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Research on nonlinear damage detection of tower structure based
on relative entropy of the time domain model
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Abstract: Fatigue cracks and bolt looseness are the main damage forms of steel towers, such as relay towers and transmission towers.
Under time-domain loads, these damages have time-domain nonlinear characteristics such as variable stiffness. To solve the time-domain
nonlinear damage detection problem, a damage detection method based on the relative entropy of the autoregressive time-domain model is
proposed. First, the autoregressive model and the basic theory of model order determination and parameter estimation are described.
Then, the time-domain nonlinear characteristic of structural damage is introduced, and the three autoregressive residuals formed in the
undamaged basic state and the damage state are given. In addition, the relative entropy of the probability distribution of the residual
series is analyzed. On this basis, the damage detection index based on the relative entropy of the autoregressive time-domain model is
derived. Finally, the numerical simulation of the eight-layer shear structure and the damage detection experimental study of the relay
tower model are conducted. The results show that the relative entropy index value of the autoregressive time-domain model at the damage
location is more than 22.9% higher than the traditional second-order variance index value for the rod nonlinear damage of the relay
tower. For the bolt loosening nonlinear damage, the relative entropy index value of the autoregressive time-domain model at the damage
location is more than 12. 7% higher than the traditional second-order variance index value.
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eight DOF system
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Table 1 Damage states of Eight-storey shear structure
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Fig.4 The experimental model of relay tower
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Fig. 6 Data acquisition instrument of shaking table detection
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Fig.7 Experimental simulation methods for nonlinear damage

IR A5 T o0k 2 o ik B ki i 10 41T
Ol , 5 M2 AN K 10 23545 T 0070 A R,
SR I B RNE  (TBL 1~6) 58 — 28
BRARFA S ZRARLME S (T 7~10) , R 2 A5 T T
DURRARAE B, TR 55 28U T o0 i o 8 e 44
RN G LA AR L R 1 3 A P A2 A, RHEAT AR Y
i ILIE 5(b) L (e) .

R2 HEBEEEIAKBHRGIRR

Table 2 Damage states of relay tower model test

TH 1 JEFHE 3.4.15.16 FIBRGERE 0.1 mm %52 2
T2 AL 34,1516 FIFRFEE0.05mm 22
T3 AL 7.8.19.20 [EIBRTERE 0.1 mm 55 4 2
T4 P58 7.8.19.20 [HIBTEE 0.05 mm 54 )2
THLS  JESFRE 11,1223 24 [EBRTESE 0. 1 mm 556 )2
TH 6 PEHFML 11,12.23.24  [EPRTE 0.05 mm 56 )2
L7 BREEARED 2 2RS4 RFFIRRAZ B2)2
T8 WRERAAEY 3 RERENET 2 RFFIERINE H3 2
THLo  IEEAA) 3 RIEMME) 4 HATIERRE B3 2
THL 10 MREEAAE) 4 BB 4 RATIRRAAZ) 42

T 32 22 I e AR T o R e R ES i, R T sk A iR
5 Ja RTINS, S A PG 30 52 M, 5 L2 B o ey
N AR B B, e BT Hr ] 6 000 AN 1
SR AR A A R LA EAT A b, R T
P E 1~ 6 i B i F e o7 h 2 an 1 8 fir i, i 43 T
6 BYIMIE 1 ~6 i B iy A g B i 4k an &l 9 B, gk
AR R B R AR



150 i & & ¥ a4tk
e 2 KPR e 2
iﬁg OWWWWWWWWWW gé g it oliiebiie it o sl it ol ol
B T S S W g (e e e—— TSI SN NSNS S S
N L N \ N N N N N N N \) N\ \) \ QS \ NN\ \) N Q \
SEFLFSLSFLTLTLSTESS S T E S LSS SN S S
NN YT Ty T X X ST 5T b
KB KFEH
(a) JEIE1 (e) JEIES
(a) Channel 1 Bo 2 (e) Channel 5
= =< T T T PR T T T
=& T T NSNS SIS S
= SIS I ISR FTFTF P SHES PSS
NN Y YT Y L R o 3
Pis R
(b) JEIE2 (f) 36
(b) Channel 2 () Channel 6
e~ 2 y v .
e OWWWMMW B9 B0l 6 EIE 1~6 b e f i £k
:[;_ 1 1 1 1 1 1 L 1 1 1 ) ]
B2 SELFFSLSLETLSLTSESL,S LS Fig. 9  Acceleration time history of channel 1~6 under
NN YT Y™, XX 9T H ©
PEEEd the damaged state 6
(c) JEIE3

(c) Channel 3

e~ 2
D e
BN 2" T @ S 0 S v & S &
\) N\ Q N} Q N\ Q QL Q Q Q QL
PSS F S E S S
KEEH
(d) JEiE4
(d) Channel 4
o 2
e
RIZTIT I 0 & & & & & & &
N\) \) Q \) Q \) Q \) Q \) Q \)
b} \Q \6 ,\’Q ,;) "'>Q ,‘_;J b‘Q b:” ‘)Q ‘)5 bQ
RAEH
(e) BIES
- (e) Channel 5
o 2
e oHMWWM«WMWm
B T P T T T TS ES®
\) \) Q \) \) \) \) \) \) Q \)
O R TS M N LN P P L
PR
(f) 1EiE6
(f) Channel 6

K8 ARAORAS T IS 1~6 fins BE i f h £k
Fig. 8 Acceleration time history of channel 1~6 under

the undamaged state

Bo 2L #s TH6
'}gg Orwvg-w‘- ‘Qv N ‘Q IWF‘Q IQ. - g-. +
N S N N N
OO\ IS SN NN N IO
) \Q \“) ,\’Q ,\f‘) ,‘)Q ,\;‘) D‘Q bﬁ ‘P 5‘) ‘QQ
SKRERL
(a) FIE1
(a) Channel 1
e 2
Eﬁ OWMMWWWWMM
BE P et
S & O © & & O O QOO
IR\ SRR SN SRR S\ SN SN RO N S
‘)\Q \6 Q’\:’) ,\)Q ,\;‘) D‘Q b“: 50 5‘) ‘QQ
KRR
(b) iEIHE2
(b) Channel 2
2 21
B2 oottt
T2 Q0 . O OO OO0
I\ TN SRR S\ SR\ S\ SN SN\ P\ S
e} \Q \“) ’LQ '\«6 ,\)Q ,\;? b(Q bf; 5% 5“) ‘oQ
PR
(c) JHIE3
(¢) Channel 3
e 2
T2 0 O O O 00O OO
IO TN SRR SN SRR\ SN R SN N S\ S
PFHFFESSE S S
KR
(d) i@iE4
(d) Channel 4

SR AR A T A T S R ) 07 B5CH R | I 2R AT R
JF SO A 1 IS TR ) A A AR 0 000 K ) 1 A G R
B A AH OC R BCREME B 1 [T RETR B K0 25
Ny 25 By [ AR PR 3 (4) BT RLSR IO B ) 5%
ZIPHVE . X AR IR A I B 5% 22 I K E A T 4
AT, AT AR BRI 05 S U TS A % 22 7 22 o), W JEAS
P05 T 00T I B 5% 2 7 90 EHE SR AT e v oA, W RAAR
BUZIR 5 T 00 F RFE 2205 25 o)) B 5451405 100 sk
JE W 57 0B ok 2 A TR AR Y AR BB | ARk 2%
FEHI{m, |, WHZER 22 P AN AT e vt 500, AT LAAR OB Y
BRIETT 25 vy o FIHIXECEHE T LUEE ST AR AR HE R
4.3 HEBEERGRNERD

SEF AR BG4 B 1) 45405 e ) 445 1 4 151
10~ 14 Fis, i T4 X H, R T Cheng 261 f $2
HE9ET AR/ARCH BRI SOV #8564 T 175, Hifi
Piksm 25 Rl 10~ 14 B,

T 1R 2 AL 2 RHEA O g 57 2B
T, T8 1 ARG M3 405 (A1 B 8 B2 0. 1 mm, T2 2
B AR LR LA 19 8] B 9 BE A 0. 05 mm, 8] B2 HE 25 14 ol 28 3
BLRA T B AR S e A5 0 R 1 e AR R ), R T 1Y
AR EE SR & 10 FroR, YAEL M R A T 56 2
JZEEF (A1 FITA 2) , AR AHXT W8 85 A1 SOVI $8 4515
REHI T H 505 A 1, ELAS SO B S 19 D7 YA BB A B Ol
R HERAR LA R, L5 )2 bR E I i LE SOVI 45
FRAETE 5 38 b % G T 1T 2 BT, T AS [ A ] B
BB A S AR S 1 3 B B A A A I R,

T 3 RN 4 MDA 4 2 RHER R B 57 248011
100, 25 8T IR R BRE 25, DAL 2 1 46140 A B2 1Y
PR H A ZE S 11 BT, BT LLWEEE] AR AH
SHEFEFR A SOVI F5AR KT T80 3 F1 4 494 584 0 #1453
R ISR L5 4 )2 M8 P E I B T E 2, i H AR
AEXHEHE AR 7 2 R ISR B A T SOVI $8 45 52k, H
55 4 EEA B & T SOVI 84R{A.,



%1 SFRECT A5 BT S AR AR G ) 38 SR g M B LR M A R 5 151
0.50 0.50 0.50, 0.50
[ Isovists [ sovifa#z [ 1soVI#g#z [ 1SOVI#R
045 I ARG 045 & [ ARAIXH 045" I ARAH s 0457 I ARtE %4
0.40 | 0.40 0.40} 0.40
035} 035t 035} 0.35
030} 0.30 0.30f 0.30
o= 025 | 3m 025 | m 025 @ 025
K K 8 K
o2t B o020} B o020r B 020
0.15} 015} 0.15 0.15
0.10 | 0.10 0.10f 0.10
0.05 | 0.05 | 0.05f L 0.05
0 0 0
1 2 3 4 5 6 1 2 3 4 5 6 12 3 4 5 6 12 3 4 5 6
=31 EH B3 B3
(a) THL1 (b) TH2 (a) LHS (b) THL6
(a) State 1 (b) State 2 (a) State 5 (b) State 6

B 10 T80 1A 2 (4R s G 2%
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Damage detection results of state 3 and 4
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