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Abstract ; Elasto-magnetic( EM) tension sensing technology has many advantages in the tensile monitoring of flexible cable. However,
the problem excites that the component under test cannot be fully magnetized by the excitation coils when this method is used to the solid
round steel suspender. Herein, we analyze the magnetization process of the round steel hanger, according to its structure and mechanical
characteristics. Then, the excitation coils of the sensors are optimized by modeling and simulation. Two kinds of sensors are developed
for the conventional round steel suspender with a diameter of ®85 mm, and a larger one with a diameter of @120 mm. The performance
of two sensors are tested thought the static loading experiments. And the conventional strain gauges are used for comparation.
Experimental results show that the optimized excitation coil can fully magnetize the @85 mm round steel suspender. The full-scale error
of EM-sensors is less than 2% (‘average value —0. 15% ), which is significantly better than the result of the strain gauge (average value
—-1.95% ). Experimental results demonstrate the superiors of EM sensors in linearity and repeatability, which meets requirements of the
tension measurement of the conventional diameter solid round steel. The excitation coil for @120 mm round steel suspender should be
further optimized for the guarantee of the accuracy and robustness of the sensor.
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Fig. 1 Diagram of the magneto-elastic sensor
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Fig.2 Hysteresis curve of ferromagnetic material
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Table 1 Comparations of parameters for simulation
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Table 2 Design parameters of excitation coils of EM sensors

AR 2% =% LA EE /mm

AR TS HEEE i)=Y R K E/
CCT90J 170 16 230
CCT120)J 200 16 280

Jily W i S Bt A R 0 LA SR A& 6 TR,
& 6(a) F(b) 7l A ik zs 2R, Jih i 2 Pl AE A7 1) 5 %k
] LRGSR BE Sy AR B 45 R, CCT90) AT CCT120] 7EH
S PR IR EE Sy B R 2. 11x10° F19. 83x10* A-m™,
SERA KR RN R REIA Y 96 155 I 44 15, 3K TN
Fi AR B AR R DI UT 55 1 W 3 i B A% 1) 0 3 A A 1 3
ATREAR R 32 200107 1 23 000x10°°

&6 (c) FI(d) 43l % B2 2k i 509 1 A 1Y)
8 1) R[] B R RO R BE 2 AR R D LA R, H R
@85 AL A2 D120 mm [R5 FT 7 H o0 5 Ak B J8% N
SREEAY N 2. 15 F 1. 61 T, B% MM REFF1ES
BothZe (K 4) s (514K i AT 2 908 B2 4 Ak 2 30 1 f
XLl E,

2.10%10° 11.50%10°

——cCT90]
\ ---- CCT120]
2.11x10° A-m’™
B 1.80%10° [ 1120410° &
< <
2 2l
i . - - )
R 1.50410° F 19.00-10' ]
® o
120410 F 7 " 16.00%10°

-150 -100 -50 0 50 100 150

1) BB /mm
(b) 1) T 3 3 A (B8R
(b) Curves of axial magnetic field strength (with steel)
240 1 1.80
— CCT90J
1.61°T ----CCTI20J

220 | L 1.60
!: t
- E
B 2.00 H1.40 E
#® #
o / \ el

180 F / v 4120

1.60 L L . L L 1.00
-150 -100 -50 0 50 100 150
17 B B /mm
() Zaly 17 i e 2 588 E 4 Ak (LX)

(d) Curves of axial magnetic flux density (with steel)

Bl6 SRR & A 5 HL Ak

Fig. 6 Simulation results of EM sensors



144 % & L F ¥

%43 %

D5 BT 4t SR B, 2 A A i T G s v 1%
TS e S G T [ 7 AT A 4 ) A 35 B TR AR I AT
SRR

BEAR  XHELZE CCT0) 1588 I HE Rk E ) i TR iF
VOB B 7 i, I 7(a) AT, Joii ke
B R 2R gl s SR B F e i T A Bk A R A
PR, RSB o 2 3 3k B Bk 2 48 5 [ 17 A i 1)
M B% 3K il i e P XoF [R50 7 A A e AR N 2. 07 42
FFZE2.28 42T T2910. 1% (B 7(b) ). ME 7(b) 7]
L, YHEER ARG SR 5K 300 w, VAR, HEXTRE S R 1 14
TG SRR C T8 B 3 25, 2% IR B0k 1A 1 AN
VERAR I BE G SRR 538 18 (XTS5 29 10° ) H
TR 75 B A EL AN A 1 B S A R S R T R S
DRSS, EL AR IR 175 B o5 1) SR A L, 0 Tl ik
R R R D R TR 7 S i Y T =

Tk B 3R BE B/ T
2.60
[ 2.40
2.20
2.00
1.80
1.60
1.40
B 120
Tk R AR E 100
(a) FEERZES T4 TR SR 0 TR
(a) Simulations of the magnetism gathering effect
24 ¢
23+ ———
[~
=
it
3 22 F
g |
&
2.1
20 1 | 1 1 1
0 100 200 300 400 500
HISRE 53/,
(b) BEGRAR X T 2 (KL

(b) Influence of the relative permeability of yoke iron

K7 BB B R

Fig.7 Simulation results of the yoke iron sleeve

3 FREXIRIIE

3.1 SEIEHER
FRIRATT LS B6 238 R e W T 1 B B oy 1% R RE 5
B HY TN AT A R4, 35 A TR /AT B il

(AR TG SR IGTE Ay SR FH B S B iz FH 1 5204 s A
AT E ARSI | X A0 ] A SRR A TN, DA o A L
R LM HEEW KEERG, A TELRE T
TR TR E |, R #4850 56 b o 25 BRI B R R 11 5%
Mo, SO0 AR A AR ] RCSEASTR] A 114 7 53 7
AT . BARE ] 35CiMo B 45 9% 460 MPa B
HRA 4 BN AT, Herh i B LA A AT 085 mm K i
3.2 m, BT PLGE B 5 000 kN 8 K H AR M AT
@120 mm K 6 m, Hhm R IHE R 5 200 kN, FIH
KR4Edr 2y 7 5 000 kN 5K Fi 5 48, He IR (& S8 45H)
(GB/T 3077) b, XF [ A 1 AT AT R PS5 AR
RN BT 1/2 K BEAL, 4351 % %< CCT90J , CCT120) 1%
AR HAERAN AT 174 K BEEAL 4 & BGK-4000 TR 7%
NEASTE DA TR HSE S

T HROZ I AR T A5 H R 1R AN AT A 2R 1T, W 5 [
(A1 400 P13 AT 114l 27 A4 D 15 2 , Ry s VR 520 4K AFF 2 i) o
FRAn B 4 JARZ N AR T, 38 1 1538 2 AR 5% 10 28 -
A, AR R 52

MR- 5 AL IR A B AN R 8 IR, K AR B AT 42
JETE 5000 kN 5KH 4L 1 B i A it 4o T 2L T
JETR ARUE S AL %85 ( CL-YB-M4MN K B 2545 0. 1 2%
BiEE+0. 05 F. S. ) LA K 2000 %I A7 i £ g il 2 352 5004,
S Pl [ 7 A% IR AR A Sl b A% B 2 2R AT SR P B2
o B FERTIINER TR, R BRI AL B X 5% 0
AT RN SR AR AR A TR A 5 Z 05 , 4R 5% R AR THFI G
SRS A% e ) e AN () 7 2, O 5 A v 2 IR s B A T
XL, ARAG 250 E 4 b, 200 A 4 L = (P —far 2% ) /o
#x100) ;K5 22080 A 4 L HEATGE 4047, 8 o H ¥ S 4w
HEZE VAR X PRI 5 ¥ T8 AT

FRAES) i
Bt BB LROE WA LSS RS TR B

Bs I — EE

LE]_

2 0005 fi{X

=] —=]
T T 11

() KR ARG RAE

(a) The schematic of experiment setup

(b) ERRGLY

(b) Experimental setup



559 1]

IR A S B A7 7 M 0 4 A SR AR5 145

BN A REL R T RiAgit1

[\A

FiAE T4
B4R i FF

MAE T2

(o) 3R 3% AR T3 B e 22 e R

(¢) Strain gauge and the sectional view of installation diagram

\
BB

BRI s ERmAT

(d) BEPRSRNA% 1R 2% D35 P B 2 e A T

(d) EM-sensor and the sectional view of installation diagram

R W T

Fig. 8 Experimental setup and sensors

3.2 E#H 085 mm BN BAFHALKIE

SeXt ©85 mm B mATHA TS, Z J5 , BN AT
SRPL AT A IR 6 U ER, Hk Sl 400,800 ,1200,1 600,
2 000.2 500 kN, 5% #5500 A% 1B A% 5 4k 5% N AR 1Y
ARSI A5 B N E 9 5 10 Frs , T PR AL R ES 1 AH
FHRZWE 11 s,

0.6 -

n FHRCGEI4)
o fER(H24)
—— A A LR
aa | FoAMAmE
y,=-2.81x10 217310

+1.86x10 x+1.78x10-%7

RE09999 By —185x1072+1.83x10%

+1.82x10"%x+8.56 10"
R=0.999 8

HSEREM

0 500 1000 1500 2000 2500 3000
ArER/KN

Bl O RSO AL A B R S B 4
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Table 4 Accuracy comparation with other EM-sensors

Jrik igfﬁ: HER FIE
SCHR[4] 12 e KRR 2 0. 286% MR BB AN
SCHR[17] 116/128 W RRIRE L 2. 2% BIBEER TR AR 9 000 kN, 4338 200 kN, i T 35 K FIHRAEHE A BTt A4S 1
k[ 19] 160 R T 2% AR BT AR
SCHR[20] 99 FoRim A2 5. 31% B T KRR 866 kN, #5 J1 PR ZE 46 kN

£ 85 AR T 2% 59 R AT, A Sk SR

BRI SSBAE T (1], XA R 22 4z, 2010, 31 (4) .
4 4 it 794-799.

E X S B #4730k ) 5 A A SRR )
BT 5 SRR YIE , I SARGIN AT L, 75 AR 4
o X TR ECAR B0 (58 49 75 AT, 00 A SRSl ) 6
PR 22 3 {5 /& - 0. 15% FC 4R 52 IO 22 71 89 45 258 (3910
=1.95% ) e mA— RO, BAE ML R LS
TRREBE o SRR % SR 22 e T L, AN 3 473 [32 #49 f AT- 45
Fay AN (5499 73 T 7 JEE P T A i, AN A AR IR 5K
JOE AR T Th I ) 22 — B0 A 0 0 8 B it v 45 722
BT M EMER, DR T SO0, A R 224 T2V,
SRS A SRR AR A DA AR BT 9 AT ) 4 300 ) 7
A R SR 5 R AR R A A S0 S R, T
iE— AP o R LA B 13 I fh Dl i 2 ) 454 15 Dl
LT, AR R AR T

£ Sk
(1] BRI e Bk B T R SCH9 R AT HE T 25 4 17 O it

FELD]. BB : PRS0 K2, 2012,
CHEN L. Research on structural behavior of through steel
tied arch bridge on high-speed railway [ D ]. Chengdu:
Southwest Jiaotong University, 2012.

A, o AR, NI A T TR B R S B
AT 55 1 RE A AR 2R AE ) I BT [ U] SN2 4
2013,43(10) :26-30.

ZHAO J G, ZHAN Y L, ZHAO R D,

Experimental study on fatigue performance and bearing

(2]

et al.

capacity of solid round steel suspenders of high-speed
railway bridges[ J]. Building Structure, 2013, 43(10) ;
26-30.

P, o R B A R R R SRR AT 4 R
FASWRLT]. B4 ,2005(5) :31-33.

YANG J G, YE J G, QI H SH, et al. Application and
research of high strength construction Steel tie Rod [ J].
Steel Structure,2005(5) :31-33.

WRAR B, 22t B8, 45, TR R Iy VA% g

(3]

[4]

(5]

[6]

[7]

[8]

(9]

[10]

CHEN W M, JIANG J SH, ZHANG P, et al. Theoretical
model and experimental study of cable force magnetic
sensing in steel cables [ J]. Chinese Journal of Scientific
Instrument, 2010, 31(4) :794-799.

AR BRI i B B R R B ny S A T].
AT, 2005,38(11) :26-31.

REN W X, CHEN G. Practical formulas for calculating
cable forces from fundamental frequencies [ J]. China
Civil Engineering Journal, 2005,38( 11) :26-31.

XIS, B B, BG4, AR R I v 7 PR AR
AR T ik [ 0] AR AR~ 41, 2011, 32 (11)
2443-2448.

LIU L, CHEN W M, ZHANG P, et al.

multiplication of fundamental frequency for cable force

Spectrum-

monitoring using frequency method[ J]. Chinese Journal
of Scientific Instrument, 2011,32(11) :2443-2448.
TROCIR, 226, I8, 55, 25 JE i B R TR B R
SR ITIIRBESELT]. 23 ,2021,66(5) :136-141.

XU W CH, LI N, XIE X, et al. Study on tension test of
in-service short cable considering boundary effect [ J].
Highway, 2021,66(5) :136-141.

TRITER B — FL, VL e 4R Sl 0k 4 AT I 1R
BIBFSELT]. BB TR 22741, 2021,43(9) :26-32.
ZHANG K'Y, ZHAO Y F, XU C. Research on internal
force identification of boom based on vibration frequency
method [J]. Journal of Wuhan University of Technology,
201,43(9) :26-32.

BRAE VR WG, G eI AR A5 A SR
LA TR [T]. 56 7. #0t, 2009, 20 (10)
1294-1297.

LI D SH, ZHOU ZH, OU J P. Sensing properties study
and engineering applications for GFRP-OFBG intelligent
sensors [ J ]. Journal of Optoelectronics Laser, 2009,
20(10) :1294-1297.

TRARAE WO B AR A — R B G A M e A



148

O % 2 i

43

[11]

[12]

(13]

[14]

[15]

[16]

(17]

Tk A kA (0], AR AR A 4, 2009, 30 (7)
1400- 1403.

ZHANG D SH, YAO K F, LUO P, et al. Novel fiber
with  high
frequency[ J]. Chinese Journal of Scientific Instrument,
2009,30(7) : 1400-1403.

R PR R, TG, A5, B BRI R A AT LA L AT
DR R AR I O s ()], ACRR AL R 2 i, 2012,
33(12):2709-2713.

WU J, CHEN W M, ZHANG P, et al. Stain sensing
method based on directly metallized bonding FBG to

Bragg grating accelerometer resonant

substrate[ J |. Chinese Journal of Scientific Instrument,
2012,33(12) :2709-2713.

WANG M L, CHEN Z L, KOONTZ S S. Magneto-elastic
permeability measurement for stress monitoring in steel
tendons and cables[ C]. 7th Annual Symposium on Smart
Structures and Materials, Health Monitoring of the
Highway Transportation Infrastructure. Newport Beach:
SPIE, 2000.

WS XN B R, AL R AL R R BT U ik
BFFELD]. AL F4,2010,31(11) :2467-2473.
ZHANG P, LIU X L, CHEN W M, et al. Design method
of magneto-elastic cable tension sensor [ J].

2010, 31 (11).

Chinese
Journal of Scientific
2467-2473.

JI R XS SRARAE  AF. TN N LR R AR
T AT ST V], AR A, 2022,42(2)
108-116.

ZHOU J T, LIU H L, ZHANG S H, et al. Experimental

research on monitoring magnetic stress resonance of the

Instrument ,

prestressed steel stranded wire [ J]. Chinese Journal of
Scientific Instrument, 2022,42(2) . 108-116.

WANG M L, WANG G, ZHAO Y. Application of EM
stress sensors in large steel cables[ C]. Sensing Issues in
Civil Structural Health Monitoring. Dordrecht; Springer,
2005 145-154.

ZONTA D, ESPOSITO P, MOLIGNONI M,

Calibration of elasto-magnetic sensors for bridge-stay

et al.
cable monitoring [ C |]. 6th European Workshop on
Structural Health Monitoring, 2012.

Fe% Tl AN R AR GAR S E BT 2. W
P BERRE i 2 A TS ], st AU Tolk i
At ,2003.

The Nondestructive

Testing Technical Qualification

Committee of Ordnance Industry. Quick reference

handbook for curves of magnetic properties of common
steels[ S]. China Machine Press, Peaking, 2003.

et e A R R G R O A AR Bt 5 R aOF
K[D]. At ARERY,2015.

HUANG J. Design of externally mounted cable force
by high
excitation[ D]. Nanjing: Southeast University, 2015.
ZHAO Y, WANG M L. Fast EM stress sensors for large
steel cables [ C].

Composite

[18]

sensor and system development voltage

[19]
Nondestructive Characterization for
Civil
Infrastructure, and Homeland Security, SPIE, 2008.
209-216.

FENG H, LIU X, WU B, et al. Temperature-insensitive

cable tension monitoring during the construction of a

Materials, Aerospace Engineering,

[20]

cable-stayed bridge with a custom-developed pulse elasto-

magnetic instrument [ J ]. Structural Health Monitoring,

2019, 18(5-6) ; 1982-1994.

EEE N

FEEHE, SN 2014 4FF1 2016 4EFRE
] e B JIRT 2 IR AL 2 o R AR PR
) HORE TR 200, IR RO A
FEA, TR B AR A AR AR A
Uile, FEWTFET5 0] R RE AL SR A | A A il

d.h
Ry W,

E-mail ; wangxiaolin@ gxas. cn

Wang Xiaolin received his M. Sc. and M. Eng. degrees from
Central Washington University and Huazhong University of
Science and Technology in 2014 and 2016. He is currently a
Ph. D. candidate at Chongging University, a senior engineer and
a master student at Guangxi Academy of Sciences. His main
research interests include smart sensor technology and structure
health monitoring.

WS G5 1), 43 AE 2002 4 AN
2005 4F-F 5 PR A4 BRAHA 127 o A A2
A, A PR R At A R, 322
WE5ET5 1 0 AR AR R 5 5 A B REZE
ey it PR 285 M I 45
E-mail ; zhangpeng@ cqu. edu. cn

Zhang Peng ( Corresponding author) received his M. Sc. and
Ph. D. degrees both from Chongqing University in 2002 and
2005, respectively. He is currently an associate professor and a
master advisor at Chongqing University. His main research
interests include sensor technology, signal processing, smart

structure health monitoring and etc.



