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Abstract: Carbon fiber-reinforced polymer (CFRP) components were extensively used and current
studies mainly refer to CFRP laminates. The dynamic performance of the complicated CFRP antenna
beams is yet to be explored. Therefore, a sensor layout based on fiber Bragg gratings (FBGs) in series
was designed to measure the dynamic response of the CFRP antenna beam, and various vibration tests
(sweep frequency test, simulated long-life vibration test, shock vibration test, functional vibration
test, and constant frequency vibration test) were conducted. The time and frequency domain analysis
on FBG sensing signals was performed to check the vibration performance and assess the health
condition of this novel CFRP structure. The results indicate that strain values reach a maximum of
only 300 pe under different test conditions. The antenna beam exhibited clear vibration patterns,
with the first four intrinsic frequencies identified at 44, 94.87, 107.1, and 193.45 Hz. It shows that
strain distribution and vibration modes of the antenna beam can be characterized from the sensing
data, and the dynamic feature can be much more accurately assessed. The FBG sensors attached on
the surface of CFRP antenna beam can accurately and stably measure the dynamic response, which
validates that the interfaces between optical fiber sensing elements and CFRP material have excellent
interfacial bonding characteristics. The novel CFRP antenna beam exhibits the excellent dynamic
performance and stability, offering the replacement of traditional steel antenna beams. The study can
finally instruct the development of self-sensing CFRP antenna beams assembled with FBGs in series.

Keywords: CFRP antenna beam; quasi-distributed FBG sensing technology; vibration feature; modal
analysis; time and frequency domain analysis

1. Introduction

With the development of high-speed and heavy-duty rail transit vehicles, research
on vehicle light-weighting became an important issue that must be solved. Considering
the advantages of designability and easy overall manufacturing of carbon fiber-reinforced
polymer (CFRP) with excellent characteristics such as high strength, light weight, and
corrosion resistance, this study explores the feasibility of replacing traditional metal antenna
beam structures with a new lightweight and high-performance CFRP automatic traffic
control (ATC) antenna beam structures. Compared to other synthetic fiber composites and
traditional metal, CFRP offers higher tensile strength and stiffness, which are crucial for
maintaining structural integrity under dynamic loading conditions [1,2]. In terms of cost,
while CFRP composites are generally more expensive than traditional metal structures, the
long-term benefits, including reduced maintenance, extended service life, and improved
performance, often justify the initial investment. The overall cost-effectiveness of CFRP
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composites becomes apparent when considering the lifecycle costs and the performance
advantages they offer. The antenna beam is installed on the front bogie of the high-speed
train, and its two ends are fixed to the end of the bogie by bolts. There is an antenna
support in the middle for fixing the antenna device of the on-board signal system of the
high-speed train. The antenna beam includes cross beams and auxiliary mounting seats,
and its structural stability and reliability directly affect the safe operation of the train.
During track operation, affected by uneven lines and out-of-round wheels, the response
displacement of the antenna beam structure is too large and fatigue fracture may occur,
thus affecting the on-board signal system. Therefore, the structural response of the CFRP
antenna beam structure during actual loading and trial operation and its impact on the
operation of the bogie and vehicle require in situ monitoring technology to obtain relevant
information. In order to test the static and dynamic characteristics of this new type of
antenna beam and conduct feasibility research for its promotion and application in the
lightweight development of rail transit equipment, it is planned to use fiber Bragg gratings
(FBG) sensors to continuously monitor the state of the CFRP antenna beam structure in real
time during foundation testing and vehicle operation [3-5]. This research aims to promote
the development of intelligent online monitoring technology for self-sensing CFRP antenna
beams based on optical fiber sensing technology, thereby serving for the intelligence and
informatization of locomotive structures.

Extensive attention was paid to monitoring the dynamic characteristics and realizing
the pattern recognition of CFRP structures under different loading conditions in the aca-
demic and engineering fields. Considerable effort was devoted to the topic with correlated
research published [6-11]. The earliest study originated from the use of strain gauges to
detect the strain of CFRP pipes and shells with the localized flexibility method to identify
the inner damage in 2001 [3]. Melo and Radford [12] used dynamic mechanical analysis
equipment to study the viscoelastic properties of CFRP specimens dependent of tempera-
ture and frequency. Tsuda [13] explored the damage location of CFRP laminates subjected
to the impact load by using the FBG sensors for ultrasonic inspection. Fu et al. [14] gave a
preliminary study on the sensing performance of optical fiber acoustic emission sensors
embedded in CFRP laminates for detecting the elastic wave released from the structural
damage. Luyckx et al. [15] explored the strain transfer effect of CFRP laminates embed-
ded with FBGs with experimental tests, with some formulas given. Panopoulou et al. [16]
used the long-gauge FBG to monitor the dynamic response of CFRP honeycomb panels
and identified the damage state by using artificial neural network and wavelet trans-
form. Wu et al. [17] explored the efficiency of phase-shifted FBG sensors for detecting
acoustic emission from various damages in CFRPs. Lu et al. [18] identified the damage
positions of CFRP laminates by using principal component analysis on the data measured
by FBG sensors. Wang et al. [19,20] developed a monitoring method combined with and
structural theory and strain transfer analysis to characterize the interfacial debonding of
CFRP reinforced steel structures based on FBGs in series. Goossens et al. [21] conducted
the impact damage detection of aerospace-grade CFRP laminates based on FBG sensors.
Budadin et al. [22] investigated the strain and temperature reflection method of CFRP
laminates integrated with FBG sensors for deformation assessment. Wang et al. [23] and
Chen et al. [24] discussed the strain field configuration method for online quick recognition
of large deformation and damage in CFRP laminates under static and dynamic loads based
on FBG sensing signals. Additionally, a few studies on the dynamic analysis of CFRP struc-
tures were also performed based on other testing techniques. Alarifi [25] gave a detailed
review on the conductivity research of CFRP materials under dynamic load and static load.
Wei et al. [26] measured the dynamic performance of FRP footbridges and showed that FRP
footbridges had a higher damping ratio. Barile [27] and Sikdar et al. [28,29] explored the
mechanical properties and damage condition of CFRP components by acoustic emission
techniques. It should be noted that both the optical fiber sensors and acoustic emission
testing technique can realize the surface and inner damage detection of CFRP structures.
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However, refer to the structural health monitoring, which means the detection needs to last
for a long time, and the optical fiber sensing technique are preferred.

One of the most extensively used optical fiber sensors is the FBG sensor, which
attracted increasing attention for the strain and temperature measurement, due to its small
size, absolute measurement, high sensitivity, easy operation, distributed sensor networks,
and resistance to electromagnetic fields. FBG sensors are capable of detecting very small
changes in strain with a resolution as high as 1 pe. FBG sensors can be multiplexed along
a single optical fiber, allowing multiple sensors to be deployed over a large area with
minimal cabling. This feature significantly enhances monitoring efficiency. To accurately
measure the dynamic strains of CFRP structures by using the FBG sensors, advanced
digital signal processing technology can be adopted to extract time-frequency information
from the FBG sensing signals. The analysis given above also indicates that most of the
studies are related to the detection of CFRP plates. For the complicated CFRP antenna
beam structures, no published references discussed this topic, and the three-dimensional
(38D) vibration performance of the CFRP antenna beam under different vibration modes is
yet to be explored.

For this reason, this paper conducts the 3D vibration tests of a CFRP antenna beam
under various working conditions (sweep frequency test, simulated long-life vibration
test, shock vibration test, functional vibration test, and constant frequency vibration test)
according to the design code of BS EN 61373:2010 [30]. The FBGs in series and point FBG
sensors were attached on the four different surfaces of the antenna beam to obtain the
response information under the longitudinal, transverse, and vertical loading directions.
The time and frequency domain analysis on the FBG sensing signals was performed to
check the dynamic performance and assess the health condition of the testing samples.
Vibration response-motivated dynamic feature assessment was conducted. It is hoped
that comprehensive vibration testing and time-frequency domain analysis will show that
the dynamic performance and stability of CFRP antenna beams is superior to that of
conventional steel beams, as well as pave the way for the development of self-sensing
CFRP structures.

2. Experimental Investigation

The testing component is an antenna beam for locomotive bogies, which is made of
CFRP material, and the correlated 3D model is displayed in Figure 1, in which the definition
of the main directions is based on the design code of BS EN 61373:2010. To develop an
intelligent online monitoring technology for self-sensing CFRP antenna beams, a series of
tests under different working conditions such as the sweep frequency test, simulated long-
life vibration test, shock vibration test, functional vibration test, and constant frequency
vibration test are carried out on CFRP antenna beams to detect the dynamic performance.
To much comprehensively grasp the vibration response information, three-directional
vibration (i.e., vertical, transverse, and longitudinal, see Figure 1) loads were applied to
this CFRP antenna beam, and the FBG sensing technology equipped with a high-frequency
high-speed interrogator si255 produced by the MOI company was used to obtain the
structural response of the CFRP antenna beam during the testing process. The main work
contains the design of the FBG sensor layout, installation and networking methods, data
acquisition and processing, and vibration feature evaluation.

CFRP antenna beam
Face T
\ g ertical
_m— - I |~ Transverse

- j
& : o
. Face F Longitudinal

Figure 1. A 3D model of the CFRP antenna beam.
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BH-sensor—d (sensors in series: 1—5)

BH-sensor—d1, BH-sensor—d2....

2.1. Sensor Layout and Installation

To comprehensively and accurately obtain the response of CFRP antenna beams
under multiple dynamic loads, 60 FBG sensor measurement points (including single-
measurement point FBGs and multiple-measurement point FBG strings) were affixed to
their main structural surfaces and numbered separately, as shown in Figure 2. The sensor
layout is carefully designed based on the structural characteristics of the CFRP antenna
beam and the expected vibration modes to ensure the best measurement of the dynamic
response of the CFRP antenna beam. That is, the sensors are strategically placed at different
locations to cover the key points on the CFRP antenna beam. These points include the
area near the fixed end where the maximum bending stress occurs and the mid-span area
where the maximum bending stress is expected to occur. Due to the influence of human
operation, there are two measurement points without signal during the deployment process.
Therefore, there are 58 effective measurement points. These sensors were connected to the
si255 fiber grating interrogator via optical fiber patch cables, and its sampling frequency
was set to 5 kHz. The ends of the antenna beams are fixed to the shaking table by means of
workpieces, and the load is transferred to the antenna beams by the shaking table. Figure 2
shows the arrangement scheme of the FBG sensors. The bottom surface of the antenna
beam is named as B surface, the side with protrusion in the span is named as F surface, the
surface without protrusion in the span is named as R surface, and the top surface is named
as T surface, as shown in Figure 2a—d, respectively. Since some of the measurement points
are in similar locations and have the same force pattern, the sensing signals measured by
the FBG sensors circled in the red dashed box in Figure 2 were selected and used for the
response data analysis of the subsequent vibration tests. Since the duration of the test for
each vibration case is less than 3 h, and the durations of most of the vibration cases are less
than half an hour, the temperature field is very stable, and the effect of ambient temperature
changes on the FBG sensing test data can be ignored. In addition, during the installation
process, the flexible structural adhesive made of quick-set epoxy was used to bond the
FBG sensing elements directly on the surfaces of the CFRP antenna beam, thus, the strain
transfer loss can be ignored [31,32]. The signals read from these FBG sensing elements can
be directly used to reflect the practical dynamic response, without the consideration of
error modification.
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Figure 2. Cont.
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Figure 2. The layout of FBG sensors attached on the surfaces of CFRP antenna beam: (a) bottom B
surface; (b) F surface; (c) R surface; (d) T surface; and (e) physical photo of the CFRP antenna beam.

2.2. Testing Cases

Due to the different loading modes, the testing cases were completed on different
days. The experimental study lasted for about 4 days. A frequency sweep test was
conducted firstly in the vertical direction, with a frequency range from 5 Hz to 250 Hz and
a load of 20 kg applied to one side of the CFRP antenna beam. The frequency range of
5-250 Hz encompasses the typical operational frequencies that the CFRP antenna beam
would encounter in practical applications. A simulated long-life vibration test witha 5h
test period was also performed, and the root mean square (RMS) values of the acceleration
are 30.6 m/s? in the vertical direction, 26.5 m/s? in the transverse direction, and 14.19 m/s?
in the longitudinal direction, respectively. A static strength test was also performed with
a load of 5 kg and 20 kg applied to one side of the beam. A shock vibration test with a
peak acceleration of 300 m/ s? in the vertical, transverse, and longitudinal directions was
also conducted. A functional vibration test with a frequency range from 5 Hz to 250 Hz
was performed, and the RMS values in the vertical, transverse, and longitudinal directions
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are 5.40 m/s?, 4.69 m/s? and 2.51 m/s?, respectively. A vibration test with a constant
frequency (44, 94.87, 107.1, and 193.45 Hz) in the vertical direction and a load of 5 kg
applied to one side was also performed. It should be noted that except for the constant
frequency vibration test with a fixed frequency band, which only applied vibration loads
to the vertical direction of the CFRP antenna beam, all other working conditions applied
loads to the CFRP antenna beam in the vertical, longitudinal, and transverse directions.
The major experimental testing procedures are shown in Figure 3.

Figure 3. The major testing procedures of CFRP antenna beam.

3. Strain Distribution of CFRP Antenna Beam under Different Loading Modes
3.1. Discussion on the Time and Frequency Domain Data Measured by BH-Sensor—d5

To check the performance of the CFRP antenna beam under different loading modes,
the data measured by one sensor (BH-sensor-d5) located on the beam bottom surface
were processed. Figure 4 shows the strain response of the CFRP antenna beam under the
sweep frequency test, shock test, simulated long-life vibration test, and constant frequency
vibration test. It can be noted that the CFRP antenna beam undergoes reciprocating
vibration during sweep frequency test, and significant oscillations may occur at individual
time points. This oscillation is due to the loading frequency precisely reaching the natural
frequency of the CFRP antenna beam, resulting in a resonance phenomenon. Under the
shock test, when the CFRP antenna beam is impacted, it suddenly produces a large vibration
and quickly becomes stable. As the acceleration of each impact increases, the amplitude
of each vibration gradually increases. Under the simulated long-life vibration test, the
CFRP antenna beam undergoes random vibration, which corresponds to the randomness
of the applied load. Under the constant frequency vibration test, the CFRP antenna beam
oscillates steadily back and forth, with the same amplitude. After stopping loading, it
returns to its initial value. This shows that the FBG sensor can sensitively monitor the
dynamic strain changes of the CFRP antenna beam.

Short-time Fourier transform (STFT) is a signal processing method used to analyze the
frequency domain characteristics of non-stationary signals. Non-stationary signals refer to
signals whose spectral characteristics vary over time. STFT divides the signal into multiple
short-term windows and performs Fourier transform on the signal within each window
to obtain local spectral information of the signal in terms of time and frequency. STFT
can observe the local characteristics of signals in time and frequency, which is crucial for
analyzing non-stationary signals. By applying Fourier transform at different time periods,
the frequency variation of the signal over time can be captured.

The short-time Fourier transform can be regarded as a windowed Fourier transform,
and its expression is as follows [33]:

STFTy(n,w) = i x(m)w(n —m)e 1M 1)

m=—oo
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Strain time domain diagram

where x(n) is the reflected signal and # is the time variable. w(n) is a window function
and this article uses Hann window due to its well-balanced properties in terms of spectral
leakage and main lobe width. Its function is to intercept a section of signal near x(n) at
time n and perform Fourier transform on it. When 7 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.

Strain time domain diagram
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Figure 4. The time domain response of BH-sensor—d5 sensor: (a) sweep frequency test; (b) shock
vibration test; (c) simulated long-life vibration test; and (d) constant frequency vibration test.

Figure 5 shows the short-time Fourier transform time-frequency diagrams reflected
from the data measured by BH-sensor-d5 under various vibration conditions. Figure 5a
shows that during the implementation of the sweep frequency vibration load, the response
frequency of the measuring points gradually increases from 5 Hz to 250 Hz, which is
consistent with the actual loading situation. Figure 5b shows the STFT image of the shock
test, from which it can be seen that the application of the shock load corresponds to the
application time of the time history graph [34], indicating that the FBG sensing element can
accurately characterize the dynamic response of the testing samples. Figure 5d shows the
short-time Fourier transform image of the constant frequency vibration test, from which it
can be seen that the response frequency of the measuring point remains around 94.87 Hz.
Based on the results of Figures 4 and 5, it can be concluded that the FBG sensing technology
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shows suitable measurement performance to accurately characterize the dynamic response
of the monitored CFRP structures.
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Figure 5. The STFT time-frequency diagram of BH-sensor-d5 sensor: (a) sweep frequency
test; (b) shock vibration test; (c) simulated long-life vibration test; and (d) constant frequency
vibration test.

3.2. Strain Distribution along the Span of the Beam

To understand the strain distribution of the CFRP antenna beam, the maximum strain
values measured by each sensor under each working condition were compared. Taking the
Face B as an example, first find the maximum strain values of the ten measuring points
of BH-sensor-d1-5 and BH-sensor-b1-5 under various working conditions. Then, mark
the maximum strain value of each measuring point at the corresponding position of the
antenna beam. Finally, draw a spline curve using the Origin 2021 software to obtain the
strain distribution of the Face B. For the F side, it is a comparison between FH-sensor-b1-5
and FH-sensor-al-5. For the R side, it is a comparison between RH-sensor-al-5 and
RH-sensor-b1-5. The strain distribution diagrams were drawn on the bottom surface and
both sides of the CFRP antenna beam, as shown in Figures 6-8.

It can be seen from Figure 6 that under different vertical vibration loads, the transverse
strain characteristics of the B Face, F Face, and R Face of the CFRP antenna beam are all
maximum at the mid-span, and gradually decrease from the mid-span to both ends, which
is consistent with the laws of mechanics. At the same time, it can also be seen that the
greater the magnitude of the applied load, the greater the strain of the CFRP antenna beam.
Among them, the strain of the CFRP antenna beam is obviously the largest in the shock test.
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Transverse strain diagram of beam bottom under vertical working condition

This is because the magnitude of the impact test is 30 g, which is significantly larger than
the magnitude of other working conditions. It is also worth noting that the strain change
diagrams of the frequency sweep test with a magnitude of 1.0 g and the 94.87 Hz constant
frequency vibration test with a magnitude of 1.0 g are basically the same, and the strains of
both are larger than those of constant frequency vibration tests of other frequencies. This
shows that the strain of the CFRP antenna beam reaches the maximum when the frequency
reaches 94.87 Hz in the sweep frequency test. A similar conclusion can be read from the
data figures in Section 4.1, which validates the reliability of the testing.

Transverse strain diagram of F side under vertical working condition
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Transverse strain diagram of R side under vertical working condition
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Figure 6. The maximum transverse strain distribution diagram under vertical working conditions:
(a) bottom B surface; (b) F surface; and (c) R surface.

It can be seen from Figure 7 that under different longitudinal vibration loads, the
transverse strain characteristics of the B Face, F Face, and R Face of the CFRP antenna beam
are all maximum at the mid-span, and gradually decrease from the mid-span to both ends,
which is consistent with the laws of mechanics. At the same time, it can also be seen that the
greater the magnitude of the applied load, the greater the strain of the CFRP antenna beam.
Among them, the various working conditions are arranged from large to small according
to the maximum strain produced on the CFRP antenna: shock vibration test, simulated
long-life vibration test, 1.0 g sweep frequency test, 0.5 g sweep frequency test, functional
vibration test, and 0.1 g sweep frequency test. The corresponding loading levels of these
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working conditions are 30 g, 1.4 g, 1.0 g, 0.5 g, 0.25 g, and 0.1 g, respectively, which are also
gradually reduced. In addition, it can be seen from Figure 7c that in the shock test, due
to the large loading magnitude, significant strain was also generated at both ends of the
CFRP antenna beam, which is due to the constraint-limiting displacement and conforms to
mechanical laws.

Transverse strain diagram of beam bottom under longitudinal working condition Transverse strain diagram of F side under longitudinal working condition
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Figure 7. The maximum transverse strain distribution diagram under longitudinal conditions:
(a) bottom B surface; (b) F surface; and (c) R surface.

Figure 8 shows that the transverse strain characteristics of the B Face, F Face, and
R Face of the antenna beam under various transverse working conditions are the same
along the length of the beam. However, in the shock test and simulated long-life test,
the transverse strain characteristics of the B and F Face show a larger value at the mid-
span, gradually decreasing from the mid-span to the two ends. This is because when
the transverse loading magnitude is small, the CFRP antenna beam exhibits stretching
vibration, while when the transverse loading magnitude is large, the antenna beam exhibits
bending vibration, which is consistent with the laws of mechanics. At the same time, it can
also be seen that the greater the magnitude of the applied load, the greater the strain of
the CFRP antenna beam. The various working conditions are arranged from large to small
according to the maximum strain produced on the CFRP antenna beam: shock vibration
test, simulated long-life vibration test, 1.0 g sweep frequency test, 0.5 g sweep frequency
test, functional vibration test, and 0.1 g sweep frequency test. The corresponding loading
levels for these working conditions are 30 g, 2.6 g, 1.0 g, 0.5 g, 0.46 g, and 0.1 g, which
are also gradually reduced. In addition, it can be seen from Figure 8c that in the shock
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Transverse strain diagram of beam bottom under transverse working condition

vibration test and simulated long-life vibration test, the transverse strain characteristics
appear to be larger at the length ends. This is because the measuring points at both ends of
the R surface are close to the constraints, resulting in a surge in strain.
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T T T T T T T T
B Sveep ooy 0.1 g | ' ' ' ' ' 3 Swoep froqueney st 0.1 &
300 |- @ Sweep frequency test 0.5 g - 250 @ ueep fedueney en 0o b
|—A— Sweep frequency test 1.0 g o f’ dll {'rb g
¥ Simulated long-life test v S;:Z“k““;l ong-life test
ok te
250 ?ﬁﬂﬁi;:'wbm“ st Funtional vibration test
200 | -
™ Q@
w
3200 4 3
= .5 150 E
2 2
2150 1 8
2 S
= S 100 - -
100 - -
v
- -
V- — v—
- v v v
vV M 50 - v v v i
ofF v v -
e — = N0 *’47*:7:“:::{'1 —— & (b)
0 [ o . PR SR N, (. e M 0 [ - . 1 TR . . Sl
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Beam length (cm) Beam length (cm)

Transverse strain diagram of R side under transverse working condition

[ m serreqooworg T T T
|—@— Sweep frequency test 0.5 g
180 [[-A— Sweep frequency test 1.0 g| 7
I [~W— Simulated long-life test
Shock test
160 [ Fu::ion:;vibration test T
140 - -
—
m L
120 | 4
s |
£ 100 |- .
wn
g L
L 80r b
S L
60
40 -
20 -
0
0 20 40 60 80 100 120 140 160

Beam length (cm)

Figure 8. The maximum transverse strain distribution diagram under transverse working condition:
(a) bottom B surface; (b) F surface; and (c) R surface.

In general, the following conclusions can be primarily given: The testing data also
show that the transverse strains are generally larger than that of the strains in the longitudi-
nal and vertical directions during the transverse loading process. The CFRP antenna beam
exhibits bending vibration in vertical and longitudinal conditions. The overall strain ampli-
tude distribution pattern is that the strain near the constraint end and mid-span is larger,
and the strain away from the constraint end and mid-span gradually decreases. When
the loading magnitude is small in the transverse working condition, the CFRP antenna
beam exhibits stretching vibration, and the overall strain amplitude distribution pattern is
the same everywhere. However, when the loading magnitude is large, the CFRP antenna
beam exhibits bending vibration, and the overall strain amplitude distribution pattern is
generally larger near the constraint end and mid-span, and gradually decreases away from
the constraint end and mid-span. The dangerous cross-sections of CFRP antenna beams are
distributed at the mid-span and fixture constraint ends. The FBG sensors arranged on the
surface of the CFRP antenna beam can more accurately measure its strain response.
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The extracted maximum strains for the CFRP antenna beam under different loading
conditions (amplitude and forced frequency) for various directions (longitudinal, vertical,
and transverse) provide a valuable dataset. This dataset can be effectively utilized to
train machine learning algorithms to predict key structural performance metrics such as
maximum strain, stress, and deflection. By leveraging suitable machine learning techniques,
we can develop predictive models that offer significant advantages for the future design
and analysis of CFRP antenna beams. Incorporating machine learning algorithms for
predicting structural performance metrics significantly enhances the analysis and design
process for CFRP antenna beams [35,36]. By leveraging advanced techniques such as
surrogate models [37], state space models [38], and kernel-embedded learning [39], we can
achieve accurate and reliable predictions, thereby improving the structural integrity and
performance of CFRP antenna systems.

4. The time and Frequency Domain Analysis under Different Vibration Modes
4.1. Sweep Frequency Test

The vertical condition with the largest loading magnitude was selected for analysis,
i.e., the vertical sweep frequency test with a sweep frequency of 5-250 Hz and a magnitude
of 1 g. In this case, the strain time domain diagrams reflected from the partial signals
measured by the sensors attached on the four surfaces of the CFRP antenna beams (the part
sensors in the red box in Figure 2) are shown in Figures 9-12.
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Figure 9. The strain time domain diagrams of the partial sensors at the bottom B surface of the vertical
sweep frequency test: (a) BH-sensor-d1; (b) BH-sensor-d5; (c) BV-sensorl; and (d) BV-sensor3.
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Figure 10. The strain time domain diagrams of the partial sensors at the F surface of the vertical
sweep frequency test: (a) FH-sensor-al; (b) FH-sensor-a5; (c¢) FV-sensor3; and (d) FV-sensor4.

From Figure 9, it can be seen that the strains at each measurement point at the bottom
B surface during the loading of the sweep frequency test show reciprocating vibrations
and produce large amplitudes at several individual time points. It can be also seen that
both transversely and longitudinally pasted measurement points have higher strains, and
the values closer to the center of the span are much larger. The transverse strains in the
span are generally greater than the longitudinal strains. It is illustrated that the CFRP
antenna beam is reciprocating along the vertical direction during the loading process, and
the large amplitude at individual time points is due to the fact that the frequency of loading
just reaches the natural frequency of the CFRP antenna beam, and thus the resonance
phenomenon occurs.

Figure 10 shows a similar pattern to Figure 9. The difference is that transverse measure-
ment points closer to the mid-span have much larger strain, and the vertical measurement
point closer to the end restraint has a relatively greater strain. The larger vertical strains
near the end restraints are due to the restraint limiting displacements.

Figure 11 also shows a similar pattern to Figure 9. The difference is that the transverse
strains closer to the middle of the span are much larger, whereas the vertical strains closer
to the restraining end and the middle of the span are much larger, and the values in the
portion away from the end and the middle of the span are much smaller. The larger strain
at the measurement point near the constraint end can be attributed to the effect of the
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constraint-limiting displacements. In addition, comparing Figures 9-11, it can be observed
that the transverse strain in the F surface of the antenna beam is the largest, the transverse
strain in the bottom B surface is larger, and the transverse strain in the R surface is smaller.
This shows that the F surface of the antenna beam with the protruding surface is subjected
to more loads during operation due to the influence of the protruding part of the CFRP
antenna beam.
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Figure 11. The strain time domain diagrams of the partial sensors at the R surface of the vertical
sweep frequency test: (a) RH-sensor-b1; (b) RH-sensor-b5; (c) RV-sensor4; and (d) RV-sensor6.

Figure 12 still shows a similar pattern to Figure 9. The difference is that the trans-
verse measurement point closer to the mid-span has a larger strain, and the longitudinal
measurement point closer to the constraint end has a relatively larger strain.

To perform a time and frequency domain analysis of the sensor data, a STFT time-
frequency diagram was created based on the vibration signals of BH-sensor-d5, which
has the largest strain amplitude and gives the most pronounced time-frequency plot, as
shown in Figure 13. It can be seen that after the commissioning from 0 s to 250 s, the sweep
frequency test completed in the time range of 250 s to 700 s, and the frequency gradually
increased from 5 Hz to 250 Hz. It is consistent with the actual loading process of this
working condition, which indicates that the FBG sensor can accurately and sensitively
measure the micro change in the antenna beam.
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Figure 12. The strain time domain diagrams of the sensors at the T surface of the vertical sweep
frequency test: (a) TH-sensor2; (b) TH-sensorl; (c) TV-sensor2; and (d) TV-sensor1.
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Figure 13. The STFT time-frequency diagram of BH-sensor-d5 in the vertical sweep frequency test.
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Strain time domain diagram

4.2. Shock Vibration Test

For the transverse shock vibration test, forward and reverse shock loads were applied
with an RMS magnitude of 300 m/s?, and partial of the strain time domain diagrams of
the selected sensors are shown in Figure 14. It should be noted that the RMS value can be
also calculated from the monitoring data. According to the code [30], the RMS value can be
given by the following equation:

% (ASD; + ASD;_1) - (fi — fi-1)

R =
MS >

@

i=2

where ASD; means the ASD value ((m/s?)?/Hz) of the measured data number “i”, f;
means the frequency value (Hz) of the measured data number “i”.

Because the sensor used in this test is an optical fiber strain sensor, power spectral
density (PSD) is used instead of ASD in the above equation to calculate RMS. The data of
the BH-sensor—d5 sensor under vertical shock conditions were selected for analysis, as
shown in Figure 4b. It can be seen from this that the antenna beam was subjected to eight
shocks within 250 s. This article intercepts a segment of 8 s of data for each shock (i.e.,
3 s before the shock to 5 s after the shock), and then calculates the PSD and RMS for each

segment of data. The RMS values obtained from each shock data are shown in Table 1.
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Figure 14. Cont.
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Figure 14. The strain time domain diagrams of the partial sensors in the transverse shock vibration
test: (a) BH-sensor—d1; (b) BH-sensor—d5; (¢) BV-sensorl; (d) BV-sensor3; (e) FH-sensor-al; and
(f) FH-sensor—a5.

From the table, it can be seen that the RMS values of each section of the shock data are
increasing. This is because the shock energy of these eight shocks is gradually increasing,
resulting in an increase in the PSD amplitude of each section of the shock data. Moreover,
from the calculation formula of RMS, it can be seen that it is positively correlated with the
area of the PSD image of the test data, and all RMS values also increase. The RMS value
can be used to determine the magnitude of the impact on the antenna beam.

From Figure 14, it can be seen that the CFRP antenna beam was subjected to sixteen
shock actions during the shock vibration test, including eight forward shock actions and
eight reverse shock actions, and the time domain response data plots show reasonable
consistence with the actual loading conditions. The CFRP antenna beam vibrates violently
for a short time after each shock action and then stabilizes. The amplitude pattern of each
sensor in the shock vibration test has the same shape as that in the sweep frequency test. It
is also worth noting that the strains of some measurement points failed to recover with the
termination of the shock action, which may be due to the accumulated strain inside the
antenna beam located at the position of these correlated points. Figure 15 shows the STFT
variation image based on the signals measured by BH-sensor—d5 in the shock vibration
test, from which it can be seen that the implementation of shock load corresponded to the
actual time of the time domain diagram.
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Figure 15. The STFT time-frequency diagram of BH-sensor-d5 in transverse shock vibration test.
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Table 1. The RMS values of each shock under vertical shock condition.
Shock Num 1 2 3 4 5 6 7 8
RMS 0.0084 0.0109 0.0125 0.0148 0.0194 0.0261 0.0279 0.0282
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4.3. Simulated Long-Life Vibration Test

A simulated long-life vibration test in longitudinal direction with frequency from 5 Hz
to 250 Hz was conducted, and the RMS magnitude is 14.19 m/s?. The strain time domain
diagrams of the selected sensors are shown in Figure 16.

Figure 16 shows that the strains at each measurement point on the bottom B surface, F
surface, and R surface of the CFRP antenna beam during the loading process vibrate back
and forth, and produce large amplitudes at several individual time points. Meanwhile, it
can also be seen that no matter whether the measuring points are transversely pasted or
longitudinally pasted, the greater strain occurs in the position closer to the center of the
span, and the transverse strain is greater than the longitudinal strain in the center of the
span. This shows that the antenna beam is in reciprocal vibration during the longitudinal
loading process [40], and the large amplitude at individual time points is due to the fact
that the loading frequency just reaches the natural frequency of the antenna beam, which
leads to the resonance phenomenon [11].
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Figure 16. Cont.
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Figure 16. The strain time domain diagrams of the partial sensors in the longitudinal simulated

long-life vibration test: (a) BH-sensor-d1; (b) BH-sensor-d5; (c¢) BV-sensorl; (d) BV-sensor3;

(e) FH-sensor-al; (f) FH-sensor—a5; (g) RH-sensor-b1; and (h) RH-sensor-b5.

Figure 17 shows the short-time Fourier transform image of the simulated long-life
vibration test. It can be seen that the response frequency of the measurement points during
the loading process from 10 s to 900 s is concentrated in the range of 5 Hz to 200 Hz, which
is in accordance with the actual loading condition.

To identify the natural frequencies of the antenna beams, the frequency domain
decomposition (FDD) method was performed by combining the sensing information of all
the measurement points.

The PSD function of the response output describes the relationship between the exter-
nal stimulus input and the measured output response, which can be expressed as [41,42]:

Syy(jw) = H(jw)* Sy (jw)H(jw)" ®)

where Sy, (jw) is the PSD matrix of the input signal. S, (jw) is the PSD 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 Sy, (jw) can be obtained:

Syy(jw) = U(jw)S(jw)U(jw)" @
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where U(jw) = [uy,up, - -, U] 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 natural frequencies of the structure.
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Figure 17. The STFT time-frequency diagram of BH-sensor-d5 in longitudinal simulated long-life
vibration test.

The transformed results are shown in Figure 18. It illustrates the first-order singular
value image of the PSD matrix in the longitudinal simulated long-life vibration test. It can
be clearly seen that the first-order singular values show different trends with the change
in frequency. Each frequency component is clear in the image and the peaks are obvious,
and the natural frequencies of 43.8, 92.5, 105.9, and 195.7 HZ can be accurately identified.
The adopted FDD method shows good results in natural frequency identification, and the
CFRP antenna beam shows no obvious damage, indicating that the structure has good
performance [43,44]. The optical fiber sensor is effective in monitoring the vibration signals.
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Figure 18. The FDD results of the longitudinal simulated long-life vibration test.
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Strain time domain diagram

4.4. Functional Vibration Test

The longitudinal functional vibration test with frequency from 5 Hz to 250 Hz and
magnitude 2.51 m/s? was conducted. Partial strain time domain diagrams of the selected
sensors are shown in Figure 19.

From Figure 19, it can be seen that the strains at each measurement point on the bottom
B surface, F surface, and R surface of the CFRP antenna beam during the loading process of
the functional vibration test are in reciprocal vibration, and large amplitudes are generated
at individual time points. Meanwhile, it can also be seen that the strain of the measurement
point installed in transverse direction is larger than that closer to the center of the span.
The strain of the measurement point installed in longitudinal direction is the largest near
the constraint end, the strain in the center of the span is larger, and the strain in the position
away from the end and the center of the span is smaller. The transverse strain is larger
than the longitudinal strain in the center of the span. It is illustrated that the CFRP antenna
beam is vibrating reciprocally along the longitudinal direction during the loading process,
and the large amplitude at individual time points is due to the fact that the frequency of
the loading just reaches the natural frequency of the antenna beam, which leads to the
resonance phenomenon. In addition, Figure 19e—f show that the large vertical strains in the
F surface near the constraint end are due to the restraint-limited displacements.
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Figure 19. The strain time domain diagrams of partial sensors in the longitudinal functional vibra-
tion test: (a) BH-sensor-d1; (b) BH-sensor-d5; (c¢) BV-sensorl; (d) BV-sensor3; (e) FH-sensor—al;
(f) FH-sensor-a5; (g) RH-sensor-b1; and (h) RH-sensor-b5.

Figure 20 shows the STFT time-frequency diagram performed on the BH-sensor-d5
measurement point. It can be seen that after the commissioning from 0 s to 210 s, the
functional vibration test is completed in the time range of 210 s to 800 s. The vibration
frequency is distributed from 5 Hz to 150 Hz, which is consistent with the actual loading
condition. This indicates the reliable measurement of the FBG sensor. To identify the
natural frequencies of the antenna beam, the FDD method was performed by combining
the signal information of all measurement points, and the results are shown in Figure 21.

Figure 21 illustrates the first-order singular value image of the PSD matrix in the
longitudinal functional vibration test. By observing the image, it can be clearly seen
that the first-order singular values show different trends with the frequency variation.
Each frequency component is clear in the image and the peaks are obvious, enabling
accurate identification of the natural frequencies of 50.0 Hz, 93.8 Hz, 109.3 Hz, and 199.8 Hz.
The adopted FDD method shows good results in natural frequency identification, and
the CFRP antenna beam shows no obvious damage, indicating that the structure has

good performance.
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Figure 20. The STFT time-frequency diagram of BH-sensor-d5 in longitudinal functional
vibration test.

FDD diagram

3 -40 T T

=

X

—

= 601 :

£

O ,

W gof X 50.0298 | ) -

o T ] [

- . Y +{ X 109.386

— L4 |

S -100) ] Y -102.95 ]

(7] P

o X 199.81

T 120 Y -125.084
d ,

| -

«

>

2140

n

z 160

-— 1 1 [l 1

0 50 100 150 200 250
Frequency (Hz)

Figure 21. The FDD results of the longitudinal functional vibration test.

4.5. Vibration Feature Analysis

To intuitively compare the response information of CFRP antenna beam under different
vibration modes, the response data of FBG sensor under the sweep frequency test, shock
vibration test, and simulated long-life vibration test under vertical loading conditions were
extracted. The time-frequency plots obtained by STFT method and natural frequencies
obtained by the FDD method are shown in Figure 22.
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Figure 22. The STFT and natural frequency extraction diagrams with load in vertical direction:

(a) sweep frequency test; (b) shock vibration test; and (c) simulated long-life vibration test.

Preliminary conclusions can be drawn from Figure 22 based on the results of the
test analysis: (1) According to the response information measured by the FBG sensor
under different working conditions, similar natural frequencies with values approaching
44, 95, 107, and 194 Hz can be extracted, which indicates that the CFRP antenna beam
has no obvious damage after the series of vibration tests, and exhibits excellent dynamic
performance and stability. It has the potential and feasibility to replace the traditional
steel antenna beam. (2) The FBG sensors laid on the surface of CFRP antenna beams can
accurately and stably measure their dynamic response, and the installation of the sensing



Buildings 2024, 14, 2249

25 of 27

and monitoring system has no additional effect on the dynamic characteristics of CFRP
antenna beams.

The antenna beam typically experiences bending vibration in both vertical and longitu-
dinal working conditions. The strain amplitude distribution profiles generally indicate that
the strain is higher near the constraint end and the middle span, and gradually decreases as
we move away from these areas. While under the transverse loading condition with small
load level, it shows stretching vibration, and the strain amplitude distribution profiles
are nearly the same along the span. When the transverse loading level is large, it shows
bending vibration, and the strain amplitude distribution profiles show that the strain is
higher near the constraint end and the middle span, and decreases away from these areas.

5. Conclusions

To check the dynamic performance of the novel CFRP antenna beams under various
vibration cases, an experimental investigation was conducted and the surface-attached FBG
sensors were adopted to measure the dynamics responses. Based on the time and frequency
domain analysis methods, the following conclusions can be drawn from the study:

(1) The CFRP antenna beam exhibits bending vibration in the vertical and longitudinal
loading conditions, and the strain amplitude distribution profiles show that the strain
near the constraint end and middle span is larger, and the strain away from the constraint
end and middle span decreases gradually. In the transverse loading condition, the beam
exhibits stretching vibration when the loading level is small.

(2) The CFRP antenna beam exhibited excellent dynamic performance, with strain
values reaching a maximum of only 300 pe and natural frequencies observed at 44, 95,
107, and 194 Hz under various working conditions. The CFRP antenna beam has no
significant damage after a series of vibration tests, showing excellent dynamic performance
and stability, and possessing the potential, effectiveness, and reliability of replacing the
traditional steel antenna beam.

(3) The FBG sensors attached on the surface of CFRP antenna beam can accurately and
stably measure the dynamic response, and the installation of the sensing and monitoring
system has no additional effect on the dynamic characteristics of CFRP antenna beam. This
validates that the interfaces between optical fiber sensing elements and CFRP material
have excellent interfacial bonding characteristics, which lays a reliable preliminary research
basis for the informatization and intelligence development of self-sensing CFRP antenna
beam structures.

The study can provide typical cases of the application effects of CFRP materials in the
field of rail transit vehicle bogies and their ancillary components, which gives empirical
support for research progress and operation development, and also instruct scientific
formation of industry standards, CFRP structural strength assessment standards, and
maintenance methods for CFRP antenna beam structures. Subsequently, advanced signal
processing techniques and machine learning algorithms can be used to process vibration
patterns, strain distributions, and frequency response changes to determine the location
and severity of damage to the CFRP antenna beam. It also facilitates the development of
robust self-sensing CFRP antenna structures.
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