o . significantly in a wide range of structural applications and
structural health monitoring schemes based on guided way . .
irst of all in aerospace industry. In the context of aerospac

propagation. applications it is especially important to have fast anthldé¢
on-board fault detection and prognostic system (FD&P) for
TABLE OF CONTENTS structural health monitoring (SHM) of the sandwich compos-
ite materials.
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thickness of composite structures generally used, thé&yabil
to travel far distances, high sensitivity, active sensind law

PP cost of piezoelectric wafer actuators/sensors.
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However, there are several fundamental issues related tc
this technique including understanding the wave propagati
mechanism in the honeycomb composites, analyzing mea:
sured responses due to the multimodal and dispersive char
acteristics of Lamb waves, and understanding of the phlysica
mechanisms underlying damage initiation, propagation and
interaction with the Lamb waves. Itis very desirable theref

to develop alternative methods of the analysis and sinaulati

of the sandwich panels that can shead new light onto the
physics of wave propagation and damage mechanisms. A
very promising approach to this problem is based on the
commercially available finite element (FE) code [5]. The
earlier results are especially promising because sandwick
structure with honeycomb core (SSHC) is one of the primary
candidates in the aerospace applications.

In the present paper we extend the technique by including
impact into the modeling scheme and analyzing detection of
the impact-induced damage by piezoelectric actuatordsens
pairs. Such an extension is important in a view of SHM
applications especially taking into account the fact thditife
modes [6], [7] of the SSHC under concentrated dynamical
impacts depend on the structural details. In other words suc
an extension will also provide further insight into the piegs . - .
of failure of SSHC. Th% results of the nu?nerical simlﬁmlafions':'gure 1. (top) Finite element model of the sandwich

are validated by comparison with the experimental resuItgﬁr;er?gx;q;nzt:gg:r;‘ggg;g%?;fggg atﬁgjztuoégsehr?)lvrzbbot-
performed by Metis Design Corp. (MDC). y ’

tom) A magnified view of the actuator and sensor attachment

to the facesheet surface. The important adhesive layeeglac

The paper is organized as follows. The details of the finiteb .
- . . between sensor/actuator and the facesheet can also beseen i
element model build in Abaqus to simulate wave propagation

impact and scattering by the damaged area are discussedf||?1e f|gure_. The geometry of sensor/ag:tuator P lacement is the
g same as in the experiment as shown in the Fig. 2.

the Sec. 2. The experimental setup and geometry of the

actuator sensors placement is briefly outlined in Sec. 3. The

comparison of the numerical results of the wave propagation

with the experimental results is given in Sec. 4. The details

of the impact modeling and a comparison of the honeycomb

core crash induced by the impact in the simulations and an Table 1. Parameters of the facesheet
experiments are given in Sec. 5. The results of modeling of
the surface wave scattering by the damaged area in compari- Parameter ‘ Value ‘
son with the experimental results are discussed in Sec.&. Th - .
obtained results are summarized and discussed in the Sec. 7. Ply elastic modulug?,; | 16 Msi
Ply elastic modulugs; | 1.2 Msi
2. FINITE ELEMENT MODEL Ply Poisson’s ratio; 0.3
The model of the honeycomb sandwich structures with a Ply shear modulué’> | 0.6 Msi
piezoelectric actuator/sensor distribution is shown ie th Ply thickness 6 mils
Figure 1. The model consists of the honeycomb core and . . .
: ; Laminate thickness | 84 mils
two laminated facesheets with actuator and sensors attache

to the top sheet. The facesheet in Abaqus were modeled
using continuum shell element type with the composite layup
parameters shown in the Table 1

The type A analog Monitoring & Evaluation Technology

Integration (METI) -disks have an actuator and sensor inyhile the “type A’ sensor has a nominal diameter of 0.89916
the form of a concentrically placed lead zirconium titanatecm. Both have a nominal thickness of 20 mils. The “type B”
(PZT)-5A washer and disc respectively (actuator and sensoMETI-disk has a sensor disk of nominal diameter 0.635 cm
1and 2inthe Fig. 1). The actuator ring has nominal outer an@énd nominal thickness of 10.5 mils. The response of the PZT
inner diameters of 1.80086 cm and 1.00076 cm respectivelglements was determined by the piezoelectric stress matrix
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and elasticity matrix
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The dielectric matrix of the PZT material has the following l =1 Ly

diagonal elements;; = 32 = 8.11 x 10~ [C/V/m] and

£33 = 7.35 x 1079 [C/V/m]. The density of the PZT material 1 >
is ppzr = 7750 [kg/m3]. The geometry of sensor/actuator |

placement is the same as in the experiment as shown in the T R

Figure 2. ——

structure including the difference in thickness for diéfet

. . .. 2 -
walls of the structure and the presence of the bending tips. S8 smmmmmm—_s ==
The structure was built from a single strip using patterning
operation in Abaqus. The bending tips were attached to
the structure using boolean operation on the mesh. The
height of the core cell is 2.54 cm and the size of the cell is
0.635 cm. The material properties of the Aluminum used ¢
to build the structure are the following: Young’s modulus
E A = 7.3084 x 10'° [Pa], Poisson’s ratio 4;,, = 0.33,
Mass density 4;,, = 2700 [kg/m?]. RRLML LR

Figure 2. (top) The experimental setup with PZT patches

Important property of the honeycomb sandwich structure isoonded to the surface of the SSHC. (bottom) Photograph of
the presence of adhesive layers both between actuatcm‘sensth e experimental setup '
X .

and facesheet and between facesheet and honeycomb core:

The role of the adhesive layer between PZT elements and the

composite facesheet was emphasized earlier in [8]. Accord-

ingly the layer with the following properties (Young’s modu composite laminates bonded to a 2.54cm-thick aluminum

lus E 445, = 4.82 x 107 [Pa], Poisson ratio 44, = 0.40, and  honeycomb core. The experimental setup is shown in the

mass density 44, = 1255 [kg/m3]) was explicitly included  Figure 2. This panel was instrumented with a network

into the finite element model as shown in the Figure 1. of analog METI-disk nodes. These sensor nodes can be
used for both modal testing and Lamb-wave methods. A

For impact modeling the cohesive elements for the adhesivechematic diagram of the panel with METI-disk locations and

layer between facesheet and the honeycomb core is essentimlmbering scheme are shown in Figure 2.

part of the model.

4. MODELING WAVE PROPAGATION

3. EXPERIMENTAL SETUP To excite Lamb wave in the model the voltage boundary

In order to evaluate the applicability of the structuralltiea conditions were applied to the top of the actuator. The
monitoring methodology, i.e. Lamb-wave method for honey-amplitude of the applied voltage was varied according to the
comb sandwich structures of interest to NASA, some prelimtable data. The simulations were performed in a frequency
inary experiments were done at Metis Design Corporation. Aange from 20 to 125 kHz. A 3.5-cycle Hanning windowed
representative honeycomb-sandwich panel was fabricated ftoneburst was used as actuation signal at each frequeney. Th
this test. It consists of two 84-mil thick cross-ply carbdrefi ~ shape of the driving signaly,.(¢) both in the experiment and
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Figure 3.  The results of the simulations of the wave t, sec x107

propagation in honeycomb structure are shown in compariso)E_

with the experimental results measured for 80 kHz on (a |gure_4.l Th?trr]esults of the S|rrt1_ula_t|0rr]15 (blue I'Ee? W':h
sensor # 1 embedded into actuator and (b) sensor # 7. open circ e_s) otthe wave propagation in honeycomo strectur
are shown in comparison with the experimental results kblac

solid lines) measured for 100 kHz on (a) sensor # 3 and (b)
simulations was sensor # 4. The driving signal is shown by dashed blue lines

Var = Vo sin(QWdet) . (Sin(w.fdrt/NwaUES))Q, (3) with scale.

whereV; and f,, are the amplitude and the frequency of the

driving voltage, and the number of waves,,..; was setto  4qgitional difficulties in modeling such structures. As a
3.5. Some of the results of the simulations are shown in theag it of these difficulties a careful optimization of thedsb
Figures 3 and 4 in comparison with the experimental reSU|t5parameters is required to achieve a better agreement with

. ) the experiment. Extensive parametric studies of the finite
A good agreement between the numerical and experiment@lement model revealed the sensitivity of the model to the

results was obtained for a few first cycles of incoming signal coupling between the PZT and facesheet and between the
The difficulties in reproducing experimental results oVe* t  ¢5cesheet and honeycomb core.

whole time-span of the experimental signal are related to

the three main factors. Firstly, the boundary conditions fo after optimization the agreement between the experimental
the honeycomb structure in the experiment were not welbng numerical results was further improved mostly for two

defined. The uneven shape of the boundary can be seen &lnsors (# 3 and # 4) which are most distant from the bound-
the photograph of the experimental setup Figure 2 (bottomries. The corresponding results are shown in the Figure 4.
Secondly, the actuators and sensors were placed very clogecan pe seen from the figure that simulations can capture

to t.he boundaries .of the plate, which was only 11 inch Wideaccurately the propagation of the lowest symmetsig) @nd
Th|r_dly, the adhesive layer at the plate edges was affegted bantisymmetric Q) modes of the system.

cutting.

Furthermore, in the context of aerospace applicationsck thi 5. IMPACT

panels (with approximately 2.54 cm thickness) are of speciaA very promising results of the simulations of the wave
interest. The spectrum of guided waves in such panels ipropagation in the sandwich composite structure desciibed
morel complicated (see e.g. [9]). The later fact introduceghe previous section prompt us to seek further extensidmeof t

4



reproduce qualitatively well the honeycomb crush observed
in the experiments. we note that the main effect of the
impact is the damage of the honeycomb core. The damage
can be characterized by the radius of the debond and the
maximum depth of the debond. For example for the results
of simulations shown in the Figure 5 the maximum depth of
the debond is approximately 0.2 cm while the diameter of the
debond is of the order of 3.4 cm for the impact strength 240
lib-inch. Both parameters are very sensitive to the progert

of the cohesive layer and the damping of the honeycomb
material. The optimization of the impact model parameters
using experimental results is currently under way.

6. MODELING DAMAGE DETECTION

To model wave propagation in the impacted panel the honey-
comb core in the original model (see Figure 1) was substitute
with the core obtained in impact simulations. The simulatio

of the wave propagation were repeated under conditions
tdescribed in Sec. 4. The signal scattered by the damaged
Area was extracted as a difference between signals obtained
‘simulations with and without impact. Similar procedure was
applied to extract scattered signal from experimental.data

Figure 5. (a) Results of the simulation of the impact
showing crashed honeycomb core. (b) Experimental resul
demonstrating crushed honeycomb structure due to impact

model capabilities by including first of all the impactinteet ~ We emphasize that in simulations of the guided wave propa-

modeling scheme. To model impact a finite element model ogation both before and after the impact the response of the

the impactor was introduced in Abaqus both as a solid bodpystem was measured as an integrated voltage on the top
model and as an analytical rigid body. The impactor massurfaces of the PZT sensors. No scaling factor was involved

was fixed and the velocities of the impact were calibrated irinto the conversion.

the range 20 to 240 lib-inch to reproduce the experimental
setup. The comparison of the scattered signals obtained in the

simulations and in the experiment is shown in the Figure
In the experiment performed by Metis Design Corp. the paneb for impact strength 240 lib-inch. The best agreement
was impacted using the calibrated impactor. The diameter of/as obtained for the sensors # 3 and # 4 because their
the semi-spherical impactor head is 1.27 cm. The panel wa®easurements were least destructed by the reflections from
subject to controlled impacts of increasing energy (10, 20the boundaries as was discussed earlier. It can be seen from
30, 60 and 120 inch-lbs) and data was collected after eacthe figures that scattering of the main wave compongpts
impact. The panel was impacted at the center of the uppednd Ao can be accurately reproduced in simulations. The
face sheet (which has all METI-disks bonded to it except thesimulations also reveal direct proportionality betweer th
A2/S2 pair). These impact energy levels were chosen basedmplitude of the scattered signal and the strength of the
on earlier calibration tests using another honeycomb panél[npact. The simulations also reveal that the flexural waves
to introduce hidden delaminations at the lower energy &vel are more sensitive to the particular damage type analyzed in
barely visible damage at the intermediate levels, all thg wathe present simulations.
up to visible damage at the higher energy levels.

7. CONCLUSIONS

The facesheet was not visibly damaged in these tests and tr|1e thi h ted ki d
modeling efforts were focused on the analysis of the honey—n IS paper We have reported a work in progress on de-
I;?Iopmg a finite element model of the sandwich composite

comb crush. The cohesive elements were introduced betweel
tructure for an assessment of the on-board structuratheal

the facesheet and the honeycomb core to allow for the cord ori ¢ " Is | licati
crush in explicit dynamic simulations. The quadratic noahin monitoring of composite panels in acrospace applcations.

stress damage criterion was used for cohesive element&awhe-‘jhe characteristic features of the presented model include

the cohesive layers are defined in terms of traction-seiparat realistic geometry of the sandwich panel with thick and soft
Haéuminium honeycomb core, the PZT actuators and sensors
attached to the top and bottom faces of the panel, and the
presence of adhesive layers between the facesheets and the
The results of the simulation of the impact are shown in the™°'® and between the PZT elements af‘d the face_s_he(_ets. The
novel feature of the presented results is the explicit samul

Figure 5 in comparison with the experimental results [10]. | .. fthe i t and th . £ th ded
can be seen from the figure that the results of simulations calons of the impact and the comparison of the guided wave

model in these simulations.
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reduced effect of boundary reflections are under preparatio

In addition an extensive analytical research is curried oait
captures the main features of the guided wave propagation in
the sandwich panels, models the impact-induced damage, and
scattering of the Lamb waves in the impacted panels in the
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Figure 6. The results of the simulations (blue lines with

open circles) of the damage detection by measuring thL:A']
scattered signal as a difference between base signal arad sig
propagating in a damaged by impact honeycomb structure
are shown in comparison with the experimental results kblac
solid lines) measured for 100 kHz on (a) sensor # 3 and (b)
sensor # 4. The driving signal is shown by dashed blue line]
with scale.

propagation in the panel before and after impact. [6]

The simulations were verified by comparison with the ex-
perimental results performed by Metis Design Corp. The
obtained numerical results demonstrate good agreement wit
the experimental results of the wave propagation in sarfdwic
structure. The agreement is improved if the influence of thd]
reflection from uneven boundaries is reduced for two patticu
lar sensors # 3 and # 4. The results of the impact simulations
reveal the dynamics of crushing of the honeycomb core. The
obtained in simulations damage of the core is in qualitativeg]
agreement with the experimental results. The simulatidns o
the guided wave propagation in the panel with crushed hon-
eycomb core also demonstrate a good quantitative agreeme[gﬁ
with the experimental results. The simulations show that th
amplitude of the scattered signal is proportional to thesiotp
strength and that the flexural waves are more sensitive to
the particular type of the defect investigated in the presen
research as compared to the symmetric Lamb waves.

Mindlin approximation. A preliminary comparison between
the analytical and numerical results is also promising and
confirms the main conclusions drawn in the present research.
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