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Abstract A damage identification method, based on structural time domain dynamic responses and
Teager energy operator, is presented for sandwich-panels with truss core in the paper. The
dimensionless structural dynamic responses, i.e., dimensionless velocity and displacement, are
combined to construct damage index. Application of the method on sandwich panels in the cases of
single damage and multiple damages with different extents are conducted. Effects of some factors on
the method are discussed, including excitation location, excitation frequency, boundary condition,
number of points N in Poincare maps. Numerical and experimental results show that the proposed
method is effective in detecting both single damage and multiple damages with different extents.
Excitation location plays a very important role in affecting the effectiveness of the method.
Excitation frequency has little effect on the method, and there is a great selection space of excitation

frequencies. Increasing the boundary condition constraint is beneficial for damage identification.
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1. Introduction

Sandwich panels with truss core (SPTCs), a class of newly developed lightweight
multifunctional structures, possess superior properties such as high specific bending
stiffness, excellent shock resistance, good thermal insulation and acoustical isolation [1-
4]. Compared with conventional structures, like beams and plates, it is more difficult to
identify damages of SPTCs. On the one hand, damage styles in SPTCs are diverse,
including buckling of the panel [5, 6], breakage of truss, burn-through of face sheets,
unbounded truss nodes to the face sheet, etc. On the other hand, the identification of
inner damages (like unbound nodes, truss core missing) needs more effective and
sensitive damage indexes, compared with the identification of surface damages.

In recent 20 years, vibration-based structural health monitoring (VSHM) methods
are quite popular and extensively used in monitoring structures and damage
identification [7]. VSHM is based on the fact that any changes introduced into a
structure result in changes in stiffness, mass or energy dissipation. Therefore, many
previous studies onn VSHM were based on changes in the dynamic characters of
structures, such as natural frequencies, vibration modes, modal curvature [8-11].

For sandwich structures, some works have been reported on vibration-based
damage detection. For composite laminates, Hu et al [12] used strain energy method to
detect surface cracks. For composite sandwich beam, Kumar et al [13] proposed a
modal strain energy method to identify both damage location and extent. Tian et al [14]
used Uniform Load Surface (ULS) curvature to identify the delamination defects of the
lattice sandwich plate. Zhu et al. [15] utilizes the frequency response function (FRF)
measured at one point for damage identification of honeycomb sandwich beam. In the

method, genetic algorithm is used to inverse damage features (location and extent). For



composite sandwich structures with honeycomb-core, Andrzej [16] proposed a novel
approach of two-steps damage detection method based on wavelet transform. By using
ULS, a baseline-free method is developed to determine the debonding of truss bar in
composite lattice truss core sandwich structures [17]. Lu et al [18] proposed a damage
identification method based on flexibility matrix for pyramidal SPTCs. Based on the
method, an improvement was made to identify unbound nodes damages [19]. Seguel et
al [20] used a high-speed 3D DIC system to assess the debonding of an aluminum
honeycomb sandwich panel.

According to previous works, it is found that higher order modes are more
sensitive to damage than lower order modes [21-22]. However, in the practical dynamic
experiments, it is difficult to obtain higher order modes dues to the restrains of
excitations and boundary condition. The limited structural modal information restricts
effectiveness of vibration mode-based methods. Besides, the traditional methods are
based on linear models of structures. Recently, some works have been conducted to
investigate damage identification methods utilizing time series of structural responses
[23-24]. Compared with vibration modes, it is easier to obtain structural time domain
dynamic responses, which contains rich information. Manoach et al [25-27] has
conducted a series of studies on damage detection of plates and composite beams by
using time series analysis. Displacements and velocity responses are combined directly
to construct damage indexes. Although an effective method contains plenty of
information, the constructed expression may contradict to conventional cognition. It is
more reasonable to combine or compare parameters in the same dimension.

In the present study, a damage identification method based on dimensionless time

domain dynamic response is proposed for metallic SPTCs. Unlike previous works [25-



27], the proposed damage index is based on the combination of dimensionless
displacement and velocity responses, and Teager energy operator (TEO) is also
employed. Applications of the proposed method on metallic pyramidal SPTC with
single damage and multiple damages are conducted. Effect of TEO on the effectiveness
of the method is analyzed. Moreover, influences of some factors are discussed,
including excitation force location, excitation frequency, boundary condition and
number of points N in Poincare maps.
2. Damage detection technique

The proposed method is based on analyzing the Poincare maps, which contain data
for displacements and velocities of structures in a compact form. Damage index DIND;

utilizing dimensionless structural dynamic responses is presented,

DD, 357 5. + (7 ) m
t=1

where N is the total number of points on Poincare maps, and subscript ¢ denotes the ¢-th

. . —D —I —D —1 . . .
point on Poincare maps. 's;,, 5, and v, V, are the i-th node’s dimensionless

it?
displacement and wvelocity response of the damaged and intact SPTC model
respectively, as provided in Eq. (2). Superscripts D and I denote damaged and intact

SPTC model, respectively.

D_ D
—D __ Si,t Smin,z
Sit =D D
Smax,t min,?
D D
=D __ vi,t _vmin,t
Vie =D D
vmax,t min,¢ ( 2)
I I
-1 _ Si,t _Smin,t
Sie =77 i
Smax,t - Smin,t
I I
‘71 _ Vi,t _vmin,t
it 1 I
V.

max,t - vmin,t



where s;, and v, are the /-th point’s displacement and velocity of the i-th node for

the intact SPTC model. For the #-th point on Poincare maps, s. . and s vi and
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are the maximum and minimum displacement and velocity values of the intact
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structural all nodes’ responses, respectively. s

are parameters of the damaged SPTC model.

To suppress the fluctuations and singularities caused by non-damage factors
(boundary condition, noise, shaker, etc.), TEO is utilized. ‘Teager energy for a
generalized discrete signal f(n) is defined as

=" (n)- f(n+1)f(n-1) 3)

The damage index DIND,"E© for spatial sampling points can be expressed as Eq.
.

DIND!*® = DIND; - DIND,,, x DIND, , (4)

For SPTC model, the damage index can be developed as follow,
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3. The case study
3.1 Model information

To investigate effectiveness of the proposed method, the pyramidal SPTC model is
used. The sketch of the SPTC model and the unit cell are as shown in Fig. 1. The
dimension of the truss core includes h,=8 mm, t;.=1 mm and 6=45°. The thickness of the
face sheets is 1 mm. There are eleven units along the length and width direction of the
panel, respectively.

The SPTC is made of stainless steel with Young’s modulus of 200 GPa, Poisson
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ratio of 0.3, and mass density of 7800 kg/m3. The boundary condition for the SPTC is

two sides clamped and two sides free (CCFF). Three cases, including single damage

(named SD) and multiple damages of different extents (MD1 and MD?2), are studied in

the work. MD1 contains two damages, one-cell missing and half-cell missing; MD2

contains three damages, one-cell missing, half-cell missing and one-bar missing (or 1/4

cell missing). The damaged specimens are shown in Fig. 2. Period excitation force (the

red point in Fig.2) is applied on the center of the SPTC model. The excitation frequency

is set as 2000 Hz, which is close to the 1% natural frequency of SPTC model (Table 1).

The amplitude of the harmonic loading is 1 N. Green points in Fig.2 (a) are selected to

compose the Poincare maps.
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Fig. 2 Damaged SPTC models. (a) SD. (b) MD1. (¢) MD2.

Table 1 Natural frequencies of the SPTC model



Mode order
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Natural frequency (Hz)

1872
2116
3651

3.2 Single damage identification

Influences of damage on the Poincare maps of four selected points (refer to Fig. 2
(a)) are presented in Fig. 3. From the left figures, it is seen that damages do not change
the type of the Poincare section and only influence the length of the curves formed by
the Poincare dots. After normalization, a new style of map is obtained, as the right
figures of Fig. 3 shown. It is seen that the styles of curves formed by dots change a lot

and damages change the locations of dots obviously. However, it is difficult to detect

the real damage only according to the maps.
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Fig. 3 Poincare maps based on the real responses and the dimensionless responses of (a) Point

1. (b) Point 2. (¢) Point 3. (d) Point 4.
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Fig. 4 Single damage identification.

Based on the structural dynamic responses, damage index DIND,™0 is calculated.

Results in the case of different N (N=20, N=100 and N=180) are provided in Fig. 4. In



Fig. 4, the red rectangle is the real location of damaged-cell. It is seen that zones with
large DIND,"E© value can predict the real damage location and the two points with
largest damage index values can detect the beginning and ending locations of the
damaged-cell accurately.

3.3 Multiple damages identification

Results of cases with multiple damages (Fig. 2 (b) and (c)) are presented in Fig. 5.
From Fig. 5, it is seen that the proposed index DIND,"29 can identify multiple damages
with different extents effectively. Besides, in Fig.5, it is also found that contour plot
features corresponding to different damage extents are different. For example, when
only one area with high density of isograms arises at some local region, the
corresponding damage is one-bar missing. When there are two areas with high density
of isograms and the two areas are distributed parallel, the damage is half-cell missing.
Further more, when the two areas are distributed diagonally, the damage is one cell
missing. According to the results, it reveals that the proposed method can identify both
structural damage locations and extents accurately.

From Fig. 5, it is also found that the figures would change a little as N increases
from 20 to 180. In Fig. 5 (b), when N is 20 or 100, the accuracy of real damage
identification is affected by fluctuations or noise around one-bar missing location. As N
increases to 180, only the three damage locations are identified without any influence
factors. The results demonstrate that parameter N could influence the effectiveness of

the proposed method, which is discussed in Section 5.4.
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Fig. 5 Multiple damages identification. (a) MD1. (b) MD2.

3.3 Effect of TEO

To verify effectiveness of TEO on damage identification of SPTCs, results of
DIND,; for the cases SD, MD1 and MD?2 are provided in Fig. 6. From Fig. 6, when TEO
is_not used to process the proposed damage index, there are fluctuations at the free
boundary edges, which influence the identification of real damages. Especially when
there are multiple damages with different extents, some undamaged zones with large
index values or high density of isograms may arise. This causes a false damage
identification. Comparing with results in Fig. 4 and Fig. 5, the fluctuations caused by
boundary condition or environment can be effectively eliminated by processing DIND;

with TEO.
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Fig. 6 Results of DIND;. (a) SD. (b) MD1. (c) MD2.

4. Experimental validation

In the section, dynamic experiments of SPTCs are conducted to validate the
effectiveness of the present method.
4.1 Experimental setup

In the experiment, the specimens are excited by a vibrator (JZK-50). The
experimental setup is shown in Fig. 7(a). The excitation signal is generated by a laser
Doppler vibrometer (Polytec, PSV-400) and amplified by a power amplifier (YE5874A)
before inputted to the shaker. The excitation signal is sine and the corresponding
frequency is 400 Hz. The sample frequency is 4000 Hz. The laser Doppler vibrometer is
used to measure the structural dynamic response and the scanning points are placed on

the front surface of the face sheet.
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(b)

Fig. 7 Experimental setup. (a) Experimental setup. (b) Scanning points.

In the experiments, metallic pyramidal truss cores with a relative density p of about
3% are fabricated from 0.7 mm thick perforated stainless steel sheet by folding
technique: The thickness of face sheet is 0.9 mm and the height 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.

In the study, cell missing damage is used to simulate structural damage. The truss
core cells at the damage location are cut out before brazing. In the work, 2x3 cell
missing is used and the red rectangle in Fig. 7 (b) is the 2x3 cell missing location.

To compare the dynamic response of damaged and intact specimens, the same
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boundary condition and the excitation are applied on both damaged and intact
specimens. During the measurement process, both the structural displacement and
velocity responses are measured.

4.2 Experimental results

The displacement and velocity responses of Point 1 (in Fig. 7 (b)) are shown in
Fig. 8(a). It is seen that damages do not change the type of the Poincare section and only
influence the length of the curves formed by the Poincare dots. The experimental result
is in accordance with the numerical results in Section 3.2. After normalization, the
dimensionless dynamic responses are obtained and shown in Fig. 8(b). It is seen that the
styles of curves formed by dots change a lot and damages change the locations of dots
obviously.

Based on the dimensionless displacement and velocity, the damage index
DIND,™29 results in the case of the first 5, 10, 20 and 30 exciting periods are obtained,
as shown in Fig. 9. From Fig. 9, it is seen that the cell missing damages can be
identified by the proposed method effectively. As the number of exciting period
increases, fluctuations caused by influence factors decreases and the improvement of the
identification results increases obviously. Because the signal of structural dynamic
response would strengthen and fluctuations caused by noise and other influence factors
tend to be offset as the number of exciting period increases. The results demonstrate that
parameter N could influence the effectiveness of the proposed method. The conclusion

is in accordance with that in Section 3.3.
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5. Discussions
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The proposed method is based on structural time domain dynamic responses.
Therefore any factors inflecting structural dynamic responses, would affect the
effectiveness of the method, such as excitation location, excitation frequency and
boundary condition. Besides, as Section 3.3 mentioned, parameter N may also affect the
identification results.

5.1 Effect of excitation location
To investigate effect of excitation location, four other excitation locations are

sk

applied on SD1 model. Results are applied in Fig. 10, and the red in the black circle
indicates the excitation location.

In Fig. 10, when the excitation force is at Loc 1 or Loc 2, the one-cell missing
damage could not be identified. This may attribute to a relatively long distance between
the excitation force and damage location, and it is hard to excite the local vibration of
the damage location. Therefore variations of structural responses caused by excitation
are larger than those caused by damages, and the real damages are covered and cannot
be identified. When the excitation force is near the damage (Fig. 10(c)), it is seen that
the damage can be captured. Compared with results in Fig. 10(c), Fig. 4 and Fig. 5, the
contour map 1is different, although the damage extent and location are same. The
contour map in Fig. 10(d) can identify damage extent better. Those differences are
caused by the excitation location.

According to Fig. 10, it reveals that excitation location plays a very important role
on effectiveness of the proposed method. When the excitation is near the damage
location or at some proper location in a distance, the damage can be identified more

accurately. When excitation is far away from damage, damage may be covered by

variation caused by other factors. Therefore, when applying the excitation force on
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structures, several excitation locations can be tried in order to identify all the damages.
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Fig. 10 Effect of excitation location. (a) Loc 1. (b) Loc 2. (c¢) Loc 3. (d) Loc 4.

5.2 Effect of excitation frequency

To study influence of excitation frequency, two types of excitation frequencies are
selected: (a) excitation frequency equal (or close) to some order of natural frequency
and (b) excitation frequency far away from any natural frequencies. In the study, six
different excitation frequencies are used, including 400 Hz, 1000 Hz, 1870 Hz, 2800
Hz, 3500 Hz and 3650 Hz. According to Table 1, 400 Hz, 1000 Hz and 2800 Hz belong
to type (b), and 1870 Hz, 3500 Hz and 3650 Hz belong to type (a). Moreover, 1870 Hz
and 3650 Hz equal to the 1%t and 3" natural frequency respectively, and 3500 Hz is close
to the 3™ natural frequency. Results are presented in Fig. 11.

From Fig. 11, the three damages can be detected no matter which excitation
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frequency is employed, although there are different levels of noises. The noises in the
cases with excitation frequency 1000 Hz and 3650 Hz are especially obvious; however,
the damages can still be captured. It reveals that there is a great selection space of
excitation frequencies for the proposed method.

Compared Fig. 11 (a) and (d) with other four figures, when the excitation
frequencies are far away from structural natural frequencies, identification results are
better than those cases with excitation frequencies equal or close to structural natural
frequencies. In contrast, in Fig. 11 (f), when the excitation frequency equals to 37
natural frequency, identification of one-bar missing is affected in some extent. It
demonstrates that excitation frequencies equal to natural frequencies are not the best

choice in some cases.
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Fig. 11 Effect of excitation frequency. (a) 400 Hz. (b) 1000 Hz. (c) 1870 Hz. (d) 2800 Hz. (e)
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3500 Hz. () 3650 Hz.
5.3 Effect of boundary condition

Two other boundary conditions are applied to investigate influence of boundary
condition on the proposed method, including one side clamped and three sides free
(CFFF) and fully clamped (CCCC). Results of SD and MD2 models are provided in
Fig. 9.

From Fig. 12 (al) and (bl), when boundary condition is CFFF, fluctuations or
singularities caused by boundary condition and excitation are so large that they affect
the identification of real damages. Especially, for the case of multiple damages, small
extent damages, including half-cell missing and one-bar missing, are covered and
cannot be detected. According to results in Fig. 4, Fig. 5 (b), Fig. 12 (a2) and (b2), as
the restraint of boundary condition increases from CFFF to CCFF or CCCC, the single
damage or multiple damages with different extents can be all identified effectively.
When the constraint of boundary condition increases, complicated dynamic responses
arise and local vibration modes appear, which are normally more sensitive to structural

damages. The conclusion is in accordance with the previous studies [21-22].
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Fig. 12 Effect of boundary condition. (al) and (a2) are results of SD model in the case of CFFF
and CCCC. (b1) and (b2) are results of MD2 model in the case of CFFF and CCCC.

5.4 Effect of parameter N

Results in the case of different parameters N for SD and MD2 are provided in Fig.
13. In Fig. 13, as the parameter N increases, many other influence factors arise and may
cover the real damage. Especially, in Fig. 13(b), when N is 500, noises in red rectangles,
which are caused by the restrained and free boundaries, are so large that small extent
damage (one-bar missing) is diminished.

According to results in Fig. 5 (b), accuracy of the three damage identification
increases as parameter N increases from 20 to 180. However, as N increases from 180 to
500, accuracy of damage identification decreases. It reveals that too large N is not
beneficial for damage identification and proper parameter N value should be selected, in

order to improve accuracy of the proposed method.
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Fig. 13 Effect of parameter V. (a) SD. (b) MD2.

6. Conclusions

In the paper, a damage identification method based on the combination of
dimensionless time domain dynamic responses and TEO is proposed for metallic
SPTCs. Simulations of SPTC models with single and multiple damages are conducted.
Experiments are conducted to verify the effectiveness of the proposed method. Effects
of excitation location, excitation frequency, boundary condition, parameter N are
analyzed and discussed. Some conclusions are obtained:

The proposed damage index DIND;’EO can identify both single damage and
multiple damages with different extents.

Effect of excitation location on damage identification is significant. In the practical

tests, several different excitation locations should be applied on the structures, in order
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to identify all of the damages. Effect of excitation frequency on damage identification is
not so obvious, and there is a great selection space of excitation frequencies for the
proposed method.

As the restraint of boundary condition increases from CFFF to CCFF or CCCC,
effectiveness of the proposed identification method improves.

As parameter N increase, accuracy of damage identification increases firstly, then

deceases after some special value. Proper parameter N value should be selected
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