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Using Ambient Vibration Data due to Traffic Loads

* O " ) LLLd O RS EALL L]
QEL R HES 2% NS

Lee, Jong-Won  Kim, Eung-Sock  Park, Dong-Uk  Yun, Chung-Bang  Kim, Jae-Dong

ABSTRACT

This paper presents intermediate results of an on-going research for identification of the modal and the stiffness parameters
of a bridge based on the ambient vibration data caused by the traffic loadings. The main algorithms consist of the random
decrement method incorporating band-pass filters for estimation of the free vibration signals, the cross spectral density
method for identification of the modal parameters, and the neural networks technique for estimation of the element-level
stiffness changes. An experimental study is carried out on a scaled bridge model with a composite section subjected to
various moving vehicle loadings. Vertical accelerations are measured at several locations on the girder. The estimated
frequencies and mode shapes are found to be well-compared with those obtained from the impact tests. The estimated
stiffness changes using the neural networks are found to be very good for the case with the simulated data. However, the
accuracy is found to be not quite satisfactory for the case with the experimental data, particularly for the small value of the

stiffness changes.
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dsto] oig HYg
AAHE olgste Afole WXLV AAE 9X Regon, @A 2744 4Y L B AgFojn

2. ol&3 WA

2.1 R=EA 3

€ A7 AE¢ B8 FHEAE Fig 1o %5t eyt

ohg, AFERF g AAAFISol: aFT2EY AKAEREEY o] oh1 2hg A}
Fo ForEdR 4F wolzygRol ot WM, HANE/|Zo2RY REENS agboz
FA87] st 728 Z AFAEFE FAOE band-pass filter S Hg3F ) Band-pass filter 2] F+3}4
HEE FANFLE A Y FHF A AR 2R 78925, infinite impulse response (IIR) filter 2]
43¢ Butterworth filter & ©) &3ttt & 2=o] Udte, filtering ¥ ZAFHZRE RD 71WL AlL3q]
randomdec A1 & FE33th RD 7|9} 7BAGL, BEFHstao) od HYTzA Lol 27|20
A A YE (deterministic party} B7FH JHstFol g 272 HE (random part)2] o7 FAF o
ALER, FIT 2712AE Mt FE8) Be 49 UISS 2yPsid B9 Are Aggn $47
AELE 78 £ glve Aoldh weld, AFHoz T FHH YR A9 272AL A= A
¥ & H(randomdec A 5)oln], o]ZRE REEA W AHENL 4 23

AZdele y(f,x) o thatod randomdec A% z(7,x) = T Bol T 4 Q).

1 N
z(r,x)=WZy(r+t,.,x) )
i=1

A7NA y(t,x) e ERY x Ao AZdolE o], t,= y o 715 5H9 7|2 (triggering condition)
& UWEs AdolW, NS 2 A siFolt} Bo] AMLEE 2721 L level crossing, local extremum 2
zero crossing [5}8-010], B AFolAx= HMEZA4 (leading sensor location) X & M x| 7+ FALHoE A
Bt 4 (2)% #L zerocrossing 2AE o] g8kl BE 2R A(x )0l WE randomdec A FE 2=

Yt x): {(t,L/2)=0, 3(t;,L/2)> 0} @

Z2te] meo] oisll THA randomdec AEE EF UF F, olE oj&dted ZF ZHHNAY cross-
spectral density(CSD) &8 Fok3ith o)Wl 7123 (reference location) 1 29} 3 2k B=of Gajrs 2R
(x=L72), 22k Z=o] dsiMe 1/4 AH (x=L/4), 4 2 Z=o] &AL 18 XA (x=L8)o2 z+z} HA5Y
on, ARFAEREE CSD &59 FE (amplitude) 4 (phase)ol WE FR=2E 2t

22 ZAAazE 23
S AU E FH817] Ysto, 2ag BRAF(a;)E otehst ol A3ttt

_ @,

a, . ®
! (ED;

714 (EI)S (ED); & 42 714 (baseline) Feist Az} Adejol ol@ jus 2] BB}

2 A7dMEe F NAES 274 Hmulti-layer perception neural networks) [9]-& o] &3} R} 7#A
ArE FR3Ach 05 HHUEE AALL Fig 2 9 go] dhle] A H Z(input layer), F7H &Y Z(hidden
layer) 2 &t}e] &S (output layer) 22 FA T YPZ L AZdolEE 7§ REMNN D TFAHL, &9
2 FAstaz s BARAAAS5I B

43 HYEEL v A} Y BAS RS- 9o MY == HAEErE 8 ¢ 9o,
ol W A& A= ARE T Zo] EAse T @ (neuron)zte] FAE HAst= A A7} = (synaptic weight)o]]

- 219 -



o& AA Q) ek, dAAES AgaE 458 AT 7 v oz FAAREE FoW AY
o2 FAXNA ANANE HFAL 3 (training or leaming algorithm)o) 2}t 8}, ¥ AFojrEe BHAHOZ o] §
5+ 9 A% (back-propagation) TS 383Ut

@A, ASuolE Y xol= JEE #AA77] Astd YA FFY kolZE APHOE HMANA SEA
7]= xol=A7} & H(noisc injection learning algorithm)[10]& A &3%ch o] WP HAHEAQ il
posedness & ZAAIZIE regulization 7183} FAME Eort emz ARFYE 45E AL F A9
[11-12].

3. AgdT

3 2H0F 2 AY setup

Aty WAL ALy Yatd GEAAE 1 FY P RFL A3t 2 RFLE Fig. 3 o HERY
ule} o] 2709 Zys £3E vggos FAE FAHYRo)n A 6moln AAFTHFL 810kgf olTh.
A8 setup o MLE Fig 49 59 JeERAATE £, 2EINFTE BAEH] $8Hd Fig 6 7 Zo] 3Ul9] =Y
A2e AZEA o5 FFE ZHz} 10, 20 L 20 kef o1}, AAFTHE 100 kgf 74X 2AHE F A1, 9o
o]E olR&te A2 AZ"E F UES AN FH, FAVNEEE A Astd BF stREAR
Fig. 7% 2o] N&=AE Faado

2¥aFL oojolZ &) EHd ddHo|, B &AF A slojmHd Alolg uFFHE FYE 5 9}
t} 2@RFEY FPEEE 13 misecAlololA ZHo| 75, FHEERE SHY & de FAME dAs§)
gtk &, %, FRLE 2 ABRAL WA, olgdd ko HoumpyE AAFLE2HN YT WFs)
T =

32 4gAEx

AR HAE2L 9Jatd, FYstF AP G4 FHFAES FAEAT FRGFAEL Table 1 o] YE
W oupe}l o] 30 3 ST 2RRF S AXPo2 Ry AL 12 A 38 A HE A5
1o Ex 209 2EAFL FPAAT EPAFo] nF el AAEy] AAe wole 5L AlFside
9,20 %7 1kHz 9 £52 HolgE A5

3.3 Randomdec A3 B REEXH £33

EEAEE 1 3 FEANE F 49 A2 NEEANN SAF SMEE ATol¥ L FFT Z34E Fig. 8
7 9 o Ztzt Yehigled, o8 896 7)AF dggd FapdRol xgHY AFIFHERS ¥4
87171 e ¢S AAY 4 Uth Fig. 83 9ol 9} Fo] tFg FufAdEo] LFE AT ASHol
BHEZRH A435S5 2 AFR=E FA517] Y814 band-pass filtering 71HS EY3H Tt o)W cut-off F3¢
= A4 $9% 248FAEY 220 Y AAES(Table2 F2)o) SASE 2A =, 470
o] AAREEE 5.6, 155-17, 32.5-355 2L 58-62 Hz = Z+z} A A3SATE Fig 100l 4709 =432 band-
pass filtering 3 F2| Al7to]E & e AT

Z}zbe} R =M 2 band-pass filtering @ 7FEE Aol H & 0] 85+ randomdec 412 E FE3H e, oW
27k Fodo] Batg EeAd W AE)d 7 A7 0 olT ¥ 7 &7]E ZiE Z7]1ZH(zero crossing)S
Hgatoch 74, 271248 DEaE BEY A1) N)xs Rt 2 48739 oet =X o
2k 3000-7000 9] B9 olth Fig. 1191 4 AE 714559 randomdec A2 E ZF R=E2 Yehigict o]
7} 2= randomdec 4139 AL Fig 12 o] Yehldon, A8goz F837 randomdec 2159 FFT 2
2 Fig. 139 JelHTh E8, Fig. 1401 TY A 7EE0 tistd 2AFEE2=2 58 7 FFT
Axg JeryAct

13ke} 33 2eo galMe 49 A JMEE 29E JIFeR, 24 Rxo gidiMe 29 A, 44 2
=o gHAAE 1 ¥ AE HEE $BL VIELR 4 AP tigte T3 randomdec 41E3He] CSD ¥4%

- 220 -



¥ ¥ ol® olg3e RESHS FANAL AKUVESE CSD BN Hol peak 2 BHHAT, R
#UEREE 2 ZAE ARASFANN CSD B49) AEH 913o) P ARG olg8) FH5AT

W
i

4 RE5Y F333%

FYP}TLYo2T Y FHE RYaF ARAEFE $46348H AFue V)2 A
1A FELLEAFig 17) ol 8T sidAH9} vl@dt Table 2 of RolAct 71& HA2AL F7HA4 o)
9.88x10° kN.m® Q! @¢R 2 2383t FYsFAFEARE Tde 3F2A00A 389 30 319 2¥2
HE BT A, B2HA S (coefficient of variation : COV)7} 1-3%2] 2He Zloloja] A@Ae) AYEE B
olugltt ¥, FP}FAYo2RH FHY AFAFTEEY FF e AN LAY vlwstd Fig 15
o Yehfiich

FYsTAPT FANFT ALY 8 FHE AFAEFY IFREE 6 F YXE ubd,
£292 AR ARAFre AUA gRE 09 OEFe ¢ 5 Ao gEa, 3L "o sl
A2RE jde] Bads ¢ 5 otk

s

Bk

~

do o

2
oR

35 R 84Anda AA

& HollA AAHG ule} o), FAdVHEE 71 DR ANRde AWM AFAFRS AP R}
e ZAA FARGAC =, ddes 7 AW ASAERE &é‘&‘& Ho| o]&4 il ¥iale
7 vl A o] AchFig. 15). Wb, N 2LS AAst7] 94 ) 2, 2Yao 4% AX A A4
& 7HA 228848 EAFH ) o= Fig. 16 o B.Q v} o) *‘ﬂl Aol wHFAHEY FAFHA 3
A Ge AE 23 Aolth. uFAAY 24 FA7 o] 7Y Fog nAANI L, P HAATE o
33E& AR F 5ol tﬂf& aﬂzS_z}E HasAzie 9oz 77 2.013x10° N.m? =} 6.151x105 Nm?ez
AT F #el ThE olfE du9 zzo) MY oFgoR th2y] go|g)

2 AR, d9y Sﬂﬂ*ﬁ"" e A7 HeR nASD, AR B Q42EY AAMHLE AHNES) A
FTREC W dFex7t Hart g WHos FASAT olu Fig. 2 & L U3 AAYI YL ALEE}
S, 4729 4 dolgzt 4 MY ARIAFSFY AFREE LU, 2HARZE B 8250
B0t RAZEAF(a)HE AHEEHATh AT S5 Ve F FTARRL RAZAAF] oY
e g fPessdlde Fatod FaAh AFHoz MUY BARYRASFE Table 3 ol Rojgedl, B
840 FAEE VARG Y FRTt 8- 14% WHNA AP ez FHFEAL AMY FeLLTASRE
T AFAFTH AFEREE Table 2 9 Fig. 151 29 wvpol o] Fgalao|L}l A= AYNA 2@ g
I ZF dXeteo, AME AR D AYAHL RoFa ¢

(‘S-“ rlr

4. Aws F34d3

4.1 A A
A73R1EE AEeA, Fig 173 2 o8 A9 Q9w Bgo Q3 BAuele FyHss 2

7198t S, FAF o P99 g &AL st FAo] Y TREY REENL M %t&
25D E o)gste Mo & FaUT) ohE BAE, e REEANL JF HolHE Algstd FRE
o] A8 A4 E Falgon, o] UL 50 3 £Psted T BAFARSE A4S Table 4 o] Ve
At FE, AFAEF dsldE 3%, ARIEFRE YIAE 10%9 x0)ZE A7 EAE |
EQST). Table 4 oA Bolx uiet o] xo|Z7t x¥d YHu|olEle) A wol=Hst S 25
FRAT] g AMEE ¢ 4 Tk Table5ols BAEAXE F49 § o2 Uy

b

42 HdddAT
Fig. 173} 28 47179 3% B} 749 RESHL AYL $519 T8 F BAFYASFE 23359
o 2" FA9 #7234 At 9P 34%0]9, 4 74R) 9o FHPAH @ AGNES0] HWHZ Taple

- 221 -



6 ol Yerth AWt vlaste A9 AP eze HEY B ARE @A R @A,
i FAWstE F337] AXs A A3B71M Ade] a7 H .

s. @ e
2 A7 E LEHF s FuHE PANDE ASUCIHE o8¢ NP RSHY 2/W
2RSS FAFRPEL AQYsAR, JBe) A3 At BYIBol U FANFAEL £

th B Ao A#HE 29sd eI 2o

1) 3t Fopdiel IFE AV 22N REELS asHoR 27437 95t =Y
band-pass filter 2 random decrement 7] & ] ANAALE & 5 AUk T, o]2HE CSD FFE o] &3}
o T AFAETFY VTR FHRFLAPOEZNE 7T Ade F A8, B ATAM ALY Hd
S BRS¢ & AU

2) #X3 P OHE o] &7 FAZAAF R AL, wol2A7 FH5PEE H BT ABYVIES
o] &3t Ao AF/Ao] FFEL ¢ F UMk Ty 53, ¥t vlaT Fee] AYHIEE o
48 ASols NESY g ARE dH B 4 donz sy o] aFHch

3) B =804 ALE BYPE dAuAF AZe ¥ JHATFxES AW ZUEHZE Hstd AAF
oz A48 4 Ug o wudAn

#HALY 2
2 dFE #Agrjed, AJFGATAEH 2 x4 AGE T8 dAFuA Y] 3t I
Wao, AAELS olo ZA} qun}_

32
dlo
o

g ]

[1] Cole, H.A., On-The-Line Analysis of Random Vibrations, AIAA Paper no. 68-288, 1968.

[2] Ibrahim, S.R., Application of Random Time Domain Analysis to Dynamic Flight Measurements, The Shock and
Vibration Bulletin, Bulletin 49, Part 2 of 3, pp. 165-170, Sept. 1979.

[3] Nasir, J. and Sunder, S.S., An Evaluation of the Random Decrement Technique of Vibration Signature Analysis for
Monitoring of Offshore Platforms, Massachussets Institute of Technology, Department of Civil Engineering, Research
Report R82-52, Sept. 1982.

[4] Asmussen, J.C., Ibrahim, S.R. and Brincker, R., Random Decrement and Regression Analysis of Traffic Responses of
.Bridges, Proc. 14" International Modal Analysis Conference, Vol. 1, pp. 453-458, Dearborn, Michigan, 1996.

[5] Asmussen, J.C., Ibrahim, S.R. and Brincker, R., Random Decrement : /dentification of Structures Subjected to Ambient
Excitation, Proc. 16® International Modal Analysis Conference, pp. 914-921, Santa Barbara, California, 1998.

[6] Yang, J.C.S., Chen, J. and Dagalakis, N.G., Damage Detection in Offshore Structures by the Random Decrement
Technique, Transactions of the ASME, Vol. 106, pp. 38-42, 1984.

[7} Cole, H.A., On-Line Failure Detection and Damping Measurements of Aerospace Structures by Random Decrement
Signature, NASA CR-2205, 1972.

[8] Reed, R.E., Analysis Aspects of Randomdec Analysis, AIAA/ASME/AHS 20" Structures, Structural Dynamics and
Materials Conference, St. Louis, Mo., Apr. 1979.

[9] Haykin, S., Neural networks-a comprehensive foundation, Macmillan, New York. 1994.

[10] Matsuoka, K., Noise injection into inputs in back-propagation, IEEE Trans. Systems, Man and Cybernetics, 22(3) 436-
440. 1992

[11] Yun, C.B., Bahng, E.Y. and Yi, J.H., Neural Network Approach to Damage Assessment of Civil Structures,
Proceedings of Structural Engineers World Congress (SEWC), San Francisco, U.S.A. 1998

[12] Yun, C.B,, Yi, J.H. and Bahng, E.Y., Joint Damage Estimation Using Neural Networks, Proceedings of Fifth Pacific
Structural Steel Conference, 1211-1216. 1998

- 292 -



Table 1 Cases of vehicle traveling tests

Weiaht Table 3 Estimated element stiffness indices
No.of | Lenathof ecl,% $ No. of of the baseline model
Case N connecting - . Element
vehicles wires(m) ve(r’:;:fl)es tests Numbers 1 2 3 4 5 6 7 8
Sl:l'gi’;sss 100 | 096 | 104 | 108 | 0.92 | 114 | 096 | 114
1 1 - 20 5
2 1 - 30 10 Table 4 Estimation errors for stiffness indices (%)
3 2 1 10, 30 5 Cases Input modal data (50 test sets)
4 5 1 20, 40 10 Noise free Corrupted with noise
Stiffness
changes -5 -10 -20 -5 -10 -20
Table 2 Natural frequencies from vehicle tests, (%)
impact tests and FE analysis (Hz) woNL | 08 | 09 | 08 | 62 | 74 | 73
Tests Analysis N
— wNIL' | 27 | 34 | 45 | 36 | 40 | 52
) . FE Neural
Modes | VeNCle | impact | 2SS | anaisis | networks * NIL : Noise Injection Learning
cO tests offset w/ offset | w/ offset
[covi elements elements | elements
= Table 6 Natural frequencies for the strengthened
1 0.026] 5.50 3.77 5.47 5.51 cases obtained from the vehicle tests (Hz
Case | Case | Case | Case ;
2 [gfdff] 1625 | 1500 16.28 16.48 Mode | ™, Il i v | Baseline
33.38 1 56 56 55 55 5.50
3 o1z | 3% 33.92 35.19 35.12
5'9 e 2 16.7 16.6 16.4 16.3 16.25
4 1o.oos) | 6095 59.97 58.95 59.69 3 348 | 345 | 340 | 337 3330
4 61.0 60.7 60.5 60.2 60.05
Table 5 Example of estimated stiffness indices with simulated data
Elements 1 2 3 4 5 6 7 8
Target 0.80 0.80 0.95 0.80 1.00 0.90 1.00 0.95
Element
level Estimated
stiffness | without NIL" 0.69 0.70 0.97 1.08 0.90 0.67 0.99 0.78
indices ™ Egtimated
with NIL- 0.79 0.82 0.93 0.81 0.99 0.90 0.96 0.99

* NIL : Noise Injection Learning

L Ambient vibration data I
|

| Band pass filtering for each mode I

I
l Calculation of RD signatures for each mode—l
[
l Summation of RD signatures |
[
[ Calculation of CSD functions |

I
[ Estimation of modal parameters—l

Fig. 1 Procedure for modal parameter estimation

£ S g

(Element stiffness indices)
Output layer

Second hidden layer

First hidden layer

Input layer

(Modal data)
G Ny Nmode

Fig. 2 Architecture of back-propagation neural

networks
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Wire Mesh
(1007100 : dla 4.5)

Diapheam SEA@1500 H-50°50°4.5°
(PL 485.5°30*4.5) a4

Fig. 3 Section view of the bridge model
(lengths in mm)

Fig. 5 Bridge model with approach and
deceleration ramps

Bridge Model__

Fig.6 Test vehicles

760750750750750750750750

< Right Side View>

CH. 1~ CH. 10 : Accelerometers
GS1 ~ G54 : Gap Sensom for Vehicla Spesd Chack

Fig. 7 Measurement locations
(lengths in mm)

A
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Y0000

@=——=r

Fig. 4 Schematic of experimental setup (fengths in mm)
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(A round-trip for Case 2 in Table 1)
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Fig. 9 Fourier amplitude spectrum at CH. 4
(Case 2 in Table 1)
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RD signatures at CH. 4
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14 Fourier amphtude spectrum at CH. 4
from an impact test
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T aMede D Fig. 16 * Boundary condition at a support
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Cover plate width : 50

/\\/\\/ Case | : Coverplate at element 2, 4, 5, 7

i e - - Case Il . Cover plate at element 2, 4, 5
. ) Caselll : Coverplate at element 2, §
Fig. 15 Estimated mode shapes of the CaselV : Coverplate at element 5

baseline model

Fig. 17 Strengthened cases for identification
(lengths in mm)
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