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TGM TAT

Hign nay céc cng trinh cdu nhip lén nhe cdu day vang, cau day
viing, cdu vam.. déu durc |&p dat heé thing quan trac stc khoe phuc
vu cho qué trinh thi cong ciing nhur trong qué trinh khai thac cau.
(uan tréc stc khae ket cdu nham thu thap céc thang tin vé ing xir
ciia cong trinh, [am co st cho viec dva ra cac danh gia khé ning
khai thac phuc vu cia cang trinh. Cac thang sd dao dang ket céu
(tan sd dao dang rigng, mode dao dang va hé sd cén) rét quan trong
trong viec phan tich tng xir dong cia két céu. Céc thang sd nay
duoe xéc dinh dua trén dir lieu dao dong ket cdu thu thap tir he
thiing céc sensor va cac thuat toan phéan tich. Trong finh virc quan
tréc sic khoe két cdu cang trinh cdu thuang st dung mat sd cac
phueng phap kich thich dao dang nhu kich thich bang lye xung kich,
|wc tac ddng tudn hoan hodc dudi tac dung coa xe tai di dang. Muc
dich thu dugc céc thang sd dao dang coa ket cdu. Yeu cau ddi vai
nhitng phuong phép nay 1a phai ding lru thang trong qué trinh do
dac. Mat phuong phép khéc duge &p dung khé phd bién trong thi
gian gan day dua trén dao dang ngdu nhién cia két cau duai tac
dung cha gia ty nhién hodc phirong tién giao thang ngdu nhién trén
cAu vai vu digm |3 dam bao giao thang lién tuc. Bai bao tap trung
irng dung thuat toan phan tich dao dong theo gia tri rigng ket hop
vari ky thuat kich thich dao dang tu nhién. Day la thuat toan chi dua
vao ket qua phan img ngdu nhién cia ket cdu dé xac dinh cac dat
trung dao dang.

Tir khaa: Dao dang ngau nhién; quan tréc sitc khae cang trinh; thang
s dao déing.

ABSTRACT

Bridge health monitoring system are installed almost on long-span
bridge during construction state and sevices state. Structural health
monitoring (SHM) rapid assesment of a bridge's health and is
recognized as one of the best ways to increase the safety and optimize
bridge operation and maintenance. Modal identification methodologies
are performed to determine the dynamic characteristics of
structures. In SHM, these dynamic parameters (including natural
frequencies, mode shapes and damping properties) play an important
role in the understanding of the dynamic behavior of structures. In
term of bridge health monitoring, the excitation sources of structures
have used several methods such as impact excitation, harmonic force
excitation and difference mode of truck excitation, which are
subsequent to free decay responses. These methods must be
prevented or control vehicle flow. The other excitation is ambient such
as wind, traffic which is more advantage and does not need ta interrupt
traffic flow. This study focuses on the using of Natural Excitation
Technique combined with the Eigen Realization Algorithm (Next-ERA)
for modal identification. This is an output-only system identification
with first step to compute a covariant or cross spectra of output and
then which is an input of ERA. The study includes providing a
mathematic algorithm on Next-ERA method and then application to
analyze dynamic responses of the bridge under ambient excitation.
Key words: Ambient vibration; Structural health monitoring, modal
parameters.

1.M6 PAU

Muc dich ctia viéc quan trac stic khoe két cdu cong trinh (SHM) dugc
thé hién cac muc dé nhu sau: phét hién cac Ging x bat thudng trong
két cau, xac dinh vi tri vt ly clia cac Uing xUt bat thudng, danh gia dinh
lugng kich ¢& va muc dé cla cac ing x bat thudng, danh gia dinh
lugng stic khoe va nang luc phuc vy ctia cong trinh. Viéc phat hién, dinh
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viva dinh lugng ing xt bat thudng & giai doan dau rat quan trong trong
viéc thanh cong ctia SHM cho phép tién lugng va dua ra cac giai phap
stta chira, bdo tri hodc gia cudng nhdm muc dich kéo dai tudi tho cong
trinh [1]. M&i quan hé gilta phan ing déng clia cau va tai trong thong
qua cac dac tinh déng clia két cau. Mét su'thay déi thu thap dugc tirdao
dong clia két cdu co thé la ddu hiéu cda su xudng cap hodc tham chi



www.tapchixaydung.vn

xudt hién hu hong. Nén yéu cau dat ra la két cau can dugc theo doi,
quan trdc mét cach thudng xuyén va st dung nhiing phuong phap c6
dd chinh xéac va tin cay cao dong thdi gia thanh phai thap. Ky thuat xac
dinh cac thong sé dao dong tit phuong phép kich thich dao déng ngau
nhién cé nhiéu uu diém hon kich thich bang phuang phap luc nhu: bién
d6 dao déng két cdu nho rat phu hop trong viéc phan tich két cau lam
viéc trong giai doan tuyén tinh, cé thé quan tric dugc lién tuc va gia
thanh rat thap. Tuy nhién phuang phép nay cling ton tai nhuoc diém
trong mét s6 két cau c6 do cling Idn, cau nhip ngan ty s gitia tinh hiéu
va nhiéu kha nhé lam cho qua trinh phan tich kho khan va do tin cay
khéng cao. Su thanh céng ctia hé théng SHM 1a su két hop gilia phan
cling (thiét bi thu thap thong tin), ky thuat x( ly s6 liéu (thuat toan phan
tich) va gid thanh [8].

Mét vai thuat toan phan tich dac trung dong hoc clia két cau dua
vao ky thuat dao dong ngdu nhién dugc dp dung nhu Random
Decrement technique [2] hay SSI (stochastic state space system
identification) [3, 4]. Pay la nhiing thuat toan chi s& dung théng tin tU
phan (ing két cdu (théng tin dau ra) dé xac dinh cac dic tinh dao dong
(tan s6 dao dong riéng, dang dao déng va hé s6 can) ctia két cau.

Bai bao trinh bay thuat toan dinh dang dua trén ky thuat dao déng
ngau nhién (Natural Excitation Technique - NEXT). Phuong phap NEXT
dua trén viéc ldy tuong quan chéo (cross-correlation) gitta cac két qua
dao d6ng tai cac diém do dudi tac dung ngau nhién [5, 6]. Ham tuang
quan gitia hai két qua dao déng duoc tao ra cing mét dao déng ngau
nhién cda két cdu dugc chiing minh giéng nhu mét ham xung (impulse
response). TU d6 strdung n6 nhu la két qua dau vao clia thuat toan phan
tich theo gia tri riéng (Eigen Realization Algorithm-ERA) [7].

2. PHAN TiCH DU LIEU PHAN UNG NGAU NHIEN VA THUAT
TOAN PHAN TiCH THEO GIA TRI RIENG

Thuat toan phan tich theo gia tri riéng dp dung cho théng s6
dau vao la dao dong tu do hodc dao déng dudi tac dung cla luc
xung. D€ ap dung thuat toan nay cho dao ddéng ngau nhién trudc
hét phai bién déi dao ddng ngau nhién nay vé dang dao déng tu
do. Phan tiép theo bai bao trinh bay néi dung ctia phuong phap
bién déi nay thong qua phuang phap ky thuat dao dong tu nhién
va phuaong phép phan tich theo gia tri riéng.

2.1. Ky thuat dao déng tu nhién (Natural Excitation
Technique-NEXT)

Nguyén ly ca ban ctia NEXT la ham tuong quan gilta hai phan
Ung dudi tac dung dao déng ngdu nhién gidng nhu dang cda phan
(ng ham xung hodc mét dao dong tu do cda két cau.

Phuong trinh dao ddng ctia hé c6 n bac tu do dugc biéu dién
dudi dang ma tran nhu sau:

[m]{x@0)} + [l {x(D} + [k {x@)} = {f (D)} (M

Trong d6 [m] ma tran khéi lugng, [c] ma tran can damping, []
ma tran do ciing, {(r)}, {x(r)}, {x(¢)} lan luotla vector gia toc, van
t6c va chuyén vi.

Gia thiét rang damping ty 1&, phuong trinh (1) viét dudi dang mé
hinh toa d6 nhu sau:

>

i 220l (o) g =

o) o 2

Trong d6 ky hiéu r la gia tri tuong Ung véi mode thir, G, ¢, ¢

lan lugt la gia t8c, van téc va chuyén vi trong mé hinh toa do, ¢la
hinh dang dao déng, mn la tan sé tu nhién va m la khéi lugng mo
hinh. Nhiing phuong trinh nay c6 thé gidi bang phucng phép tich
phan cla tich dudgi dang nhu sau

{x} :Zi:{W}T j{¢"}r.f(f)g'(t—r)dr 3)

—0

Phan Ung xi tai vi tri i gay ra béi luc tdc dung fiy tai vi tri k, c6
thé dugc biéu dién nhu sau

X =24 [ (g (t-v)dr
r=1 s
4
Trong d6 ¢ la thanh phédn thir i cla vector hinh dang,
g () =1/ m &))e " sin(wr) biu dién ham phan (ng xung

tuong ting v6i mode r, @) 1a tan s6 dao dong c6 hé s6 can cua

mode r.
Khi fi(t) 1a ham Dirac delta phuong trinh (4) c6 thé viét thanh
X, = LA/ e sin(w}t) (5)

o m ),

Gia thiét fi(t) 1a ham ngau nhién trang (white noise), tuong quan
chéo gilta phan Ung tai diém i va diém j kich thich bdi luc dat tai
diém k dugc dinh nghia nhu sau

R} = E{x/ (t+ T)x\ (1)} 6)

Tuong quan chéo gilia hai phan ting ngau nhién biéu dién nhu sau
n on t t+T
RE=Y24886 | | & t+T-0)g (t-0)E{f,(0)f,(2)}dodz (7)
r=1 r=l S %
Dua trén gia thiét fi(t) la ham ngau nhién trang nén ham tuong
c6 dang nhu sau

E{f(0) [, (D)} =, 6(z —0) 8)
Vi §(t) la ham Dirac delta, phuong trinh (7) ¢6 thé rit gon nhu sau
R =D ad 44 [ & A+ T)g (A 9)

r=1 r=1 v

Tu phuong trinh (4 & 9) theo [5] chiing minh dugc rang ham
tuang quan chéo gitra hai két qua phan ng dudi luc kich thich c6
dang nhiéu trang c6 thé bidu dién dudi dang dao déng tat dan hinh
sin nhan véi hé sé a. Vi vay nhiing ham dao ddng hinh sin tat dan
6 tinh chat tuong tu nhu ham xung.

2.2. Thudt todn phan tich theo gid tririéng (Eigen Realization
Algorithm-ERA)

Thuat toan ERA [7, 8] la hé théng dinh dang chi st dung théng
s6 dau ra theo mién thai gian. Phuong trinh dao déng (1) c6 thé biéu
dién dudi dang phuaong trinh trang thai khéng gian trong mién roi
rac thaoi gian nhu sau

x(k +1) = Ax(k) + Bu(k)
y(k) = Cx (k) + Du(k)

Trong dé A € R™, B€R™, C€R™" va D € R™ la cdc ma tran trang
thai trong mién r&i rac theo thdoi gian; x(k) € R" 1a vector trang thai;
u(k) € R'la vector Iuc; y(k) € R™ = [ya(k) ya(k) ... y1(k)]" vector cot biéu
dién phan tng cta két cau; m sé tinh hiéu do cta / sensor. Trong
truong hop hé dao déng tu do u(k)=0, tu (10) ta co:

y(0)=Cx(0); y(1)=CAx(0); y(2)=CAx(0);...y(k)=CA*x(0) (11)

Dua vao vector dao dong tu do, ma tran Hankel c6 dang nhu sau:

(10)

o o

H'(0) = Yoo Vs Ven (12)
Vs Vo™ Yasot Jpens
Yoo Vi Yen

H(1) = Yo Ve ot Ve (13)

Yot Vsr2 " Vas pexs
Vi s la s6 nguyén xac dinh kich thudc ctia ma tran Hankel.
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Thay phuong trinh (11) vao phuong trinh (12) ma tran H%(0) co
thé viét dusi dang

CAx(0) CA’x(0) -~ CA’x(0)

70y =| CA™XO) CAXO) - CAXO) |y gy
CAx(0) CA*"'x(0)--- CA*'x(0)
C
3 CA
Véi H, = H, :[AX(O) A%x(0) ...ASX(O):| (13)
CAS—I

Thay phuong trinh (11) vao phuong trinh (13) ma tran H%(0) c6
thé viét dudi dang

H*(1) =H,AH, (14)

Vi vay ma tran trang thai A va C dugc tinh nhu sau

A=H/H'()H}  C=E!H, (15)

VGi HT; H; ma trdn nghich ddo pseudo; E] =[I, 0] valnla

ma tran don vi kich thudc mxm. Phan tich theo gia tri don (singular
value decomposition) cGia ma tran H¥(0) biéu dién nhu sau:

H'(0)=UY V' =[U, U”]F:on ZO}RT} (16)

H=U2."% H=3,"U; (17)
Ma tran trang thai A va C c6 thé dugc phan tich nhu sau

A: Z;WU:HXV”Z;M; C :E:UHZL/Z
(18)

Gia tri riéng Pi va vector riéng w4 cla ma tran trang théi A trong
mién thai gian roi rac dugce xac dinh nhu sau

(A;-B)¥,=0 (19)

Trong d6 B=diag[f /% .../v] ma tran chéo gia tri riéng trong
mién thdi gian rdi rac

(A.—A)¥,.=0 (20)

Trong d6 A= diag[4i A2 ...A2v] ma tran chéo gia tri riéng trong
mién thai gian lién tuc

Taco 4, = Inf, (21)

At

la gia tri riéng th( i clla ma tran trang thai A, Kt 1a thoi gian 1y
mau

Tan s6 dao déng tu nhién va hé sé can clia cdc mode dao déng
dugc tinh nhu sau:

@, =JRe(4,)’ +Im(4) (22)

¢, =Re(4)/ o,

Trong d6 Re() va Im la phan sé thuc va do clia A
Hinh dang dao déng cla két cau dugc xac dinh nhu sau
$=C¥y (23)

3. UNG DUNG PHAN TiCH PHAN UNG NGAU NHIEN CHO
CONG TRINH CAU

Pé ap dung phuong phap NEXT-ERA xac dinh cac thong s6 dao
déng clia két cdu, phan tng dong ngau nhién cda két cau cau do
dac tir thuc nghiém céng trinh cau. So d6 bé tri gia toc ké trén cau
dam thép lién hop cé chiéu dai nhip 50m nhu trén hinh vé 1.

Si1e S2@ S3@ S4@ S5@

Si0e Soe sge S7@ S6@
Hinh 1. s¢ d0 bo tri gia toc ké trén mat cau
Phan (ing clia két cdu nhip cau theo phuong ding dudi tac dung
cUa tai trong ngau nhién dugc thé hién trén hinh 2

1

Acc (mg)

nw if LA

-1

0 50 100 150 200 250 300
t(s)

Hinh 2. Phén img cia ket cdu nhip dudi tac dung cda tai trang ngAu nhién tai
sensor st [0

Pau vao cla thuat toan ERA la tham s& Markov [6], tham s6 nay
c6 thé thu dugc tu thi nghiém dao déng tu do, dao ddng tit dan
theo ham m hoac dao déng dudi tdc dung xung lyc.

Dé& thu dugc tham s6 Markov ti dao déng dudi tadc dung ngau
nhién ctia moéi trudng, dau tién ta xac dinh phé nang lugng chéo
(cross-power spectrum) gilra cac két qua do gia téc thu dugc tir cac
sensor, tiép theo tinh nghich dao cta bién d8i Fourier sé thu dugc
céc dao déng tu do. Trinh tu dé ap dung thuat toan ERA déi véi luc
tac dung ngau nhién dugc thé hién theo sa dé trong hinh 3. Thuat
toan nay dugc tac gid xay dung bing ngén nglr Matlab. Hinh 4 thé
hién phé Fourier clia dao d6ng ngau nhién va tuong quan chéo thu
dugc tu gia t6c s6 10. Ap dung thuat toan phan tich ERA cho cac s6
liéu dau vao dao dong tu do nhu trong hinh 4 thu dugc tan sé dao
déng tu nhién, hé s6 can va hinh dang mode nhu trong hinh 5.

Dao d&ng két ciu dudi W NEXT

nhi&n

Dao déng tw do J

ERA

———

tdc tung 13itrong ngdu J

Tan s& ty nhién, hé
so can mode dao
déng

Hinh 3. So d6 thuat toan NEXT-ERA
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Hinh 4. a. Phé Fourier clia két qua do gia téc tai sensor s6 10 (bén trai)
b. Ham tuong quan chéo cia két qua do gia toc tai sensor 6 10 (dao ddng tu do) (bén phéi)

50

a. Mode 1, f=2.49Hz, £=1.91%

¢. Mode 3, f=6.48Hz, £=4.65%
Hinh 5. Hinh dang mode dao dong, tan sd tu nhién va hé so can

4. KET LUAN

Bai bao trinh bay ky thuat xac dinh cac thong sé dao dong cua
két cdu dudi tac dung cua luc kich thich ngdu nhién. Budc quan
trong cla thudt toén nay la bién d6i dao déng ngau nhién vé dao
déng tu do bang ham tuong quan chéo gilra hai dao déng ngau
nhién, sau d6 ap dung thuat todn ERA. Phuong phép phan tich cac
dac tinh dao dong cla két cau dua trén ky thuat dao déng ngau
nhién c6 nhiéu uu diém nhu khéng can tré giao théng, cé thé quan
trac lién tuc va gia thanh thap. Phuong phép nay ap dung rat hiéu
qua ddi véi nhiing két cdu c6 dé cliing nho, hé sé can nho va nhay
cam vdi dao ddng nhu dao dong do gié gay ra.
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