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This paper studies topology optimization of metallic and composite panels of three different configurations (flat,
three-bay and 3x3 grid) covered by the constrained damping materials considering first modal loss factors. The
vibration experiments seek to obtain the first modal loss factor and first modal frequency for the aforementioned
panels, and corresponding finite element (FE) simulations are completed using commercial software ABAQUS®.
According to simulation results, the distribution of constrained damping materials is optimized with evolution-
ary structural optimization (ESO) method developed using MATLAB. The results show that the first modal loss
factors of optimized panels are reduced slightly if the constrained damping material is removed by 50%. Un-
der the base excitation near each first modal frequency, the maximum root mean square of Von Mises equivalent
stress (RMISES) of optimized flat panels and 3 x3 grid stiffened panels decreases compared with panels without
constrained damping materials. However, the maximum RMISES value of optimized three-bay stiffened panels
nearly remains unchanged due to the configuration type of the stiffeners. These results conclude that the three-bay
stiffened panel is the best to reduce the maximum RMISES value of at base structure with the same additional

mass.

1. INTRODUCTION

The control of resonance vibration of structures has always
been a fundamental concern in aerospace, automobiles, and
other industries'™ on topics of noise reduction and increasing
service life. There are application studies on various struc-
tures, including helicopter blades,? pilot seats on aircrafts,
and connections to cockpit floors.* An effective way to con-
trol vibration is covering passively-constrained damping mate-
rial on the surface of violently vibrating structures. Although
this method is simple, with reasonable distribution, it can pro-
vide high damping effects over a wide range of frequency and
temperature® without significantly altering structural mass or
stiffness. Numerous papers have been published in the past
decades on the vibration damping analysis of full-coverage
constrained damping material treatment.>*%° However, full
coverage treatment is impractical due to added excessive mass
to base structures. Therefore, topology optimization of damp-
ing materials with partial-coverage treatment is widely used
where only a portion of the base structure is covered with
constrained damping material. Generally, many optimization
methods were adopted to optimize locations of the patches on
base structures. For example, the modified gradient method,'”
the Genetic Algorithm (GA) method,'' the Method of Mov-
ing Asymptote (MMA),'? and the evolutionary structural op-
timization (ESO) method'3~'® were used to find optimal lo-
cations of constrained damping patches which will maximize
the modal damping ratio of the structures. In most published
work on partial coverage damping treatment, it has been em-
phasized that attention must be given to the frequency and
damping properties of optimization treatment effects on the
structure. For example, Kang et al.'® investigated damping
layer optimization in shell structures under periodic excitation

to minimize the structural vibration level. The complex mode
superposition method in conjunction with the state space ap-
proach — which could deal with non-proportional damping —
to calculate the steady state response of the vibrating struc-
ture. However, the study was only focused on flat panel and
shell, not on stiffened panels. Based on this, Zhang et al.?’
proposed the integrated topology optimization of host struc-
tures and damping layers to reduce vibration levels in the pres-
ence of harmonic excitations. During the optimization pro-
cess, the localized modes in low-density areas were avoided.
The analysis method applied validity only in flat panel and the
hollow cylinder shell structure, not in complicated structures.
Takezawa et al.?! carried out a new objective function to op-
timize damping layers for reduce resonance. In the proposed
objective function, the optimization problem was formulated to
maximize the complex part of the proposed complex dynamic
compliance under a volume constraint. This optimization pro-
gram was used in 2D/3D beam structures. Khalfi, et al.?* pre-
sented a parametric study of partial constraining layer damp-
ing (PCLD) characteristics on the responses of a rectangular
plate. The obvious suppressing vibration effects were obtained
by optimization. However, there are two points that have not
been discussed: 1) the optimized structure only related to the
simple flat panel or shell, not stiffened panels, and 2) the fa-
tigue life of optimized structures has been rarely investigated
under random vibration, even though full-scale fatigue testing
for Aerospace application of metal and composite construc-
tions have been investigated>>?* in recent years. Reasoning
can be attributed to the idea that most of optimization studies
about constrained damping treatment on base structures aim to
suppress vibration which is mainly characterized by damping
loss factor, and that in random vibration, the fatigue life is sta-
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Table 1. Material properties of aluminum alloy 2024 and butyl rubber.

Material P (kg/m3) E (MPa) v Thickness (mm)
Al2024 2780 70000 0.346 1.8
Butyl rubber 1300 8 0.48 0.5

tistical without consistent repetition in repeated experiments.
In recent years, the root mean square of von Mises equivalent
stress (RMISES)>~27 was widely used to characterize fatigue
life. When the RMISES value reaches maximum, the structure
might crack first at the corresponding point, which accounts
for the critical point.

While, most available literature is related to metal panels, in
recent years composite panels, especially thin-walled stiffened
panels, are widely used in many industries. Detailed studies
on damping effects of partially-covered constrained damping
materials on composite panels are rarely investigated. There-
fore, in this paper, the modal frequency, modal loss factor, and
RMISES of optimized partial constrained damping materials
covering typical panels are discussed under random vibration.
The related typical panels were made of two materials widely
used in industries: the aluminum alloy 2024 and carbon com-
posite T700/8256. ESO method was adopted for its simplic-
ity and robustness to maximize the first modal loss factor. The
main content includes three parts: first, simple vibration exper-
iments were carried out to obtain the first modal loss factor and
the first modal frequency of the samples and the corresponding
FEM models were built. Next, the ESO method was adopted
based on the above mentioned FEM models to optimize con-
strained damping material distributions of the metal flat panel,
metal three-bay stiffened panel, and metal 3x3 grid stiffened
panel. At the same time, similar optimization distribution of
the composite panels with the same dimensions is investigated
based on the ESO method. Finally, the modal loss factor and
the RMISES of metal and composite panels are studied.

2. EXPERIMENTAL AND NUMERICAL
VALIDATION

2.1. Experiments

In order to obtain the modal loss factor and first modal fre-
quency of the simple structure, vibration tests of the metallic
flat panel with or without partial-coverage constrained damp-
ing materials are carried out. The corresponding samples are
labeled as 1# and 2#, respectively. Figure 1 shows the di-
mensions of sample 2#. The metallic flat panel, damping
layer, and constrained layer are made of aluminum alloy 2024,
butyl rubber, and unidirectional carbon fiber composite lam-
inate with layout Og6 along the long side respectively. The
butyl rubber is provided by Beijing Aerospace Materials and
Technology Research Institute (BAMTRI). The carbon fiber
laminate is fabricated by curing unidirectional resin-based car-
bon fiber prepreg USN10000 at 120°C for 2 hours, which is
provided by Weihai Guangwei composites Co., Ltd. The loss
factor values of damping material and carbon factor compos-
ite laminate are 1.0 and 0.012 within the frequency range from
180 to 210 Hz, respectively. They are obtained by a dynamic
thermo-mechanical analysis (DMA) test at room temperature
by shear mode and three-point bending mode. The material
properties of the metal flat panel, butyl rubber, and carbon fiber
lamina are listed in Table 1, and Table 2.

Table 2. Material properties of unidirectional carbon fiber lamina.

p Ell E22 GI12 v Thickness
(kg/m?3) | (GPa) | (GPa) | (GPa) (mm)
1635 125 10.3 43 0.29 1.12
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Figure 1. The dimensions of sample 2: (a) position and dimension of the
constrained damping materials and (b) layout and thickness of the constrained
damping materials.

The samples are fixed at the vibration shaker using bolted
cover-plate during vibration experiment, and the assembly and
testing arrangement of sample 2# is shown in Fig. 2 (a). The
vibration shaker, bolt, cover-plate, and constrained and damp-
ing layers have been specified in Fig. 2 (a). Based on the sine
wave sweep method by the electro-dynamic shaker, the fre-
quency, and modal damping ratio are measured by half-power
bandwidth. The sweep speed is 5 Hz/min and the sweep ranges
are 0.8—1.2 times of each sample’s nature frequencies. Laser
displacement sensor is used to record the vibration amplitude
signals history in the center of the sample. The vibration
response curve in the frequency domain is obtained by Fast
Fourier Transformation (FFT) from the time-domain response
data. The frequency at the first peak of voltage is the first
modal frequency (f1). The modal loss factor (1) is computed
by the half-power bandwidth method. Using this method, the
first modal frequency and modal loss factor of samples 1# and
2# are obtained.

2.2. Numerical Simulations

Numerical simulations are carried out to illustrate the vibra-
tion experiments. The FEM model is shown in Fig. 2 (b) with
a global mesh size of 5 mm. The panel and damping layer
are isotropic and therefore modelled by quad-dominated S4R
and C3D8R elements in ABAQUSYY, respectively. The con-
strained layer is laminated and modelled by S4R elements. The
dimensions of both samples 1# and 2# are shown in Fig. 2 (a)
and for simulations — the holes for bolted connections are ig-

(b)

Vibration shaker

Constrained &Damping layer

Constrained &Damping layer

Figure 2. Sample 2 with partial coverage constrained damping material: (a)
experimental set-up (b) FE model with a mesh size of 5 mm.
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Table 3. The first modal frequency and modal loss factor of the metallic flat
panel sample.

1# 2#
SiHz) | m(%) | frHz) | m(%)
Experiment values | 184.33 0.65 210.88 | 1.2377
Simulation values 184.67 - 204.20 | 1.1871

nored for simplicity. The panel, the damping core, and the con-
strained layer are tied in the model. Fixed boundary conditions
are applied around the metallic panel edges. The analysis step
in commercial software ABAQUSY is frequency. The modal
loss factor of the sample 2# is computed by modal strain en-
ergy method. The corresponding formula is shown as>*

_ Nalax + NeLer + oLk
Esk ,

6]

where 7y, is the k" order modal loss factor of the structure; Nes
nq and n are the loss factors of the constrained material layer,
damping material layer, and base structure, respectively; E.y,
Egp, Eyy are the k" order modal strain energy of constrained
material layer, damping material layer, and base structure, re-
spectively; and Egy, is the total strain energy of all the structural
elements in the k" mode.

2.3. Simulation Validation

The first modal loss factors (7;) and frequencies (f1) of sam-
ple 1# and 24 obtained by the experiment and simulation are
presented in Table 3.

As shown in Table 3, the difference in the first modal fre-
quency of sample 1# between the simulation and the exper-
iment is about 1%, demonstrating that the simulation results
have a good agreement with the experiments and the numer-
ical results could reproduce some vibration characters in the
experiment. The first modal loss factor of sample 2# was ob-
tained by Eq. 1 in the simulation. In the simulation of sam-
ple 2#, the modal loss factor of base panel equals to that of
sample 1# measured by the experiment. For sample 24, the
differences are about 4% both in the first modal frequency and
modal loss factor. The reason is that the thicknesses of the
damping layer and constrained layer in numerical simulation
are not fully equal to those in the experiment because the cured
process was manually carried out at room temperature. Gener-
ally, the first modal frequency and the first modal loss factor of
the structure obtained by the simulations are nearly the same
as those by the experiments, which suggest that our numerical
simulation set-up is nearly accurate. Thus, the distribution op-
timization of constrained damping materials on three different
panels is carried out based on this numerical model.

3. DISTRIBUTION OPTIMIZATION
OF TYPICAL STIFFENED PANELS

3.1. ESO Method

ESO method is a discrete variable method which uses binary
decision to remove the unnecessary part. In the present study,
the damping core and corresponding constrained layer element
are assigned as a design variable (x;). Without the element,
design variable value would be set to 0; otherwise, the variable
value would be set to 1. The constraint is reducing 50% mass

of the constrained damping material with the aim to maximize
the structural first modal loss factor.

The procedures for the topology optimization of the struc-
ture with constrained damping materials implemented in MAT-
LAB are outlined as follows:

(1) Build a finite element model by ABAQUS code and out-
put the modal strain energy of each element after analysis.

(2) Compute the modal loss factor n; using Eq. 1 coded in
C program.

(3) Determine the sensitivity of the ith
by the following formulation:?®

design variable, Si;

na | (Bawi + Ep;) Ear

i = — Bk | ; 2
Sk B T dk )
s; = Z Wh Tz 3)
| Skz |
N
dwp=1 and wy>0,k=1,2,...,N; (4
k=1

where sy, is the sensitivity of modal loss factor of the i damp-
ing material element in k™ mode; s; is the sensitivity of modal
loss factor of the i" damping material element in the first N
modes; wy, is the weight coefficient in the k™ mode; Eg; is
the modal strain energy of the i damping material element in
the & mode; E;W is the modal strain energy of the i con-
strained material element in the £ modal.

The scheme of sensitivity filtering?® is used to modify the
original sensitivity value as

new
S =

— Z Hjxjs;. (5)

? 7 1

i 21 1

Although topology optimization has been widely used, there
are still some shortcomings such as checker board patterns and
mesh-dependency. To overcome these limitations, the discrete
mesh filtering technique is adopted, and the original sensitivity
values are modified based on a weighted average of the design
variable sensitivities in a fixed neighborhood. The convolution
operator H,;?® is written as

H; = max(0,r — dist(i, j)); (6)

where the operator dist(z,7) is defined as the distance between
the center of element 7 and the center of element 5. The con-
volution operator H; is zero outside the filter size r.

(4) Gradually remove the elements with maximum sensitiv-
ity values after filtering.

(5) Repeat step 1 to step 4, until the mass of constrained
damping material reaches the maximum restriction value.

3.2. Optimal Distributions of Typical
Stiffened Panels

In this paper, ESO method is used for obtaining the optimal
distributions of constrained damping material on typical stiff-
ened panels and the flat panel which is a reference panel. The
stiffened panels include three-bay stiffened panel and 3x3 grid
stiffened panel. In the following optimization, metal stiffened
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Table 4. Material property of 3M112D.

Temperature(°C) | p (kg/m?) | E (MPa) v n
30 980 10 0.499 1
() . (b) L 145 | 140 | 145 136
& <l |
] 2 L
< <7 24
a N/T ' 160
: g i —
g — L b u
t r %T ?48 45
L!:' - T | ) \ZE Rl 15
430 24 o

Figure 3. The sketches of (a) the three-bay stiffened panel and (b) the 3 x3
stiffened panel. Note: The dimension unit is mm and R1 = 1 mm.

panels and carbon fiber composite stiffened panels are investi-
gated. For the metal stiffened panels, the material of three pan-
els is aluminum alloy 2024, unidirectional resin-based glass
fiber laminates with layout O, are adopted as the constrained
layer, and the viscoelastic material 112D from 3M Company
is employed as the damping core. In case of composite stiff-
ened panels, the material of stiffened panels is carbon fiber
composite T700/8256 with the layout 0/(0/45/90/-45)3/02, uni-
directional carbon fiber composite laminates with layout O, are
adopted as the constrained layer, and the same viscoelastic ma-
terial is employed as the damping core in metal-stiffened pan-
els. The thickness of each fiber layer is 0.1 mm.

The mechanical properties of the metallic panels are shown
in Table 1. Material properties of viscoelastic material
3M112D, unidirectional glass fiber laminates and carbon fiber
composite T700/8256 are listed in Table 4 and Table 5, re-
spectively. All the base panels are of the same dimensions of
430 mmx480 mmx1.5 mm. The thickness of the damping
core and the constrained layer is 1.0 mm and 0.2 mm, respec-
tively. The detail sketches of the three-bay stiffened panel and
the 3x3 grid stiffened panel are shown in Fig. 3.

All the FE simulation models follow the modelling tech-
nique mentioned in section 2.2 of this paper. The damping
core layer is modelled by C3D8R elements while the other
parts are modelled by S4R elements with the same mesh size
of 5 mm, respectively. The panels, the damping core, and the
constrained layer are tied in the models. The modal strain en-
ergy of each element is output to a specified file, and the modal
damping factor are computed based on modal strain energy
method. The optimization process is conducted as mentioned
in section 3.1. In this paper, the filter size (r) is 50 during
the sensitivity filtering process and the number of removal ele-
ments is set as 100 in every loop.

3.3. Stress Distribution Effects for Opti-
mized Panels

Stress distribution of vibrating panels might be changed sig-
nificantly after optimization, which considerably affects the fa-
tigue life of panels under resonance. Therefore, it is necessary
to investigate the stress distribution of the panels before and
after optimization under resonance. In random vibration, the
loading is nondeterministic, and the response can be character-
ized only in a statistical sense. The root mean square of von
Mises equivalent stress?0 (RMISES) is a statistical variable and
it is the function of frequency and node position. Therefore, the

Figure 4. The optimal distributions of constrained damping material covering
(a) metallic flat panel, (b) metallic three-bay stiffened panel, (c) metallic 3x3
grid stiffened panel,(d) composite flat panel,(e) composite three-bay stiffened
panel, and (f) composite 3333 grid stiffened panel.

RMISES distribution of the specified frequency always charac-
terizes the stress distribution of structures, and the maximum
RMISES value always characterizes the fatigue life in random
vibratio.?’

In the present study, the optimized panels include the flat
panel, three-bay stiffened panel, and 3x3 grid stiffened panel.
They are excited by base motion with the amplitude of PSD
3.54 g?/Hz, and the frequency value is 0.8 to 1.2 times of the
panel’s first modal frequencies. The original three panels with
and without the full-coverage materials are studied at the same
time as the reference. The analysis step is the random response
for all the simulations.

4. RESULTS AND DISTRIBUTIONS

4.1. Optimization Distribution and Damping
Effect

The optimal distributions of constrained damping material
covering on metallic panels and composite panels are shown
in Fig. 4. In these panels, the mass of constrained damping
materials is removed by 50%.

As is evident in Fig. 4(a)—(c), the different distributions of
constrained damping material suggest that the stiffener config-
urations have a significant effect on the optimization results.
Comparing Fig. 4(a) with Fig. 4(d), the different distributions
of constrained damping material suggest that the materials of
the base panels still play an important role in the optimization
results. It should be mentioned that the anisotropy of com-
posites is ignored in damping property but considered in the
mechanical property. The damping property of the panels in
the constrained damping layer is mainly decided by the shear
effect on a damping layer. Therefore, the shear deformation
plays an important role in the optimization distribution of con-
strained damping materials. As shown in Fig. 5 (a)—(f), there
are significant differences in shear strain distribution among
the panels, which lead to different optimization results shown
in Fig. 4 (a)—(f).

In order to illustrate the effect of the optimal constrained
damping materials distribution on different typical panels in
detail, the first modal loss factors 7; of metal and composite
base structure versus removal ratios are shown in Fig. 6 (a). For
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Table 5. Material properties of unidirectional glass fiber laminates.

Material Density El E2 V12 G2 G13 Gos n
(kg/m3) (MPa) (MPa) | (MPa) | (MPa) | (MPa) | (MPa)
UGFL 1360 42000 9000 0.29 5300 5300 3500 0.012
T700/8256 1920 122500 8300 0.3 5000 5000 3160 0.012
(a)
2020
= —H-flat, metal
= —@-—three-bay,metal
% —A-3X 3 grid,metal
® 015 O-~ - 4 =[O~ flat,composite
‘; S~ —QO=—three-bay,composite
8 ‘EK—A—SX 3 grid,composite
= O==---.o< S
c 0.10 S ’& \
© ] 5 N N\
o] —_— _
1S A — A §§\\\
® 005 ® ° Sx
2 * ~——_ 2 N
A N\
0.00 1 1 . ! 1 1
0 25 50 75 100
Figure 5. The shear strain distribution e13 of damping layer on (a) metallic Removal Ratio(%)
flat panel, (b) metallic three-bay stiffened panel, (c) metallic 3 x 3 grid stiffened
panel; the shear strain distribution e13 of damping layer on (d) metal flat panel, (b)
(e) metal three-bay stiffened panel, (f) metal 3x 3 grid stiffened panel 5 0.32
5 ——flat, metal
. .. . ) —@— three-bay,metal
simplicity, the first modal damping factor values of the metal " = —A—3X 3 grid,metal
. . . . . [ L - ——- .
and composite panels without constrained damping materials [onead &~ TESUEIGIED
. . — ~ [ —O- three-bay,composite
are taken as 0.5% and 1.2% in this paper. L L 3X3 grid,composite
. . ]
As shown in Fig. 6 (a), the first modal loss factors of com- £ 0.16
posite panels are higher than those of corresponding metallic Tz
panels. The reason is that with the same damping material, sl
the damping loss factors of the composite base structures are -% ’
higher. When the removal ratio varies from 0 to 50% for the S
metallic flat panel and three-bay stiffened panel configurations, 2 000}
the first modal loss factor values of these metallic panels de-
crease by 20% and 28%, respectively. Removal Ratio(%)
In case of composite panels — flat and three-bay stiffened

— for the same removal ratio, the first modal loss factor val-
ues decrease by about 15% and 19%, respectively. The results
showed that with half of the constrained damping materials re-
moved, the first modal loss factors of flat panel and three-bay
stiffened panel decreased far less than 50%. The reason for this
decrease is that the removed elements have a very little con-
tribution to strain energy dissipation in the first modal shape
and the corresponding sensitivity values are always negative
during the optimization. However, for the 3x3 grid stiffened
panel, the first modal loss factor in metal and composite panels
increases by 7% and 28%, respectively. The reason for this in-
crease is that, unlike other panels, the removed elements have
a negative contribution to strain energy dissipation and the cor-
responding sensitively values are positive.

When the removal ratio varies from 50% to 100%, the first
modal loss factor values of the optimized metallic flat panel,
metallic three-bay stiffened panel, and metallic 3x3 grid stiff-
ened panel are 13.8, 7.6, and 5.8 times of those without con-
strained damping material, respectively. Similarly, the first
modal loss factor values for the optimized composite flat panel,
composite three-bay stiffened panel, and composite 3x3 grid
stiffened panel are 10.5, 7.5, and 7.1 times of those without
constrained damping material, respectively.

Generally, when the removal ratio varies from 0 to 50%, the
first modal loss factors of flat panel, three-bay stiffened panel,
and 3x3 grid stiffened panel decrease far less than 50%. Par-

Figure 6. The (a) first modal loss factors and (b) normalized first modal loss
factors of six panels versus removal ratio.

ticularly for 33 grid stiffened panel, this factor even increases
gradually. When the removal ratio varies from 50% to 100%,
the first modal loss factors of all the panels increase signifi-
cantly. This phenomenon indicates that the constrained damp-
ing material after optimization has very good performance in
reducing mass and suppressing vibration.

Among metallic panels, the first modal loss factor of the
3x3 grid stiffened panel is the least. The first possible rea-
son is that the strain energy of base structure in the 3x3 grid
stiffened panel is larger compared with other metal panels; the
second is that the 3x3 grid stiffeners make the shear strain
of damping layer more even and the strain energy of damping
layer is less than the metal flat panels and three-bay stiffened
panels, as shown in Fig. 5 (c). A similar phenomenon is ob-
served in composite 3x3 grid stiffened panels.

The additional mass has important effects on the structural
stiffness. Therefore, in order to exclude the effect of the ad-
ditional mass difference in optimization, the first modal loss
factor of each panel is normalized by the total mass of the cor-
responding base structures as shown in Fig. 6 (b). Comparing
Fig. 6 (a) to Fig. 6 (b), the trend lines of three panels vary
slightly which implies that additional mass has little effect on
the modal loss factor of panels in the optimization process.
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Figure 7. The RMISES distribution of metallic flat panels including (a), (d),
and (g); metallic three-bay stiffened panels including (b), (e) and (h); and
metallic 3x3 grid stiffened panels including (c), (f), and (i). Images (a), (b)
and (c), illustrate the removal ratio of 0%; (d), (e) and (f) represent the removal
ratio of 50%; (g), (h) and (i) show the removal ratio of 100%.

4.2. Stress Distribution Effects of Optimized
Panels under Random Vibration

The RMISES contours at the first modal frequency of the
three metallic panels and three composite panel configura-
tions with constrained damping material removal ratios of 0,
50%, and 100% of constrained damping materials are shown
in Fig. 7 and Fig. 8, respectively.

As shown in Fig. 7 (a), (d) and (g), the RMISES distribution
of the flat panel remains unchanged while the peak value of
the RMISES changes significantly as the removal ratio varies,
which indicates that the additional constrained damping mate-
rials have little effect on the RMISES distribution while it has
a distinct effect on the maximum RMISES value. The simi-
lar results are found in the three-bay stiffened panel as shown
in the middle column of Fig. 7. However, as shown in the
right column of Fig. 7, for the removal ratio of 50%, the peak
RMISES value of 3 x3 grid stiffened panel appears in the cen-
ter area while the peak values of the other two appear around
the edges where the stiffeners tied to the panels as shown in
Fig. 7 (c) and (i). The reasons are that the distribution of op-
timized constrained damping materials on the center area of
the metal panel and the 3 x3 grid stiffeners aggravate the stress
convergence.

Figure 8 shows, as the removal ratio changes, RMISES peak
value, the location of RMISES peak value and the RMISES
distribution might change for composite flat panels, three-bay
stiffened panels and 3x3 grid stiffened panels. Different from
the metallic flat panel at removal ratio 100%, the correspond-
ing RMISES distributions and peak values of composite flat-
panel change significantly. The reason is that the material of
metal flat panel is isotropic, while that of composite one is
anisotropic. Similar results are observed in both the three-bay
stiffened panel and 3 x 3 grid stiffened panel. For the composite
3x3 grid stiffened panel, the RMISES distribution nearly re-
mains unchanged while the peak value of the RMISES changes

Figure 8. The RMISES distribution of composite flat panels at their first modal
frequency including (a), (d), and (g); three-bay stiffened panels including (b),
(e) and (h); and 3 x3 grid stiffened panels including (c), (f), and (i). Images
(a), (b), and (c), illustrate the removal ratio of 0%; (d), (e) and (f) represent the
removal ratio of 50%; (g), (h), and (i) show the removal ratio of 100%.

significantly, as shown in Fig. 8 (c¢) and (i). After optimiza-
tion, the corresponding RIMISES distribution and peak value
change obviously, as shown in Fig. 8 (f). The reason is that
the constrained damping materials tied on the composite 3 x3
grid stiffened panel add the local mass concentration, which
changes the mass distribution of origin structures.

In order to illustrate the effect of damping performance and
the stiffeners configuration on maximum RMISES value of the
panels at the first modal frequency in detail, the RMISES peak
value and modal loss factor of three metal and composite pan-
els varying with the removal ratio are drawn in Fig. 9 (a) and
Fig. 9 (b), respectively.

It can be seen in Fig. 9 (a), with the removal ratio from 0
to 50%, the maximum RMISES value of metallic flat panel
changed slightly. However, with the removal ratio from 50%
to 100%, the maximum RMISES value of metal flat panel in-
creased nearly 10 times. This indicates that the optimal struc-
ture is more economical and effective in controlling resonance
vibration. The similar result can be found in the 3x3 grid
stiffened panel. Comparing Fig. 9 (a) with Fig. 9 (b), the
same trends are observed in the composite flat panel and 3x3
grid stiffened panel. Generally, the maximum RMISES val-
ues markedly decrease after constrained damping treatments
while the first modal loss factors increase in flat and three-bay
stiffened panels. However, the maximum RMISES values of
the panels are not associated with the first modal loss factors
of the corresponding panels when the removal ratio changes.
The reason is that the first modal loss factor shows the abil-
ity of energy dissipated of the whole structure, however, the
maximum RMISES values character structures local stress in
random vibration. Only when the first modal loss factor varies
significantly and stress distribution of the base structure is even
does the first modal loss factor have a negative correlation with
the maximum RMISES value of the panels.

However, whether the metal or composite base structure,
the varieties of the maximum RMISES values for three-bay
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Figure 9. Graphical representations of Maximum RMISES values and the first
modal loss factors of metallic panels and composite panels. Graph (a) shows
original results while (b) depicts a variation in the removal ratio.

stiffened panels are significantly different from those of flat
panel and 3x3 grid stiffened panel as the removal ratio varies.
When the removal ratio varies from 0 to 100%, the maximum
RMISES values of three-bay stiffened panel nearly remained
unchanged even if the corresponding modal loss factors vary
significantly. This result implies that the configuration type of
the stiffeners plays an important role in the maximum RMISES
value of the panels.

It is evident in Fig. 9 (a) and Fig. 9 (b), for both metal and
composite base structures, the maximal RMISES values of the
flat panels are the largest while those of three-bay stiffened
panels are smallest in all the panels. The three-bay stiffeners
tied to the substrates make the concentration of the stress dis-
tributed, which makes the maximum RMISES value decrease
sharply. Comparing 3x3 grid stiffened with three-bay stiff-
ened panels, more stiffeners increase the local strength and lo-
cal stress concentration. Generally, the maximum RMISES
values of three-bay stiffened panels are the smallest compared
with others at the same removal ratio. It can be concluded that
stiffener configures of three-bay stiffened panel is the best one
to decrease the maximum RMISES value of the base structure
with the same additional mass.

4.3. CONCLUSIONS

In this paper, metallic and carbon-fiber composite typical
panels of three different configurations with constrained damp-
ing material treatment were optimized using ESO method with
the aim of maximizing the first modal loss factor of panels
when constrained damping material is removed by 50%. The

stress analysis of optimized metal and composite panels at
the first modal frequency during random vibration were con-
ducted. Several conclusions were obtained as follows:

(1) The first modal loss factors of optimized metallic and
composite panels decrease far less than 50% with the removal
ratio of 50%. The results suggest that optimized panels have
good performance in suppressing vibration with light weight.

(2) The optimized constrained damping materials distribu-
tion varies with different panels. The reason is that distinct-
ness of the stiffener configures and material properties of pan-
els lead to significant differences in shear strain distribution of
panels.

(3) Under base excitation near each first modal frequency,
the additional constrained damping materials have little effect
on the RMISES distribution while they have a distinct effect
on the maximum RMISES value. The reason is that the first
modal loss factor shows the ability of energy dissipated of the
whole structure, and its value indirectly expresses reduction in
the stress value of the whole structure. However, the maximum
RMISES values character structures local stress in random vi-
bration. Only when the first modal loss factor varies signifi-
cantly and stress distribution of the base structure is even —
for example, full-coverage constrained damping materials on
panels — does the first modal loss factor have a negative cor-
relation with the maximum RMISES value of the panels.

(4) The configuration type of the stiffeners might play an
important role in the maximum RMISES value of the panels.
For example, in both metallic and composite panels, the max-
imum RMISES value of the flat panel is the largest while that
of three-bay stiffened panel is the smallest at removal ratio of
100%. Stiffener configures of three-bay stiffened panel is the
best one to decrease the maximum RMISES value of the base
structure with the same additional mass.
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