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Tém tit

Hu hong trong mot cong trinh két cAu néu nhu dugc phat hién va khoanh viing sém sé tao thuan 19i cho cong
tac stia chita, tranh dudc su phé hoai sup dd, va kéo dai tudi tho clia cong trinh. Trong bai bdo ndy, dang dao
dong, do cong ctia dang dao dong sé dudc xac dinh tir s6 lidu do dao dong. Dua vao céac thong sb nay, vi tri hu
héng ctia két ciu c6 thé tim ra. Mot md hinh dim hai dau tu do dugc xdy dung trong phong thi nghiém. Cac
dau do gia tc dudc gan trén dim d€ tim ra dang dao dong ctia dam thi nghiém. Céc hu hdng dudc tao ra bing
hai vét cit trén dim. Phuong phép xac dinh vi tri hu héng st dung d6 cong ctia dang dao dong da dudc kiém
tra tinh chinh xac dya trén mo hinh thi nghi€ém nay.

Tir khod: danh gia siic khoe cong trinh; hu hdng két ciu; dAm tu do; do cong clia dang dao dong; danh gia hu
hdng dua trén dao dong.

DAMAGE DETECTION IN A BEAM STRUCTURE USING MODAL CURVATURE
Abstract

Early damage detection can prevent the structure from failure, improve the maintenance process, and extend the
lifetime. In this paper, damage in a structure will be detected based on the vibration response measurements.
Modal properties such as mode shapes, and modal curvatures can be extracted using the vibration response
data. A laboratory beam with free-free boundary conditions was set up. Accelerometers were attached to the
top of the beam to find out the modal properties. Damage was introduced in the beam using two cutting notches.
The modal curvature method was verified based on the vibration data from this laboratory beam.

Keywords: structural health monitoring; damage; free beam; modal curvature; vibration based damage detec-
tion.
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1. Pit van dé

Phuong phdp dénh gid stc khoe cong trinh dua vao sb liéu do dao dong 1a phuong phéap khong
pha hoai, nén sau khi thuc hién khong anh hudng t6i hé két cAu. Thém vao d6, phuong phap danh gia
stic khde cong trinh dya vao phuong phap do dao dong 1a phuong phéap c6 thé danh gia tdng quat hu
hong trong hé hét ciu, cé thé ap dung dudc véi ca két ciu phiic tap va sit dung dudc sb liéu quan tric
theo thoi gian. Phuong phap nay dua trén nguyén tac 1a khi hu hdng xuét hién tai vi tri nao trong két
cu né6 sé& dan tdi viéc giam do cling cuc b tai vi tri d6. Viéc giam do ciing tai mot vi tri no d6 trén
tiét dién sé& din tdi su thay ddi cla cdc thong sd dao dong nhu tan sé dao dong, dang dao dong, do
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cong ctia dang dao dong, hé s6 can. Nhiéu nghién cifu da thanh cong khi c6 thé phat hién dudc két cau
bi hu héng khi danh gid cic thong sé dao dong ctia hé [1, 2]. Trong cic thong sb dao dong ctia hé thi
thong s6 vé dd cong clia dang dao dong dudc chiing minh 1 rit nhay cam véi hu hong. Pandey va cs.
[3] d& xut phat hién hu hdng bang cach tinh hiéu tuyét dbi d6 cong ciia dang dao dong gitta két ciu
nguyén va két cau bi hu hong. Trong khi d6, Wahab va De Roeck [4] dé xuit 14y chi s6 “Curvature
Damage Factor” (CDF) 1a tdng hiéu tuyét d6i ctia dudng cong dang dao dong & tat ca cac dang dao
dong. Phuong phap nay dudc 4p dung thanh cong dé xic dinh hu héng trong hé dim. Nhugc diém clia
phuong phap niy 14 yéu cau phai biét do cong clia dang dao dong ctia két cAu & thoi diém chua bi hu
héng (két chu nguyén). Nhung thong s6 ny khong phii lic nao ciing c6 do khong phai két cAu nao
cling c6 sd liéu quan tric tir lic méi xay dung.

Déi v6i két cAu ma khong c6 s6 liéu quan trac dim nguyén, phuong phap lam min d6 cong ctia
dang dao dong (GSM) dugc dé xuét trong tai liéu [5]. Phuong phép nay chi st dung sb liéu do dao
dong ctia dam hu hong, sau d6 tao ra dd cong clia dang dao dong ctia dAm nguyén bang cach 1am min
dd cong dang dao dong ctia dAm hu héng. Do vay, phuong phip nay hoan toan khong can biét trude
s6 lidu do dao dong hay do cong ctia dang dao dong ctia dAm nguyén. Phuong phap nay ap dung thanh
cong va tim ra vi tri vét cit trén dim nguyén khéi [5] hoic 12 trén dim lién hop [6]. Trong nhiing nim
gan day, phuong phdp GSM dudc nhiéu nha khoa hoc nghién ctiu va két hop véi cac phuong phap
hién dai khic dé nang cao tinh chinh x4c va pham vi ing dung. M6 hinh hdi quy Gausian dugc dé
xuét dé xay dung dang dao dong it chiu anh hudng bdi dao dong nhiéu, tir d6 nang cao tinh chinh xac
va hiéu qua ctia phuong phdp GSM [7]. GSM két hop véi mang no ron nhin tao da thanh cong trong
viéc xdc dinh hu hong va miic dd hu hdng trong két ciu dang dAm [8] va trong dam chii ctia két cau
cau dam [9].

Hién nay tai Viét Nam, cong tic do dao dong cic két ciu dudc quan tim. Nhiéu tan s6 dao dong
hay dang dao dong ciia két ciu da dudc do va quan trac nhu cau Nam O [10], ciu Bo Nghi [9], cau
Tan An [11]. Céc thiét bi khong day bu6e dau dugce nghién ciu dé ting hiéu qua ctia phép do [12].
Tuy viy viéc ap dung s6 liéu thu thap dudgc tit cac phép do quan tric dao dong vao trong linh vuc
danh gia stic khée cong trinh & nuéc ta con han ché. Trong bai bdo niy, dao dong ctia mo hinh dAm
thi nghiém dugc quan trac va st dung d€ danh gia phuong phap xdc dinh hu hong bang do cong ciia
dang dao dong. Su thanh cong clia phuong phdp khi 4p dung cho md hinh dam thi nghiém sé 1a buéc
dau d€ phat trién phuong phap. Tuong lai, c6 thé ddnh gid va su bao s6m hu hdng trong két ciu phiic
tap hon nhu nha, cong trinh cAu dua vao s6 liéu do dao dong clia céc cong trinh nay.

2. Do cong cua dang dao dong
2.1. Xdc dinh dé cong cua dang dao dong tir dang dao dong
Do cong ctia dang dao dong ctia mot két cAu dam 13 dao ham bac hai ctia dang dao dong, ty 1&

thuin véi mod men udn tai tiét dién d6 va ty 1& nghich vé6i d6 ing chdng ubn cia tiét dién.

d>¢(x) B M

S T E

)

Trong d6: ¢ (x) 1a dang dao dong chuyén vi; EI(x) 12 d6 ciing cia tiét dién dim tai vi tri tinh toan; M
12 m6 men udn tai tiét dién tinh toan.

Tit cong thifc trén ta nhan thiy rang néu nhu hu hdng xuit hién tai mot vi tri nao d6 trén dam sé
dn t6i gidam dd ciing cuc bd cila tiét dién dam, tir d6 1am ting do cong ciia dang dao dong tai vi tri
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nay. Viéc thay d6i do cong ctia dang dao dong chi dién ra cuc b tai vi tri hu hong nén c6 thé ding
chi s6 nay dé€ xac dinh vi tri hu héng.

Déi véi cic bai todn thuc nghiém, dd cong ctia dang dao dong c6 thé dudc xac dinh tif sai phan
trung tim cua dang dao dong.

" i-1 = 2¢i + Pix1
trong d6 ¢; dang dao dong chuyén vi theo phuong thing diing tai vi tri diém do thi i va Ax 1a khoang
cach gitta hai diém do. D6i v6i diém do dau tién va diém do cudi ciing, d6 cong clia dang dao dong tai
vi tri nay dudc tinh gan diing dua vao gid tri ctia 3 di€ém do gan ké. Chi s& hu hong dudc dinh nghia 1a
hiéu sb giita gia tri d6 cong dang dao dong ctia két cAu hu héng trir di két cAu nguyén [4].

N
1 ’7 ’7
CDF=N;|¢O,—¢W| 3)

trong d6 N 1a téng tit ca cidc mode dao dong dugc dua vao tinh todn va phan tich; ¢6’j: Do cong cla
dang dao dong ctia dAm nguyén tai dang dao dong thi j; ¢ ;- Do cong ctia dang dao dong ctia dam
hu hong tai dang dao dong thit ;.

2.2. Phuong phdp lam min dd cong cia dang dao dong

Dua chi s6 hu héng cho trong cong thiic (3) vi tri ctia hu hdng trén dam c6 thé dudc tim ra. Tuy
nhién phuong phap nay yéu cau phai c¢6 s6 liéu dang dao dong ctia dAm nguyén, tic 1a clia dam trude
khi hu hong. Tuy nhién sb liéu do dao dong ctia dim nguyén khong phai lic nao ciing c6.

Nhu da biét rang khi hu hdng xay ra tai mot vi tri cuc bo nao d6 trén dam sé dan téi bude nhay ciia
dd cong dang dao dong tai vi tri d6. Vi vy, dudng cong tron min dudc xay dung tif chudi sd Fourier
ldy gan diing tir gia tri dudng cong clia dAm hu héng dudc sit dung d€ mo phong dudng cong dang
dao dong ctia dim nguyén. Phuong trinh Fourier dung dé xay dung dudng cong tron min ctia do cong
cta dang dao dong dudc cho nhu sau:

¢ (x) = ap + Z (ax cos(kwx) + by sin(kwx)) 4)
k=1

trong do: ap: la hﬁng s6; w: Tan s6 lip cha dif liéu; n: S6 luong cac chudi dif liéu dugc st dung
(1 < n < 8). Cac hé sb ay, by trong phuong trinh sé dudc lua chon va tinh to4n dua vio ham “fit
function” trong Matlab R2018b.

Tir phuong trinh (3) va (4), hé s6 hu hdng méi dudc dinh nghia dua vao su bién thién ctia ham do
cong dang dao dong ctia dAm hu hdng va dudng cong tron dugc xay dung tif chudi Fourier. V6i mbi
dang dao dong khéc nhau, ¢ cic hé sb hu hong hu hong khac nhau. O nghién citu nay tc gia dé xuét
l4y gia tri binh phuong su sai khac vé do cong ctia dang dao dong thay vi 14y gia tri tuyét dbi nhu
trong phuong phap 1am min, sau d6 thuc hién phép chuin héa & mdi dang dao dong va rdi cong tit ci
cac hé s6 hu hong & cic dang dao dong sau chudn héa sé ra hé sé hu hong ctia hé tai tiing diém. Quy
trinh tinh todn dudc thé hién trong cic cong thiic bén dudi.

7 7 2
Dij = (¢l = 97) )
trong do6: ¢/ ; va qb}’i ; 12 dd cong ctia dang dao dong tai dang thii j va tai diém do thif i 1an luot clia
dam bi phd hoai va dudng cong Fourier.
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St dung hé sd hu héng theo phuong trinh (5) khong can sb liéu ctia dim nguyén. Pudng cong
tron xay dung tii chudi Fourier gb}’l. bing cach 14y x4p xi dudng cong dang dao dong ctia dim hu héng
dugc st dung nhu 13 dudng cong ctia dang dao dong ctia dim nguyén. Viéc st dung hé sd hu hdng
don gian va dé ap dung trong thuc té.

Hé s6 hu hong x4c nhan dude 6 mdi dang dao dong dugc chuin héa. Vi du nhu dbi véi dang thy j,
c6 M diém do, hé sb hu hong tai dang dao dong nay c6 gid tri trung binh 13 X va do léch chuin 1a o~

=

1
X=—
M

Dij; o= \é . (Dij—X) (6)

1

M=

i=1

Il
—

He s6 hu hong DI;; tai dang dao dong thit j va tai di€m do thi i duge chudn héa nhu sau:

(Dij - X)
Dljj= — (7)
o
Hé s hu héng ctia dAm tai mot vi tri dugc dinh nghia 13 téng hé s6 hu hong tai diém d6 & tat ca
cac dang dao dong:

N
DI, = Z DI;; (8)
=1

3. Mo hinh sé

Pé xac thuc hiéu qui ctia phuong phap, mot md hinh dim dudc mo phong va céc kich ban hu
héng dugc tao ra trén md hinh sd nay. Dam thép c6 kich thusc 1000 x 70 x 10 (mm) dugc md hinh
s6 trong phan mém Matlab R2018b. Khbi lugng riéng ciia thép p = 7820 kg/m>, va mé dun dan hdi
E = 2,00 x 10" N/m?. Mé&i phan t& dim dudc mé phong bing 2 nit. Trong md hinh khong gian
mdi niit c6 6 bic tu do, 3 xoay va 3 chuyén vi. Trong bai bdo niy, dim nguyén dugc mo hinh biang
100 phan ti dang dim trong mit phang. Liic nay mdi nit dam c6 3 bac tu do, 1 xoay va 2 chuyén vi.
S6 lugng phan ti dugc diéu chinh cho dén khi sai s6 tinh todn cla cdc tan sb riéng gidm dudi mic
cho phép.

Dam dudc khio sat tai 14 phan i (tf E1 t6i E14) va 15 diém (tit diém 1 dén 15) nhu trén Hinh 1
va céc kich ban hu héng dudc gia thiét tao ra trén phan ti E7 va E10. Trén Hinh 6 thé hién bay dang
dao dong ctia dAm nguyén. Ap dung phuong trinh (2) dé tim do cong ctia dang dao dong ciia cic kich
ban dam hu hdng tai 15 diém khao sit. Tir d6 tinh toan dudc hé sé hu hdng tai 15 diém khao sit nay
theo phuong trinh tir (4) dén (8) cho bén dang dao dong dau tién ctia dam.

E0 El E2 E3 E4 ES E6 E7 E8 E9 E10 Ell El2 E13 El4 EIJ
° ° ° ° ° ° o

0| 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 |16

Hinh 1. Mo hinh s6

Hé s6 hu hdng thé hién Hinh 2 cho thiy ring dua vao hé s6 hu hong tinh, phan tit hu hong da dudc
khoanh viing chinh xac. Kich ban dau tién, hu hong gia thiét xuét hién & phan t& E7 v6i nhiéu miic
do hu hong khéc nhau, 1an lugt 12 25%, 35%, va 34%. Hé s6 hu hong trén hinh 2a di khoanh viing hu
héng diing vi tri nay diing véi ca ba mdc do nay. Tuong tu nhu vy, khi hu héng xay ra & phan tid E10,
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Hinh 2. Hé s6 hu hdng tinh cho md hinh s6

v6i cdc mifc d6 hu hdng 1an luct 1a 30%, 40%, va 50%, hé sb hu hong tai viing ¢6 phan tit hu héng
rt cao so v6i cc ving khac. Nhu vay, chi s6 hu hong trong phuong phdp GSM da gitip xac dinh vi
tri hu hong 16 rang. Néu s6 diém khdo sat trén dam cang 16n, khodng céch cang nho thi két qua cang
gan v4i vi tri hu héng va do chinh xac vé vi tri cang cao.

4. Thi nghiém dam hai dau tu do
4.1. Mo hinh thi nghiém

Mot m6 hinh dAm hai dau tu do dudc xiy dung trong phong thi nghiém bo mén Cau - Cong trinh
ngim, khoa Cau dudng, truong Pai hoc Xay dung Ha Noi. Dam thi nghiém c6 chiéu dai 1,0 m, rong
0,07 m va cao 0,01 m (Hinh 3(a)). DAm dugc lam bing thép c6 khbi lugng riéng p = 7820 kg/m?, va
md dun dan hdi E = 2,00 x 10'" N/m?. My tinh két ndi v6i bo thiét bi NI dudc st dung dé thu thap
dit liéu do (Hinh 3(b)). Dam dudc treo trén hai soi day thép manh tai vi tri dit dau do s6 4 va 12. Mudi
lim dau do gia tdc dudc gan trén dim. Vi tri cic dau do dudc miéu ta & Hinh 4. Cac dau do c6 trong
lugng khoang 7,8 g va d6 nhay trong khoang 10,13 — 10,50 mV/m/s?. Tén s ldy mau 1a f, = 2560

(a) Dam thi nghiém (b) May tinh va bd dau do

Hinh 3. Hé s6 hu hdng tinh cho md hinh s6
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Hz va thoi gian 14y mau cho mdi 1an do 14 300 gidy. Tan s 1dy miu cang cao thi s6 dang dao dong
tim dudc ctia dAm cang 16n. Tuy viy, v6i cac dang dao dong c6 tin s6 dao dong riéng cao thudng kho
chinh x4c, nén vdi tan s6 1dy mau nay sé tim dugc bay dang dao dong dau tién ctia dam.

Hinh 4. Vi tri b6 tri cac dau do trén dam

Dam dudgc kich thich dao dong bang cach sir
dung bia gé chuyén dung, gd vao mot vi tri bat
ky trén dim mot 1an duy nhét trong mdi phép
do. Trong thi nghiém nay, luc diu vao ciia bia sé
khong dugc do lai. C6 thé thay bua chuyén dung
bing céc thiét bi go bat ki hoic luc kich thich dao
dong cho dam.

D& m6 phong dim hu hdng, tai giita vi tri hai
dau do sb 5 va 6, hai vét cit dugc tao ra trén dam.
Kich thudc ctia hai vét cit 1an luot 1a 5x 12,5 (mm)
and 5 x 13,3 (mm). Vi tri va hinh dang cdc vét cit
dudc thé hién trén Hinh 5.

Phuong phép khai trién ham mat do pho trong
mién tan s6 (FDD) [13] dudc st dung d€ phan tich

L

Hinh 5. V&t cit trén dam

s6 liéu do dugc trén dam hu héng. Phuong phép phan tich mién tan s6 FDD dudc biét dén nhu 1 mot
phuong phap don gian va hiéu qua khi can phan tich dif liéu dao dong. Dua vao phuong phap nay, tin
s6 dao dong riéng va dang dao dong ctia 7 dang dao dong dau tién dudc tim ra va thé hién trén Hinh 6.

Dang 1 /=50,35 Hz

Dgng 2 f:]38, 78 Hz

S Poe e 9
e o e
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Hinh 6. Bay dang dao dong dau tién ctia dim thi nghiém, truc y doc theo chiéu dai dAm
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Trong d6 dudng tron thé hién cic dang dao dong ctia dAm tim dudc theo md hinh sb & phan 2 va cic
dang dao dong ctia dim tim dugc tif thi nghiém thé hién qua cac tung do tai vi tri dit dau do. Ta nhan
thy ring cac dang dao dong tim dugc tif thuc nghiém hoan toan khép véi mo hinh sb.

4.2. Két qud

Tur cac dang dao dong da tim dugc G trén, su dung phuong phap sai phan trung tim ctua dang dao
dong dé tim ra d6 cong ctia dang dao dong ctia dim dao dong. Sau d6, st dung phuong phap lam min
dd cong ctia dang dao dong theo cong thiic (4) va tinh toan chi s6 hu hong theo cong thiic tir (5) dén
(8). Trén Hinh 7 thé hién do cong cta dang dao dong dudc tinh todn tif dang dao ddng c6 dudc tir thi
nghiém. Sau d6 phuong phdp lam min dang dao dong dudc ing dung dé lam tron do cong ctia dang
dao dong thi nghiém. Hinh 8 thé hién tdng hé sé hu hong clia cac dang dao dong sau khi dudc chuin
hoéa cho cac truong hgp khac nhau 1a do duge 1 dang, 2 dang, 4 dang, 5 dang va 7 dang dao dong
riéng. Hé sb hu hdng trong trudng hop dung 1 dang dao dong tai dau do s6 5 1a cao nhit. C4c trudng
hop con lai tai vi tri diu do sb 6 1a cao nhit. Nhu vy c6 thé két luan hu hong & quanh vi tri dau do
c6 hé s6 hu hdng cao nay. Piéu nay 1a hoan toan chinh xdc véi thi nghiém, khi dim dudc tao vét cat
tai vi tri gitta dau do s6 5 va s6 6. Khi st dung cang nhiéu dang dao dong thi hé s6 hu hdng cang cao
va cang dé phan biét dugc vi tri hu hdng so véi céc vi tri khac. Trong trudng hop chi ¢6 1 dang dao
dong dau tién, phuong phap van thé hién dugc dinh tai vi tri hu hdng cho du hé s6 hu hdng tinh dudc
khong chénh léch 16n so vé6i cac diém con lai nhu vé6i trudng hop dung nhiéu dang dao dong. DE két
qua khoanh viing hu héng dudc chinh x4c hon nia thi can si dung thém nhiéu du do, chia nhé dam
hoic két hop vé6i cdc phuong phép tién tién khac.

~

Dang 7 Dang 6 Dang5 Dang4 Dang3 Dang
A
1
[
[

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 5 10 15 \
Vi tri diém do trén ddm Vi tri dau do
Hinh 7. D6 cong clia dang dao dong Hinh 8. Hé s6 hu hdng trén dam

5. Két luan

Trong bai bdo nay, hu hdng tai mdt vi tri trén dim da dudc tim ra bang phuong phap thi nghiém
dua vao sb liéu do dao dong. Mot chi sd phat hién hu héng dua vao phuong phéap lam min do cong
ctia dang dao dong dugc dé xuit. Nho d6 vi tri hu hdng trén dam c6 thé dudc khoanh viing ma chi can
biét s6 liéu do dao dong clia dAm hu héng, khong can biét s6 liéu do dao dong clia dAm nguyén. Diéu
nay c6 y nghia rit 16n trong viéc dp dung thuc t& vi khong phai ldc nao ciing c¢6 sén sb liéu do dao
dong ctia két ciu nguyén, két cAu trudc khi bi hu hong hay phd hoai. D€ kiém tra tinh ing dung clia
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hé s phat hién hu héng dé xuét, thi nghiém dim gidn don c6 hu hong dugc thuc hién trong phong
thi nghiém. Tai vi tri x4y ra hu hdng ghi nhén gia tri dinh ctia hé s6 phat hién hu héng. Trong bai bao
nay, hé s6 hu hong dudc tinh toan dua vao bdy dang dao dong tim dudc trong thi nghiém. Tuy nhién,
phuong phap nay cé thé ap dung dudc khi c6 thé tim dudc it nhat mot dang dao dong ctia két ciu hoic
tim dugdc nhiéu dang dao dong khong lién tiép. SO lugng diém do bd tri trén dim cang 16n thi dudng
cong dang dao dong tim dugc cang chinh xdc va tron, tif d6 dan t6i viéc khoanh ving vi tri hu hdng
tim dudc cang chinh xac. Phuong phap xac dinh hu hdng duya vao do cong ctia dang dao dong xac
dinh tir s6 liéu do dao dong don gian, dé thuc hién. Viéc 4p dung thanh cong phuong phép nay trong
phong thi nghiém tao diéu kién cho viéc nghién cifu, phat trién va ap dung cho cdc mo hinh két cAu
phtic tap hon va cic cong trinh ngoai thuc té.
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