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TOM TAT

Cong trinh xay dung chiu tac dong bdi nhiéu yéu té khac nhau tir méi trudng, tai trong, su lao héa
cla vat liéu, ... Tat ca cac yéu té nay la nhiing bién s6 khong chac chan va gdy anh huéng dén
stic khde clia cong trinh. Vi vay, viéc theo ddi va chan doan stic khde két cdu la rdt can thiét nham
phat hién ra hu hong va cé bién phap stta chira kip thai. Trong bai bao nay, vi tri hu héng trong két
cau dam bé téng cot thép (BTCT) co gia cuong tam FRP (Fiber Reinforced Polymer) dugc xéc dinh
thdng qua phuong phéap ndng luong bién dang. Dau tién, mét dam BTCT ¢o gia cudng tam FRP
dugc mé phong trong phan mém ANSYS APDL d@é phan tich tng x(r va thu thap dir liéu cac dac
trung dao dong. Bé tin cay ctia mé hinh dugc kiém chiing théng qua viéc so sanh quan hé gida tai
trong va chuyén vi véi két qua thuc nghiém. Tiép dén, phuong phap nang luang bién dang dugcc
strdung @€ chan doén vi tri hu héng (ving nut va tach |6p FRP) trong dam. Trong d6, maét bé chi
s6 danh giad do chinh xac clia két qua chan doan dugc kién nghi. Tinh kha thi ctia phuong phap
dugc minh chiing théng qua hai bai todn khao sat. B6i véi bai toan 1, nam kich ban hu héng khac
nhau, bao gém gidm dé ciing bé tong va tach I6p FRP, dugc gia dinh dé danh gia tinh kha thi cla
phuong phap nang lugng bién dang trong viéc chdn doan hu hdng trong dam. B8 vdi bai toan 2,
hu héng xay ra trong dam dugc khao sat va chan doan theo ting cép tai trong tuong Ung vai su
lam viéc thuc té clia dam. K&t qua nghién ctu chi ra rang phuong phép nang luong bién dang cé
d6 chinh xac cao trong viéc phat hién va xac dinh vi tri hu héng trong dam BTCT c6 gia cudng tam
FRP.

Tu khoa: chan doan hu hong, dao déng, dam bé tong ¢t thép gia cudng tdm FRP, nang luong

bién dang

GIGI THIEU

Trong nhiing ndm gan dy, mot s6 cong trinh bé tong
cOt thép (BTCT) nhu nha, ciu va dudng hdm bi hu
hong dan dén giam kha ning chiu luc va can phai
gia cudng. Trong cic phuong phap gia cudng cho két
cdu BTCT thi phuong phép st dung tdm FRP dugc st
dung ngay cang phd bién. Phuong phép nay gitp cho
két céu ting kha ning chiu lyc nhung vin dam béo
vé kién truc. Tuy nhién, hién tugng bé tong bi nit va
tdm FRP bi tach 16p ra khéi dam BTCT thudng xay
ra & cac cdu kién dugc gia cudng theo phuong phap
nay. Ban d4u, hu hong xay ra & pham vi nhé va kho cé
thé phét hién bing mat thudng. Néu nhiing hu hong
nho nay khong dugc phat hién va xt Iy kip thai thi hu
hong sé phat trién va gay phd hoai cho két cdu. Do do,
viéc gidm sét va phét hién hu hong bing cac phuong
phdp khong phd hiy dugc chid trong va can thiét.

Trong thap ky gin day, mot s6 nghién ctiu vé chin
dodn hu hong cau kién c6 gia cudng FRP da dugc thuc
hién. Voutetaki va cong su (2012) da sti dung vat liéu
dp dién Lead Zirconate Titanate (PZT) d€ chin doén

hu hong ddm BTCT c¢6 gia cudng tdm FRP va st dung
muic dién ap t6i uu loai bo ting sudt tip trung tai ving
tach 16p FRP L. Li va cong su (2017) da nghién ciiu sy
tach 16p khi stt dung vat liéu FRP thay thé cho c6t thép
trong két cdu BTCT. Nghién ctiu da sti dung trg khang
co dién trong phuong phap theo doi stic khoe két cdu
d€ phét hién ra hu hong va cho thiy hiéu qua cao?.
Jiang va cdng su (2019) da trinh bay phuong phap cam
bién cht dong dua trén song ting suit d€ phat hién nit
trong ddm BTCT gia cudng thanh FRP. Tl d6 nhin
théy viéc tang dién tich ti€p xtc gitta thanh FRP va bé
tong co thé cai thién hiéu qua tai trong nit ctia dam
bé tong c6t thép FRP, gidm t6¢c do nut va chiéu sau
vét niit3. Liuva cong su (2019) da nghién ctiu sy tach
16p Carbon Fiber Reinforced Polymer (CFRP) ra khoi
dam BTCT st dung PZT. D€ c6 thé gidm sit qua trinh
tach 16p, 10 PZT dugc gan 1én ddm d€ thu nhan tin
hiéu. Tai vi tri tach 16p thoi gian va duong truyén tin
hiéu sé 16n hon nhiing vi tri khong tach 16p. Két qua
thu dugc cho thdy tinh hiéu qua trong viéc gidm sat
hién tugng tach 16p bing PZT 4. Ng va cong su (2019)

Trich dan bai bao nay: Hung T M, Nhan P M, Phuang N H, Nhat T T D, Thién N C, Tudn H M, Duy H B. Xac
dinh vi tri hu hong trong dam bé téng c6t thép c6 gia cudng tam FRP st dung phuong phap nang
lugng bién dang. Sci. Tech. Dev. J. - Eng. Tech.; 5(2):1508-1519.
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da nghién ctu thuc hién viéc tao song Rayleigh trén
bé mit bé tong co gia cuong CFRP. B6 tri ddu phat va
thu tin hiéu két hgp véi thuét toan tdi tao hinh dnh hu
hong tach 16p CFRP. Nghién ctiu dugc déi chiéu véi
thuc nghiém va cho két qua déng tin cdy trong viéc
sti dung song Rayleigh chdn doan hién tugng tach 16p
CFRP. Viéc tao song Rayleigh va mé phong chi méi
tién hanh tai vi tri da tao tich 16p biét truGc nén van
chua cé cdi nhin khach quan khi 4p dung khéo sét trén
c4u kién v6i quy mé 16n°. Jiang va cong sy (2019) da
phat hién sy két dinh gitia ddm thép va tdim CFRP gia
cudng béng cach st dung ddu do va cdm bién dya trén
PZT c6 thé théo roi. Diéu kién lién két anh hudng
dang ké dén tin hiéu nhén dugc va chi s6 Wavelet
Packet Based Energy (WPEI) dugc st dung dé€ dinh
lugng nang lugng nhan dugc nham dédnh gia mic do
két dinh giiia thép va tim CFRP®. Tran (2021) da tién
hanh danh gia cac chi s6 cho viéc chin doan hu hong
dam BTCT gia cuong tdm FRP st dung dap ting tré
khéang. Két qué cho théy chi s6 Root Mean Square De-
viation (RMSD) va Mean Absolute Percentage Devi-
ation (MAPD) cho két qua chdn dodn vi tri hu hong
t6t hon Correlation Coefficient (CC) va Correlation
Coefficient Deviation (CCD)”.

Bén canh viéc st dung dap ting tré khang, cac nghién
ctu st dung cic dic trung dao dong d€ chdn doan hu
hong trong két ciu ciing da dugc thyc hién. Cha va
Buyukozturb (2015) da kién nghi phuong phép chdn
dodn hu hong trong két cdu khung st dung thuit toan
t6i uu da muc tiéu dua trén sy thay d6i ning lugng
bién dangs‘ Zhao va cdng su (2020) da chén dodn
vi tri hu héng trong dan thép dua trén sy thay déi
nang lugng bién dang thong qua chi s6 MSECR va
MSEDR®. Lién quan dén dam BTCT c6 gia cudng
tdm CFRP, Baghiee va cong su (2009) da chdn doan
hu hong dua trén su thay déi cua tin s6 dao dong,
chi s6 MAC (Modal Assurance Criterion), chisé CO-
MAC (Coordinate Modal Assurance Criterion) va do
cong dang dao dong'?. Két qua cho théy ring cac
phuong phép néu trén xidc dinh dugc sy xuét hién
ctia hu hong va danh gia dugc d6 cling tong thé cua
dam sau khi hu hong. Zenzen va cong su (2018) da
xdc dinh thanh cong hu hong trong ddm CFRP béng
cach st dung cac dic trung dao dong va thuat toan di
truyén 1,

Viéc ting dung rong rai ctia két cdu BTCT c6 gia cuong
FRP da dan dén sy quan tdm cho nghién ctu vé hu
hoéng ctia cau kién nay. Tuy nhién, cic nghién ctu tu
trude téi nay chu yéu tap trung phat hién tach 16p FRP
bang phuong phép trd khdng va mot vai nghién ctu
xdc dinh hu hong tong thé trong ddm BTCT c6 gia
cuong FRP dua vao thay d6i tin s6 va dang dao dong.
DE tiép cin vin dé theo mot cach khac, nghién ctiu
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nay kién nghi st dung phuong phéap nang lugng bién
dang d€ chdn doan hu hong trong ddm BTCT c6 gia
cuong tdm FRP. Cac diém moi trong nghién ctiu nay
nhu sau: (i) chin dodn vi tri hai loai hu hong, bao
gom bé tong bi nit va FRP bi tach 16p, bang phuong
phép ning lugng bién dang; (ii) chin dodn hu hong
trong qud trinh gia tai v6i vi tri hu hong khong biét
trudc; (iii) dé xudt bo ba chi s6 ddnh gid do chinh xac
ctia két qua chdn dodn. D€ thyc hién muc tiéu nghién
ctiu, mot ddm BTCT c6 gia cudng tdm FRP dugc md
phong bang phan mém ANSYS APDL; trong d6, su
lam viéc dong thoi gitia bé tong va ¢t thép dugc xem
xét. Dam dugc gia tai v6i cac cip tai trong khac nhau
dé cho ddm tu ting xU va xuét hién hu hong. Biéu do
tai trong - chuyén vi tit mo phong s6 dugc so sanh véi
két qua thuc nghiém d€ kiém ching d¢ tin cay cua
mo phong. Tiép theo, cic dic trung dao dong (tan s6
dao dong va dang dao dong) dugc thu thap dé€ phuc
vu cho cong tac chdn dodn viing nut va tach 16p FRP
trong ddm bang phuong phép nang lugng bién dang.
Tinh kha thi ctia phuong phép kién nghi dugc chiing
minh thong qua hai bai todn véi cdc kich ban hu hong
khac nhau va dugc danh gia thong qua bd chi s6 danh
gid do chinh xdc cta phuong phap.

PHUONG PHAP CHAN POAN VA BO
CHi SO DANH GIA

Phuong phap nang lugng bién dang cho két
cau dam

Phuong phap ning lugng bién dang dugc xem la mot
trong nhiing phuong phép c6 tinh hiéu qua cao trong
viéc chdn dodn hu hong két cdu. B&i vi khi hu hong
xay ra, gia tri ndng lugng bién dang c6 d6 nhay cao
hon so véi cac chi tiéu dao dong khac nhu tan s6 dao
dong va dang dao dong. Ning lugng bién dang cta
phén ti thi j tuong ting v6i dang dao dong thit i dugc
thé hién nhu sau:

MSE;; = §K;¢; o

trong do, ¢; la véc to dang dao dong thi i K; la ma
trdn do cling ctia phan ti thi j trong hé toa d) téng
thé.

Phuong phép chidn doan hu hong cho két ciu ddm
dya vao su thay d6i nang lugng bién dang ctia dang
dao dong dugc dé xudt boi Kim va cong su (2003) 12
Phuong phdp nay st dung hai déc trung dao dong co
ban cta két cdu la tan s6 dao dong va dang dao dong
tuong ting v6i hai trang thai khic nhau, dé tit d6 chdn
dodn hu hong trong két cau. Xét so d6 dam c6 chiéu
dai L; vi tri hu hong trén dam c6 toa do x va chiéu dai
la a (Hinh 1).
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Hinh 1: So d6 dam va vi tri hu hdng '

Chi s6 hu hong do sy suy gidm d6 cling tai vi tri thd
j (j € [0, L]) cha dam, khi st dung nm dang dao dong

(i=1, ..., nm) dugc xac dinh nhu sau !2:
%
'ﬁ.
k; =
Bj= i = )
I Y [hxgi(A,0)+ %]
i=1
trong do:

B 1a chi s6 hu hong tai vi tri thii j ctia dam;

kjla d6 cling chong uén tai vi tri thit j & trang thai 1
(chua xuft hién hu hong);

k; la d6 ciing chéng udn tai vi tri thi j & trang thai
2 (c6 xudt hién hu hong); ¥, ¥}, ¥, &i (4, 9) 1a cac
thong s6 dugc xdc dinh nhu sau:

” 2
%= {‘Pi (x)] dx ©)
" 2
v =107 )] ax “@
v= I [o ()] ax ©
*2 2
Gi(0)= o x ©

trong do:
9; (x), ¢/ (x) la véc to dang dao dong thii i tuong ling
v6i trang thai 1 va trang théi 2;
¢ (x), 9" (x) 1a véc to do cong dang dao dong thi i
(dao ham bac hai ctia dudng cong dang dao dong thi
i) tuong Ung véi trang thai 1 va trang thai 2;
o;, ®; latan s6 goc ting véi dang dao dong thii i trang
thai 1 va trang thdi 2.
Vi tri hu hong dugc xdc dinh thong qua viéc chuén
héa chi s6 hu hong f8; nhu sau:

=Pt )

Op;

trong d6: Z; 1a chi s6 hu hong chuén héa cho vi tri
thd j; pg;, op, la gid tri trung binh va d¢ léch chudn
ctia f3;.

Thuét todn thong ké dugc st dung d€ chdn dodn vi tri
hu hong: Chon mot ngudng ting véi mét muic do tin
céy cho két qua chdn dodn. Néu Z; > Z thi két ciu bi
hu hong tai vi tri thi j. Ngugc lai, néu Z; < Z thi két
cdu chua bi hu hong tai vi tri thi j. Trong nghién ctu
nay, d€ chin dodn vi tri va pham vi ctia viing hu hong,
ngudng Zy = 5%Zyax dugc dé xudt ap dung, véi Zyx
la gid tri 16n nhét cta chi s chdn dodn.

Bo chi sé danh gia d6 chinh xac

V6i muc dich ddnh gia mot cach toan dién va pht hgp
trong cong tic chdn doan ddm BTCT c6 gia cudng tdm
FRP ngoai thuc t&, bd ba chi s6 danh gid A, B, C dugc
dé xuat nhu sau:

A 1a chi s6 danh gia do chinh xdc cta két qué chin
dodn viing hu hong. Chi s§ nay dugc tinh bang ti s6
gitia chiéu dai ving hu hong chin doan va chiéu dai
vung hu hong thuc té.

A= Lpred

x 100% 8)
damage

trong do6: L. la chiéu dai ving hu hong chdn doan

ndm trong viing hu hong thuc t& Ljgpage 12 chiéu dai

vung hu hong thuc té.

B 1a chi s6 dédnh gid d6 chinh xdc cta két qua chin
dodn vung khong hu hong. Chi s nay dugce tinh bing
ti s6 gitia chiéu dai ving khong hu hong chén dodn va
chiéu dai viing khong hu hong thuc té.

L,
B= 22 100% 9)
Lo,damage
Lo,pred = Lo,damage - Lpred,our (10)
Lo,damage =L- Ldamage (11)

1510



Tap chi Phdt trién Khoa hoc va Céng nghé - Ki thudt va Céng nghé, 5(2):1508-1519

trong d6: L, preq 12 chiéu dai ving khong hu héng
chén dodn (da loai bo viung hu hong chdn dodn ndim
ngoai pham vi viing hu héng thuc t€); L, gumage 12
chiéu dai ving khong hu hdng thuc t& Lpeq ou 12
chiéu dai viing hu hong chin doan nam ngoai viing
hu hong thuc té.

C1a chi s6 danh gid d6 chinh xdc téng thé ctia két qua
chén dodn. Chi s6 nay dugc xdc dinh duya trén chi s§
A va chi s6 B nhan tuong ting véi ti s6 chiéu dai viing
hu hong va chiéu dai viing khong hu hong so véi chiéu
dai dam.

Ldamage +Bx Lo,damage

I i (12)

C=Ax
Do chinh xédc tong thé biéu dién mdi quan hé gita do
chinh x4c viing hu hong va viing khong hu hong trén
toan b chiéu dai ddm. Khi viing hu héng nhé tuong
ung v6i ddm chiju tai nho thi chi s6 C sé phu thudc
nhiéu vao chi s6 B; va ngugc lai khi ving hu hong mé
rong tuong ting v6i ddm chiu tai trong 16n thi chi s6
C phu thudc chi s6 A.

MO HiNH PHAN TU HU'U HAN

Mot ddm BTCT gia cuong tdm FRP dugc thuc hién
thi nghiém béi Qeshta va cong su (2015) 13, Dam ¢
kich thuéc 150x250x2800 mm, gia cuong tim FRP
kich thudc 75x0,17x2420 mm déan déi xting & mit
duéi ctia ddm. Khoang cdch gitta hai goi tua 1a 2500
mm. Dat tai trong tac dung 1én d4m la hai luc tap
trung vo6i khoang cdch t6i gbi tua 13 900 mm. Tién
hanh thyc hién gia tai d€ xdc dinh cdc trang thai Gng
xt ctia ddm. Chuyén vi ctia ddm dugc xdc dinh qua
mot chuyén vi ké dugc dit theo phuong théng ding
tai vi tri gita ddm. So d6 thi nghiém dugc thé hién
trén Hinh 2. Thong s6 vat liéu dugc trinh bay trong
Bang 1 va Bang 2.

Trong nghién ctiu nay, ddm BTCT c6 gia cudng tdim
FRP trong thi nghiém !> dugc md phong bing phin
mém ANSYS APDL (Hinh 3). Vat liéu bé tong dugc
mo hinh bang phan tt khéi dic 8 nit SOLID65. Phan
tt LINK180 duoc lia chon d€ mo hinh héa vatliéu c6t
thép doc va c6t thép dai. Phan tit SOLID185 dugc st
dung d€ mo6 hinh tdm dém thép, vat liéu FRP va keo
Epoxy’. Céc phin tii dugc lién két véi nhau tai cac
ndt nhim dam bao cho gia thiét lién két hoan toan
gitia cdc loai vat liéu. Két qua tai trong - chuyén vi
dugc thé hién nhu Hinh 4. Biéu d6 cho thdy sy lam
viéc cia miu ddm gia cudng FRP gilta mo phong va
thuc nghiém nhu sau:

Vé tai trong hinh thanh vét nit va su lam viéc cia ddm
gia cudng trudce khi hinh thanh vét nut: tai trong gay
ntt d6i véi ddm mo phong 1a 14,181 kN va dam thi
nghiém 1a 15 kN, d6 chénh léch 1a 5,46%. Dong thoi,
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dudng cong quan hé tai trong - chuyén vi gdn nhu
trung nhau gitta mo6 phong va thuc nghiém trong giai
doan dan hoi.

Vé su lam viéc ctia dAm sau khi hinh thanh vét nut:
d6i voi dam thi nghiém, c6t thép chiu kéo bit dau
bi chay déo khi tai trong cé gia tri 58,4 kN va chénh
1éch 3,6% so véi gid tri m6 phong s6 (60,5 kN). Budng
cong quan hé tai trong - chuyén vi gitia m6 phong va
thuc nghiém la gan x4p xi nhau; giai doan sau khi hinh
thanh vét nut cb su sai khac la do mo6 hinh vat liéu
trong mo phong s6 chua giéng hoan toan véi thuc té,
ciing nhu trong qua trinh thi nghiém con cé cic tac
dong cua moi trudng va sai s6 trong qud trinh thuc
hién thi nghiém.

Ve tai trong phd hoai ddm: sau khi c6t thép chiu kéo
chdy déo dudng cong quan hé tai trong - chuyén vi
thay d6i d6 doc 14n thd hai. Diéu nay dugc giai thich
béng viéc tdm FRP tham gia chiu lyc va lam ting kha
néng chiu lyc cia ddm. Két qua tai trong thuc nghiém
(77,6 kN) c6 su sai léch nho 4,38% so v6i md phong
(81 kN).

Nghién ctiu nay Iya chon phén tich hai giai doan lam
viéc ctia két ciu: giai doan tu luc bit dau gia tai dén
khi bé tong bat ddu hinh thanh vét nut, giai doan tu
lac bé tong bat ddu nit dén khi bit dau tach 16p FRP
khoi bé mat ddm. Diéu nay 1a phtt hgp véi y nghia ctia
bai toan chdn doan hu hong l1a phat hién ra hu hong
ngay ti luc hu hong con nho trong két cdu d€ kip thoi
stia chifa. Hon niia, trong hai giai doan dugc lya chon
dé phan tich, két qua mo phong rat phit hgp véi thuc
nghiém (Hinh 4). Nhu vay, két qud mé phdng s6 ctia
ddm BTCT ¢4 gia cudng FRP 1a déng tin cdy va c6 thé
dugc st dung cho bai todn chdn dodn.

KET QUA VA THAO LUAN

Bai toan 1

Nham kiém chiing tinh kha thi ciia phuong phap chin
dodn, ddm BTCT c6 gia cudng tdim FRP dugc gia dinh
hu hong 1a gidm do cting hodc tach 16p FRP. Trong
md hinh ANSYS, viéc giam d¢ cing dugc thuc hién
thong qua viéc gidm md dun dan hdéi ctia bé tdng tai
vi tri tuong tng; viéc tach 16p FRP dugc thuc hién
thong qua x6a 16p keo tai vi tri tach 16p FRP. Sau d6,
phuong phap nang lugng bién dang dugc ap dung dé
chén doan hu hong trong ddm. Trong bai todn nay,
ndm kich ban hu hong khac nhau dugc khéo sit bao
gom hai kich ban giam d¢ cting va ba kich ban tach 16p
FRP. Thong tin cu thé ctia ndm truong hop hu hong
dugc thé hién trong Hinh 5.

Bon dang dao dong udn dau tién dugc st dung cho
viéc chén dodn hu hong. Hinh 6 thé hién b6n dang
dao dong udn va tin s6 dao dong tuong ting ciia dam
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1050 700 1050
A P2 P/2 =5
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159, 2500 450,
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Hinh 2: So d6 thi nghiém '3
Bang 1: Thong so vat liéu bé tong va cot thép '3
Dic trung Bé tong Thép ¢12 Thép ¢10 Thép ¢8
Mo dun dan hoi (GPa) 39 200 200 210
Cuong do chiu nén ling tru (MPa) 44,17 - - -
Cuong do chiu kéo truc tiép (MPa) 3,66 - - -
Giéi han chay (MPa) - 529 521 317
Bang 2: Thong sé vat liéu FRP va keo Epoxy '3
Dic trung FRP Keo Epoxy
Mo dun dan hoi (GPa) 230 4,5
Cuong do chiu kéo (MPa) 4900 30
Bién dang gidi han (Micro-strain) 21000 9000
Bé tong
(SOLID65)
Dém thép
Cot thép (SOLID183)
(LINK180) L
<
Keo Epoxy
(SOLID185)

Hinh 3: M6 phéng s6 dam BTCT c6 gia cudng tam FRP trong ANSYS APDL
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=
=
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0 - - = Thi nghiém
20 Mo6 phong
10 Bé tong bat dau nut
0
0 d 10 15 20 25 30 35 40
Chuyén vi (mm)
Hinh 4: Biéu d6 quan hé tai trong - chuyén vi dam BTCT gia cudng tdm FRP
Bang 3: Tan sé dao déng clia dam tuong ting véi cac trudng hop cia bai toan 1
Mode Truong hop 1 Trudng hgp 2 Truong hop 3 Truong hop 4 Truong hop 5
f (Hz) f (Hz) f (Hz) f (Hz) f (Hz)
1 70,64 70,45 70,68 70,68 70,68
2 224,96 224,96 224,96 224,96 224,96
3 595,59 593,77 595,94 595,94 595,94
4 847,75 847,46 847,77 847,77 847,77

Bang 4: Chi s8 do chinh xac ctia két qua chan doan hu héng cho bai toan 1

Truong hgp Chi s6 danh gia
D¢ chinh xac ving hu héng D¢ chinh xéc viing khong D9 chinh xic téng thé C
A (%) hu hong B (%) (%)

1 100 99,35 99,37

2 100 98,26 98,32

3 100 98,56 98,58

4 100 95,39 95,47

5 100 95,24 95,41
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Trieong hop  Hinh anh va mé ta hw hong

Giam 20% do6 cimg cua phﬁn tr ta1 vi tri gitta nhip vé kich thwée
50%150%12,5 mm‘l.

Giam 20% doé cimg cua phﬁn tr ta1 vi tri gitta nhip vé kich thwée
100x150x50 mm™.

Xoa 1 vitri 16p keo tai vi tri gitra nhip véi kich thuede 50x75x1,7 mm(D.

Xoa 2 vi tri 16p keo kich thwde 25x75%1 7 mm? tai vi tri [900; 925]
mm@® va [1875; 1900] mm™.

Xoa 3 vi tri 16p keo bao gém 2 vi tri kich thiede 25%75%1,7 mm™ tai
vi tri [900; 925] mm™® va [1875; 1900] mm®; va 1 vi tri kich thwdc
50%75x%1,7 mm® ta1 v tri [1375; 1425] mm'®.

Hinh 5: M6 ta cac trudng hop hu héng dugc khao sat cho bai toan 14

4Ghi chi: M) axbxc véi a, b, ¢ 14n lugt 1a chidu dai, chiéu rong va chiéu cao phén ti. @) Toa d6 [x1; x2] v6i x1 va x2 1an lugt 13 vi

tri bat ddu va két thic hu hong so véi gbc toa do tai ddu dam.

Ty Sy

(a) Mode 1: Tan sé f= 70,68 Hz

(b) Mode 2: Tan sb f=224,96 Hz

RNy gy

(c) Mode 3: Tan sé f= 595,94 Hz

(d) Mode 4: Tén sb f= 847,77 Hz

Hinh 6: B6n dang dao dong va tan s6 clia dam & trang thai ban dau
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12 12
Zo = 5% Zmax : Zo = 5% Zmax
10 Ving hur hong thye 1 10 Viing hir hang thire té
8 WViing Inr héng chan dodn 8 Ving hu hong chian dodn
S S
: m |7 i
o o«
2 2
ok I g o Py S — & ———
0O 04 08 12 16 2 24 28 0 04 08 12 16 2 24 28
x[m] x[m]
(a) Trwong hop 1 (b) Trwang hop 2
12 8 10 -
Zo = 5% Zmax Zo = 5% Zmax Zo = 5% Zmax )
10 Viing hir héng thye té ~——Viing hur hong thure té 8 Vang hir hong thye te
8 Ving hir hong chan dodn 6 Ving hur hong chan dodn Vang hir hong chin doin
B
S Sa N
4
2 . YW '
Y IS— | SUSS—— S— | S_— = il il alls
0 04 08 12 16 2 24 28 0 04 08 12 18 2 24 28 0 04 08 12 18 2 24 28
x[m] x[m] x [m]
(c) Trwong hop 3 (d) Trwong hop 4

(e) Truong hop 5

Hinh 7: Biéu d6 chi s6 hu hdng déi véi bai toan 1

cho trang thdi ban d4u. Tan s6 dao dong ctia tat ca cac
truong hop trong bai todn 1 dugc liét ké trong Bang 3.
Nhin chung, cic biéu d6 chi s6 hu hong dugc thé hién
trong Hinh 7 cho gia tri cuc dai tai vi tri hu hong.
Chi s6 d¢ chinh xdc ctia két qua chin doén hu hong
cho bai todn 1 dugc tng hgp trong Bang 4. D6i véi
viung hu hong, két qua chdn doan dat o chinh xdc
tuyét doi (chi s6 A dat 100%). Ddi véi viing khong hu
hong, két qua chdn dodn rat t6t va dugc danh gid boi
chi s6 B véi gia tri 16n hon 95%. Chi s6 d¢ chinh xac
téng thé C cho két qua 16n hon 98% cho truong hop
hu hong gidam d¢ cting va 16n hon 95% cho truong
hop hu hong téch 16p FRP. Biéu d6 chi s6 hu hong
cta trudng hgp hu hong tach 16p FRP c6 su xuit hién
nhiéu tai viing 14n c4n hu hong. Tuy nhién, biéu d6 chi
s6 hu hong van cho gid tri 16n nhit ndm trong vung
hu hong va 1én hon gdp nhiéu lan so véi vi tri nhiéu.
V6ingudng Zy = 5%Znax, két qua chdn doan hu hong
dat d6 chinh xdc cao, tii 95,24% dén 100%.

Bai toan 2

Trong thuc t& hu hong trong ddm BTCT c6 gia cuong
tdm FRP xay ra tuong ting véi trang thai lam viéc clia
dam khi chiu tai trong. Vi véy, sau khi khao sat bai
todn 1, chdn dodn hu hong véi nhiing gid dinh biét
trudc, bai toan 2 thuyc hién chdn doan hu hong trong
ddm tuong ting véi cac cdp tdi trong. Diéu nay lam
tang tinh khach quan vé tinh hiéu qua cta phuong
phép chin dodn da dugc dp dung thanh céng & bai
todn 1.

1515

Doivei dam BTCT c6 gia cudng tim FRP, bé tong xuit
hién vét nit khi Ging suit kéo vugt qua cudng do chiu
kéo cuia bé tdng. LSp keo lién két FRP va bé tong bi
phé hoai khi ting sudt cit trong l6p keo vugt qua ting
sudt tiép cuc dai. Trong nghién ctiu ctia Lu va cong su
(2005)1* @ dua ra cong thic tinh ting suit tiép cuc
dai ctia 16p két dinh nhu sau:

Tmax = ﬁwft (13)

20501
N7 b))

by
1,25— 21
(125-%)

trong d6: by la bé rong tim FRP; b la bé rong phan bé

(14)

tong; f; la cuong do chiu kéo bé tong. T cong thiic
(13) va (14), gid tri ung sudt tiép cuc dai trong 16p keo
Epoxy ctia dam dugc tinh todn 1a 7,4 = 3,66MPa.

Trong bai todn 2, ba cdp tai trong tuong ung vdi ba
trang thai lam viéc khéc nhau ctia ddm dugc lya chon
dé thyc hién bai todn chdn doan (Hinh 8). Tai mbi cdp
tai trong, tdn s6 dao dong ctia ddm dugc liét ké trong
Bang 5. Hinh 9 thé hién bén dang dao dong va tan s6
dao dong tuong ting ctia ddm tai cdp tai P = 38,6 kN.
Khi cdp tdi ting, biéu d6 chi s6 hu hong trong Hinh 10
cling m& rong va xuét hién nhiéu diém cuc tri. Diéu
nay phan anh dung véi thuc t€ 1am viéc ciia dam, khi
tai trong tang vung hu hong sé lan rong véi nhiéu vi
tri hu hong. Cac chi s6 danh gia do chinh x4c cho
vung hu hong, ving khéng hu hong va téng thé dugc
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téng hgp trong Bang 6. Phuong phap chin dodn c6 do
chinh xdc cao, 16n hon 91% & téit ca cac trudng hop.
Khi cdp tai cang 16n, ting sudt tdp trung tai vung dat
tai lam cho biéu d6 chi s6 hu hong dat gid tri 16n nhit
tai nhiing vi tri nay; va nhiing vi tri lan cdn sé c6 chi
$6 hu hong nho hon va ndm duéi ngudng hu hong dé
xudt. Tuy nhién, viéc theo doi va chin dodn stic khoe
két cdu la mot cong viée lién tuc, ti luc hu hong viia
mdi xudt hién dén khi hu hong phét trién; va di liéu
ché&n dodn mang tinh lich sti. Vi vay, trudc khi xay ra
hién tugng tap trung ting suit cuc bd, viing hu hong
& gitia nhip da dugc chin dodn va phét hién & nhiing
cdp tai thdp hon.

KET LUAN

Trong nghién ctiu nay, hién tugng ntt va tach 16p
FRP trong ddm BTCT c6 gia cuong tdim FRP da dugc
chén dodn thanh cong khi st dung phuong phap néing
lugng bién dang. Két qua phén tich cho thdy ring
phuong phap dp dung da c6 thé chdn doén chinh xéc
su xudt hién va xdc dinh vi tri viing hu hong trong
dam. Déi véi cac hu hong nho, biéu d6 chi s6 hu hong
dat cuc trj tai dung vi tri hu hong. Khi ving hu hong
phét trién, biéu d6 chi s6 hu hong md rong va xuit
hién nhiéu dinh cuc tri Gng véi nhiéu vi tri hu hong
khéc nhau. Phuong phap kién nghi va b ba chi s6
danh gia A, B, C dé xuit c6 kha nang chdn doan chinh
x4c vi tri hu hong véi d6 tin cdy cao trong trudng hgp
nhiéu phén tt hu hong véi cac miic d6 hu hong khac
nhau. Két qua khao st hai bai toan, ddm véi hu hong
gia dinh va ddm véi hu hong do tai trong gay ra, cho
th&y phuong phap kién nghi c6 d6 chinh xéc 16n hon
91%.
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CAp tai Hinh anh va md ta hw hong

14,181 kN
Vét mirt bat ddu hinh thanh
Pham vi ving nit: [1325; 1475] mm®
25 kN
VEat nirt mé rong
Pham vi ving nit: [650; 2150] mm®
3836 N SIERNT g IOIEOT L SMGeSTS e aameer o TLammed

Vét mirt mé rong va tim FRP bat dau tach 16p
Pham vi ving nit: [350; 2450] mm®

Pham vi ving tach 1ép keo Epoxy: [767; 771] mm®); [2029; 2033]
mm®©!

Kich thwede tach 16p keo Epoxy: dai 4 mm; réng 1 mm

Hinh 8: C4c cp tai trong khao sat va trang thai hu héng tuong ing?

9Ghi chi:®) Toa do [x1; x2] v6i x1 va x2 14n lugt 1a vi tri bat ddu va két thiic hu hong so véi goc toa do tai ddu dam.

Bang 5: Tan sé dao déng ciia dam tuong ung véi cac cap tai khao sat ciia bai toan 2

Mode P= 14,181 kN P=25kN P=38,6 kN
f (Hz) f (Hz) f (Hz)

1 68,46 34,60 32,01

2 22491 141,02 111,39

3 575,85 370,14 319,45

4 845,62 597,53 468,86
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Ty ARy

(a) Mode 1: Tan s6 f=32,01 Hz (b) Mode 2: Tan sé f= 111,39 Hz

e R

(c) Mode 3: Tan s6 f=319,45 Hz (d) Mode 4: Tan s6 f= 468,86 Hz

Hinh 9: B6n dang dao ddng va tan s6 cGla dam tai cap tai P= 38,6 kN

Zo = 5% Zmax Zo = 5% Zmax
10 —Ving hr hong thye té | —Viing hur hong thye 1¢
8 Ving hu hong chin doan 6| _ Ving hu hong chan dodn _'
ﬁ 6 "ri-"d-
4
2
2 !
0 04 08 12 16 2 24 28 0 04 08 12 186 24 28
x [m] x [m]
(a) Cap tai P= 14,181 kN (b) Cap tai P=25 kN
6 =

Zo = 5% Zmax
Ving hu hong thye 1€
Ving hu hong chan doan

.l
5

2

0 04 08 12 16 2 24 28

x [m]
(c) Cép tai P=38.6 kN

Hinh 10: Biéu d6 chi s6 hu hdng déi vdi bai toan 2

Bang 6: Chi sé d chinh xac cta két qua chan doan hu héng cho bai toan 2

Tai trong (kN) Chi s6 danh gid
Do chinhxacvinghuhong D¢ chinh xdc ving khong
A (%) hu hong B (%)

14,181 93,96 100

25 91,77 100

38,6 94,56 100

Do chinh xéc téng thé C

(%)
99,68
95,59

95,92
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Damage localization in reinforced concrete beams strengthened
with FRP sheets using modal strain energy method

Manh Hung Tran'2, Minh Nhan Pham'2, Huu Phuong Nguyen'-2, Tran De Nhat Truong'-,
Chi Thien Nguyen'-2, Tuan Minh Ha3, Duc Duy Ho'%"

ABSTRACT

Civil structures are affected by many different factors from the environment, loads, aging of ma-
terials, ... These factors are uncertain variables and affect the health of the structures. Therefore,
Use your smartphone to scan this structural health monitoring (SHM) is very essential to detect damages early for necessary main-
QR code and download this article tenance. In this paper, damaged locations in reinforced concrete beams strengthened with FRP
(Fiber Reinforced Polymer) sheets are identified by using the modal strain energy method. First, a
reinforced concrete beam strengthened with FRP sheets is simulated by ANSYS APDL software in
order to analyze the beam's behavior and get vibration responses. The reliability of the simulation
is verified by comparing the load - displacement relationship between numerical and experimen-
tal results. Next, the modal strain energy method is employed to determine the damaged loca-
tions (crack and debonding) in the beam. In which, a set of indicators to evaluate the accuracy
of damage localization results is proposed. The feasibility of the method is demonstrated through
two problems. For problem 1, five different damage scenarios including concrete damage and
FRP debonding are examined to evaluate the modal strain energy method's feasibility for damage
detection in the target beam. For problem 2, damages occurring in the beams are analyzed and
determined according to each load level corresponding to the actual working state of the target
beam. The results show that the modal strain energy method has high accuracy in detecting and
locating damages in reinforced concrete beams strengthened with FRP sheets.

Key words: damage detection, vibration, reinforced concrete beams strengthened with FRP
sheets, modal strain energy
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