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Abstract

A baseline-free damage identification method is proposed to identify damages in metallic sanidwich panels with truss
core in the article. The method is based on flexibility matrix and gapped smoothing method, with damage index defined
Dl,.. The weight coefficient m is introduced to consider the effect of damages on both low-order modes and high-
order modes. Numerical simulations and experiments are conducted to evaluate the present method. Besides, damage
index DI is also defined by processing DI, with Teager energy operator; and comparisons between DI, and DI} are
also carried out. Results show that the proposed method is effective in detecting single damage and multiple damages
of the same or different extent. The weight coefficient m plays a very important role in identification of multiple
damages of different styles. When comparing with DI}, it is found that the present index DI, is better at suppressing
the singularity caused by contact nodes and detecting of multiple damages which contain small or slight damages.
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Introduction SPTC, such as reducing the stiffness and strength,
decreasing the threshold of buckling temperature,
changing the natural frequencies and vibration modes,
which may increase the risk of structural failure.
Therefore, early detection and recognition of such
damages and defects is of great importance.

Before these sandwich panels can be implemented as
structural components in the field, it is necessary to
examine and quantify their sensitivity to imperfections
on stiffness and load capacity.!? In the early work,
Evans et al.'® and Wadley et al.’ examined the influence

of imperfections on the mechanical performance of the

}l;avfi' m““yffsup erliprh prope}rlties, SEC}L as hligh Sfe(,:iﬁc truss core. Wallach and Gibson'* investigated the effect
ehdifg SU, ness, g _t ng% t, good thermal insulation, ¢ randomly distributed defects of a three-dimensional
and acoustical isolation.”” Therefore, SPTCs are very (3D) truss material on Young’s modulus and

promising candidates to be applied in the thermal pro-
tection systems (TPS) of high-speed aircrafts. When
Zemg used Hll. TPz’ danilages ma}f]. oceur énhthehpﬁnel of Mechanics, Chinese Academy of Sciences, Beijing, China
ue. to complicated aerodynamic O.I‘CC an ars . eal  2gchool of Engineering Science, University of Chinese Academy of
environment, and the damage may include buckling of  sciences, Beijing, China
the panel,'™!" breakage of truss, burn-through of face
sheets, and so on. Besides, defects may also arise during
. Hongwei Song, Key Laboratory for Mechanics in Fluid Solid Coupling
the manufacturing process, for example, unbounded . . . .
Systems, Institute of Mechanics, Chinese Academy of Sciences, Beijing
truss nodes to the face sheet. These damages and  |go190, China.
defects would alter the mechanical properties of the Email: songhw@imech.ac.cn

Structural health monitoring (SHM) deals with damage
identification for aerospace, civil, and mechanical infra-
structures, and SHM has gained considerable atten-
tions toward diverse engineering applications.'?
Sandwich structures consisting of two thin face sheets
and a lightweight core®> have been increasingly
applied in industrial sectors such as ships, aircrafts,
civil engineering, as well as aerospace engineering. As a
class of newly developed lightweight multifunctional
structures, sandwich panels with truss cores (SPTCs)
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compressive strength numerically. The modulus and
strength decrease linearly with the fraction of members
removed. Russell and Hilary'? studied the retention of
their stiffness and load capacity in the presence of
imperfections.

Investigations of the effect of damages and defects
on the vibration properties of sandwich structures are
also carried out. Hu and Hwu'® studied the effects of
face sheets, core, and delamination on free vibration of
composite sandwich plates. Kim and Hwang'® ana-
lyzed the effect of debonding extent on the flexural
stiffness and natural frequency of honeycomb sandwich
beam. The flexural stiffness and natural frequency
would decrease as the debonding emerges or the extent
of debonding increases. Sokolinsky et al.'” used the
higher order theory approach to analysis the free vibra-
tion of sandwich beam with a locally damaged core. It
is found that a small local damage would cause signifi-
cant changes in the natural frequencies and corre-
sponding vibration modes, demonstrating vibration
information is an effective tool to assess local damage
in sandwich beams. Burlayenko and Sadowski'® stud-
ied the dynamic behavior of a sandwich plate. The
effects of debonding size, location, and type on the
modal parameters with different boundary conditions
were investigated. Buket and Srinivasa'® analyzed the
influence of curvature and face/core debonding on the
vibration behavior of composite sandwich beaims.
Results reveal that face/core debonding causes reduc-
tion in the natural frequencies, whereas damping loss
factor values increase with the presence of debonding.
Recently, Lou et al.? studied the effects of local dam-
age on the natural frequencies and the corresponding
vibration modes of composite pyramidal truss core
sandwich structures by numerical simulation. The
structural natural frequencies decrease due to the loss
of stiffness caused by the existence of local damage of
the truss core, and the influence of local damage
becomes more significant with the increase in the dam-
age parameter,

Recently. some works were reported on damage
detection methods of sandwich structures. Hu et al.?!
used strain energy method to detect surface cracks in
various composite laminates. Kumar et al.*? proposed
a modal strain energy method for damage identifica-
tion of composite sandwich beam, and the method can
identify both damage location and damage extent. Tian
et al.?® used uniform load surface (ULS) curvature to
detect the delamination defects of the lattice sandwich
plate. Zhu et al.** proposed a non-destructive evalua-
tion (NDE) method for honeycomb sandwich beam,
which only utilizes the frequency response function
(FRF) measured at one point. Genetic algorithm is
used to inverse the damage parameters, and the objec-
tive function is set according to the model-based FRF

and the experimentally measured FRF. The experimental
results demonstrate that the method can inverse the dam-
age location and size with acceptable precision. In the
above proposed methods, information of healthy struc-
ture must be used as baseline to identify the damage.

However, in the actual evaluation, a baseline in a
healthy condition or obtained from a finite element
model (FEM) is usually unreliable and may bring large
error due to environment, boundary conditions, and so
on.”> Therefore, baseline-free damage identification
methods must be developed for sandwich structures.
Based on wavelet transform, Andrzei*® proposed a
novel approach of two-step damage detection for com-
posite sandwich structures with honeycomb-core. The
experimental results show that the proposed method
can detect different types of damages successfully. A
healthy model is not needed. Based on ULS, a baseline-
free NDE method is developed to determine the
debonding of truss bar in composite lattice truss core
sandwich structures.> The method is proposed accord-
ing to the synergy of gapped smoothing method (GSM)
and Teager energy operator (TEO), and is denoted as
GSM-TEO method. The weight of low-order modes in
ULS 1s much larger than high-order modes. However,
in practical applications, the effect of damage with
small extent on low-order modes is very limited.
Therefore, the methods based on ULS are not effective
to identify damage with small extent, especially in the
case of multiple damages including slight ones.

Although much effort has been devoted to explore
the behavior of the SPTCs, little research has been
undertaken into NDE and health control of this new
structure.”

In this study, a baseline-free NDE method is pro-
posed for metallic SPTCs. Damage index DI, based on
the flexibility matrix and GSM method is presented,
and m is a weight coefficient to consider effects of dam-
ages on both low- and high-order modes. Numerical
simulations and experimental validations of metallic
pyramidal SPTC with single and multiple damages are
conducted. Comparisons of the present method and
GSM-TEO method®® are conducted. Moreover, para-
meter DI’ is also defined by processing D1, with TEO,
and comparisons of DI, and DI for damage identifi-
cation of metallic SPTCs are also carried out.

Formulation of damage identification
method

The flexibility matrix F of a structure can be expressed
as follows

n (DCDT
F=Y "k (1)

=1 Yk
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Figure |I. Gapped grid points.

where w;, and ®; are the kth order of natural frequency
and mass normalized mode, respectively, # is the num-
ber of degrees of freedom.

In the flexibility matrix F, all order modes are
included. To consider only one order mode, the kth
component F of the flexibility matrix F is obtained as
equation (2). Then, the kth component of modal deflec-
tion at point /i under uniform unit load all over the
structure can be expressed as equation (3)

O
Fk= kzk (2)

Wy

P (D () Pr@ D7 Pr(f)
Dk(i)=z k(l)zk(]): klzjz_l & (3)

i=1 k Wi

The kth component of modal deflection MDCy can
be deduced as equation (4), and it only relatcs with the
kth-order mode. Besides, from equation (4}, it is also
seen MDC;, is linear with w; 2

MDCy ={Dy()}=F; - I 4)

where 7is {1, ..., 1}] .

GSM?"?* is proposed (o overcome the problem
damage identification without a baseline or healthy
data. In this study, GSM is employed. Eight neighbor-
ing points are selected to {it the value of point (x;,y)), as
shown in Figure 1. By cubic polynomial, the estimated
MDC(x;y;)" could be expressed as follows

~ !
MDCy(x;, ;) = ao + a1x; + azy;
2 2 2 2
+a3x;yj +asx; +asy; +acX;y;+ arxy;
(5)

where the eight coefficients ay to a; could be obtained
by the eight points around point (x;)y;), and are
expressed as follows

Al y)* = Cli, ) X MDC (x;, )% (6)

where A(xi,yj)k is {ag, ay, .. .,616,0t7}1TX8 for point (x;,,)
in kth-order mode, MDC(x;, yi)k is {MDCy(x;-1,yj-1),

MDCy(xi—1,y7), - ., MDCy(xi11,¥),
MDCy(xj41,)j+ 1)}1TX8. C(x;,y;) is the coefficient matrix

-1

2 2
I X xi} 1Vi-1 xi—lyj;l
1 x4 Xi_1)j Xi-1);
Clx;,y)) = : : (7)
2 2
1 x4 X 1 Xi+1Y;
1 x; X2,y x; 92
i+1 iv1Vi+1 it

Because MDC;, is linear with w2 and the coefficient
matrix C(x;y,) is independent of w,2, the relationship
between the eight coefficients 4 (xi,yj)/‘ and w; ? is linear.
Therefore, the estimated value MDCy(x;y;)’ is also lin-
ear with w; 2.

Based on the real value MDCi(x;y;) and the esti-
mated value MDCy(x;y;), the differential value Z; of
point (x;,y;) can be expressed as equation (8)

(MDCy (x;, 7)) — MDCy(x;,y))')’
s (8)

Zy iy = =
> 32 (MDCy (i, y)) — MDCy (31, y)")’
i=1j=1

where E and F are the number of columns and lines of
the measuring points, respectively.

Because both MDCi(x;y;) and MDCy(x;y;)" are lin-
ear with w;2, Z; is independent of natural frequency
wi. From equation (8), it is also seen that Z is only
related with the kth-order mode.

As we know, influences of different damages on dif-
ferent order modes are quite divergent. Some damages
have great influences on low-order modes and some
have great influences on high-order modes. The diver-
sity of sensitiveness is especially obvious for specimens
with multiple damages. Therefore, to identify various
damages, the damage index DI, is defined

Ky
Dly= Y ajZ (9)
k=K,

where K; and K, are the beginning and the ending order
modes in the practical case. &} is defined as the weight
coefficient of the kth component

m
Wy

K
> of

k=K

(10)

m _
ak—

af could determine the weights of low-order
modes and high-order modes in DI, and m is an
integer. When parameter m takes different values, the
relationship between k and «) would expressed as
follows
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when m<0, k increases — o' decreases

when m=0, k increases — o) = (11)

K> — K,
when m>0, k increases — «’ increases

When m is less than 0, the weight of low-order modes
in DI, is higher than high-order modes. When m is
equal to 0, the weight of low-order modes in DI, is
equal to high-order modes. When m is larger than 0,
the weight of low-order modes in DI, is smaller than
high-order modes. Therefore, damage index DI_,, DI,
and DI, are selected to identify damages of SPTCs in
the article.

Numerical simulation
Numerical model

Figure 2 gives the sketch of the pyramidal SPTC model
being simulated. The unit cell of pyramidal truss is
shown in Figure 2(a), where . = 8§ mm, ¢, = 1 mm,
0 = 45°. Figure 2(b) shows that there are 10 units
along the length and width direction of the panel,
respectively. The thickness of the face sheets is 1 mm.
The SPTC is made of stainless steel with Young’s

I\IV\I\I\I\IV\I\I\

(b)

Figure 2. Model of SPTC: (a) unit cell of pyramidal truss and
(b) the sandwich panel with pyramidal truss core.

modulus of 200 GPa, Poisson ratio of 0.3, and mass
density of 7800 kg/m®. “Beam189” and “Shell181” are
selected for the truss bars and the face sheets in the
numerical model. The boundary condition for the
SPTC is fully clamped (CCCC). In all, 10 cases includ-
ing single damage, multiple damages of the same
extent, and multiple damages of different extent are
investigated, and damaged specimens are shown in
Figure 3. The meaning of each damage case will be
detailed in sections “Single damage identification,”
“Multiple damages identification,” and “Effect of dam-
age location and damage extent.”

To demonstrate the role of weight coetficient m, the
first 20 modes are used to calculate damage index DI,
in the simulations. It is worth mentioning that the num-
ber of selected modes for calculating DI, is determined
by the practical situation and only a reasonable number
of modes would be selected in actual experiments.

Effect of damages on natural frequencies

Damage index 7; (equation (12)) is defined to evaluate
the effect of damages on natural frequencies

aad/d
fiI

where fP is the ith natural frequency of the damaged
model, and f is the ith natural frequency of the intact
model. The results of n; for the first 20 order modes are
shown in Figure 4.

As we know, higher order modes are normally more
sensitive to damages than lower order modes, and the
10 curves in Figure 4 could basically demonstrate this
tendency. However, many factors could influence the
sensitivity of some order modes to damages, such as the
constraint condition, damage location, damage types,
damage extent, and the mode shape. Therefore, some
relative low-order mode (like 14th) would be more sen-
sitive to some damage cases (SD3, MD2, MD3, MD4,
MDS5, MD6, and MD7) than higher order modes (like
15th—20th). When the damage information is unknown,
both low-order modes and high-order modes should be
used for various damages identification.

ni= (12)

Single damage identification

Single damage identification with different extent was
conducted by numerical simulation. Damage cases with
1/2 cell missing, 3/4 cell missing, and whole cell missing
are investigated, named SD1, SD2, and SD3, respec-
tively (as shown in Figure 3(a) to (c)). DI, results of
the three cases are shown in Figure 5(a) to (c). And
the first 20 curvature modes of SD1 are also presented
in Figure 6.
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Figure 3. Ten types of damages. (a) single damage: SD 1, SD2, and SD3. (b) multiple damages: MD I, MD2, MD3, and MD4. (c)

multiple damages of different extent: MD5, MDé, and MD7.
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Figure 4. Effect of damages on natural frequencies.

Figure 6 reveals that the singularity caused by the
contact nodes between the truss bars and face sheet is
so large that the actual damage is shielded. However,
based on the proposed parameter DI, the single dam-
age location could be highlighted effectively as the red
arrows pointed in Figure 5(a) although there are peaks
at the contact nodes, and the fluctuations at the four
edges are also very obvious. It demonstrates the

damage index DI, is good at suppressing the effect of
the contact nodes for pyramidal SPTCs.

According to DI_,, DIy, and DI, results in Figure 5,
it is observed that the fluctuations caused by boundary
conditions and contact nodes become small as the
weight of high-order modes increases. This is because
the local vibration modes at damage locations are more
easily to be excited in higher order modes. Therefore,
the fluctuations at the four edges and the contact nodes
are suppressed more effectively. Meanwhile, as the
number of missing bars increases (SD1-SD3), the sin-
gularity at the damage location becomes more obvious.
It demonstrates the proposed index DI, is sensitive to
the damage extent.

Multiple damages identification

To evaluate the effectiveness of the proposed method
for multiple damages identification, pyramidal SPTCs
with 2, 3, 4, and 5 damages (named MD1, MD2, MD3,
and MD4) are investigated. The distribution of the
damages is random, and the extents of all damages are
same (whole cell missing). It is observed from Figure
7(a) to (d) that all the damage locations of the
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Figure 5. DI, results: (a) SDI, (b) SD2, and (c) SD3.

pyramidal SPTC could be detected, demonstrating the
effectiveness of the present method to the randomly
distributed multiple damages.

As shown in Figure 7(a), when the weight of low-
order modes is high (DI_,), the singularity caused by
the contact nodes is very obvious. As the weight of
high-order modes increases, the influence of constraint
condition and contact nodes decreases and the two
damage locations could be highlighted more effec-
tively. The same conclusions could be obtained from
Figure 7(b) to (d). The conclusion is in accordance
with single damage cases (section “Single damage
identification”). Therefore, increasing the weight of

Dl0 DI,

Damage index
— ~ w

e

DI

Damage index
-y W

o

y/m 090

high-order modes is good for suppressing the singular-
ity caused by the contact nodes for both single dam-
age identification and multiple damages identification
with the same extent.

Meanwhile, the fluctuations at the four edges and
the peaks at the contact nodes become invisible as the
number of damages increases, for example, DI_ results
from Figure 7(a) to (d). This is because the local vibra-
tions at multiple damage locations suppress the fluctua-
tions and the peaks. It is displayed that the influence of
the fluctuations and the peaks to damage detection
would decrease as the number of damages increases for
pyramidal SPTCs.
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Figure 6. The first 20 curvature modes of SDI.

Effect of damage location and damage extent

Multiple damage cases with different extent are
employed in this section to investigate the effect of
damage location and damage extent on modal varia-
tion. The sketches of MDS5, MD6, and MD7 are shown
in Figure 3(c).

The 3-rd Curvature Mode The 4-th Curvature Mode

0.08
y'm [ o

The 7-th Curvature Mode

0.05
ym 09 va

The 12-th Curvature Mode

0.08
y/m () m

The 15-th Curvature Mode

0.05 0.1
. 0.05
0 9 X yim 09 xm
The 19-th Curvature Mode The 20-th Curvature Mode

As shown in Figure 8(a), the two damages of differ-
ent extent could be identified based on DI_,. It is also
found that the peak caused by damage 1 is more obvi-
ous than damage 2, which is in accordance with the
MDS5 damage style. However, as the weight of high-
order modes increases, damage 2 becomes more
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Figure 7. DI, results: (a) MDI, (b) MD2, (c) MD3, and (d) MD4.

invisible and only damage 1 could be clearly detected, serious than slight damage (damage 2) in high-order
see DI, result in Figure 8(a). This is due to the singular- modes. When the weight of high-order modes is larger
ity caused by main damage (damage 1), which is more than low-order modes, the slight damage is shielded.
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Theretore, damage index of both low-order modes and
high-order modes should be used for multiple damages
identification with different extent.

It is observed from Figure 8(b) that all the three
damages are located accurately. Although the extent of
damage 1 (six bars or one half-cell missing) is more
serious than damage 2 (four bars or one cell missing),
the peaks are almost the same, because the location of
damage may also influence the vibration modes greatly.
The damage extent could not be identified only accord-
ing to the value of DI,,. Therefore, when multiply dam-
ages of different extents exist, more precise damage

DI DI "

Damage index
NRFNI°N

0.1

N AN

Damage index

Damage index
NN

1 Wﬁ'.‘
“'l'l‘ (0

{
!

extent identification method needs to be developed for
the pyramidal SPTCs.

Comparing Figure 8(b) with Figure 8(c), it is
observed that the peak at damage 2 of MD7 is much
smaller than that of MD6 although both damages miss
the same number of bars. However, the four missing
bars of damage 2 in MD6 belong to one unit cell,
whereas the four missing bars of damage 2 in MD7
belong to the adjacent two unit cells. There are still two
residual bars to connect the face sheet, respectively, for
each of the two half-cell missing damage in MD?7. It
demonstrates the effect of the whole truss core missing
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Figure 9. Experimental setup: (a) front view and (b) top view.

on vibration modes is much larger than two half-cell
missing.

Experimental validation

In this section, vibration experiments of metallic SPTCs
are conducted, and the experimental results are utilized
to validate the present damage identification method.

Experimental setup

In the experiment, the specimens of metallic SPTC with
pre-fabricated damage are excited by a vibrator (JZK-
50), and the experimental setup is shown in Figure 9(a).
Two edges of the specimens are clamped. The excita-
tion signal is generated by the control system of a laser
Doppler vibrometer (Polytec, PSV-400) and amplified
by a power amplifier (YES5874A) before input to the
shaker. The frequency bandwidth of the excitation sig-
nal was set in the range of 0-3 kHz with the resolution
of 1 Hz.

The laser Doppler vibrometer is also used to mea-
sure the structural vibration response and the scanning
points are focused on the front surface of the face sheet,

Perforated stainless
steel sheet

3

AN
¥
\J

Pyramidal truss
structure

Figure 10. The punching operation for manufacturing the
pyramidal truss cores.

and the excitation is on the other side of the face sheet.
The obtained excitation and structural response signal
are used to calculate the FRF to get the structural
modal information. In order to obtain good quality of
modal information, the FRF for each scanning point
was averaged three times in each test.

Fabrication of specimen

Up to now, the fabrication of a SPTC is still in the
laboratory-level stage. In this work, the metallic pyra-
midal truss cores with a relative density p of about 3%
are fabricated from 0.7 mm thick perforated stainless
steel sheet by folding technique. Figure 10 shows the
sketch of the punching operation to fold the perforated
sheet into pyramidal truss cores, using a punch-and-die
pair of 60° angle. The punch-and-die pair is designed
with a 3 mm terrace to obtain flat areas at nodal
regions, in order to avoid node fracture and enlarge the
joint area between truss cores and face sheets. The
brazing technique, which leaves no flaw on the face
sheets, is utilized to join the truss core with face sheets.
The thickness of face sheet is 0.9 mm and the thickness
of the truss core is 7 mm. The dimension of the metallic
SPTC specimen is 250 mm X 250 mm, and there are
22 cells in the row and 15 cells in the column.
Compared with composite SPTCs recently being
tested, for example, the specimen used in Li’s work
(2015), the dimensions of truss core cell of metallic
SPTCs fabricated in this study are much smaller.
Meanwhile, in the study, the four bars in each cell share
the same node that is connected to the face sheet.
Therefore, damages in the present metallic SPTCs are
more difficult to be identified than composite SPTCs.
In the study, cell missing damages are used to simu-
late structural damage. The truss core cells of the dam-
age location are cut out before brazing. Two damage
styles are fabricated in the work. The first damage style
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Figure 11. Damaged specimens: (a) single damage, SD and (b)
double damages, DD.

is single damage, named SD (Figure 11(a)). The red
rectangle zone is the damage location and region, and
the size of the damage is 3 X 4 cells missing. The sec-
ond damage style is double damages with different
extents, named DD (Figure 11(b)). The size of damage
1 is 3 X 5 cells missing; and the size of damage 2 is
2 X 3 cells missing.

Experimental results

The scanning points of SD specimen and DD specimen
are shown in Figure 12, and the damages are high-
lighted as the red rectangle zones. Based on the measur-
ing results, 4 and 7 modes were used to calculate DI,
for SD and DD specimens, respectively, with results
shown in Figure 13. It is observed from Figure 13(a)
that the single damage location could be identified
effectively by parameter DI, When the weight of low-
order modes is equal to high-order modes, fluctuations
at the two edges of free boundary are obvious.
However, the damage still could be located accurately
by combining DI_,, DIy, and DI,.

According to DI, and DI, results in Figure 13(b), it
is seen that both damage 1 and damage 2 can be identi-
fied. It is also found that the peak caused by damage 1

Figure 12. Scanning points of the specimen: (a) SD specimen
and (b) DD specimen.

is more obvious than damage 2, which is in accordance
with the damage style of the DD specimen. However,
only damage 1 could be identified according to DI_,
results. Because local vibrations at damage 2 are not
excited in first several order modes. Therefore, if only
low-order modes are used, damage 2 would be shielded
and not be identified. Meanwhile, the singularity caused
by damage 2 becomes relatively weak as the weight of
high-order modes increases. Because the extent of dam-
age 1 is more serious than damage 2, the singularity of
high-order modes caused by damage 1 is much larger
than damage 2 as the order of mode increases. This
conclusion is in accordance with the simulation results
of MD5 case. It demonstrates that the weight coeffi-
cient m plays an important role for multiple damages
identification. The information of both low-order
modes and high-order modes should be considered for
multiple damages identification. DI, results in case of
different m should be combined together for damage
identification.
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Figure 13. DI, results: (a) SD specimen and (b) DD specimen.

Discussions
Application of TEO in the present method

From the above simulation and experimental results, it is
seen that the proposed damage index DI, 1s effective for
damage identification of metallic SPTCs. However, the
fluctuations caused by boundary conditions and singula-
rities caused by the contact nodes still have some effect
on damage identification to a certain extent. In Li et
al.’s* work, it is mentioned that the global fluctuation of
trend could be suppressed when a signal is processed by
TEO. In the article, TEO is used to process damage index
DI,,, and then damage index DI can be obtained.

The Teager encrgy for a generalized discrete signal
f(n) can be obtained as follows

T()=f*(n) =+ 1f (n = 1) (13)

Then the damage index DI’ for spatial sampling
points can be expressed as follows

DI’ (n) = T(DI,,(n)) = DI%(n) — DI,(n+ )DL, (n — 1) (14)

DI results of case SD3 and case MDS5 are shown in
Figure 14(a) and (b). Comparing Figure 5(c) with
Figure 14(a), it is observed that the fluctuations caused
by boundary conditions are suppressed effectively by
processing DI, with TEO, and the singularity caused

NA

Damage index

15
1

o

x
P
]
g
o
a0
«
g
5]
a

by contact nodes is also suppressed. It demonstrates
that TEO could suppress the fluctuations caused by
boundary conditions and contact points effectively for
the single damage identification.

However, from Figure 14(b), only damage 1 could
be identified by DI . In the DI results, the fluctuations
caused by both boundary conditions and damage 2 are
shielded. Because the singularity caused by damage 2 is
much smaller than damage 1, it is easy to be shielded.

The results reveal that TEO plays an important role
in suppressing the effect of boundary conditions and
contact points on damage identification. However, it is
not suitable for multiple damages identification with
different extent.

Comparison with GSM-TEO method

In Li et al.’s*® work, a damage index based on ULS,
that is, GSM-TEO method is proposed to identify
damage for composite SPTCs. To compare Li’s work
with the present method, the damage index DIP (dam-
age index pattern obtained only by GSM) and IDIP
(improved damage index pattern obtained only by the
GSM-TEO method) proposed by Li is also applied on
the metallic SPTC model in the work. And the results
of damage cases SD3, MDI1, and MD4 are shown in
Figure 15(a) to (c).
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Figure 14. DI, results: (a) SD3 and (b) MD5.
It is worth mentioning that the four bars of a compo- Conclusion

site pyramidal truss core in Li’s model do not have the
common node. However, the four bars of a truss cell in
the present model share the common node. Therefore,
the singularity caused by contact nodes in the present
model is more serious than Li’s'model. Normally, the
common nodes property of a truss core is beneficial for
the load transportation.

The damage index IDIP is very effective in identifying
the damages of composite SPTCs. However, Figure
15(a) to (c) shows the damage identification results of
IDIP for the present model are not as effective. The sin-
gularities caused by the contact points are so great that
the damages cannot be identified. Because the singulari-
ties caused by the contact nodes in the present model are
more serious than Li’s model. Meanwhile, the damage
index proposed by Li et al. includes the curvature of
flexible matrix, which is more sensitive to the effect of
the contact nodes. Therefore, the real damage is easily
shielded by singularities caused by the contact nodes.

Comparing Figure 5(c) with Figure 15(a), it is found
that the index DIP and IDIP are more effective in sup-
pressing the fluctuations caused by boundary condi-
tions than DI,. This advantage could be used to
improve the index DI, in the future work.

Considering the effect of damages on both high-order
modes and low-order modes, a basecline-free damage
identification method is presented for metallic SPTCs
in the article. Numerical simulation and experimental
validation are conducted to demonstrate the effective-
ness of the proposed method. Based on the results,
some conclusions could be obtained.

As we know, effects of different damage styles on
different order mode are diverse in thousands of ways.
Therefore, in damage identification of SPTCs, it is nec-
essary to consider the effect of damages on both low-
order modes and high-order modes.

The proposed damage index DI, has included both
low-order modes and high-order modes and could iden-
tify both single damage and multiple damages effectively
and it could also reflect the extent of damage in multiple
damage identification. However, more effective damage
extent identification method must be developed to judge
the accurate extent of damage for metallic SPTCs.

Changing parameter m is beneficial for detecting dif-
ferent damage styles. And DI, results in case of differ-
ent m should be combined together for multiple
damages identification.

Downloaded from shm.sagepub.com at CORNELL UNIV on September 16, 2016


http://shm.sagepub.com/

Structural Health Monitoring

DIP

IDIP

0.6 o6
o 04 o 04
002, 8 0%
02|
0.12 0.12
0.12 0.12
0.02 0.04
y/m 0.02
x/m
(@)
02
e &
503 80
0.12
0.12 0.12
DIP (b) IDIP
1
0.8
& 06
203
012
0.12 0.12

x/m

(d)

Figure 15. DIP and IDIP results: (2) SD3, (b) MDI, and (c) MD4.

According to DI results, it is found that TEO could
effectively suppress the fluctuations caused by both
boundary conditions and contact joints. However,
TEO is not suitable for multiple damages with different
extent.
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