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Abstract: Carbon-fiber-reinforced polymer (CFRP) composites have many advantages, and have
been widely used in aerospace structures, buildings, bridges, etc. The analysis of dynamic response
characteristics of CFRP composite structures is of great significance for promoting the development
of smart composite structures. For this reason, vibration experiments of CFRP laminates with surface-
attached fiber Bragg grating (FBG) sensors under various dynamic loading conditions were carried
out. Time- and frequency-domain analyses were conducted on the FBG testing signals to check
the dynamic characteristics of the CFRP structure and the sensing performance of the installed
sensors. The results show that the FBG sensors attached to the surface of the CFRP laminates can
accurately measure the dynamic response and determine the excited position of the CFRP laminates,
as well as invert the strain distribution of the CFRP laminates through the FBG sensors at different
positions. By performing Fourier transform, short-time Fourier transform, and frequency domain
decomposition (FDD) on the FBG sensing signals, the time—frequency information and the first eight
modal frequencies of the excited CFRP structure can be obtained. The modal frequencies obtained by
different excitation types are similar, which can be used for structural damage identification. The
research in this paper clarifies the effectiveness and accuracy of FBG sensors in sensing the dynamic
characteristics of CFRP structures, which can be used for performance evaluation of CFRP structures
and will effectively promote the design and development of intelligent composite material structures.

Keywords: CFRP laminates; FBG sensor; dynamic response; time and frequency analysis; frequency
domain decomposition method

1. Introduction

CFRP composites have been widely used in aerospace structures, high-speed railway
systems (i.e., roofs and train bodies), building structures, wind turbines, gas turbine
vehicles, and ocean engineering due to their high strength, light weight, corrosion resistance,
and flexible design [1-3]. For practical engineering projects, infrastructures are constantly
in the process of aging due to combined action of increased loads, environmental influences,
and design and quality control deficiencies. If these aging structures are not inspected
and maintained in time, the local damage in the structures will be gradually propagated,
leading to huge disasters for the structures and their surrounding environments.

To prevent the deterioration process of these aging structures and extend their service
life, strengthening and repairing technologies are more environmentally and economically
preferable to direct replacement of the damaged structures. One of the widely accepted
approaches is to use externally bonded CFRP composites on the tensile surfaces of the
beam structures to improve the flexural, shear, and load-bearing capabilities of reinforced
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structures [4,5]. This is a competitive alternative to traditional reinforcement methods.
However, it requires that the real-time and long-term performance of CFRP components
should be reasonably designed and controlled. Therefore, there is a high demand for
structural health monitoring (SHM) of CFRP-assembled structures to track structural state,
damage, and degradation.

Regarding the monitoring of lightweight and high-strength materials such as CFRP,
non-contact methods, including digital image correlation, 3D laser vibrometers, etc., are
widely used techniques. Francesconi et al. [6] used speckle interferometry and digital
image correlation techniques to study the comprehensive internal displacement field and
eigenmodes of different geometric structures, and compared the outcomes with the finite
element simulation results. Guinchard et al. [7] performed modal analysis of lightweight
structures using an advanced laser scanning vibrometer system. However, these methods
rely on environmental conditions and structural surface properties, and the equipment is
complex, making it difficult to achieve real-time monitoring in actual operating structures.

As one of the advanced optical fiber sensors, the FBG sensor has the characteristics of
light weight, small size, absolute measurement, integrated signal sensing and transmission,
and anti-electromagnetic interference [8-11]. FBG sensing technology can provide unique
technical advantages for the health monitoring of CFRP composites.

Considerable attempts have been conducted using FBG sensors to monitor CFRP
structures. Panopoulou et al. [12] identified the damage to a composite antenna through
FBG data, based on experimental modal analysis and neural network technology. Tserpes
et al. [13,14] established a relationship between the strain measured by FBG sensors and
the health of composite structures through finite element analysis and experimentation. Lu
etal. [15,16] extracted damage characteristics of a CFRP structure through Fourier transform
and principal component analysis, and studied the low-speed collision location algorithm
based on FBG sensors using the arrival time difference of the precursor wave and support
vector machine. Rezayat et al. [17] proposed the variable selection least square method
to locate and reconstruct impact force based on measured vibration data. Zhao et al. [18]
proposed the sum of the square of the K-order deviation to predict the low-speed impact
position through the dynamic strain signal obtained by FBG sensors. Geng et al. [19] used
Fourier transform and neural network technology to extract parameters from FBG signals
for identifying CFRP structural damage. Datta et al. [20] predicted the location of impact
events and estimated energy based on a least square support vector regression algorithm.
Falcetelli et al. [21] studied the application of strain modal test based on an FBG sensor
in an automobile composite structure. In general, the current research mainly focuses
on developing suitable algorithms to extract load and damage identification parameters
from FBG signals for assessing the health state of composite structures. Some scholars
have also carried out the assembly of CFRP composite materials and optical fiber sensing
elements to configure smart CFRP components [22]. It is worth noting that due to the
complexity of actual engineering, these algorithms have limitations in tracking random
attack or damage. Analysis on the dynamic response characteristics of composite structures
based on FBG sensing signals still requires further exploration [23,24]. Therefore, it is of
great significance to study the dynamic response characteristics of composite structures
under different working conditions through FBG sensors to promote the development of
smart composite structures assembled with self-sensing, identification, and rehabilitation
functions.

In view of the above analysis, this paper studies the dynamic response characteristics of
CFRP laminates with FBGs attached to the upper and bottom surfaces under the excitation
of sinusoidal frequency sweep, rectangular pulse sweep, periodic rectangular pulse, and
sinusoidal fixed frequency vibration. Time- and frequency-domain analysis were performed
on the testing data to evaluate the structural performance of the structures and the sensing
performance of the FBG sensors. Meanwhile, suggestions for the design of an FBG sensing
network and smart CFRP structures are given through the analysis of the monitoring data.
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2. Experimental Model

To explore the dynamic response of CFRP composites, CFRP laminates assembled
with surface-attached FBG sensors were fabricated. The testing sample was made of T700
12K carbon brazing fabric prepreg with an area of 450 x 450 mm?, a thickness of 3 mm, and
a weight of 832 g. The stacking sequence of each CFRP sheet was [0/90/0/90/0/90]. Based
on the comprehensive consideration of practical application scenarios and experimental
convenience, the constraint of the CFRP laminates was conducted with the four corners
fixed by a clamp, which can be regarded as the fixed support constraints. The experimental
setup of the dynamic tests is shown in Figure 1. FBG sensors were symmetrically pasted
on the two surfaces of the CFRP laminates by flexible adhesive and numbered FBG1-
FBG19, as shown in Figure 1c,d. The location coordinates and laying angles of each FBG
sensor are shown in Table 1. The laying angle was 0° in the horizontal direction, and the
counterclockwise direction was the positive direction. These sensors were connected to
an optical fiber interrogator (si255) to form a test system. The sampling frequency of the
optical fiber interrogator was 5 kHz.
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Figure 1. Experimental setup: (a) Physical photo of the testing system; (b) optical fiber interrogator;
(c) FBG layout on the upper surface of the CFRP laminate; (d) FBG layout on the bottom surface of
the CFRP laminate.

To check the dynamic response of the CFRP laminates under various loading condi-
tions, four different dynamic loads (i.e., sinusoidal frequency sweep, rectangular pulse
frequency sweep, periodic rectangular pulse, and 100 Hz sinusoidal fixed frequency vi-
bration) were applied to the center point of the CFRP laminates through the exciter. The
loading method of sine sweep and rectangular pulse sweep was that the loading frequency
increased linearly from 1 to 2500 Hz within 3 min. The loading frequency of periodic
rectangular pulses was 1 Hz, and the duration of the single rectangular pulse was 0.3 s.
The loading time of the 100 Hz sinusoidal constant frequency vibration lasted for about
6 min. Since the experiment was carried out indoors with a relatively short loading time,
the temperature field of the testing environment was considered as constant. Therefore, the
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temperature effect on the sensing signals of the FBG sensors can be ignored [25,26], and no
additional temperature compensation measure was required during the testing.

Table 1. Position coordinates of the installed FBG sensors.

Distance to

Item x (cm) y (cm) Laying Angle Excitation Point
(cm)
FBG1 7.5 7.5 45° 21.2
FBG2 7.5 37.5 —45° 21.2
FBG3 37.5 37.5 45° 21.2
FBG4 375 7.5 —45° 21.2
FBG5 6 7.5 90° 22.3
FBG6 6 37.5 90° 22.3
FBG7 39 375 90° 22.3
FBGS8 39 7.5 90° 22.3
FBGY9 14.25 22.5 90° 8.25
FBG10 225 22.5 90° 0
FBGI11 30.75 22.5 90° 8.25
FBG12 22.5 39 0° 16.5
FBG13 225 6 0° 16.5
FBG14 15.5 34.6 30° 13.98
FBG15 29.5 34.6 —30° 13.98
FBG16 36.5 22.5 90° 14
FBG17 29.5 10.4 30° 13.98
FBG18 15.5 10.4 —30° 13.98
FBG19 8.5 22.5 90° 14

3. Time-Domain Analysis

Since the FBG sensors were symmetrically installed on the laminates, the testing data
provided by a partial analysis of the FBG sensors can be considered to check the dynamic
performance of the CFRP composites. Therefore, the measured signals of FBG1, FBGS5,
FBG10-FBG12, and FBG19 were selected for the data analysis.

3.1. Sine Frequency Sweep Condition

The process of linear sine sweep excitation can be expressed as [27]:

Wy — wWq t2>

T 5 )

s(t) = sin[A(t)] = sin (wlt +
where s(t) is a linear sine sweep and 6(t) is the argument of the sine function. w; and
w» are the start and end frequencies, respectively, and T is the duration in seconds. The
instantaneous frequency w(t) is given by

w(t) = d[ilit)] =w + % -t @)

The start frequency of this excitation is 1 Hz, the end frequency is 2500 Hz, and the
duration is 180 s. Figure 2 shows a schematic diagram of the excitation from 0 to 1.8 s.
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Figure 2. Sine sweep excitation.

Figure 3 shows the wavelength increment of each FBG sensor in the time domain under
the condition of sinusoidal frequency sweep. It can be seen that the FBG signals at different
positions have similar trends. The wavelength increment of the FBG under the sinusoidal
frequency sweep load is reciprocating, and large oscillations exit at individual time points,
which indicates that the FBG sensors can sensitively monitor the sinusoidal frequency
sweep load. The large oscillations generated by each sensor at individual time points are
due to the fact that the frequency of the loading just reaches the natural frequency of the
CFRP laminates, and a resonance phenomenon occurs. It can be seen from Figure 3a,c—e
that the sensors closer to the excitation point suffer from greater signal amplitude, which
indicates that the location of the excitation point can be judged by comparing the signal
amplitudes of FBG sensors at different positions. Comparing Figure 3a,b, it can be seen
that although FBG1 and FBG5 were located in the same position, they had different signal
amplitudes due to the different axial angles. This indicates that the sensitivity of the FBG
sensors to various directions is different, and the direction with the greatest sensitivity is
along the axial direction of the FBG sensing element. Figure 3f shows the signal of the FBG
sensor pasted on the bottom surface of the laminates under the condition of sinusoidal
frequency sweep. The same phenomenon as that of the FBG sensor pasted on the upper
surface is observed, which shows that the pasted surface does not affect the monitoring
effect of the FBG.

3.2. Rectangular Pulse Frequency Sweep Condition

The frequency range and duration of the rectangular pulse frequency sweep excitation
are the same as the sinusoidal frequency sweep excitation, which is linearly swept from
1 Hz to 2500 Hz within 3 min. The waveform of the excitation is different. Figure 4 shows
the schematic diagram of the rectangular pulse frequency sweep excitation. Different from
the gentle change of the sinusoidal frequency sweep excitation, the rectangular pulse sweep
frequency excitation has the characteristic of mutation.
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Figure 3. Signals of FBG sensors under sine sweep condition: (a) FBG1; (b) FBG5; (c) FBG10;
(d) FBG11; (e) FBG12; (f) FBG19.

Figure 5 shows the wavelength increment time-domain diagram of each sensor under
the condition of pulse frequency sweep. The FBG signals at different positions have similar
waveforms, which are similar to those of the sinusoidal frequency sweep condition. The
wavelength increment of FBG under sinusoidal loading is reciprocating, and there are large
oscillations at individual time points, which shows that the FBG sensor can sensitively
monitor the application of sinusoidal sweeping load. The large oscillations generated by
each sensor at individual time points are due to the fact that the frequency of loading
just reaches the natural frequency of the CFRP laminates, and a resonance phenomenon
occurs. Due to the small loading magnitude of the pulse sweep, only the signals of FBG10
pasted at the loading point have the largest amplitude, and the signal amplitude differences
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of the other FBGs are not obvious. Figure 5f shows the signal of the FBG pasted on the
bottom surface of the laminates under the condition of sinusoidal frequency sweep. It can
be seen that the variation phenomenon is similar to that of the FBG sensor pasted on the
upper surface, which shows that the pasted surface does not affect the monitoring effect of
the FBG.

Pulse sweep
T T

Amplitude (V)
o
»

o
~
\

02

Figure 4. Pulse sweep excitation.

3.3. Periodic Rectangular Pulse Condition

The process of periodic rectangular pulse excitation f(t) can be expressed as [28]:
1 nT—-3<t<nT+35
() = nl — 5 nl+ 3 f>0n=0,1,2,--- ©)

0 nT+5<t<(n+1)T—3

where T is the period, and 7 is the width of the rectangle. In this test, the values of the
two parameters are 1 s and 0.3 s, respectively. Figure 6 shows a schematic diagram of the
periodic rectangular pulse excitation. A burst of 0.3 s excitation was applied every 1 s. Since
the excitation time is very short, the action can be approximated to perform an impact on
the CFRP laminates every 1 s.

Figure 7 shows the wavelength increment time-domain diagram of each sensor under
the condition of periodic rectangular pulse. The FBG signals at different positions have
similar waveforms. The wavelength increment of the FBG is vibrating back and forth under
the condition of pulse sweep frequency loading. The signal vibration amplitude of the
FBG increases at 150 s, which is because the loading magnitude was increased midway
through the experiment. Meanwhile, comparing Figure 7a,c—e, the sensor closer to the
excitation point has the greater signal amplitude, which shows that the location of the
excitation point can be judged by comparing the signal amplitudes of FBG sensors at
different positions. Figure 7f shows the signal of the FBG sensor pasted on the bottom
surface of the board under the condition of periodic rectangular pulse. It can be seen
that the variation phenomenon is the same as that of the FBG sensor pasted on the upper
surface, which indicates that the thickness of the CFRP laminates has an ignorable effect on
the monitoring signals of FBG sensors.



Buildings 2023, 13, 2292

8 of 23

50 100 150 200

250 300

Time (s)
(a)
0.04 !

0.02 |

o
o
=

Wavelength increment (nm)
o

-0.01

-0.02 1

-0.03

0 50 100 150 200 250 300

Time (s)
(c)

0.01 T !

—FBG12

0.005

-0.005

Wavelength increment (nm)
o

-0.01
0 50 100 150 200

Time (s)

(e)

250 300

0.01

0.005

-0.005

Wavelength increment (nm)
o

-0.01
0 50 100 150 200 250 300

Time (s)
(b)

0.01 : : : : :

0.005

-0.005

Wavelength increment (nm)
o

-0.01
0 50 100 150 200 250 300
Time (s)
(d)
0.015 T T i T
—FBG19

E 0.01
<
(0]
5 0.005
[3)
£
<
S 0
C
Q
g
@ -0.005
=

-0.01

0 50 100 150 200 250 300
Time (s)
®

Figure 5. Signals of FBG sensors under pulse sweep condition: (a) FBG1; (b) FBGS5; (c) FBG10;

(d) FBG11; (e) FBG12; (f) FBG19.

The loading parameters of the periodic rectangular pulse condition are equivalent to
impacting the CFRP laminates every 1 s. In order to clearly check the FBG signal of CFRP
laminates under a single impact, the image of Figure 7c is enlarged to the time interval
of 0.3 s, as shown in Figure 8. It can be seen that under the action of a single impact, the
wavelength increment of FBG reaches the maximum at the moment of impact, then decays
rapidly and oscillates stably at the initial value.
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3.4. Condition of 100 Hz Sinusoidal Fixed Frequency Vibration

Figure 9 shows the wavelength increment time-domain diagram of each sensor under
the condition of 100 Hz sinusoidal constant frequency vibration. The FBG signals at
different positions have similar waveforms. It can be seen from Figure 9 that when the load
is applied, the wavelength increments of the FBGs reciprocate stably, and the amplitudes
of the reciprocating vibration are the same. When the loading is stopped, the FBG signal
returns to the initial value, which proves the sensing performance of FBG sensors for
long-term monitoring of CFRP laminates.

3.5. Summary of Time-Domain Analysis

To understand the spatial response characteristics of the CFRP laminates with FBG
sensors attached to the surfaces under dynamic excitation, an analysis path was selected,
which passed through FBG5, FBG13, FBG9, FBG10, FBG11, FBG12, and FBG7 at once
(see the red line in Figure 10). Then, the responses of each sensor on the analysis path
at the dangerous moment of each working condition were extracted for the comparison
analysis. The wavelength increments of each sensor under each working condition were
firstly marked on the graph, then connected by a spline curve to obtain the response change
diagram of the CFRP laminates under each working condition, as shown in Figure 11.
The abscissa in the figure is the distance from each sensor to the excitation point, and the
ordinate is the wavelength increment of the sensor. The response characteristics of the
CFRP laminates under various working conditions can be straightforwardly declared. The
largest response is at the excitation point, and the response farther away from the excitation
point is relatively smaller. However, the response of sensors near the constraint increases
due to the constraint on the displacement of the CFRP laminates. This is consistent with the
mechanical behavior of CFRP laminates and also proves the effectiveness of the monitoring
function of FBG sensors.
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Figure 9. Signals of FBG sensors under 100 Hz sine fixed frequency vibration condition: (a) FBG1;
(b) FBGS; (c) FBG10; (d) FBG11; (e) FBG12; (f) FBG19.

The spatial response characteristics of CFRP laminates were studied through path
analysis, which is reasonable for analyzing beam structures. For CFRP square laminates,
since the response characteristics in both the length and width directions are important
for structural evaluation, it would be more effective to obtain a two-dimensional response
distribution feature field. To construct the characteristic field of response distribution, a
dangerous moment (i.e., the moment with the maximum wavelength increment) was se-
lected in each working condition, and MATLAB was used to perform surface interpolation
on the response value measured by the FBG sensors at that moment. Figure 12 shows the
distribution characteristic field of the wavelength increment of the FBG sensors on the
CFRP laminates under various working conditions.
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Figure 11. Response changes of FBG sensors under various working conditions.

Figure 12 shows the response distribution characteristics of the CFRP laminates under
various working conditions. The maximum response is at the excitation point, and the
response farther away from the excitation point is much smaller. It is also worth noting that
the response at the four corners of the CFRP laminates also increased due to the constraint
effect. The response characteristics of the above-mentioned CFRP laminates conform to
the mechanical behavior of the CFRP laminates. This means that the constructed response
characteristic field can accurately characterize the stress—strain field of the CFRP laminates
under dynamic actions.

To verify the potential of the FBG sensor to reconstruct the stress—strain field of
CFRP laminates, a finite element analysis (FEA) was established based on the commercial
software ABAQUS 2022. Figure 13 shows the stress field under a point load in the laminates.
Interestingly, the stress field generated by FEA follows the same pattern as the response
characteristic field in Figure 12, which verifies the reliability of the FBG sensor to reconstruct
the stress field of CFRP laminates. Due to the diversity of CFRP laminates induced by the
complicated fabrication, the quantitative analysis between the simulated results and the
testing results has not been conducted. The dynamic performance identification of the
practical CFRP laminates can be realized by making full use of the FBG sensing technology.
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Figure 13. Stress field diagram of FEA of CFRP laminates under mid-point load.

4. Frequency-Domain Analysis

Given the above analysis, it can be seen that the FBG sensor can accurately detect the
dynamic response signal of CFRP laminates. However, it is difficult to identify the state
and dynamic characteristics of the CFRP laminates based only on time-domain signals.
Therefore, it is necessary to further analyze the frequency-domain information. Therefore,
Fourier transform, short-time Fourier transform, and frequency domain decomposition
have been adopted to analyze the FBG signals in the frequency domain.

4.1. Fourier Transform Analysis

One of the effective tools for frequency-domain analysis on vibration signals is to ob-
tain the power spectral density (PSD) of the signal through Fourier transform [29]. Through
the power spectrum, the probability distribution of the vibration energy of the signal in
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each frequency domain can be obtained. The formula for power spectrum estimation using
the periodogram method is as follows [29]:

N-1

X[k = Y x[n)e ¥ k=0,1,...,N—1 )
n=0
1
IN(k): IN(w)|aJ:2W"k:ﬁ X(k) z,kZO,l,...,N—l (5)

where X[k] is the frequency-domain distribution of the signal, x[n] is the time-domain distri-
bution of the signal, and Iy (k) is the power spectrum estimation of the signal. Figures 14-17
show the power spectral density of FBG1 and FBG10 under four loading conditions.
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Figure 14. PSD under sine sweep condition: (a) FBG1; (b) FBG10.
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Figure 15. PSD under pulse sweep condition: (a) FBG1; (b) FBG10.

Comparing Figures 14-16, it can be seen that the signal power spectra of the same
FBG under sinusoidal sweep, rectangular pulse sweep, and periodic rectangular pulse
conditions are similar, and the peak frequencies and quantities in the power spectra are also
similar. Among them, the peak frequencies of the power spectra of FBG10 are concentrated
around 106 Hz, 160 Hz, 295 Hz, 578 Hz, 760 Hz, 1140 Hz, and 1365 Hz. This is because
the peak frequency of the signal power spectrum under the frequency sweep and impact
test represents the natural frequency of the structure. The peak frequency is the frequency
point with the largest amplitude in the signal power spectrum, which reflects the frequency
at which the structure is most likely to resonate when it vibrates freely. When the external
excitation frequency is close to the natural frequency of the structure, the resonance effect
will cause a sharp increase in the amplitude, which will appear as an obvious peak in the
signal power spectrum. At the same time, since the CFRP laminates were not damaged
during the test, the natural frequency did not change. It is also worth noting that the
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signal power spectrum of the FBG is more concentrated at the peak under the sinusoidal
frequency sweep condition, followed by the rectangular pulse frequency sweep condition,
and the case under periodic rectangular pulse condition is the most dispersed. This is
because the principle of Fourier transform is to combine sine (cosine) functions of different
frequencies, so the applied excitation type closer to the sine function brings about the more
concentrated Fourier transform result. In addition, under the three working conditions, the
power spectrum peak value of FBG10 is more obvious than that of FBG1. This is because
the signal change of FBG10 in the time domain is more obvious than that of FBG1. This
also indicates that selecting sensors with significant changes in the time-domain signal for
Fourier transform will obtain more effective frequency-domain information.
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Figure 16. PSD under periodic rectangular pulse condition: (a) FBG1; (b) FBG10.



Buildings 2023, 13, 2292

17 of 23

Power spectral density (dB)

Power spectral density (dB)

X100

| | |
500 1000 1500 2000 2500
Frequency (Hz)

(a)

-100

X100

1 L 1

-110
0

|
500 1000 1500 2000 2500
Frequency (Hz)

(b)
Figure 17. PSD under 100 Hz sine fixed frequency vibration condition: (a) FBG1; (b) FBG10.

It can be seen from Figure 17 that both the signal power spectra of FBG1 with slight
changes and FBG10 with significant changes in the time domain can clearly identify the
peak frequency of 100 Hz. This also proves the high accuracy of FBG sensors for monitoring
the dynamic response of CFRP laminates.

4.2. Short-Time Fourier Transform Analysis

Although Fourier transform can identify the main frequency information of FBG sig-
nals, Fourier analysis has a very serious disadvantage. After transforming the signal from
time-domain to frequency-domain, time information is lost. When using Fourier transform
to analyze a specific signal, it is impossible to know which frequency corresponds to which
time point it appeared at and at which time point it disappeared. This is catastrophic for
the non-stationary signals monitored by FBGs, such as the FBG signals under sinusoidal
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sweep, pulse sweep, and rectangular pulse conditions mentioned above. The short-time
Fourier transform overcomes this drawback.

The short-time Fourier transform can be regarded as a windowed Fourier transform,
and its expression is as follows [30]:

STFTy(n,w) = i x(m)w(n —m)e 1m (6)

m=—o0

where x (1) is the reflected signal and 7 is the time variable. w(n) is a window function and
this article uses the Hann window. Its function is to intercept a section of signal near x(n)
at time 1, and perform Fourier transform on it. When n changes, the window function will
move accordingly, thus obtaining the change rule of signal spectrum with time 7. At this
point, the Fourier transform becomes a (1, w) function in a two-dimensional domain.

The time-frequency distribution diagram of the FBG signals can be obtained by short-
time Fourier transform. Figure 18 shows the short-time Fourier transform diagram of
FBG10 under various working conditions.
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Figure 18. Short-time Fourier transform diagram of FBG signals: (a) Sine sweep condition; (b) pulse
sweep condition; (c) rectangular pulse condition; (d) 100 Hz sine fixed frequency vibration condition.

From Figure 18a, we can find the time—frequency characteristics of the FBG signals
under the condition of sine frequency sweep. In the time interval of 3 min from 60 s to 240 s,
the frequency of the signal gradually increases from 1 Hz to 2500 Hz, which corresponds to
the loading method of sine frequency sweep.

Figure 18b shows the time—frequency characteristics of the FBG signal under the
condition of pulse frequency sweep. In the time interval of 3 min from 60 s to 240 s, the
frequency of the signal gradually increases from 1 Hz to 2500 Hz, corresponding to the
loading method of pulse frequency sweep. It is also worth noting that because the pulse
sweep has a certain impact characteristic, the short-time Fourier transform diagram does
not only have a straight line like the sine sweep, but also contains other frequency content,
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which reflects the difference between pulse sweeping and sine sweeping on the CFRP
laminates.

Figure 18c shows the time—frequency characteristics of the FBG signal under the
rectangular pulse condition; the frequency blowout occurs at equal intervals in the time
interval from 60 to 430 s and the frequency content is concentrated in the range of 1-800 Hz,
which is consistent with the loading of the rectangular pulse corresponding to the method.

Figure 18d shows the time—frequency characteristics of FBG under the condition of
100 Hz sinusoidal fixed frequency vibration; the frequency is stable at 100 Hz in the time
interval from 90 to 450 s, which corresponds to the loading mode of 100 Hz sinusoidal fixed
frequency vibration.

4.3. Frequency-Domain Decomposition Analysis

In frequency-domain analysis, the identification of the modal parameters of a struc-
ture is critical for determining the state and damage of the structure. Although Fourier
transform can identify the natural frequency of the structure, it is aimed at a single sen-
sor signal, and some information will be lost for a multi-output system. Moreover, the
traditional parameter identification method is based on the frequency response function
under laboratory conditions. It requires simultaneous measurement of structural excitation
and response signals. However, in many engineering practices, engineering conditions
are quite different from laboratory conditions. It is not easy to artificially stimulate some
large-scale engineering structures, and the implementation of experiments is difficult and
costly. For actual large and complex structures in the working environment, traditional
modal testing cannot realize online tests that do not affect the normal use of the structure,
and the real-time monitoring of the inputs and the outputs of the structure is critically
difficult. Therefore, it is necessary to use only output data for parameter identification
of structures. The frequency domain decomposition method (FDD) used in this paper is
such a method. The basic idea of FDD is to perform singular value decomposition (SVD)
on the power spectral density function matrix of the structural response excited by white
noise, and decompose it into the corresponding structure single-degree-of-freedom (SDOF)
power spectral density function for multiple modes. The power spectral density function
of the response output describes the relationship between the external stimulus input and
the measured output response, which can be expressed as [31,32]:

Syy(jw) = H(jw)*Suu(jw)H(jw)T ()

where S, (jw) is the power spectral density matrix of the input signal. S,,(jw) is the
power spectral density matrix of the output response. H(jw) is the frequency response
function. The superscript * and T represent the complex conjugate and transpose of the
matrix, respectively. Under environmental excitation conditions, assuming that the input
signal is a white noise signal, the singular value decomposition of S, (jw) can be obtained:

Syy(jw) = U(jw)S (jw)U(jw)" 8)

where U(jw) = [uy,up, - - -, up] is a unitary matrix containing complex vectors of singular
values. The superscript H represents the calculation of the conjugate transpose of the
matrix. S(jw) is a diagonal matrix containing m scalar singular values, and each singular
value corresponds to the power spectrum of a single-degree-of-freedom system; m is the
number of output response measuring points. The scalar diagonal matrix S(jw) sequence
peaks correspond to the modal frequencies of the structure [31,32].

Since the frequency domain decomposition method requires the excitation to be
close to white noise, only the sinusoidal frequency sweep, pulse frequency sweep, and
rectangular pulse conditions are processed. Figure 19 shows the results of the frequency
domain decomposition method.
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Figure 19. Frequency domain decomposition image: (a) Sine sweep condition; (b) pulse sweep

condition; (c) rectangular pulse condition.

It can be found from Figure 19 that the overall trend of the modal frequency extraction
diagram obtained by the frequency domain decomposition method is basically the same
under different working conditions, and the peak frequencies are also similar. Table 2
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shows the modal frequencies extracted under the three working conditions. It can be seen
that the modal frequencies extracted under the three working conditions are basically the
same, indicating that the CFRP laminates are in good condition and no obvious damage
has occurred, which corresponds to the fact that the CFRP laminates had no visible damage
during inspection [33]. At the same time, comparing Figures 14-16 with Figure 19, it can be
seen that the frequency domain decomposition results under various working conditions
have more peak frequencies than the power spectrum results of the FBG10 signal, which is
more effective for the identification of natural frequencies. This is because the frequency
domain decomposition method is an integrated analysis of all FBG sensor signals, while
the power spectrum analysis is only for one FBG sensor.

Table 2. Comparison of modal frequency.

Working Condition Modal Frequency (Hz)
Sine sweep 106.1 157.1 289.4 449 575.9 756.3 1138.6 1362.6
Pulse sweep 106.2 163.1 297.1 449.1 576.8 7574 1139.2 1363.6
Rectangular pulse 107 164 300 449 579 762 1140.1 1368.1
Average value 106.4 161.4 295.5 449 577.2 758.6 1139.3 1364.7

5. Conclusions

To promote the development of smart optical fiber composite structures and their
dynamic characteristics and damage identification methods, this paper conducted vibration
experiments on CFRP laminates with FBG sensors attached to the upper and bottom
surfaces under various dynamic actions. The time- and frequency-domain analyses on
the FBG sensing signals during the dynamic experiment were carried out to evaluate the
dynamic characteristics of the CFRP laminates and the effectiveness and reliability of the
FBG sensing technology. The following conclusions can be drawn from the research:

(1) The FBG sensors arranged on the CFRP laminates can accurately measure their
dynamic response, and can judge the excited position of the CFRP laminates and
invert the strain distribution of the CFRP laminates through the signal properties of
FBG sensors at different positions.

(2) The short-time Fourier transform can accurately reflect the time—frequency character-
istics of the excitation of CFRP laminates under 1-2500 Hz sweep frequency, shock,
and 100 Hz sinusoidal excitation from the data monitored by the FBG sensors. Both
the frequency information of the excitation and the time distribution of the frequency
can be simultaneously obtained.

(3) The first eight modal frequencies of the CFRP laminates can be extracted from the
FBG monitoring data by FDD, and the modal frequencies extracted under the three
working conditions are basically the same. The slight difference can be attributed to
noise interference. This conclusion can be further used for damage identification of
CFRP laminates.

(4) Since FBG sensors have different sensitivities for different test directions, how to
ensure excellent sensing effects in an actual structure should be carefully considered.
Since FBG sensors can accurately measure the strain of a CFRP structure, it is a feasible
solution to reconstruct the stress—strain field of the CFRP structure through an FBG
sensor array.

This paper provides valuable experimental results for the performance monitoring
of CFRP structures based on FBG testing technology. In future studies, FBG sensing
technology can be combined with other sensing technologies for multi-scale analysis
to gain a comprehensive understanding of the performance and health status of CFRP
structures. The results of this study can also be applied to practical engineering projects to
verify their feasibility and effectiveness in complex environments.
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