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Abstract: Fiber-reinforced composites, renowned for their high specific strength, high specific modulus,
exceptional fatigue resistance, and outstanding corrosion resistance, are extensively utilized across the
aerospace, transportation, and energy industries. Nevertheless, under severe service conditions, the latent
progression of internal damage can precipitate sudden failure, underscoring the pressing need for effective
structural health monitoring (SHM) technologies. This review comprehensively summarizes the latest
advancements in this field, conducting a systematic analysis of the principles, performance merits, and
principal limitations of both offline nondestructive testing methods (encompassing ultrasound , X-ray/CT,
infrared thermography, and acoustic emission) and online monitoring techniques (including surface-
mounted strain gauges, piezoelectric and fiber-optic sensors, as well as embedded optical fiber, resistive, and
piezoelectric sensors). Comparative analysis reveals that offline techniques boast high accuracy but are
devoid of real-time capability, while online techniques facilitate dynamic monitoring yet are hampered by
limited penetration depth and signal interpretation capabilities. Finally, the paper delineates key avenues for
future development, such as the co-design of sensors and structures, multifunctional damage sensing, and
intelligent signal processing for pattern recognition and predictive maintenance, offering a valuable reference
for the intelligent monitoring of composites under complex service conditions.
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(a)delamination defects'®*; (b)debonding'**** and porosity defects!’
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Fig.4  Acoustic emission methods

(a)damage detection by acoustic emission™**'; (b)acoustic emission localization"**!; (¢)damage mode identification
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Table 1 Comparison of offline inspection technologies for fiber-reinforced composites

Technology Principle Advantage Limitation Application
Ultrasonic testing Acoustic wave High resolution;internal defect Requires couplant ; time-consuming Aerospace
reflection detection components
X-ray/CT Radiographic imaging 3D visualization Radiation hazard ; high equipment cost Pressure vessels
Infrared Thermal anomaly Non-contact;rapid scanning Surface-sensitive ; environmental Large-scale
thermography detection interference structures
Acoustic emission  Transient elastic waves  High sensitivity ;rast response High noise susceptibility ; complex signal Aerospace
analysis structures
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Fig.5 Types,placement,and performance of strain gauges

(a)common types of strain gauges!™; (b)strain gauges mounted on different curved surfaces'™’;

1,

(c)thickness characterization and sensitivity curve of silicon-based strain gauges'™’
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Fig.6  Surface piezoelectric sensors

(a)detachable PZT sensor'®'; (b)diagnostic film based on printed circuitry and PZT transducers'®
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Fig.7 Structural health monitoring based on surface fiber-optic technology

(a)attaching FBG sensors to surface of carbon-fiber laminate!™; (b)distributing FBG sensors on surface of aircraft cockpit'™’

TESE PR BT 1T, JEET 1% I A R B A 25 454
FARRISRUE. PR, P55 2 R IR 2 LA L
S T 9298 Ko o7 I AT A el ih
W2 B LR AR 5], RS s 1 B3R 55 B A o 2
A7 B AR 23 A, I RS JBE 5 15 G B8 A 2 {H
ALk i W AR . AL, R b XU U, e 4T A%
SRR IZ A RGO B AR, T S
R 5 L B Bh S AR , 5 S R A AR A

A DL I A6 52 5 AR 45 R it B s )
T HA O I T B A A R 3
JU R REUE . A EOR AN AW N E, 45 A LK

JeHEGR G T2, & T I AT B R R 1F
AeprEHE . SR, RIMOCLHALIEAS 1A R TE T, FBG
ASCRRE Jay 78 25t Wi N0, 5 5 905 LA BIR ; DOF & 48 5 RE 70 A1
AW, (ELXT 52 24 25 4y ) 3 IO P 1470 1% E 0 475 75 24
pho AL, T B IESME IR G TR B A HCR ER
REFDCEAL G R T 2R

25 LA X SR TR L WS ARTE 5 T2 388
EHAGE Iy R G, C A SRR RSP TR
HAE Iz SR, 91 e e TG A A il S B R R
B, #fEzh T SHM AR BEfL & e . HARR AP i ik
o T XTI 22 MERE Y i 2 R, [R) I S 43 1 S



158 FHRLT A2

2026 45 H

B, SRR PR AE 4 S mG . SR, X ST ) E A
JEAE TR IR B A PR, 322 )R B 2% 1Tl 3R i
P, ToAT BN RS B |, QR 2 43 2 B T RS 5
WAL, 5 32 P45 R 28 (Uil B 3% 2l i sl s sl 3R 115
PO T, SBUS SHERMME N, HAEZS 38l J12- U
(4 7 A 23 BT ) HponT B8 38 i A5 A1 o ol B .
X2 Ry BR P BR 1 SR AR Y A Sl I B T, B A T
SER-DyRe— IR AR T SR I, SR S I A i A
MFEEA , LTI IR A S B 4018 .
22 WMARELZLEUFEA

1 A 22 0 T 5 A 300 o o A SRt B B AN T
82 A BHRE R S BB 2k I PEAG X R
PR W T e 5 bR S5 A TCAE LA R T AR
(4 Jy BRAE L T 28 AL R BB AE XU It L ) 2%
ARG EE W Bl ORI A T2 ik
AFUH AR IE [ 82 3 25 2 B 2580 O 1) & e R
o7 X A o A X b Ak A B 1 5 ) R A S R O AR 2
Yo LUF B3 2 43 LA LR g A SRS W I vk
o8 w5 H T AR DR St =R S PR i
2.2.1 ASEHA

FHEE TR EDCEFHOR i AOCAFEOR AT B S
TR RE B | AT P 2 R 25400 R DR | i A5 25 4 Wl g
TR 2 B R 2. R N2 4%
FBG i A& PRI () £F e 345 52 G p kb b, H 00 i
S S g Hod, BRI =N 5 A
U I RN R AR - S BN (7 R (7 1 RS e
AL TR DR 3R B W S e A

Oromiehe 55" 1) Tl W FBG & Bk R Gi ke
D)2 FEAR B3 B v AT . B B> FBG AR B D 1a) fix
L B S AT ARG 5 2 )2 RNER 32 Z ), HRTE FBG I
D780 N T S s LIy B g K, il
PEAR 13455 A TC BB REAS (R P K RS 4R, 25 R B
W5 2 A A i 1 R I e BRFE AR AR 28 X T
N TR BLAS T # %4 o Freire 5 %0 T FBG fE
k1 AR AL R B T AN 2 A2 AR 0 7
F1o FEWFIE R, 4 IR 2k IX I 9 A TE AR AR Tl 12 )2
e/ IR Z TEAE A , i AS FBG 18 S ik A JZ TEAUZ
6], 534 34> FBG B & Tk be 2 mm, W&l 8(a) fir
No EIEINE B, 455 R B XL Y FBG
0 Sk B B S R RN AR AR N E . L AR
FBG 1E 2 B 28 A5 S 2%, % 3D 4 41 5 4 45 ¥ gk 17
SHM. FBG TEHk/ A8 g L B v A WF 98 &8,
RGBT A W AR b St i i A8 S AR el R,
AT BE T A NS RN | RN Bl 2 2 A B Y s
Wik o B2 IEA T 3D AN MR SRR A

FBG i il o 8 o it o v o 53 493 L P9 R 24 2 (LT
FNZNE AN S0 0, WL 340 43 1 AR 114 I8 08 50
BANEF R REARS S LI AE S T — Fhoir A
FBG & J8s T 50 10 B £ 48 52 4 bR [ 4k 2o A
AT e . B S, W 8(b) BroR , 7R il i o A2
4 FBG fix AR RE b, Wi 1 2% A8 A DATE AR A
MBI AEIRE o Bl TT & T AT SVR A BP i 48 [ 2%
1) HE 25 A b A ) R AN 3 o a2k 1
FBG 1C 35 A4 b7 A2 e 07 #6472 57 AU

B2 AR A KOG HORTE R G A RHR O Wl v
ANNIRTE 3 A I (SR IETT (e = o S L E D o e Wi
Ji P S BOHLAE A 5 25 2 Wi 4, JCHAE w3 0 g sl np
IEET s BLAb i A L FE W] R A IR 52 5 A REY ) 2 1
FE , WREEATR )23 [R] 58 B2 B85 | ATROUESBRE | DT 52 e 4 A 25
Pt AME R ERBE ) o X s8R PR BRI A
A TR, DA I D e 5 4 Rk
2.2.2 IR AKX PHAZ &S

i A2 H, BH A2 3t 3 i R 5 F AR Cn e 4 ok
B (CNTs) A1 880 MXene ) 1E MEUE OHE AR
BRERE J2 ] sl AR v, G B H BH SR X 40515
R B O AR Ak (24 5 5 35 ) BT 6 8 4 foe P, BEL G )
R M 1, DAY e 0 PN R 0L A8 SR e AR Y
2 P JOEL Y M D 5 AR 1183 P P v B AR T iR A A Y
FHPERE . ZEORKARE N T BA LR S v b
L1 238 iR I G R 3 Ak M 0 e 2T 24 9 265 v BEL 1) 722 Ak
RIRT ZRAE P3R4 3 o T X T 3 109 2 4k 15 05 240 2 4 55
2 SR VU000 L S B AN KA A SR A
SEORLAE) EE S H I 265, A BESE IR H BT D) e

TR = G OB T IR 2 S A5 RS Y
CHE I AURA R, By B KRR, JFH 5L
TR BRI B HOR A . Zhang 55758 1 IR
CNTs T 4EFiti= b 2 B e A A kL, e 1 I
SEPE , 1A SR TR I v 00 by 2 1V, FE 25
R W0 5 T, 2 A% TRt XoF 8y {57 A6 i iy 2 B S v
M . Pinto 550K CNT's W4 78 3% 558 £F 4 3% 1 P B%
W DLAE 2 G MR 12 J s (B 9(a) ) o 3% 35S
25 4 52 G b RE I AT B A A St ok AR ep e
CNT's AR P L2 £ S 36T 7 48 FA5Y 475 174 o

A S M — R T4 R AR A LT — R ik A
KA A R R I A 3 — P 42 TF o Rodriguez-
Gonzalez 55 & T —F B I JZ 4549, i ] A 25
IR 2 B IR A 2V VR Fe B2 , 266 21 Nomex 14
B0l VARTM T 2058, T 7 B A o 78 v W
JEBHmR R o #2 H T Ramberg-Osgood #5743 7R 25 i
REAT A, DA S e B R AR AR 7R R 4 e [, 25 SR 3R W



Fo4ts HSW ST YEI 5 A2 A ORHEE R B A DB AR TS 0 159

API5LX70 steel -

(@) Fiber optic strain gages located at E?%Xy -
st ?rd Gth e 3TTepar layer
12 layers of (;tehfg;:t Slﬂﬁae[’and at 1+,39,5 7 area 30k 9hrepair layer  FE Numrical solution
CRFE . g an ayers : v/ © o FE numrical solution —~" /
9" repair layer -~
@ 20 | strain gage \
2 = 3repair layer
> 15} strain gage
173
o
5k
- 0

0 1000 2000 30004000 500060007000

. - . Fiber optic strain gages located © Strain/ue
line pipe specimen. at 14,3 51 7 9 and 11t layers 12 layers of % 600 —arayrc solaton Tor !
D=459 mm P T A CRFE 3 5001 defect of steel pi?e —
o /& FE solution for
= surface cdefect
B 400 Analytic solution for
- ) internal layer of repair
< 300F FE solution for : -
Q internal wall rfkr_e‘pa!r, -
© "
% 200F _o-22~"FE solution for ext
T 100 o e
g for expoxy filler
@2 0
s 0 5 10 15 20 25 30 35
B o Pressure/MPa
(b) FC/APC 50 mm65 mmM80 mm 95 mm 110 mm_ 125 mm 140 mm
Central wavelength(nm): 1520 1528 1536 1544 1552 1560 1568 1576
i Tube FBG Vent Thermocouple Prepregs
< (8,0) L
FBG
~ : ‘ bag film
Composite Handle Wince 18
laminates  hammer - 16 Il Actual value
; ' " I Identified value
14}
z
National __| §12-
Instrument <10}
Optical fiber % st
.. g 6 |
Optical fiber .
demodulator & ar
2 5
00 1234567 8 9101112131415
Sample points

B8 BT A OELTHOAR 1 A5 fd B )
() 8 R HZAAR LA FBG 5L 5 W0 ™ ; () BREFAEZ AR hitk A FBG SE BB 5 02
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Fig.9 Embedded resistive sensing schemes using different conductive materials
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