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Tém tit

Bai bao gidi thi€u phuforng phap mo hinh phan tir hu'u han (PTHH) ba chiéu cho ddm bé tong cbt thép (BTCT)
chir T chiu tai khong d6i xung dugc gia cuong ubn-cit dong thoi bang cac dai CFRP ¢ day dam va céac da1
CFRP chit U dan trén bung dim. M6 hinh PTHH dy doan chinh xéac biéu d6 tai trong— chuyén vi, so db Vet
ntt va dang pha huy (cét, bong tach) ciia bdn dim thi nghiém (2 dim d6i ching va 2 diam gia cuong). Mot s6
tham s6 nhu cuong do chiu nén cua bé tong, ham lugng cbt thép doc, ham lugng cbt thép dai, sb luong 16p dan
ctia CFRP chir U va bé rong canh chir T di dugc khao sat trong mot nghién ciru trude cua chinh tac gia. Trong
nghién ctru nay, khao sat tham sé dugc mo rong nham danh gia day du hon cac yéu té anh huong dén sy lam
viéc ctua ddm BTCT chit T dwoc gia cuong bang CFRP, bao gdm: so d6 gia cuong CFRP, s6 lugng dai CFRP
chit U, géc dan cta dai CFRP chit U, va tinh chét co hoc caa CFRP (cuong do chiu kéo, mod dun dan héi).

Tir khod: bé tong cbt thép; ddm chir T; tai trong khong dbi xtng; gia cudng CFRP; phan tich phan tir hiru han.

INVESTIGATION OF NUMERICAL MODEL OF FLEXURE- AND SHEAR-STRENGTHENED RE-
INFORCED CONCRETE T-BEAMS USING CFRP

Abstract

The paper presents a three-dimensional finite element method (FEM) model for reinforced concrete (RC)
T-beams subjected to asymmetric loading that are simultaneously strengthened in bending and shear using
near-surface mounted (NSM) CFRP strips applied to the bottom of the beam and externally bonded CFRP U-
wraps. The FEM model accurately predicts the load-displacement curves, crack patterns, and failure modes
(e.g., shear failure, debonding) of four experimental beams (two control beams and two strengthened beams).
Several parameters, including the compressive strength of concrete, longitudinal reinforcement ratio, transverse
reinforcement ratio, number of CFRP U-wrap layers, and width of the T-beam flange, were investigated in a
previous study by the authors. In this study, the parameter investigation is extended to more comprehensively
evaluate the factors influencing the performance of CFRP-strengthened RC T-beams, including the CFRP
strengthening configuration, number of CFRP U-wraps, bonding angle of CFRP U-wraps, and mechanical
properties of CFRP (e.g., tensile strength, elastic modulus).

Keywords: reinforced concrete; T-beams; asymmetric loading; carbon fiber-reinforced polymer strengthening;
finite element analysis.
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1. Mé dau

Két cau BTCT dugc sir dung rong rii trong xdy dung co s¢ ha tang, bao gdm céc cong trinh xay
dung, giao thong va thuy loi, khong chi ¢ Viét Nam ma con trén toan thé gigi, nho vao cac uu diém
nhu kha nang thi cong linh hoat, hi€u qua vé chi phi va dg bén viing cao. Tuy nhién, trong qua trinh st
dung, cac két cau BTCT thudong gap phai tinh trang xuong cap va hu héng do tac dong cua tai trong,
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cac yéu td moi truong (nhu nhiét 4o, do ém), sy xam thyuc cda ion clorua va khi CO, giy an mon cbt
thép, hodc do cac hién twong thién tai nhu gi6 bdo, dong dit [1]. Nhimng yéu t6 nay dan dén sy suy
giam kha ning chiu luc, d6 6n dinh va do an toan cta cong trinh theo thoi gian. Vi vay, dé dam bao
tudi tho va do bén virng cua cac cong trinh BTCT, cong tac bao tri, stra chita va gia cudng két cdu
1a can thiét va phai duoc thuc hién dinh ky hodc thuong xuyén. Trong nhiing thap ky gan déy, cac
phuong phap stra chita va gia cudng cho két cdu BTCT dé dugc nghién ciru va phat trién, trong dé
phuong phap gia cudng bang vat liéu FRP (Fibre-Reinforced Polymer) dang ngay cang tré nén phd
bién va dugc tmg dung rong rii trong cac cong trinh BTCT [2-4].

Tuy nhién, cho dén nay, viéc tmg dung vét liéu gia cuong FRP trong cac cong trinh BTCT tai Viét
Nam van chua pho bién, chil yéu do thiéu cac tiéu chuan thiét ké, tiéu chudn k¥ thuat cho thi cong
va nghiém thu. Vit li¢u FRP trong xay dung rit da dang vé chung loai, duoc san xuét tr cac loai soi
tong hop nhu: cac bon, thuy tinh, aramid va basalt. Chinh vi vay, FRP so hitu nhiéu dic tinh wu viét,
nhu cuong do chiu kéo cao, trong lwgng nhe, kha nang chéng an mon vuot trdi, thi cong nhanh chong
va it anh hudng dén kién trac (nhu chiéu cao thong thay va tiét dién két cau) [5—7]. Hon nita, viéc st
dung vét liéu FRP c6 thé cai thién dang ké kha nang chiu tai trong tinh va dong cua nhiéu loai ciu
kién BTCT, bao gém c6t, dam, san va nut khung sau khi gia cudng [5—7]. Gan day, nhiéu nghién ctru
tiép tuc duoc tién hanh nham cai tién phuong phap gia cudng FRP, bang cach thir nghiém cac ki thuat
moi nhur st dung neo dé han ché sy bong tach giita FRP va bé tong [8], két hop k¥ thuat dan bé mit
va k¥ thuat dan ranh gan bé mit NSM (Near-Mounted Surface) [9-12]. Nhitng k§y thuat méi nay cho
phép cai thién dong thoi Gmg xir udn va tng xir cit cua két ciu sau khi gia cuong [9-12].

Trong thuc té, sb lwong nghién ctu thuc nghiém vé chi dé trén van con han ché, do doi héi mot
nguén luc 16n dé ché tao mAu thir va thuc hién thi nghiém. Két qua thi nghiém chi phan anh chinh xac
g xir ctia timg mAu thir va c6 thé bi anh hudng boi kich thude mau, diéu kién thir nghiém va sai sb
cua thiét bi sir dung. Ngay nay, su phat trién nhanh chong ctia may tinh va sy déng gop cia cac mod
hinh vat li¢u, phwong phap s tro thanh mét cong cu hiru higu trong mé phong va tinh toan két cau
BTCT. M6 hinh sb cho phép thuc hién viéc nghién ctru cac tham s6 mot cach dé dang, nham xéac dinh
mirc d6 anh hudng ciia chung dén kha ning chiu luc va g xtr co hoc cua két cdu BTCT. Két qua thu
dugc gitp cho nguoi sir dung ti wu viée thiét ké gia cudong két cdu BTCT bang FRP. Mot s nghién
ctru gan day ap dung mé hinh phan tir hiru han dé mé phong dam BTCT gia cuong bang FRP [13-15]
cho két qua tdt vé kiém chimg kha ning chiu lyc, d6 cimg ban dau, va cac dang pha hity, nhung céac két
qua dat dugc van chua ddy du dé cung cdp mot co so vitng chic cho viée ap dung rong rii trong thuc
té. Nguyén va cs. [16] dd xay dung cac mo hinh PTHH dé phén tich két cau dam BTCT tiét dién chir
T duoc gia cudng udn-cit bang FRP. Su chinh xé4c ciia cac mo hinh sé dwoc kiém ching bang cach so
sanh két qua phan tich PTHH véi cac két qua thuc nghiém, bao gom: (i) biéu do tai trong—chuyén vi;
(ii) so dd vét nut; (iii) dang pha hiy. Dang phé hity bong tach ctia tim CFRP dugc mé phong thong
qua Ung suat cat tai bé mit tiép xac gitra FRP va bé tong [16]. Nghién ctru nay tiép tuc dugc mo rong,
nhim danh gia day du hon cac yéu té anh hudng dén kha ning chiu lyc va tng xtr co hoc ciia dam
BTCT tiét dién chit T dwoc gia cuong udn-cit ddng thoi bing CFRP, bao gdm: (i) So dd gia cuong
CFRP; (ii) S6 luong dai CFRP chit U, (iii) Goc dan cuia dai CFRP chit U, va (iv) Tinh chat co hoc cua
CFRP.

2. Mo phéng vng xir ciia dim BTCT tiét di¢n chir T
2.1. Dam thi nghiém

Hai t6 mau dam BTCT tiét dién chit T dugc sir dung trong nghién ciru s6 nay, ly tir mot nghién
ctru thuc nghiém thyuc hién boi Dias va cs. [17]. T6 mau thir nhat gdm dam dbi chimg REF-I va dam
gia cudong SFS-I, nhu minh hoa trén Hinh 1(a). T6 mau thir hai gdbm dam dbi chimg REF-II va dam
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gia cudong SFS-II, nhu minh hoa trén Hinh 1(b). Su khac nhau gitta hai t6 mau 14 ham luong cbt thép
doc, khoang cach cbt thép dai va s6 16p dan cta dai CFRP chit U. Cac dam gia cudng duoc dan cac
dai CFRP dang chit U vudng goc 90° so véi truc dim, doc theo chidu dai ddm véi khoang cach déu
150 mm tir tAm t6i tAm dé cai thién kha ning chiu cat. Trong khi d6, cac dai CFRP NSM c0 tiét dién
1,4x10 mm dugc dan vao cac ranh & méat dudi cua dam dé cai thién kha nang chiu udn.

Bang 1. Thong tin chung vé cac dam khao sat

\ Ham luong cdt thép Ham lugng CFRP
STT Tén dam
psi (%) Psw () pp (%) sp(mm) 6 (%) ppw (%)
Nhoém 1 REF-I 1,46 0,10 - - - -
SFS-1 (3D20) (D6a300) 0,08¢ 150° 90 0,16
Nhom 11 REF-II 1,74 0,21 - - - -
SFS-11 (2D20+1D25)  (D6al50) 0,08 150¢ 90 0,08

(a) Dai CFRP NSM; (b) Dai CFRP chit U — 2 16p; (c) Dai CFRP chit U — 1 16p.

Dam thi nghiém c6 tiét dién ban canh 12 450x100 mm va tiét dién ban bung 12 180x300 mm. Chiéu
dai tong thé ciia dam 1a 2800 mm, v&i khoang cach giita hai gdi tya cd dinh 1a 2400 mm. Cau tao cdt
thép va so dd gia cuong CFRP dugc md ta chl tiét trong cac nghién ctu cua Nguyen va cs. [16] va
Dias va cs. [17]. Bang 1 gi6i thiéu cac tham sb ctia bon dim thi nghiém: ham lugng ¢t thép doc chiu
kéo (py); ham luong cdt thép dai (o, ); ham luong CFRP NSM (p 71); ham lugng CFRP chit U (pypy).
Trong khi do, Bang 2 gidi thi¢u cac dac trung chinh cua vt li€u st dung, bao gém: bé tong, cbt thép,
CFRP NSM va CFRP chit U. Mdi dam thi nghiém duoc kiém tra theo so dd udn ba diém va chiu tai
trong tép trung khong dbi xung, véi khoang cach tu diém dat luc dén hai géi tua 1an lugt 12 900 mm
va 1500 mm, nhu minh hoa trén Hinh 1.
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(a) Nhom I: DAm REF-I va SFS-I
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(b) Nhém II: DAm REF-II va SFS-II
Hinh 1. Kich thuéc hinh hoc va cdu tao hai nhém dam thi nghiém [17]
Béng 2. Cac dac trung cta vat licu st dung [17]
Vit lidu Tinh chat Ky hiéu (don vi) Gia tri
Bé tong Cuong d6 chiu nén fem (MPa) 443
M6 dun dan hoi En (GPa) 34,1
Cot thép Giéi han chay D6 mm f; (MPa) 641
D20 mm 636
D25 mm 657
Gidi han bén D6 mm f. (MPa) 737
D20 mm 767
D25 mm 790
CFRP NSM Tiét dién A (mmxmm) 1,4x10
Cuong do chiu kéo fru (MPa) 3165
M6 dun dan hoi E, (GPa) 175
Bién dang giéi han &ty (%0) 18,0
CFRP chir U Chiéu day tim t7 (mm) 0,176
Cuong do chiu kéo fru (MPa) 3096
Mo dun dan hoi E, (GPa) 245
Bién dang gidi han &fu (%0) 12,6

2.2. Xay dung va kiém chirng mé hinh phan tir hitu han ba chiéu

K§ thuat mé phong dam BTCT tiét dién chit T bang phan mém DIANA FEA [18] duoc gidi thidu
chi tiét trong nghién ctru ctia Nguyén va cs. [16] cho hai truong hop: khong gia cudng va gia cudng
udn-cat bang FRP. Trong mé hinh s, dim bé tong duoc rdi rac hoa sir dung ludi phan tir ¢6 kich thude
14 50x50x50 mm, nhu minh hoa trén Hinh 2. B chinh x4c ctia cac mo hinh sb dugc kiém chimg bang
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cach so sanh két qua phan tich PTHH va s6 liéu thuc nghiém cua ting mau dim. Hinh 3 so sanh cac
biéu d6 tai trong—chuyén vi thu duoc tir thi nghiém va mé phong cia hai t6 mau dam (xem Bang 1).
C6 thé nhan xét rang, biéu dd tai trong—chuyén vi ciia cac mé hinh s6 thé hién rat tring khép voi két
qua thi nghiém cia cac mau dam. Tai trong 16n nhét du doan béi mé hinh s6 ¢6 su chénh 1éch nhé so
v6i s6 lidu thi nghiém, trong khoang tir 2,1% dén 6,7% (xem Bang 3). Hon nita, cac mé hinh s6 c6 thé
du doan cac dang pha huy (cit, bong tach FRP) twong tu nhu quan sét tir thi nghiém. Thao luan vé so
d6 vét nirt, tiéu chi pha hity va ddc diém nhan dang pha hity ctia cac mau dam c6 thé dugc tham khao
thém trong nghién ctru Nguyén va cs. [16].

A o A T Bam Giai doan Mit
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| &€ ¢ A
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103f, VAR Song
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/ \ ;
/ tinh
/ \
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¢ N\ En / AN
ok | P A
&y €y € Efy S So S S
(a) M6 hinh bé tong (b) M6 hinh ¢t thép (c) M6 hinh CFRP (d) M6 hinh bam dinh CFRP/bé tong

(€) M6 hinh dam chir T gia cudng CFRP

Hinh 2. M6 hinh PTHH ba chiéu ddm chit T gia cudng CFRP [16]
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Hinh 3. So sanh cac biéu dd tai trong—chuyén vi giita thi nghiém va mé hinh sb
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Bang 3. So sanh tai trong gidi han giita thi nghiém va mé hinh s [16]

Tén dam Tai trong lom nhat Chen}f, lech® Dang pha huy
Pugxp (KN)  Pyppy (kN) (%0)
REF-1 310,3 303,7 -2,1 Cit
SFS-I 365,1 352,7 3.4 Bong tach FRP va Cit
REF-II 349,5 372,9 6,7 Cit
SFS-11 4114 426,9 3,7 Bong tach FRP va Cit

(a) Chénh 1&ch (%) = [(Pu.rem — Pugxp)/Puexp]*100.
3. Nghién ctru tham s6 va thio luin

Mo hinh PTHH ciia dim SFS-I dugc sir dung dé phat trién cac mé hinh méi bang cach thay doi
gia tri cua ting tham s6 khao sat, trong khi giit nguyén gia tri ctia cic tham sb con lai. Nghién ctru
nay tap trung khao sat cac tham sé sau déy: (i) So dd gia cuong CFRP; (ii) S lwong dai CFRP chit U;
(iii) Goc dan cua dai CFRP chit U; (iv) Cac tinh chat co hoc ciia CFRP. So db gia cuong dugc thay
d6i bang cach thir nghiém céc so dd dan khac nhau d6i voi CFRP chit U, sir dung cling mét tong dién
tich CFRP 1a 1,6 m?. S6 luong dai CFRP chit U thay dbi tir 8 dai dén 20 dai. Goc dan dai CFRP chit
U thay ddi tir 450 dén 900. Va anh hudng cia cac tinh chét vat liéu CFRP véi hai tham s6 khao sat la
cudng d6 chiu kéo va mo dun dan hoi. M&i tham sb khao sat duge thay doi tir ba dén bén gia tri. Mot
s6 chi dan ciu tao, so dd gia cuong thuc té, va tinh chat vat liéu CFRP ¢6 thé duoc tim théiy O cac tai
liéu tham khao [14, 15, 19-23]. Bang 4 tom tat cac két qua phéan tich PTHH trong phan nay.

Béng 4. Tong hop két qua tir mo hinh PTHH

Tai trong 16n nhat  Chuyén vi*

STT Tén dam Py (KN) (mm) Dang phé huy
1 SFS-1-C1 349,3 13,0 Bong tach/Cit
2 SFS-1-C2 293,7 13,0 Bong tach/Cit
3 SFS-1-C3 330,9 9,5 Bong tach/Cit
4 SFS-1-C4 (SFS-I-a45) 389,4 11,3 Bong tach/Cit
5 SFS-I-8U 321,5 10,3 Bong tach/Cit
6 SFS-I1-12U 332,2 10,5 Bong tach/Cit
7 SFS-I (SFS-I-16U/SFS-1-a90) 352,7 11,7 Bong tach/Cit
8 SFS-1-20U 360,7 11,7 Bong tach/Cit
9 SFS-I-a60 387,7 12,5 Bong tach/Cit
10  SFS-I-a75 350,7 10,3 Bong tach/Cit
11 SFS-1-¢370 371,5 13,3 Bong tach/Cit
12 SFS-1-¢440 377,6 13,3 Bong tach/Cit
13 SFS-1-e580 375,8 12,8 Bong tach/Cjt
14 SFS-1-2400 3492 11,3 Bong tach/Cit
15  SFS-1-3400 3478 11,3 Bong tach/Cit
16  SFS-1-3700 349,9 11,3 Bong tach/Cit
17 SFS-1-4000 348.8 11,3 Bong tach/Cit

*Chuyén vi ctia dam khi dat dén tai trong 16n nhat.
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3.1. So dé gia cwong CFRP chit U

Trong nghién ctru ndy, dé xac dinh anh hudng cia so dd dan CFRP dén hiéu qué gia cudng chiu
cit cua ddm BTCT st dung dai CFRP chir U va dai CFRP NSM, bén mé hinh PTHH d3 dugc phat
trién va phan tich. Hinh 4 minh hoa bén mau dam, ky hiéu 1an lugt 1a SFS-I-C1, SFS-I-C2, SFS-1-C3
va SFS-I-C4, str dung cac so d6 gia cudng khac nhau. Trong d6, dam SFS-I-C1 duogc gia cuong bang
10 dai CFRP chit U va tim CFRP ngang (2 16p) dan doc dim véi muyc dich ting hiéu qua lién két cua
céc dai CFRP chit U. Dam SFS-I-C2 duogc gia cuong hai mit bén v6i chiéu cao dan 170 mm trén toan
b nhip nhung khong dan duéi day dim. Dam SFS-I-C3 dugc dan hai 16p tim CFRP chit U trén toan
bd nhip dam véi chiéu cao dan trén canh bén 1a 100 mm. Dam SFS-I-C4 duoc dan hai 16p tim CFRP
chir U v6i gbe nghiéng 45° so v6i phuong ngang. Hon nita, & nghién ciru tinh hiéu qua va tinh kinh
té khi gia cudng, cac so dd dan khac nhau sir dung ciing mét dién tich vat liéu gia cuong CFRP 1a
1,6 m?. Tt ca cac md hinh ddm déu c6 bé tong va ciu tao cdt thép gidng nhu ddm SFS-1. Két qua
phan tich PTHH thu duoc céc biéu db tai trong—chuyén vi nhu trén Hinh 5.
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\ \
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Ae-: T T T
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:: S
34 9x248 84 1250 | 2300 1250
1200 2400 1200 1200 2400 1200
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A/I/ /l / NN
1250 | 2300 1250 | 173 3x210 _[195] 6x210 u43
[200] 2400 [200] 1200] 2400 1200]
(c) SFS-1-C3 (d) SFS-I-C4
450 450 450 450
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180 180 180 180
SFS-I-C1 SFS-I-C2 SFS-I-C3 SFS-I-C4

Hinh 4. Kich thudc hinh hoc va ciu tao ctia ddm khi thay ddi so @6 dan CFRP chit U

Khi so sanh két qua gitra naim mo hinh, Hinh 5 chi ra rang SFS-I-C2 c6 kha nang chju lyc nho
nhét (Ppax = 293,7 kN), trong khi d6 ddm SFS-1-C4 ¢6 kha niang chiu lyc 16n nhét (Ppa, = 389,4 kN).
So sanh voi dam SFS-I ¢6 tai trong 16n nhat 13 352,7 kN thi chi ¢6 ddm SFS-I-C4 cho kha ning chiu
luc tot hon. Ba so dd gia cuong con lai to ra kém hiéu qua hon so véi so d6 gia cuong dugc ap dung
trén dam SFS-I. Cac so dd déu cho do cimg ban dau twong dbi gidng nhau. Dam SFS-I-C1 dat dugc
d6 déo 16n nhét, co thé thay viéc bd tri thém hai dai CFRP theo phuong ngang (ngay mép dudi canh
chir T) khong chi ting kha ning lién két giita cac dai CFRP chit U v6i bé mit bé tong ma con ting do
déo cua dam.

Dang pha huy ctia dam SFS-1-C2 va dam SFS-I-C3 c6 thé phan tich boi cac két qua trén Hinh 6.
Do 1a su bong tach cua cac thm CFRP dan ngoai trén hai mat bén cua dam, déng thoi mot sd cbt thép
dai dat dén trang thai bi chay déo, din dén pha huy cat. Vét niit cat hinh thanh tir phia mat trén cta
dam va mé rong dan xubng phia dudi. So d6 gia cudng ciia ddm SFS-I-C2 va dam SFS-I-C3 sir dung
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Hinh 5. Anh huéng cua so dd dan gia cuong dén biéu db tai trong—chuyén vi

cic tim CFRP dan mit bén va trén mot phﬁn trén chiéu cao dam, vi vay kha nang ngan chan viéc mé
rong vét nirt rat han ché. Co thé théy, vi€c gia cuong toan bd bé mat dam khong hiéu qua bﬁng viéc
gia cuong tai mot s6 vi tri trén toan bd chiéu cao (so sanh trén cung mét téng dién tich vét liéu gia
cuong CFRP). Dam SFS-I1-C4 c6 cac dai CFRP chit U dan trén toan bg chiéu cao véi goc nghiéng 45°
cho kha nang chiu luc tt nhat.

(a) Phén b4 tmg suét trong cbt thép dai (b) Phan b6 tmg sudt cit tai mit tiép xuc giira CFRP va
bé tong

Hinh 6. Minh hoa dang pha huy cta dam SFS-I-C2

3.2. 86 lwgng CFRP chit U

Trong muc nay, bdn mé hinh dam véi sb lugng CFRP chir U ting dan tir 8 dai (8U), 12 dai (12U),
16 dai (16U), va 20 dai (20U), nhu minh hoa trén Hinh 7, d¢ xac dinh anh hudng cua s6 luong CFRP
chit U dan trén nhip chiu citanh hudéng nhu thé nao dén su cai thién kha nang chiu cit cua dAm. Hinh 8
thé hién cac biéu do tai trong—chuyén vi ciia cac dam khao sat. Két qua thu duoc Hinh 8 va Bang 4
cho thay kha ning chiu luc ctia cac mau dam ting dan khi s6 luong CFRP chir U ting 1én. Khi ting sb
luong dai CFRP tir 8U 1én 20U, tai trong 16n nhét ctia dim ting 12,2% tir 321,5 kN 1én 360,7 kN. Do
déo ctia dAm gia cudng tang 1én khi ting s6 lwong CFRP chir U. Vi cac dam khao sat, khi s6 luong
dai CFRP duoc ting tir 8U 1én 20U, kha ning chiu cét cia dam duoc cai thién do sy gia ting dong
gop cua cac dai CFRP trong viéc cai thién kha nang chiu cit ctia dim [19, 20]. Khi kha ning chiu cét
ctia dim ting 1én s& lam ting kha ning huy dong tmg sut suat kéo trong cbt thép doc, do d6 lam cho
kha nang chiu lyc va chuyén vi (46 déo) ciia dam tang 1én.

Hinh 9 thé hién sy phan b tmg suét cat tai bé mit tiép xtc giita CFRP chit U va bé tong ciia bén
mo hinh dam gia cudong. Két qua nay chi ra ring tng suét cat da vuot qua cudng do bam dinh giira
CFRP va bé tong. Do d6, c6 thé nhan xét rang dang pha huy cua ca bén moé hinh dam déu do bong
tach CFRP chit U, két hop v6i sy xuét hién vét nirt cat dién hinh trén mit bé tong do luc cit gy ra.
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3.3. Goc dan CFRP chit U

Két qua thu dugc trong muc 3.1 d3 chi ra ring so dd dan CFRP anh huéng dén hiéu qué hiéu qua

gia cuong. Do d6, anh huéng cua goc dan CFRP chit U dén kha ning chiu luc cua ddm BTCT chir T

can dugc khao sat chi tiét hon, nhim tim ra goc dan hiéu qua nhat. Nghién ctru dugc thuc hién bang
cach phat trién mé hinh PTHH cua dam gia cudng SFS-I, chi thay d6i goc dan cua cac dai CFRP chit
U. Khao sat dugc thuc hién trén ba mo6 hinh dam, ky hi¢u SFS-I-a45 (hoan toan tuong ty SFS-1-C4),
SFS-I-a60 va SFS-I-a75, voi goc dan 1an luot 1a 45°, 60° va 75° (so véi phuong ngang). Dam SFS-I

c6 goc nghiéng cua dai CFRP chit U 1a 90°. Kich thudc hinh hoc va vi tri cac dai CFRP chit U dan

trén mdi dam duoc minh hoa nhu trén Hinh 10. Két qua phan tich PTHH thu duoc cac biéu dd tai
trong—chuyén vi cia bon moé hinh dam, nhu trén Hinh 11.
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Hinh 11. Anh hudng cta goc dan CFRP chir U dén biéu d6 tai trong—chuyén vi
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Két qua trén Hinh 11 chi ra rang kha nang chiu lyc caa ddm SFS-I-a75 (Pmax = 350,7 kN) va dam
SFS-I (Ppmax = 352,7 kN) 1 thdp nhat va twong duong nhau. Dam SFS-I-a45 c6 kha ning chiu luc 16n
nhét véi tai trong 1a 389,4 kN. Quan sat thay khi thay ddi goc dan cac dai CFRP chit U, d6 cimg ban
dau ctiia dam gan nhu khong thay ddi. So v6i so dd dan thang dung trén dam SFS-1, tai trong 16n nhat
ctia dam SFS-I-a45 véi goc dan nghiéng 45° ting 10,4% va chuyén vi tai tai trong 16n nhat giam 3,4%
(11,3 mm so v6i 11,7 mm). Vi cung dién tich vat liéu gia cudng, goc dan nghiéng 45° cho thay su
hiéu qua vé cai thién kha ning chiu lyc nhu dugc quan sat thiy trong cac thuc nghiém cta Diagana va
cs. [21], Jayaprakash va cs. [22], va Emara va cs. [23]. Hinh 12 va Hinh13 1an luot thé hién sy phan
b ting suat trong cac dai CFRP chit U va phan b tng suat cét giita CFRP va bé tong ¢ thoi diém
dam dat dén tai trong 16n nhat. Hinh 12 cho thy tng sut trong cac dai déu nho hon cudng dé chiu
kéo cua CFRP, do d6 cac dai CFRP chir U chua bi dut.

‘«a\\ y//// W/ 1?’)”/’1 o7

(a) SFS-I-a45 (b) SFS-1-a60

(c) SFS-I-a75 (d) SFS-I
Hinh 12. Phan b tng suét trong cac dai CFRP chit U
G T oo AL LT
(a) SFS-I-a45 (b) SFS-I-a60

£ N o 3 i
\\ Y/ TITTTIE L]
i i

(¢) SFS-1-a75 (d) SFS-I

Hinh 13. Phan b tng suit cit tai bé mat tiép xtc gitta CFRP va bé tong

Dang pha huy ctia cac dim quan sat trén Hinh 13 1a sy bong tach cac dai CERP chir U, chimg minh
boi tng suat cat gitta CFRP va bé tong vuot qua gia tri cuc dai tax = 4,56 MPa. Khi cac dai CFRP
chit U bi bong tach, cac vet nirt cat phat trien nhanh chong va gay pha huy cat. Két qua mo phong cho
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thay khi thay d6i goc dan ciia CFRP chit U tir thang ding sang nghiéng 45° thi d6 cing ciia dim ting
Ién, sy mé rong cua cac vét nit ¢t bi han ché nhiéu hon. Véi g6c dan nghiéng 45° thi dai CFRP cé
chidu dai bam dinh trén mat bé tong 16n nhét so véi cac goc dan khac, do d6 kha ning chiu luc cua
dam gia cuong duoc cai thién dang ké.

3.4. Tinh chat co hoc ciia CFRP

Trong muyc ndy, bay mo hinh ddm dugc phat trién tir mé hinh ctia ddm SFS-1, dé khao sét cac tinh
chat co hoc dic trung cia vat liéu CFRP, cu thé 1a cudng do chiu kéo va moé dun dan hoi, &én kha
nang chiu lyc va tng xir ciia dam BTCT chir T duoc gia cudng udn-cit bang CFRP. Céc gié tri cua
hai tham s6 khéo sat dugc tong hop trong Bang 5. Céc gia tri ctia hai tham s6 khao sat nay nam trong
pham vi phé bién cua céac loai tim CFRP c¢6 trén thi truong [20].

Céc mo hinh dam, ky hi¢u 1a SFS-1-e370, SFS-1-e440, va SFS-1-e580 c6 cAu tao hoan toan tuong
tu dam SFS-I, duoc gia cuong bang CFRP c6 cung cudng do chiu kéo bang 3096 MPa, nhung mé dun
dan hoi thay doi lan luogt 1a 370, 440, va 580 GPa. Ddng thoi, bién dang dai gidi han cia CFRP ciing
duoc thay doi, giam tir 12,6%o xuéng 8,4%o, 7,0%o, va 5,3%o. Cac biéu do tai trongfchuyén vi duoc
thé hién trén Hinh 14, cho thiy d¢ clg ban dau ciia cic dim nay khong thay d6i dang ké. Dang pha
huy cta cac dam nay khong d6i khi thay d6i mé dun dan hoéi cia CFRP (xem Bang 4). Mic du vay,
kha nang chiu luc cta dam co thé tang 1én 6,5% tur 352,7 kN trén dam SFS-I 1én 375,8 kN trén dam
SFS-I1-580. Khi m6 dun dan hoi tang thi tng suit trong dai CFRP chit U duoc huy dong sém hon dan
dén ngdn can viéc mé rong vét nit t6t hon nho d6 ting kha niang chiu lyc. Khi ting mé dun dan hoi
ciia CFRP, chuyén vi ctia dam tng v6i vi tri tai trong 16n nhat c6 xu huéng ting 1én (Xem Bang 4).
Tuy nhién, khi ting mé dun dan hoi tir 440 GPa t6i 580 GPa thi chuyén vi ctia dim giam di 3,8% (tir
13,3 mm xudng 12,8 mm).

Bang 5. Cuong d6 chiu kéo va mé dun dan hoi ciia CFRP trong dam khao sat

Tén dim Cudng d6 chiu kéo M6 dun dan hoi Bién dang gidi han

Sru (MPa) Ey, (GPa) Eru = frul E ru (%0)
SFS-I 3096 245 12,6
SFS-1-¢370 3096 370 8,4
SFS-I-e440 3096 440 7,0
SFS-1-¢580 3096 580 53
SFS-1-2400 2400 245 9,8
SFS-1-3400 3400 245 13,9
SFS-1-3700 3700 245 15,1
SFS-1-4000 4000 245 16,3

Twong tw, bdn md hinh dam, ky hiéu 1a SFS-1-2400, SFS-1-3400, SFS-1-3700 va SFS-1-4000, ciing
duogc phat trién dya trén mé hinh cua dam SFS-I, dé khao sat cuong d6 chiu kéo cua CFRP, thay ddi
tir 2400 dén 4000 MPa. Pong thoi, bién dang dai t6i han ciia CFRP ciing dugc thay d6i 1an luot 1a
9,8%o, 13,9%o0, 15,1%o0 va 16,3%o. Céc biéu dd tai trong—chuyén vi dugc thé hién trén Hinh 15, chi ra
rang Ung xtr va kha niang chiu luc cia cic dim nay khong thay d6i dang ké so véi dam gia cuong
SFS-I. Két qua nay duoc giai thich bai khi chua dat dén cuong d6 chiu kéo cua CERP (xem Hinh 16)
thi dAm da bi pha huy do su bong tach CFRP khoi bé mit bé tong. Do d6, khi gia cudng dam bang
CFRP thi kién nghi uvu tién sir dung CFRP ¢6 mé dun dan hdi 16n hon, thay vi st dung dai CFRP c6
cuong d6 chiu kéo cao hon.
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Hinh 16. Phan bd tng suét trong cac dai CFRP chit U

4. Két luan

Nghién ciru nay sir dung mé hinh PTHH d dugc phat trién d¢é mé phong va kiém chimg xir cia
dam BTCT tiét dién chit T duogc gia cuong udn-cit ddng thoi bang cac dai CFRP NSM ¢ day dam va
cac dai CFRP chitr U dan ¢ bung dam. Mot sb tham s nhu cuong do chiu nén cta bé tong, ham lugng
6t thép doc, ham luong cbt thép dai, sé lwong 16p dan ciia CFRP chit U va bé rong canh chir T da
duogc khao sat trong mot nghién ctru trude [16]. Nghién ciru nay tiép tuc duge mé rong, nhim danh
gi4 day du hon cac yéu t6 anh huong dén kha nang chiu luc va tmg xir co hoc ctia dam BTCT chir T
duogc gia cudng udn-cit dong thoi bang CFRP, bao gom: (i) So d6 gia cwong CFRP; (i) S6 luong dai
CFRP chit U, (iii) Goc dan ctia dai CFRP chit U; va (iv) Tinh chat co hoc cia CFRP (cudng d6 chiu
kéo, mé dun dan hoi). Tir két qua phén tich cia cac mé hinh dam gia cudng khao sat rat ra cac két
luan chinh nhu sau:

- So dd dan cac dai CFRP chit U nghiéng goc 45° két hop cac dai CFRP NSM ¢ ddy dam cai thién
t6t nhét kha nang chiu lyc ctia dim tiét dién chit T khi so sanh véi cac so dd dan con lai.

- Tang s6 lwong CFRP chir U cai thién kha nang chiu cat, cho phép huy dong hiéu qua tng suit
suat kéo trong cdt thép doc, cudi cung lam cho kha ning chiu lyc va chuyén vi ctia dim gia cuong
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tang lén.

- Khi str dung cung mdt dién tich vat li€u gia cuong, CFRP chit U dan géc nghiéng 45° (vudng
goc voi vét nirt cit) 1a hiéu qua nhit khi so véi cac goc dan nghiéng 60°, 75° va 90°.

- Cuodng d6 chiu kéo cia CFRP anh hudng khong dang ké dén kha ning chiu luc ciia dam, vi dang
pha huy bi chi phdi boi sy bong tach CFRP. Ngugc lai, mé dun dan héi cia CFRP ting 1én sé cai thién
kha ning chiu lyc va chuyén vi ciia dam gia cuong. Do d6, khi gia cudng dam bang CFRP c6 thé kién
nghi tu tién sir dung vat liéu FRP c¢6 mé dun dan hdi 16n hon, thay vi c6 cudng do chiu kéo 16n hon.

Cén luu ¥ rang, mic di mé hinh PTHH d4 dugc kiém chimg véi bon dam thi nghiém (hai dam d6i
ching va hai dim gia cuong), nhung s lwong mau thir nghiém con han ché. Vi vay dé ting cuong tinh
chinh xéc va do tin cdy, cac nghién ciru tiép theo can kiém chimg v6i nhiéu mau thi nghiém hon. Bén
canh d6, cac két qua nghién ciru tham s trong nghién ctru nay ciing ¢6 thé dugc kiém tra lai thong
qua nghién ctru thyc nghiém.
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