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Fig. 1 New FBG vibration sensor. (a) I-typed section; (b) structure diagram; (c) physical drawing
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Fig. 2 Modal simulation of the sensor. (a) Displacement nephogram of the first order modal; (b) strain nephogram of

the first order modal
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Fig. 3 Strain distribution. (a) Strain distribution of black curve position with length of 20.0 mm; (b) strain distribution

at the grating paste position
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Fig. 4 Sensor performance simulation. (a) Frequency response at acceleration of 2.0g; (b) accelerated response at

vibration frequency of 300 Hz
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Fig. 5 Testing system of the sensor
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Fig. 6 Time-frequency response curves of the senor. (a) Time domain at 90 Hz; (b) frequency domain at 90 Hz;

(¢) time domain at 350 Hz; (d) frequency domain at 350 Hz
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Damage mode Output form
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SR B AIE T AL Y ELM 453 45 1R A AL (9 A 2

P, B T BP 505 R B AR S X L ORI R 2

5 AR A D SRR G 591 T 7 A 45 475 TR AR B 1) A 2K

PEFEATRUE S5 R AN 2 Fros . 72 =FP 00 90 2

PUREAS 1 ELM AL BP 451 437 R0 488 180 TR0 5 1R A A

gyl 3 LA 6 2. 4 3R ) E B R 2 Bl

96.7%.93.3% . N EHMER W 90 4 WX HE A
PLEAATR0 155 0 0 i, 25 SR ] 16 s,
2 PRI M R i A5 B Y 6 Ik 2 2R

Table 2 Verification result of two damage identification

models

Recognition  Number of Number of

Accuracy /%

model tests /groups errors /groups
ELM 90 3 96.7
BP 90 6 93.3

P 2 0 45 SR T 0 903 RE A Sk 90 401, o i
30 401K TS50 32 45 g i AR 25 ELML 4505 10 5
UL R AR 2 41, TR L BP0 1 A
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Recognition result

+ expect oufput
a ELM recognition output
o BP recognition output

| 1 | 1

Test data /groups

1
50
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16 ELM #1 BP 15 51 % H 25 5

Fig. 16 Identification and comparison results between ELLM and BP

PR RBEA 3 41530 = 60 241 T N — il it 4l .
ELM #5405 1R A8 B EU0) A R BEAS 1 41, BP i 4511
SRR YL R FEAS 2 4 H i 30 41 T30 o T 40
#i , ELM $5 45 35 35 AL U A5 IR FEAS 0 41, BP i 4%
PG R R BIAE IR BEAS 1 41, Z5 R, R /NI
£ T 9 T VR X R 6 K A 3 B 1A S R AT AR AE $R
Jei s R ELM J7 36 #EA7 45005 U0 452 475 1501 o 1 2%
IKF 96. 7% S5 UHERIR R 93, 3% K9 BP it 455 R B 4
RUAF LE o o 80 R 50 5, [R]B 58 50E 1T ELM 453 495 12 51 45
YA R0

4 4k S

Pl 298 T 700 % bR 245 5 WA S 0 8 4 A 2R 1
e oK W T — ol 7 s 3] B2 4544 (4 7 Y FBG ik 5l
T Rds  EM AR 1 ELM 43 287577k, SE 8 T % 2 4544
AR BN o R A% B 2R AT O FCASE R fil i 52
By SER R EINEE N 0. 2g ~ 3. 0g . TAEHF
i 10~350 Hz B, 1% e EL A R4 (0% 0 3 B o 1o 4
P HEAT B EE AR s aiae . K
D7 ) G 5 g 8 4 R 00 el A e AT ARG 5 8 N U8
£ ERVD E B 8 4 FR4E . FIFH ELM J5 3 %5 B 45 44
PG HEAT IR 7 25 DAk 25 % 3 W%y vk 2 ) o
Pz A BE 1 5 A5 005 R B YR E A R R B 96. 7%,
e BP 5 iR S e R 3.4 AN E . R FBG
PR3 A% B AR, L ERVD A Jy 45 45 11 51 45 4F 19
ELM Ul 7 2 BAT A 0bE 38 FH T 32 45 40 4 405 101
WFSE » HLAT R A R A5

2 X% X #

[1] Toydemir B, Kocak A, Sevim B, et al. Ambient
vibration testing and seismic performance of precast I
beam bridges on a high-speed railway line[J]. Steel
and Composite Structures, 2017, 23 (5): 557-

570.

(2]

[4]

(5]

(6]

[7]

(8]

1610004-9

Tian S Z, Wen K, Wang D P. Study on damage
location of steel beam based on Long-gage fiber
sensor[J]. Laser &
Progress, 2013, 50(4): 040603.
HA A, R, ERMS. BT RARFEDL A OUHE &
MBI Mot 5t 7t e,
2013, 50(4): 040603.

Thambiratnam D.

grating Optoelectronics

Preserving our infrastructure
health monitoring[C] /
Proceedings of the 26th International Congress on
Sound and Vibration ICSV 2019, July 7-11, 2019,

Montreal, Canada. Montreal: The Annual Congress

through structural

of the International Institute of Acoustics and
Vibration, 2019: 3085.

Li X H, Shi DY, Yu Z H. Nondestructive damage
testing of beam structure based on vibration response
signal analysis[J]. Materials, 2020, 13(15): 3301-
3314.

Liu J, Liu S T, Gao R J, et al. An accurate
analytical expression for predicting the performance
of piezoelectric cantilever based actuators and sensors
[J1. Optics and Precision Engineering, 2018, 26(2):
380-387.

X5, XA, SAE, L BT REEE R
SRR A TR B TR ()] . e &
T, 2018, 26(2): 380-387.

Chen Y, Chen Y W, Liu Z Q, et al. A gear fault
detection method based on a fiber Bragg grating
sensor[J]. Chinese Journal of Lasers, 2020, 47(3):
0304007.

Mrig, BRI, X1, 5. ZET LA his e s
SR e A R R D vk LD R ROk, 2020, 47
(3): 0304007.

LiuZ, Liu P Z, Zhou C Y, et al. Structural health
monitoring of underground structures in reclamation
area using fiber Bragg grating sensors[J]. Sensors,
2019, 19(13): 2849-2863.

Li H, Zhao Q C, Jiang S D, et al. FP cavity and

FBG cascaded optical fiber temperature and pressure



#£ 48 %5 &£ 16 #H/2021 £ 8 B/ E#

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

sensor[J]. Chinese Optics Letters, 2019, 17 (4):
040603.

Liang T C, Lin Y L.
with fiber optic sensor[J]. Optics Communications,
2012, 285(9): 2363-2367.

Zhang Y S, Qiao X G, Liu Q P, et al. Study on a
fiber Bragg grating accelerometer based on compliant
cylinder [J]. Optical Fiber Technology, 2015, 26:
229-233.

Wei L, YuL L, Jiang D Z, et al. Fiber Bragg grating
based on diaphragm

Ground vibrations detection

accelerometer and diamond
structure [ J]. Chinese Journal of Lasers, 2019, 46
(9): 0910003.

WA, KRB, ZRM, H.ORTEA 5B
DG ET A fA% M AL R (T T RO, 2019,
46(9): 0910003.

Feng D Y, Qiao X G, Yang H Z, et al. A fiber
Bragg grating accelerometer based on a hybridization
of cantilever beam[]J]. IEEE Sensors Journal, 2015,
15(3): 1532-1537.

Khan M M, Panwar N, Dhawan R. Modified
cantilever beam shaped FBG based accelerometer with
self temperature compensation [ J]. Sensors and
Actuators A: Physical, 2014, 205: 79-85.

Li L, Dong XY, Zhao C L, et al. Simply-supported
beam-based fiber Bragg grating vibration sensor[]J].
Infrared and Laser Engineering, 2011, 40(12): 2497-
2500.

A, EHUK, BB, . & SOREH NG OL
PR &g Ay (U], 2040 53Ot TR, 2011, 40(12):
2497-2500.

Zeng Y ], Wang J, Yang H Y, et al. Fiber Bragg
grating accelerometer based on L-shaped rigid beam
and elastic diaphragm for low-frequency vibration
measurement[J]. Acta Optica Sinica, 2015, 35(12):
1206005.

HER, TR, BEE, & AT LENER S
JIEE i 235 K 9 TR 27 D Ml Jom A% e 2 [T . a2
iz, 2015, 35(12): 1206005.

Zhao L W, Zhan Y Z, Zi H G. Numerical research
on damage detection of simple supported beam based
on the natural frequency vector method [J]. Applied
Mechanics and Materials, 437: 513-516.

Wang S Q, Xu M Q. Modal strain energy-based
structural damage identification: a review and
study[]].
International, 2019, 29(2): 234-248.

Stutz . T, Rangel 1 C S S, Rangel L S, et al.

Structural damage identification built on a response

comparative Structural  Engineering

surface model and the flexibility matrix[J]. Journal

of Sound and Vibration, 2018, 434: 284-297.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

1610004-10

Han ] P, Zheng P J, Wang H T. Structural modal
parameter identification and damage diagnosis based
Earthquake

2014, 13

on  Hilbert-Huang transform[]J] .
Engineering and Engineering Vibration,
(1): 101-111.

Huang CJ, HuJ] Y, Yang Y F. Persistent scatterer
detection method based on empirical mode
decomposition[]J]. Acta Optica Sinica, 2019, 39(5):
0528006.

MK, A, BHTK. —FIET RS0
K AR RN T 36 0] Sb% 254, 2019, 39(5):
0528006.

Zhang Y, Lian ] J, Liu F. An improved filtering
method based on EEMD and wavelet-threshold for
modal parameter identification of hydraulic structure
[J1.
2016, 68/69: 316-329.
Mu T F, Zhou L.

using adaptive extended Kalman filter with unknown

Mechanical Systems and Signal Processing,

Structural damage identification

inputs[J]. Journal of Vibration Engineering, 2014,
27(6): 827-834.

B, B, WARMFHTET RGN XRR
SRR AN [T K3 TR AR, 2014,
27(6): 827-834.
Shen C, Qian D L.

seismic damage effect of foundation on frame-core

Experimental investigation of the

tube structures considering foundation soil based on
the wavelet packet energy[J]. Journal of Vibration
and Shock, 2019, 38(16): 174-180.

VOB, BRAEFS . BT /N Dl A BE it 14 b A b X HE £ 45 4
WA R T J]. Jk3h 5 bk, 2019, 38
(16): 174-180.

Tran-Ngoc H, Khatir S, de Roeck G,

efficient artificial neural network for damage detection

et al. An

in bridges and beam-like structures by improving
training parameters using cuckoo search algorithm
[J]. Engineering Structures, 2019, 199: 109637.

He H X, Zheng ] C, Liao L C,

identification based on convolutional neural network

et al. Damage
and recurrence graph for beam bridge[J]. Structural
Health Monitoring, 2020, 4: 1392-1408.

Yang S Q, Huang Y. Damage identification method
of prestressed concrete beam bridge based on
convolutional neural network[J]. Neural Computing
and Applications, 2021, 33(2): 535-545.

Wang Z F, Wang J, Sui Q M, et al. Optimal design
of miniature FBG soil pressure sensor and its
application to geotechnical model test[J]. Journal of
Engineering Geology, 2015, 23(6): 1085-1092.
FIETd, i, FBHEE, 5. M8 FBG - & 115

B8 A BT b AR R 6 7 PRI 5 (7. A% il o o



#£ 48 %5 &£ 16 #H/2021 £ 8 B/ E#

R, 2015, 23(6): 1085-1092. analysis and identification of breathing cracks in

[28] Palechor E U L, Bezerra . M, de Morais M V G, et al. beams subjected to single or multiple moving mass
Damage identification in beams using additional rove using online sequential extreme learning machine[J].
mass and wavelet transform [ J]. Frattura Ed Inverse Problems in Science and Engineering, 2019,
Integrita Strutturale, 2019, 13(49): 614-629. 27(8): 1057-1080.

[29] Huang G B, Zhu Q Y, Siew C K. Extreme learning [31] Bayat M, Ahmadi H R, Mahdavi N. Application of
machine: theory and applications[J]. Neurocomputing, power spectral density function for damage diagnosis
2006, 70(1/2/3): 489-501. of bridge piers [J]. Structural Engineering &

[30] Kourehli S S, Ghadimi S, Ghadimi R. Vibration Mechanics, 2019, 71(1): 57-63.

Damage Identification of I-Beam Based on Fiber Bragg Grating
Vibration Sensor and Extreme Learning Machine

Li Yijia, Wang Zhengfang, Wang Jing , Sui Qingmei
School of Control Science and Engineering, Shandong University, Jinan, Shandong 250061, China

Abstract

Objective The potential damages of an I-beam structure may lead to safety accidents and adversely affect the safe
operation of large-scale infrastructures such as buildings and bridges. The structural state monitoring and damage
identification of an I-beam are critical to ensure its safe operation. Compared with traditional electronic-based
vibration monitoring techniques, the fiber Bragg grating ( FBG) sensor is small, high in sensitivity, anti-
electromagnetic interference, and easy multiplexing. It is thus preferred to be employed for collecting the vibration
signal of the I-beam structure of the infrastructure. However, the existing FBG vibration sensors are difficult to
meet the requirements of wide frequency response and high sensitivity measurement of I-beam. Therefore, the first
issue to be solved is the accurate sensing techniques of vibration signals. Apart from vibration sensing, another issue
to be tackled lies in the damage identification of I-beam structure. The neural network and its transformer-based
identification methods that have been developed recently depend on a large amount of training data and are slow in
training, which limit its generalization in practical applications. To solve the aforementioned two issues, a novel FBG
vibration sensor with two ends fixed beam was designed for vibration sensing. Moreover, the extreme learning
machine (ELM) algorithm was employed to identify the damage state of the I-beam. We hope the results can be
helpful to promote the safety monitoring and damage evaluation techniques of I-beam structures.

Methods In this paper, a novel FBG vibration sensor with a double-ended fixed beam structure was designed, and
the ELM-based automatic damage identification method of the I-beam was studied. First, a novel I-shape beam
structure was designed as vibration-sensitive components of the FBG sensor. Then, we performed finite element
simulations as well as testing experiments on the sensor to test its performance. After that, the energy ratio
variation deviation (ERVD) of the wavelet packet was extracted as the damage feature to characterize the damage
state of the I-beam. In addition, then the ELM algorithm was followed for the damage evaluation of the I-beam, The
back propagation (BP) based damage identification method was used as a baseline model for comparison.

Results and Discussions In this paper, a novel FBG sensor with a beam structure fixed at both ends was
developed, and the ELM classification method was used to realize the damage identification of the beam structure.
The results of the simulation and experiments show that the novel FBG vibration sensor has good acceleration
response and time-frequency response characteristics within the acceleration range of 0.2¢g-3.0g and the operating
frequency range of 10-350 Hz. The natural frequency of the sensor, when the acceleration was 2. 0g was about
543.9 Hz (Fig. 7), agreed well with the simulation result of 568. 6 Hz. The sensitivity of the sensor was
approximately 6.7 pm/g, and the repeatability error of the sensor was about 1.7% (Fig. 9). The lateral sensitivity
was 4.2% of the longitudinal sensitivity (Fig. 10). In addition, the structural damage index, ERVD, was about 3.2
for Case 1), and it significantly increased to about 15.7 for Case 2). For Case 3), the ERVD increased to about
23.0, which indicated that it was capable of reflecting the damage state of the beam structure (Fig. 15). After being
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tested on 90 groups of test samples under three working conditions, the accuracy rates of damage identification of the
ELM and BP-based damage evaluation models were 96.7% and 93.3%, respectively (Table 2 and Fig. 16).

Conclusions Focusing on the requirements of reliable condition monitoring and effective damage identification of I-
beam, this paper developed a novel FBG vibration sensor with a fixed beam structure at both ends and then proposed
the ELM classification method to realize the damage identification of the beam structure. The results of the
simulation and performance test of the sensor show that the sensor has good acceleration response characteristics in
the range of acceleration 0.2¢9-3.0g and operating frequency 10-350 Hz and has a good repeatability and a lateral
anti-interference ability. It was applied to the beam structural damage identification process for inspection, using the
ERVD as the damage feature, and the ELM was used to identify the beam structure damage. The preliminary test
shows that its learning speed is fast, the generalization ability is good, and the damage degree identification accuracy
reaches 96.7% , which is 3.4 percent higher than BP damage identification method.

Key words fiber optics; fiber Bragg grating vibration sensor; energy ratio variation deviation; extreme learning
machine; damage identification
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