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Abstract. Structural health monitoring based on vibration measurement methods belongs to
the group of non-destructive methods and has potential in practice. Research using these
methods is necessary, providing the chance for early detection and localization of damaged
area. Based on accelerometer data, the dynamic characteristic of the structure will be found
and used to determine the location of the damage. Despise analyzing the modal parameters of
slab structures in two directions with complex operations, the flexibility matrix method only
calculates at each degree of freedom and uses the same calculations with the beam structure.
In this paper, the damage indexes that are calculated from the difference in the flexibility
matrix in the damaged scenarios and the intact are used to locate the damage in the slab
structure. This method is applied to a simply supported numerical slab model with one and
two damaged positions. As a result, the damage indexes accurately show the location of the
damage on this model. Moreover, the method that uses a flexibility matrix could determine
the location of the damage in a slab prototype.
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Tom tat. Panh gia stc khoe cong trinh dya vao phuong phip do dao dong thudc nhém
phuong phap khong pha hoai va cd kha nang ap dung trong thuc té. Viéc nghién ciru ap dung
su dung cac phuong phép nay la can thlet tao diéu kién phat hién sém va khoanh vung dugc
vi tri hu hong. Dya vao sé liéu do gia tdc, dang dao dong riéng cua hé s& dugc tim thdy va st
dung dé xac dinh vj tri cua hu hong trong két ciu. Néu nhu cic phuong phap danh gia sirc
khoe cong trinh sir dung dang dao dong riéng khi ap dung cho két ciu dang ban thi can phan
tich hé lam viéc theo 2 phuong vdi cac phép toan phuc tap thi phuong phap stir dung ma tran
d6 mém chi tinh d6 mém cua hé tai tirng bac ty do va sir dung cac phép tinh tuong tu vai hé
két cau dang dam. Trong bai bao nay, hé sé hu hong duoc tinh toan tir sai khac ma tran do
mém & trang thai hu hong va trang thai nguyén duoc sir dung dé xéac dinh vi tri hu hong cua
két cau dang ban. Phuong phap duoc ap dung trén mé hinh sé két cau ban gian don c6 mot va
hai vi tri hu hong. Két qua 1a hé s6 hu hong phan anh hoan toan chinh xac vi tri hu hong trén
md hinh nay. V&i m6 hinh ban gian don trong phong thi nghiém, phuong phap sir dung ma
tran d6 mém xac dinh tuong ddi chinh xéc vi tri hu hong.

Tur khéa: danh gia sic khoe cong trinh, két cau ban, vi tri hu hong, phuong phap do dao
dong, ma tran do mem.

© 2023 Truong Dai hoc Giao théng vdn tdi

1 DAT VAN PE

Phuong phép danh gia sac khoe cong trinh sir dung cac dac tinh dao dong da duoc nghién
cuu tir dau nhimg nam 1980 [1]. Trong phuong phap nay, phan ing do dao dong cua cong
trinh trén mien thoi gian duoc ghi lai bai nhiéu loai dau do khac nhau nhu dau do bién dang,
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gia toc, chuyén vi. Céc dir ligu do dao dong ndy c6 thé dugc chuyén qua mién tan sé bang
cach su dung cac phép bién d6i Fourier, tir d6 tim ra cac thong sb dic trung dao dong cua h¢.
Mic du s liéu do dao dong thu thap duoc tir phan ng cua h¢ la trén mien tan sb nhung céc
thuat toan danh gia sirc khoe cong trinh thudng phan tich sé liéu trén mién thoi gian va mién
dic trung dao dong. Céc thuat todn xir Iy s6 liéu do dao dong ciing duoc dé xuat dé dir liéu do
dugc chuyén dbi dé dang va han ché tdi da anh hudng caa nhidu [2-4].

Dbi véi két cdu dang ban nhu ban mit cau, khi ap dung cdc phuong phap st dung céc dap
ng dao dong cua h¢ sé phuc tap hon so véi cac két cau dang dam. Phwong phép st dung
dang dao dong riéng khi 4p dung cho két cdu dang ban can tinh toan toan dang dao dong riéng
va d6 cong cua dang dao dong theo hai phuong [5]. Cac phuong phap st dung tan s6 dao
dong riéng thi kha don gian nhung lai dé bi anh huong boi cac yéu té tac dong tir moi trudng.
Phuong phap sir dung ma tran d6 mém c6 thé xac dinh duoc vi tri hu hong cua két ciu voi
quy trinh tinh toan don gian, khéng can sir dung cac dang dao dong bac cao nén nhan dugc
kha nhiéu sy quan tdm cuaa cac nha nghién ctu. Boi vi khi sir dung dit liéu do hién truong, cac
dang dao dong bac cao véi tan sé 16n rat kho dé do chinh xac. Ma tran do mém duoc dinh
nghia 12 nghich d4o ctia ma tran d6 ctmg, do d6 s& lién quan tai chuyén vi caa két cau dudi tac
dung caa tai trong. Mai cot trong ma tran 6 mém dai dién cho mét bac ty do cia hé dudi tac
dung cua ngoai luc don vi. Ma tran d6 mém lan dau duoc dé xuit bai Bernan va cs [6] va dén
nay van duoc sir dung rong rdi. Mot vi du cho viéc sir dung ma tran d6 mém Ia nghién ctu
dugc thuc hién bai Li va cs [7], Dionisio [8]. Li va cs [7] d& xuat mét bién phap nham xéc
dinh hu hong trong céc két cau manh nhu 1a nha cao tang, ng khdi bang cach gia thiét mo
hinh cac két ciu nay nhu 1a mot dam mat thira. Hu hong trong mé hinh sé dam lién tuc hai
nhip va khung hai ting dugc xac dinh chinh xac nho sy thay doi caa ma tran 6 mém va tan
s6 dao dong riéng [9]. Bén canh do6 cac thuat todn méi dua trén ma tran do mém ciing duoc
phét trién [10, 11]. Sir dung ma tran d6 mém con c6 thé xac dinh dugc vi tri hu hong trén két
cau dang ban khi ma dang dao dong riéng tim dwogc bi khuyét [12].

Trong bai béo nay, ma tran do mém va céc tan s6 dao dong riéng dugc sir dung dé tim ra
vi tri hu hong trong ket cau dang ban. Bai bao gom 5 phan. Phéan dau tién la phan dat van dé
va tiep theo la phan co s¢ |y thuyet. M6 hinh s6 cau ban véi cac kich ban hu hong khac nhau
duogc trinh bay ¢ phan 3. Phan 4 trinh bay m6 hinh ban trong phong thi nghiém va phan 5 la
phan ket luan.
2 COSOLYTHUYET

Phuong trinh c4n bang dao dong cua hé ¢d thé duoc biéu dién nhu sau:

K® = M®Q 1)

Trong do:

K :la matran d6 cung

M : 1a ma tran khéi luong

®=[D,D,,...D,] la ma tran dang dao dong bao gom céc véc to dao dong riéng
tuong ng véi nla sé dang dao dong riéng phan tich.

Q= diag(mf) is the ma tran dudng chéo trong d6 o, 1a tan s6 dao dong riéng tai
dang dao dong thir i .
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Gia sir ta quy ddng ma tran dang dao dong riéng vé don vi sao cho ®M®' =1, trong d6 I
la ma tran don vi thi ma tran do cang K va ma tran 46 mém FM la nghich dao cta ma tran
d6 cing dugc Pandey et al. [13] viét lai nhu sau:

K =M®Q® M =M [mecpicpfjm 2)
i=1
FM=K'=0Q'®" = Zichicpf (3)
i-1 4,

Khi hu hong xuét hién tai mot vi tri ndo trong két cu thi s& 1am giam d6 ciing cua hé tai
vi tri d6. Béi vi ma tran do mém duoc dinh nghia 1a nghich dao cia ma tran d6 ciing nén su
xuat hién ctia hu hong s& 1am ting gia tri cua ma tran @ mém. Chinh vi vay ma tran d6 mém
c6 thé duoc sir dung dé xac dinh vi tri hu hong trong hé két ciu ¢ nhiéu bac ty do. Ma tran
d6 hu duogc dinh nghia 1a sy sai khac cia ma tran do mém tai thoi diém hé da bi hu hong va
thoi diém hé nguyén. Ma tran d6 hu dugc tinh nhu sau:

A= FMd _FMu = Zizq)diq)c;ri _Zizq)uiq)l; (4)
i=1 Oy i=1 Oy

Trong do:
FM, : 1a ma tran &6 mém khi h¢ két cau da bi hu hong
FM, :la ma tran dd mém khi hé két cau nguyén
@, va @, la dang dao dong riéng thtr i twong trng voi hé hu hong va hé nguyén

@, VA o, 1atan s6 dao dong riéng i twong Gng véi hé hu héng va hé nguyén
Hé sb hu hong tai mdi bac tu do thir j duoc dinh nghia 1a hé sé 16n nhit trén ma tran do
hu A . Hé s6 hu hong sé€ 1én nhat tai vi tri xay ra hu hong. Hé s6 hu hong tai moi vi tri bac tu

do j cua hé dugc tinh nhu sau:

DI, = m?x‘Aij‘ (5)

3 MO HINH SO

Mot md hinh phan tir hitu han mé hinh két cau dang ban nhip gian don dugc méd phong
trong phan mém SAP2000 V22. M6 hinh ban c6 chiéu dai 2,5m rong 0,35m va day 0,01m.
Diéu kién bién cua tim duoc md phong mot gdi ¢d dinh va mot gbi tu do. Khoang cach giira
hai g6i 12 2m. Vat liéu md phong 1a thép c6 méd dun dan hoi Es= 200000 MPa va khdi luong
riéng p = 7820kg/m®. 1020 phan tir tim chiu uén duoc dung dé md phong toan bo két cau
tam. Hinh 1 thé hién mé hinh két ciu cau ban nhip gian don.

Cac kich ban hu hong khac nhau duoc tao ra trén mé hinh sé. Trong cac kich ban nay hu
hong duoc gia thiét 1a trén ban xuét hién cac 16 co kich thudc (0,08;0,04) m. Hinh 2 mé phong
lai vi tri cac hu hong trong ting kich ban. Kich ban hu hong thir 1va 2 ¢6 1 vi tri hu hong va
kich ban 3 ¢6 2 vi tri hu hong. TAm ban dwgc chia thanh 45 ving dién tich khac nhau duoc

573



Tap chi Khoa hoc Giao théng van tai, Tap 74, S 5 (06/2023), 570-581

danh s theo phuong doc va ngang nhu trong Hinh 2. Hé s6 hu hong xéac dinh tir phuong phap
st dung ma tran d6 mém duoc sur dung dé xac dinh vung hu hong trong ting kich ban.

Bang 1 thé hién tan s dao dong riéng cua 6 dang dao dong dau tién caa ban cho truong
hop ban nguyén khong hu va 3 kich ban hu hong. Ta nhan thay rang khi hu hong xay ra tan sb
dao dong riéng thay doi rat it, va ty Ié thay doi 1a khac nhau giita cac dang dao dong. Dya vao
tan s6 dao dong riéng rat kho dé xac dinh dugc hu hong ciing nhu vi tri ciia hu hong trén tam.

Pé tinh toan dwoc hé sb hu hong dya vao ma tran do mém, bén canh tin sé dao dong
riéng, cac dang dao dong duoc ciing can dugc phan tich. Ma tran dang dao dong @ duoc
chuan héa vé don vi sao cho ®M®" =1, trong d6 | 1a ma tran don vi. Ma tran khéi luong M
va ma tran dang dao dong @ dugc xac dinh tai cac vi tri dugc quan sat. Trong bai todn nay la
16 vi tri theo phuong doc va 4 vi tri theo phwong ngang. Ma tran d6 mém duoc tinh toén dua
vao ma tran dao dong @ sau chuan héa theo cong thuc (3) cho trudng hop ban nguyén va ban
hu hong. Sau do, sir dung cong thic (4) va (5), hé sé hu hong duoc xac dinh va thé hién trén
Hinh 3.

Quan sét Hinh 3 thay rang dua vao hé sé hu hong thi viing hu hong cuaa ca 3 kich ban déu
duoc tim thay. Véi kich ban 1, ving hu hong nam tron ven trong viing s6 11 theo phwong doc
va s6 1 theo phwong ngang. Hinh 3a cho thdy hé s hu hong trong viing nay 16n hon tit ca cac
viing con lai. V&i kich ban 2, viing hu héng ndm ¢ mép ving s6 10 theo phuong doc va s6 3
theo phuong ngang. Vi vung hu hong nam tai meép nén h¢ so6 hu hong khong nhiing 16n tai vi
tri nay ma con tuong d6i 16n & céc vi tri 1an can gan véi vang bi hu. Twong tu véi kich ban 3,
ca hai vi tri hu hong trén kich ban nay déu duoc tim thiy dua vao hé sb hu hong. Voi ving hu
hong nam tai mép cac viing tinh toan trén ban, hé sé hu hong khdng nhiing cao tai vi tri hu ma
con cao tai cac vj tri 1an can. Hé s hu hong trong cac kich ban duoc tinh toan véi trudng hop
sir dung ca 6 dang dao dong va truong hop chi sir dung 2 dang dao dong riéng dau tién. Két
qua cho thay rang khi chi st dung 2 dang dao dong riéng, hé sé hu hong tinh toan dugc s& nho
hon khi str dung ca 6 dang dao dong nhung khong nhiéu. Chi sir dung 2 dang dao dong ciing
tim ra dugc chinh xéc vi tri cia ving hu hong nhu khi st dung nhiéu dang dao dong. Nhu
vay, phuong phap dé& xuét xac dinh dugc chinh xé4c ving chira hu hong trong ca hai trudng
hop c6 mot ving hu, ¢6 nhiéu ving hu ngay ca khi chi st dung 2 dang dao dong riéng dau
tién.

Hinh 1. M& hinh ban trong phan mém SAP2000.
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c. Kich ban 3 (6 dang dao dong) cl. Kich ban 3 (2 dang dao dong)
Hinh 3. Hé s6 hu hong tinh cho truong hop sir dung 6 va 2 dang dao dong.

Bang 1. Tan sb dao dong riéng caa tim ban nguyén va ba kich ban hu hong.

Tan sb dao dong Sy sai khac sovéi dam nguyén (%)
Dang dao
dong Ban Kichban Kichban Kichban Kichban Kichban  Kich ban
' nguyén 1 2 3 1 2 3
1 5,69 5,68 5,67 5,65 -0,18 -0,18 -0,35
2 21,94 21,89 21,92 21,94 -0,23 0,14 0,09
3 45,49 45,48 45,47 45,28 -0,02 -0,02 -0,42
4 47,13 47,19 47,18 47,41 0,13 -0,02 0,49
5 69,04 68,99 68,96 69,02 -0,07 -0,04 0,09
6 90,95 90,89 90,94 90,67 -0,07 0,06 -0,30

4 MO HINH THI NGHIEM
4.1 Ban nguyén

M6 hinh cau ban nhip gian dugc duogc thiét 1ap trong phong thi nghiém caa bd mén Cau
Cong trinh ngam, trudng Pai hoc Xay Dung Ha noi. Md hinh ban 1am bang thép, b tri mot
g6i ¢b dinh va 1 géi di dong. Khoang céch gitra hai g6i 1a 2 m. TAm ban dai 2,5 m rong 0,35 m
va day 0,01 m. Hinh 4 thé hién md hinh ban va cac thiét b sir dung trong phong thi nghiém.

D¢ xac dinh tan sb dao dong riéng, dang dao dong trong ban thi nghiém, thiét bi do gia
toc NI dugc st dung. Cac dau do gia toc co trong lugng khoang 7,8g va d6 nhay tur 10,13 —
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10,50 mV/m/s?. Tan s6 lay mau 1a 1260 Hz va thoi gian 1y mau 1a 300s. Bla chuyén dung g8
Ién bé mat ban dé kich thich dao dong. 15 dau do gia toc, 4 so dd duoc sur dung dé do lai dao
dong cua 44 vi tri trén dam. 6 vi tri do dugc ¢b dinh trén tit ca cac so do. Vi tri va so d6 do
dugc thé hién trén Hinh 5. Thuat toan phan tich dir liéu do SSI [14] duoc sir dung dé tim ra
tan s6 va dang dao dong riéng caa hé. Hinh 6 thé hién hai dang dao dong riéng dugc tim thiy
tir dit liéu do dao dong ban va twong ddng voi hinh dang dao dong riéng cua két cau ban theo
ly thuyét va mé hinh. Bang 2 thé hién tan s6 dao dong riéng caa ban nguyén thi nghiém. Tan
s6 riéng cua dang dao dong thir nhét 12 5,74 Hz, sai khac 0,87% so v6i md hinh s6 12 6,69 Hz.
Tuong tu, tan s riéng coa dang dao dong thtr hai 1a 21,89 Hz, sai khac 0,23% so véi md hinh
s6. Dang dao dong va tan sb riéng caa mé hinh thi nghiém va mé hinh sb c6 do twong dong
cao.

a. So dd ban thi nghiém b. Céc thiét bi thi nghiém
Hinh 4. M6 hinh thi nghiém trong phong.

34 35 36 37 38 39 40 41 42 43 44

23 24 259 263 27 28 29 30 31€L 32 33 e E
12 13 14 15 16 17 18 19 20 21 22 g ﬁ
1 ZT 3 4 5 6 7T 8 L 9 10 11
©
2m
25m

O Vitricd dinh

Sods1:1,23,4,5,6,7,8,9, 10, 11, 13, 18, 25, 31, 37
So db 2: 8,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 25, 31, 37
So db 3: 8, 13, 18, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 37
So db 4: 8, 13, 18, 25, 31, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44

Hinh 5. So dd cac vi tri do trén ban.
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a. Dang dao dong thir nhat b. Dang dao dong thir hai
Hinh 6. Dang dao dong ciia mo hinh ban thi nghiém xac dinh tir s6 liéu do dao dong.
4.2 Ban hu hong

Dam duoc chia thanh 30 vi tri twong &g Voi c&c Vi tri dit dau do gia tdc nhu trén Hinh 7.
DPé mb phong dam bi hu hong, tai trong c¢6 khdi lugng 9kg duoc dat trén tAm ban tai vi tri thi
2 theo phuong doc va thi 2 theo phuong ngang. Cac dau do gia toc va 4 so dd do duogc bd tri
nhu trong truong hop dam nguyén. Tir 6 2 dang dao dong dau tién cia dam hu hong mo
phéng cling duoc tim ra.

Bang 2 thé hién tan sé dao dong riéng cua hé ban nguyén va ban cd chét tai md phong hu
hong. Khi thém tai trong thi tan sé dao dong riéng caa hé c6 thay doi nhung khong nhiéu. Néu
chi sir dung dir liéu tan sé dao dong riéng thi cd thé xac dinh dugc trong ban c¢6 hu hong
nhung khong thé xac dinh dugc vi tri ciia hu hong.

0,35m
N

|_H,

‘ 1 2 3 4 5 6 7 8 9 10 ‘

I 1
Hinh 7. So d6 md phong cac viing va vi tri dit tai trong trén ban thi nghiem.

Bang 2. Tan s6 dao dong riéng ciia tim ban thi nghigm.

Dang dao dong Ban nguyén Ban hu m6 phong Sai khac (%)
1 5,74 551 4,00
2 21,89 20,31 2,64
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43 Kétqua

Dé xac dinh vi tri cua hu hong, hé sé hu hong xac dinh tir ma tran d6 mém dwoc st dung.
Cac dang dao dong ri€ng do dugc cua ban & hai truong hop khong hu hong va c6 hu hong
duoc dung dé xac dinh ma tran d6 mém va do hu A theo cong thuc (3), (4). Khi st dung s6
liéu thi nghiém ma tran kh01 luong M dugc ldy gan dung tr mo hinh sé. Viéc sir dung ma tran
khéi lugng tir md hinh sb 12 chap nhan duoc da duoc khiang dinh trong tai liéu tham khao
[15]. Tir d6 hé s hu hong dugc xac dinh theo cong thic (5) va thé hién trén Hinh 8. Hé s6 hu
hong cao nhat & vi tri dat tai trong va dugc thé hién chinh xéac. Tuy nhién céc vi tri 1an can
ciing ¢6 hé s6 hu hong kha cao. Piéu nay cho thiy rang khi dt tai trong tai 1 ving trén ban c6
anh huong toi gia tri do gia téc tai cac ving khac. Trong tuong lai, thuc hién cac vét cit ¢
giita tim dé xac dinh lai phuong phép thi s& ¢6 két qua chinh xac hon.

huw hdng

ésd

H

Hinh 8. Hé s6 hu hong cua ban thi nghiém.

5 KET LUAN

Bai bao nay da xac dinh vi tri hu hong trén két ciu dang ban str dung hé s6 hu hong xéac
dinh tir ma tran d6 mém va sé liéu do dao dong trén mé hinh sé va mé hinh thi nghiém. Ma
tran d6 mém 1a nghich d4o cua ma tran do cing va duoc tinh cho ting bac tu do cua két ciu.
Do d6 khi hu hong xay ra tai 1 vi tri nio d6 trén hé s& 1am thay d6i ma tran d6 mém va hé s6
hu hong duge dinh nghia 13 su thay d6i ma tran d6 mém cua két cau nguyén va két cau bi hu
s& gitip xac dinh hu hong xay ra tai vi tri ndo. Mac du két cau ban 1a dang két cau lam viéc
theo 2 phuong nhung phuong phip nay van gitp xac dinh chinh xéac vi tri hu hong trén mo
hinh s ddi véi ca trudng hop ban ¢ 1 vi tri hay 2 vi tri hu hong. Sir dung cac dau do gia tdc
duoc gan ¢ mat trén cua ban va phuong phap phan tich dir liéu SSI, 2 dang dao dong riéng
dau tién cua md hinh ban trong phong thi nghiém ciing dugc tim ra. Mot vi tri hu hong duoc
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gia thiét trén md hinh ban va vic tinh ton hé s hu hong gitp xac dinh duoc twong déi chinh
Xac vi tri hu hong trén tam.

Viéc tinh duwoc ma tran dang dao dong riéng, ma tran do mém dwa vao phép do dao dong,
viéc chi sir dung mot hai dang dao dong dau tién gidp chiing minh cho kha niang ap dung cua
phuong phap de Xuat trong thuc té. Tuy nhién viéc xac dinh dang dao dong riéng bang céc
phép do gia tdc can duoc loai bo nhidu, cac yéu té anh hudng cua méi trudng. Viéc st dung
nhiéu dau do va nhiéu so dd do s& cho két qua chinh xac hon. Tuy nhién viéc phai do dao
dong tai nhiéu diém ciing 12 han ché cua phuong phép nay.
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