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Abstract. At present, most of the damage detection techniques based on global vibration and local
guided wave have obvious limitations, which brings difficulties to the safety assessment of
structures. To solve this problem, a damage location identification method based on
micro-dynamic balance and inverse finite element is proposed. Firstly, the vibration frequency,
measuring point density and damage magnitude were determined by using finite simulation
composite plate structure. Secondly, a fiber grating sensor is attached to the surface of the laminate
to receive the strain response signal of the structure under steady-state vibration, and the global
displacement of the structure is constructed by inverse finite element method. Finally, the inverse
finite element listing is introduced into the theoretical framework of the dynamic response of the
micro-element, and the structural damage identification experiment based on the measured strain
data is realized. The experimental results show that this method can effectively identify the
structural damage area and has a special sensitivity to structural damage, and the identification
accuracy and efficiency are high.

Keywords: damage identification, dynamic equilibrium theory, inverse finite element method,
fiber grating sensor, composite material.

1. Introduction

Large-scale composite structures are facing complex chemical and physical environmental
challenges (such as chemical corrosion, severe loads, etc.) during their service conditions, where
the safety and integrity of the composite structures are seriously threatened [1, 2]. The forms of
damage occurring in composite structures are complex and not easy to be detected, which makes
it difficult to obtain the damage information in early stages and perform effective warning of
structural failures. Vibration-based structural health monitoring (SHM) methods have shown
potentials in the detection and localization of various damage in composite structures. However,
most existing vibration-based methods are highly dependent on the prior information from
benchmark models or baseline signals. For example, frequency-based methods [3-5] normally
require eigen-frequencies of structures under their intact state, and various mode shape-based
methods [6, 7] in detecting damage in structures also rely on baseline signals from the intact
counterparts of damaged structures.

The damage identification method based on the examination of locally perturbed dynamic
equilibrium of structures, also called pseudo excitation (PE) approach, has been rapidly developed
in recent years [8-11]. The merit of the approach is that no baseline signals are needed to construct
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damage indices, since only the theoretical model (equation of motion) of the target structure is
needed. In addition, damage sizes (with clear boundaries) can be accurately identified using this
method due to the high-order derivatives of displacements included in the damage index. Ablitzera
et al. [12] applied the method to identify dynamic loads in structures and verified the identification
accuracy of the method in noisy environments; Xu Hao et al. used the approach to realize structural
damage identification for the first time, with applications in beams [13, 14], plates [15], and typical
civil engineering structures [16]. Moreover, the weak formulation of the damage index was
derived [8]; Zhang et al. [17] used the PE approach to detect crack in isotropic beam structures
based on the weak formulation of the damage index; Cao et al. [13]used the approach to identify
damages in composite plate structures; Ablitzer et al. [12] applied the approach for
structural/material parameter identification and successfully predicted the flexural stiffness
coefficients of orthotropic anisotropic plate structures; Xu et al. [8] realized joint identification of
material parameters and damage in beam structures using the PE approach.

However, the PE approach is restricted in several aspects. First, simultaneous and dense
displacement measurements are difficult during the service conditions of composite structures,
which makes the method hard to be applied in engineering practice. Second, relying on high-order
derivatives of dynamic displacements, the method is highly vulnerable to measurement noise,
which cannot be avoided in real applications. This causes degradation of the accuracy and
reliability of the approach [8, 12, 18].

Compared with dynamic displacement measurement, online monitoring of dynamic strain data
is more practical and efficient, and has been widely applied in engineering [19-21]. And based on
measured strains, displacement field can be reconstructed using different methods. The inverse
finite element method (iFEM), first proposed by Tessler et al. [18], has proven to be promising in
reconstructing the full-field displacements of structures [22-24]. Among different reconstruction
methods, the iIFEM constructed inverse elements analogous to those used in traditional FEM
[25, 26]. The transfer function between the structural strain field and the displacement field can
be obtained based on the least-squares variational equations integrating the theoretical and
measured structural surface strains. Recently, iFEM was combined with the PE approach to
identify damage in the numerical models of composite plates [27, 28]. It is shown that small
damage can be accurately identified. However, there is lacking of experimental evidence for this
method because of the restrictions in sensor technology.

In this study, FBG array was applied to capture dense dynamic strains on the surface of a
composite plate, and the dynamic strains were used as inputs to the iFEM to generate dynamic
displacements of the structure. The damage index of PE approach was then constructed using the
reconstructed dynamic displacements. Based on FBG arrays, the dynamic structural strains can be
captured simultaneously, which implies that the PE approach can be applied in a real-time manner.
The experimental results shows the potential of PE approach to be applied in various engineering
practices.

2. Methodology
2.1. Inverse finite element method (iIFEM)

The iFEM was developed to reconstruct the deformation state of structures based on discretely
measured strains at the structural surface. And several inverse elements were proposed to address
the deformation reconstruction problem of different structures. Among them, the four-node
quadrilateral element (1QS4), developed for plate and shell structures, has been widely used due
to its excellent performance. Therefore, without any loss of generality, this work adopted the i1QS4
(shown in Fig. 1) element to perform the iFEM analysis. A local coordinate system (x,y, z) is
built for convenience, with the xy plane coincident with the element's midplane and the thickness
direction as the z-axis.

According to the first-order shear deformation theory, the displacement at an arbitrary point
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of the element can be represented by three components, i.e.:

u(x,y,2) = u + z6,,
uy(x,y,2) = v —z0,, @)
u,(x,y,z) =w,

where u = u(x,y) and v = v(x, y) are the mid-plane displacements in the x and y directions,
respectively. 6, = 6,(x,y) and 6, = 6,(x,y) are the rotation around the x and y axes,
respectively, and w = w(x, y) is the weighted average of the deflection, that is, the displacement
of u,(x,y, z) over the thickness of the plate.

Fig. 1. The iQS4 inverse element

According to the strain-displacement relation of linear elasticity theory, the strain expression
can be obtained from:

SXX

{Syy} = e(u®) + zx(u®) = B™u® + zB"u®, )
Yxy

Vxz — e\ _ DS.ie

(o) = 8w = Bewe, (3)
where:

u®=[uf ui uf ug], (4)
ué=[u; v owp 0y 0y 65, ®)

and where the matrices B™ [17], BPand B contain derivatives of the shape functionals, as
detailedin [8]. For an iQS4 element, the functional, is defined as [8]:

D, (u®) = welle(u®) — e™|| + wyllx(u®) — k™| + wylig(u®) — g™, (6)

where:

le(u®) — ™2 = Ai [tew) - e aa,
Ae
2
Ireue) = e = 2= [ ety ~ ez da, o)
Ae
1
IgCu®) — g™ = - f [g(u®) — g™ d4,
Ae

where A, represents the mid-plane area of the element. The positive coefficients w,, wy,, and wy
are associated with the membrane, bending, and shear strain components, respectively; they
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determine the extent of constraint between the analytical strains and their experimental
counterparts. These coefficients are usually set to 1 at the elements with experimental strain
measures. Otherwise, they are adjusted to a small value such as 103 to maintain the necessary
interpolation connectivity among elements.

Minimizing Eq. (7) with respect to the nodal DOFs yields:

e

9Pl _ pewe —fe = 0 = keue = £°, (8)

du®
where K¢ is a stiffness-like matrix determined by the element and sensor network topology and
f€ is a vector function of the measured strain values. The global equation system can be assembled
by the element contributions shown in Eq. (8), which allows the full-field displacements
determining the deformed shapes of structures to be solved.

In experiments, strains are measured on the upper (+) and lower (-) surfaces of a plate,
respectively, as illustrated in Fig. 2. At a particular in-plane position, the membrane strains and
bending curvatures can be constructed according:

m + -
€x0 Exx T Exx
m — m _ + -
e'={&0 ¢ =518y té&y 0, )
m + —
yxyO i yxy + yxy i
m + -
Kxo Exx — Exx
m — m _ + -
K'=<Kyo » = IR (10)
Kk oy
xy0/; yxy yxy i

where the measured surface strains are denoted by {€5x &5y Vay}; and {Exx  €yy  Vay}; the
superscript € implies the existence of errors involved in strain measurement. In applications, the
surface strains can be measured by sensors such as conventional strain gauges or embedded fiber
optic networks. The measurement of the transverse shear strains g¢ often non-trivial, where multi-
layer of sensors along the plate thickness are often required. However, the magnitudes of
transverse shear strains are normally insignificant particularly in thin-walled structures. Thus, the
experimental part of the transverse shear strains can be omitted. Moreover, the in-plane shear
strain, i.e. 5, and yy, in Egs. (9) and (10) are also omitted due to their insignificant magnitudes
in the present work. Therefore, only linear strains are utilized for displacement reconstruction in
the following study.

w

=]
|12

Top strain rosset

.

z

L,

X

Bottom strain rosset

Fig. 2. Discrete strains measured on structural surface
2.2. PE approach

The DI of the PE approach is directly established based on the equation of motion, which has
a concise and clear physical meaning. The general expression of DI under steady vibration state
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Is:

92M, 9°M,, 0°M
DI =——"+ axa’;y ayzy—pthW(x,y), (11)

where DI is the damage index; M are the moment and torque; w(x,y) is the vibration
displacement; p, h and w are the density, thickness and angular vibration frequency, respectively.

For symmetry laminates, the moments [Mx, M Mxy]T can be calculated according to:

xy»
M, Di1 D1z Dig)[*x
My [ =|D1; Do Dzel lky l; (12)
Mxy D16 D26 D66 ny

where D;; is the bending stiffness matrix of laminated plates defined by:

N
1 _
D;j = gZ(Qij)k(Zli’ — Zj_1)- (13)
i=1

In theory, this method is suitable for complex systems composed of various structural
components such as beams, plates, and shells. As observed, DI is highly sensitive to external load
and damage, which can be constructed by displacement. Since composite laminates are
investigated in this study, the DI is constructed according to laminate vibration theory. The
damage index DI was established according to Egs. (11), (12), and (13). As shown in Eq. (14):

DI = D11Kx,xx + DlZKy,xx + D16ny,xx + 2D16Kx,xy + 2D26Ky,xy + 2D66ny,xy (14)
+D12Kx,yy + DZZKy,yy + D26ny,yy - phwzw(x, ¥,

where “,” are used to represent the differentiation of subscripts is the deflection. In the equation,
it can be found that when equilibrium conditions are considered, the right side is the combination
of internal force and inertial force, and the left side is the external excitation. In the region without
external excitation but containing damage, DI will show obvious singularity. In the region without
damage and excitation, the DI value is zero because equilibrium condition is satisfied.

2.3. Damage identification methods

The flow chart of the damage identification method integrating iFEM method and PE
approach, relying on strain measurement based on FBG arrays, is shown in Fig. 3. The iFEM is
able to rapidly convert the measured discretized dynamic strains into vibration displacements,
which are then used as inputs to the PE approach, and finally the damage indices can be
constructed to indicate the damage areas in the structure. It is worth noting that this method is a
model-free approach, relying only on data that can be obtained from experimental tests. By using
dynamic strain input other than dynamic displacements, the engineering applicability of the
method is substantially improved. At last, since strain measurement indirectly reduces the
derivation order, the noise immunity of the method is significantly improved, which in turn
improves the identification accuracy and robustness.

3. Numerical validation

The laminate plate is 450 mm in length, 360 mm in width and 2.4 mm in thickness, and there
are 16 unidirectional layers across the thickness. The structure is made of T300 carbon fiber
composite material, and the material properties are shown in Table 1. The preset crack is 30 mm
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in length and 2 mm width, and the crack is penetrating the first three layers. The plate containing
the crack is shown in Fig. 4(a), and the orthogonal symmetrical ply is shown in Fig. 4(b).
Considering that it is difficult to use 2D shell element to model cracks that partially penetrates the
plate thickness, we adopted 3D solid elements to simulate the crack.

Structural geometry

Fiber Bragg

i discretization
iFEM Grating strain

Vibration displacements

PE approach

PE approach finite difference finite difference

Damage index

Fig. 3. Overall flowchart of the damage identification method

1( B
a) The plate with a partially penetrated crack b) FE model of the composite layup
Fig. 4. The composite laminate plate

Table 1. Material properties of T300
Ell E22 | pl2 | p23 | G12
157900 | 9584 | 0.32 | 5930 | 5930

FE analysis was carried out using ABAQUS commercial software. Cohesive interfacial
elements were inserted between the two crack surfaces to simulate the opening behavior of the
crack. The cantilevered laminate was non-uniformly meshed using SC8R eight-node quadrilateral
elements. For the consideration of simulation accuracy and the subsequent grating selection for
strain extraction, the overall element size is 2 mm, and the mesh density was increased around the
crack only. The FE meshes was shown in Figs. 5.

[y

Fig. 5. The FE mesh in the laminate plate and around the crack
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It should be noted that, to be consistent with experimental conditions, strains were only
extracted from the first surface layer of the plate to mimic strain measurement using FBG sensors.
Eighty strain measurement points were arranged on the plate surface, where 10 points were along
the length and 8 points were along the width of the plate. A harmonic excitation was applied
perpendicular to the plate. The excitation frequency was chosen to be 200 Hz. The extracted strain
data was then inputted into the iFEM, and the PE approach was then used to identify the damaged
area. The strain contour and damage identification results obtained through finite FE simulation
are shown in Fig. 6. It can be observed that the crack location can be precisely identified relying
on the integrated utilization of iFEM and PE approach.

0.1 02 03 04
x[m]

a) b)
Fig. 6. a) The dynamic strain distribution and b) damage identification results along the plate surface

The performance of the proposed algorithm in damage localization were examined by
identifying cracks located at other three different locations, i.e., crack centers of being
(x =255 mm, y =105 mm), (x =165 mm, y =195 mm) and (x =285 mm, y =45 mm),
respectively. The identification results are shown in Fig. 7. In the FE simulation results, it can be
seen that crack locations can be well detected by the DI. In the 2D view, as shown in Fig. 7(a), (¢)
and (e), the crack is indicated by the yellow bright spot. In the 3D representation , on the other
hand, the crack location is consistent with the peak of the DI value, as shown in Fig. 7(b), (d) and
(f). Further analysis will be performed in the following study to estimate the damage localization
error.

4. Experimental validation
4.1. Set-up

In order to further verify the feasibility of the method applied in practical engineering
applications, a crack damage was identified experimentally in a carbon fiber reinforced laminate.
The homemade vacuum-cured laminate (450 mmx360 mm) used in this paper is made of 16 layers
of carbon fiber, which is consistent with the simulation model. The composite laminate was
fabricated by firstly selecting the required carbon fiber/epoxy prepregs, which were cut and
separated into 16 pieces according to 0° and 90° alternating layups. The laminated prepregs were
stacked and covered using release cloth and then coverd into a vacuum bag. An air pump was used
to generate vacuum environment. The prepregs were heated using a heating table. The cured plate
was cut to be consistent with the required size.

A partially penetrated crack was cut at the surface of the plate. The depth of the crack is through
the first three layers of the laminate, as shown in Fig. 8(a). The experimental specimen is
consistent with the finite element model. One end of the plate was clamped by a fixture.

Due to the limitation of sensor amount, only a sub-region along the entire plate surface,
measured 300 mmx240 mm, was selected for damage identification. At the same time, the FBG

JOURNAL OF VIBROENGINEERING. MARCH 2024, VOLUME 26, ISSUE 2 3 2 1



REAL-TIME DAMAGE IDENTIFICATION IN COMPOSITE STRUCTURES BASED ON PSEUDO EXCITATION (PE) APPROACH AND FIBER BRAGG GRATING
(FBG) SENSOR ARRAYS. YUAN MA, MINJING LIU, TENGTENG LI, ALFRED STRAUSS, MAOSEN CAO, HAO XU, ZHANJUN WU

grating mesh is drawn on the plate surface, as shown in Fig. 8(b). There are in total 80 FBG sensors
pasted on the plate surface, with 10 along the length and 8 along the width. The excitation point
of a shaker is located in the upper right corner of the plate, outside the area of the monitoring zone.

x10°
O3

N

Absolute value o
-

o ©

y[m]
01 o.z; ] 03 0.4 X[m] 0.4 0
b)

X
=
o o

o

-
o

Absolute value of DI
[6;]

0
0
. . . 0.4 y[m]
x[m] x[m] 0
d)
4105
[a]
5.
o
5
34 |
o) 0.3
22
@
20
<9 /
0.1
0.3 P
0.1 0.2 03 04 0.4 0 y[m]
X[m] x[m]
e) 1)

Fig. 7. FE-based damage identification results corresponding to crack locations at a) and b) x = 255 mm,
y =105 mm, c¢) and d) x = 165 mm, y = 195 mm and e) and f) x =285 mm, y = 45 mm, respectively

400

-
Fiber grating Crack damage Exciting point
I T-T-TA=-T=-T-T-1-1
o f o —o
- —l=l=l=Y=l=]=l=1==1
23 ]
& -l=1= === =]=] 9
+ f— q
NP aRRRRES
=TT l=l=1=1=l=1=1=1
“T=1di=T=T=1=1=1=1-1
9
q1=-1- —l=l=l=l=1=1=]
; F—
Crack damage - - - === ===
105
450

Fig. 8. Schematic diagram of CFRP board experimental design
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During the experiment, the optical wavelength range that can be demodulated is within
1500 nm-1580 nm. Considering there are four channels of data acquisition, we used four optical
fibers simultaneously, with each fiber includes 20 FBG sensors, and the interval of the grating is
3 cm. Harmonic excitation was generated to excite the plate. The equipment used in the
experiment include a signal generator, a signal amplifier, a shaker and a FBG demodulator MOI
S1255. Through the MOI device demodulation, the computer completes the reception of the
wavelength offset. The instrument device required for the damage identification experiment is
shown in Fig. 9.

Composite board

&

‘Vibration exciter [ » 8l — AL I
=
i L f L FBG(Fiber Bragg Graling)

M Fiber grating demodulator /

Fig. 9. Photos of the experimental equipment

Online damage identification experiment is based on real-time input and output data. The
overall process is as follows. Firstly, the sinusoidal excitation signal of the required specific
frequency (200 Hz) is emitted by the signal generator. The power amplifier receives the sinusoidal
signal and amplifies it. The amplified signal is transmitted to the shaker, which apply external
excitation to the composite plate. The offset of the grating wavelength measured by the MOI
device demodulated into strain data. The flow chart of the experiment is shown in Fig. 10.

.....

Vibration exciter

s 1
! |
! 1
} ! '
1 ) !
1 . !
\ ! Fiber grating ! | /
1

J demodulator

Fig. 10. Experimental flowchart
5. Results and discussion

During the experiment, the excitation frequency is 200 Hz and the sampling frequency is
5000 Hz. The duration of vibration is 30 s. In order to make the representation more concise, this
paper only selects part of the received data of five sensors for analysis, and a total of 300 responses
are selected for each sensor. The collected data is smoothed as the analysis object as shown in
Fig. 11. Through data analysis, it can be clearly seen that the excitation signal is sinusoidal
excitation, and the period is the reciprocal of the frequency. It can be found that 25 measuring
points are a period, and a total of 12 periods are selected within the point, which proves the
usability of the excitation signal, and each channel reaches the amplitude of the vibration response
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at the same time, avoiding the error caused by the phase difference.

Response/strain

0 50 100 150 200 250 300
quantity/point
Fig. 11. Partial sampling data

In order to further analyze the damaged area, all strain data during the vibration process is
taken for calculation. Firstly, the vibration displacement of the structure is calculated according to
the strain numerical structure. According to the inverse finite element theory, the displacement
state of the structure at this time is restored. As shown in Fig. 12, it is found that the displacement
at the excitation end is larger at this time.

The displacement and strain are extracted for micro-element dynamic theoretical analysis, and
the damage index is calculated to draw 2D and 3D maps. As shown in Fig. 17 and Fig. 15. Through
cloud image analysis, damage identification cannot be performed based on the strain value
reconstruction at a certain moment, and the detection accuracy effect is not significant. Thus, the
damaged area cannot be identified.

In order to solve the above problems, the method of calculating the average strain in the period
is used to replace the strain value at a certain time. The collected data is processed periodically
based on MATLAB, and the data of each measuring point is processed by multiple periodic
averages to ensure the smoothness of the numerical curve.

The processed strain average strain is brought into the calculation to obtain the global
displacement, the reconstructed displacement and the reconstructed strain are used as input
parameters to calculate the damage index following regional damage identification calculation.
The reconstructed displacement cloud map in the process is shown in Fig. 13.

= S = E 014
300 004 300 [
| 012
0035
=n 003 > l o1
200 0.025 200 o008
002
150 150 006
' 0015
100 l 001 100 e 004
50 0.005 s0 - 002
L
o
nll 50 100 150 200 250 300 350 400 450 .. 50 W0 150 200 250 300 350 400 450
Fig. 12. Reverse finite element reconstruction Fig. 13. Inverse finite element displacement after
commission processing

The DI index and damage area are shown in Fig. 16 and Fig. 17 Compared with the area
recognition map of the untreated data, it is found that the recognition ability has been significantly
improved, and the damage area can be effectively identified. In the three-dimensional diagram, it
is found that there are some small numerical spikes, which is mainly due to the influence of

324 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



REAL-TIME DAMAGE IDENTIFICATION IN COMPOSITE STRUCTURES BASED ON PSEUDO EXCITATION (PE) APPROACH AND FIBER BRAGG GRATING
(FBG) SENSOR ARRAYS. YUAN MA, MINJING LIU, TENGTENG LI, ALFRED STRAUSS, MAOSEN CAO, HAO XU, ZHANJUN WU

external errors in the vibration process. However, the comparison from the perspective of order of
magnitude can exclude the existence of other crack damage.

x10°
x10° 3
3
25
25
2109 2
Qa4 2
S 15
S
= 1.5
=y 1
o
20 05
<o o1 0.5
’ 0.2 01 0
0
[ 0.4 o y[m]
Fig. 14. 3D damage identification diagram Fig. 15. 2D damage identification diagram
x10° 102
35
3
9
x10
Q4 2
5 —
E
2 2 s
©
> 2 ol 15
E
[*]
2o k
<o
0.1 05
02 . 0.1
- 4 yiml 0 0.1 02 03 0.4
sm] O 0 x[m]
Fig. 16. 3D image of damage identification Fig. 17. 2D image of damage identification
after processing after processing

In order to further evaluate the location accuracy of the proposed algorithm, the damage
location error is defined as follows: coordinate location is performed on the structure monitoring
area. The Cartesian coordinate system is established and the damage location error is defined
according to the following formula:

e = J(xp —x)%*+ (yp - ¥)% (15)

where, x,, and y,, are the horizontal and vertical coordinates of the predicted damage center, and

X, and y, are the horizontal and vertical coordinates of the real damage center, respectively. The
actual and predicted positions are shown in Table 2.

Table 2. Comparison of actual and predicted damage locations
Actual position / mm | Predicted position / mm | Error / mm
(107, 109) (105, 105) 5

It can be seen that the predicted damage location is in good agreement with the actual damage
location, and the general area of crack damage is still clear and accurate. Finally, it should be
emphasized that the purpose of damage monitoring is to maximize the reliability and robustness
of damage identification without prior knowledge of damage and excitation. Therefore, in order
to further improve the accuracy of damage identification, the density of grating measurement
points can be increased to solve this problem.
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6. Conclusions

1) The monitoring method based on the micro-element dynamic equilibrium theory proposed
in this paper is suitable for anisotropic composite plate structures. There is no need to measure the
prior knowledge of the structure, and the implementation process is simple, which is helpful to the
engineering application of composite structure damage monitoring technology.

2) Based on the theory of micro-element dynamic balance and inverse finite element damage
monitoring method, using fiber Bragg grating sensor monitoring data and based on MATLAB
application of inverse finite element theory to reverse the global displacement. Then through the
micro-element dynamic response factor, we calculate the damage index DI. So that real damage
area can be located, and the damage identification accuracy is high.

3) The fiber grating sensor is arranged on the monitoring structure, which can directly collect
the state data of the structure in the real service state on the structure to be monitored, and does
not cause performance interference to the structure itself. At the same time, it is not subject to
electromagnetic interference. It can better solve the problem that the damage signal of the
monitoring object cannot be collected in advance. In the follow-up study, the monitoring method
of the structure under random vibration will be considered.
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