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Tém tit

Nghién ctfu nay mo phong kha ning chiu tai ngang ctia cot bé tong cbt sdi thiy tinh (glass fiber reinforced polymer-GFRP)-
thép bing phin mém ABAQUS. M6 hinh phan tich dudc xdy dung va kiém ching bang cach so sanh vé6i két qua thuc
nghiém. M6 hinh ndy dudgc st dung dé€ khéo sit anh huéng cuong do chiu nén clia bé tong va cudng do chdy déo ctia cbt
thép dén kha ning chiu tai ngang clia cot bé tong c6t GFRP-thép. Két qua cho thiy, khi ting cudng do chiu nén ctia bé tong
tir 25 1én 50 MPa thi kha ning chiu tai ngang cia cot ting 31,9%. Diéu nay khing dinh vai trd quan trong ciia cudng do chiu
nén ciia bé tong dbi v6i kha niing chiu tii ngang ctia cot. Khi ting cudng do chiy déo ciia cot thép tir 300 MPa Ién 500 MPa
thi kha ndng chiu tai ngang cia cdt ting khoang 20%. Khi cuong do chay déo cia thép tang 1én thi vai tro cia cudng do bé
tong c6 phan giam di. M6 hinh phan tich hdi quy da bién dugc xay dung nhim xac dinh gia tri tai trong ngang theo cudng
dd chiu nén ctia bé tdng va cudng do chay déo ctia cbt thép. M6 hinh nay hitu ich trong viéc Iua chon cic tham s thiét ké
nhim phat huy kha ning chiu tii ngang ciia cot bé tong c6t GFRP-thép.

Tir khod: GFRP; cot bé tong cdt t& hop GFRP-thép; phan tich hdi quy; kha niing chiu tai ngang; md phéng.

MODELING HYBRID GFRP-STEEL REINFORCED CONCRETE COLUMNS UNDER LATERAL
LOADING

Abstract

This study presents the modeling results of the load-carrying capacity of glass fiber-reinforced polymer (GFRP)-steel re-
inforced concrete (RC) columns under lateral loading using ABAQUS software. The ABAQUS model was developed and
validated by comparing with experimental results. The validated model was then used to investigate the effects of concrete
and steel strengths. The results show that the lateral load-carrying capacity of hybrid GFRP-steel RC columns was increased
by 31.9% when the concrete compressive strength increased from 25 to 50 MPa. This result confirms the important role
of concrete compressive strength on the lateral load-carrying capacity of hybrid GFRP-steel RC columns. The lateral load-
carrying capacity of hybrid GFRP-steel RC columns was increased by approximately 20% when the steel yield strength
increased from 300 MPa to 500 MPa. Increasing the yield strength of steel slightly mitigated the role of concrete. A mul-
tivariate regression analysis model was developed to estimate the lateral load-carrying capacity of hybrid GFRP-steel RC
columns based on the strengths of concrete and steel. This model can be useful in selecting design parameters to maximize
the lateral load-carrying capacity of GFRP-steel RC columns.

Keywords: GFRP; hybrid GFRP-steel reinforced concrete columns; regression analysis; lateral load-carrying capacity;
modeling.
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1. Gidi thiéu

C6t thép dudc st dung phd bién trong xay dung, nhung lai dé bi An mon [1-4] va can dudc bio vé
t6n kém [5] hoic stia chita ton kém [6, 7]. Trong khi d6, cbt phi kim (fiber reinforced polymer-FRP)
¢6 uu diém ndi bat vé kha ning chdng in mon nén c6 thé thay thé c6t thép [8]. Bén canh d6, FRP c6
cudng do cao va khoi lugng nhe nhung lai ton tai nhude diém 1a co ché pha hoai gion. Vi vy, viéc
két hop hai loai vt lidu nay trong cu kién bé tong gitip khic phuc han ché riéng ctia tiing loai, dong
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thdi phat huy thé manh chung. Chinh vi thé, huéng nghién ctiu ndy da va dang thu hit sy quan tAm
16n tit cdng ddng khoa hoc. Elshamandy va cs. [9] thuc nghiém ddnh gid cot bé tong cbt sgi thity tinh
(GFRP) vé kha ning d4p ting chuyén vi theo tiéu chuén, so sanh vé6i cot bé tong cbt thép (BTCT).
Két qua cho thiy cot GFRP bién dang 16n ma van giit cudng do, dap ting hau hét gidi han chuyén vi;
kh4 niing tiéu tan ning luong va do déo dat miic chip nhan, hita hen ting dung cho cot chiu tdi ngang.
Sun va cs. [10] nghién ctiu md phéng ting xi ctia cot bé tong c6t BFRP-thép chiu tai trong dong dét
gan phay nit giy. Két qua nghién citu cho thiy chuyén vi du sau khi dd tai gidm nhd vao do cing
chay déo 6n dinh. Arafa va cs. [11] nghién cttu thuc nghiém cot tru ciu gia cudng bing thanh BFRP
va tAm BFRP chiu tai trong 13p. Két qua cho thiy cot bé tong cbt lai c6 thé duy tri d6 ciing sau chay
déo 6n dinh, dat d6 déo cao. Viéc bd sung thanh BFRP khong 1am thay ddi ddng ké do cting dan hoi
ban dau, nhung diéu kién lién két BFRP-bé tong 4nh hudng ding ké dén dang pha hoai, do ciing sau
chay déo, va dd déo. Yuan va cs. [12] chiing minh viéc dung xi méng tinh nang cao (ECC) tai ving
khdp déo gitip cot bé tong cdt lai FRP-thép ting stic chiu tai 39,6%, do déo 76,7% va ning lugng tiéu
tdn 72,5% so vé6i cot truyén thong, qua d6 nang cao rd rét kha ning khang chin va d6 bén cho cong
trinh viing dong dat manh. Sun va cs. [13] cho théy khi ting ty s6 tai doc truc tir 0,3 1én 0,45 va 0,6,
cot bé tong cdt GFRP ting sic chiu tdi 8,4% va 21,5% nhung gidm bién dang 5,6% va 11,8%, ning
lugng tiéu tan gidm 43,6% va 7,8%; tuy vy van dam bio do déo va kha ning khang chén, phu hop
cho cong trinh viing dong dit va mdi trudng in mon. Arafa va cs. [14] ding mé hinh PTHH phi tuyén
2D phan tich cot bé tong lai GFRP-thép dudi tai ngang lip, cho két qua du bao chinh xdc Ung X vé6i
sai léch < 10%. Cot dat do 1éch ting 4% ma khong suy gidm cudng d, tiéu tdn ning lugng cao hon
70-100% so v6i BTCT, chuyén vi du nhé (~ 4 mm); pha hoai chii yéu do nit uén chan cot va dut
gy cbt doc ving kéo. Hu va cs. [15] thuc nghiém cho thiy cot bé tong siéu tinh ning (UHPC) cbt
lai CFRP-thép c6 siic chiu tii ngang cao hon 41% khi tai doc truc thip, bién dang va do déo vuot troi
so v6i BTCT. Kha ning dan hdi sau dd tai ting 72% (ty s6 luc doc truc 0,1) va 43% (ty sb luc doc
truc 0,3), trong khi niing luong tiéu tan va do déo van duy tri cao (d6 déo > 3, 1éch ting > 2%). Tuy
nhién, hiéu qua CFRP giam khi tai doc truc ting; ty 1é thay thé hop 1y 1a 1/3-2/3 dién tich cbt CFRP.
Tavakol va Kazemi [16] mo phong kha niing chiu tii ngang ctia cot bé tdng c6t GFRP bing phin mém
ABAQUS va so sanh véi cot BTCT va cot bé tong cdt lai GFRP-thép. Két qua cho thiy cot BTCT
c6 kha ning tiéu tan ning lugng 16n nhat, trong khi cot bé tong cdt lai GFRP-thép va cot bé tong cot
GFRP chi dat 1an ludt 0,75 va 0,42 so véi cot BTCT. Han va cs. [17] thuc nghiém cho thiy cot bé
tong cbt lai GFRP-thép c6 kha niing khing chin tuong duong BTCT vé do ciing, kha ning chiu tii,
dd déo va tiéu tan ning luong; 16p GFRP ngoai gidm chuyén vi du 18,8%, dong thdi dé xuit khoang
cach cbt dai < 6 1an dudng kinh ¢t doc nhé nhit. Srivastava va cs. [18] thuc nghiém 4 cot bé tong
cbt lai GFRP-thép cho thiy néu thiét ké ding, két cAu ddp ting gi6i han chuyén vi ma khong suy giam
cudng do; dong thoi c6 dd déo, kha ning tiéu tan ning luong va phuc hoi sau dong dat vuot troi so
v6i cdt BTCT, hia hen tng dung trong hé khang luc ngang. Osman va cs. [19] nghién ctiu mo6 phong
du dodn ting xt t&ng thé va cuc bd cia tru ciu bé tong cbt lai GFRP-thép dudi tic dung cia tai trong
1ip, qua d6 dé xuit cong thiic thiét ké cho tru cau bé tong cbt lai GFRP-thép. Liu va cs. [20] nghién
cifu thuc nghiém tng xt dudi tac dung clia tai trong ngang ctia cac cot: bé tong c6t BFRP, GFRP, cot
bé tong cdt lai FRP-thép so sanh v6i cot BTCT truyén thong. Két qua nghién ctiu cho thiy cot bé tong
cbt 1ai FRP-thép vira duy tri kha niing tiéu tdn ning ludng, vira cai thién do ciing sau chay déo va giam
bién dang du, md ra tiém niing dng dung trong két ciu khang chin cong trinh.

Nhin chung, két qua nghién ctiu vé cot bé tong cdt lai GFRP-thép con rat han ché. Dic biét 1a anh
hudng clia cc tham sd quan trong nhu cudng do chiu nén clia bé tong va cudng dd chiu kéo clia cbt
thép chua dugc nghién ciiu mot cach hé thdng. Trong khi d6, nghién ctiu thuc nghiém tuy phan anh
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chinh x4c ing x{ két cAu nhung lai tén kém, mat nhiéu thoi gian va kho trién khai cho nhiing ciu kién
phtc tap, dic biét 1a khi nghién cifu xét anh hudng ctia nhiéu tham sé khic nhau dén ting xi ctia két
chu. Ngudc lai, mo phong s6 c¢6 uu diém rd rét khi cho phép phan tich toan dién, tiét kiém ngudn luc
va dé dang md rong pham vi nghién ctiu. Vi viy, bai bao nay nghién ctiu 4nh hudng clia cudng do
chiu nén ctia bé tong va cudng do chiu kéo clia cbt thép dén ting xii ctia cot bé tong c6t FRP-thép chiu
tai trong ngang thong qua phuong phap mo phéng bang phin mém ABAQUS. Trong md phdng, cot
chiu téi trong diing bang 30% tai trong t6i han, sau d6 luc ngang ting dan cho dén khi cot bi pha hoai.
Anh hudng ctia cic tham s6 dén kha ning chiu tai trong ngang ctia cot sau d6 dugc phan tich.
2. Mo phong
2.1. Mo hinh vdt liéu bé tong

D& md phong ting xi phi tuyén clia bé tong trong ABAQUS, md hinh dng suit-bién dang clia bé
tong do Hognestad [21] dé xuét dudc st dung trong nghién cifu niy. Quan hé giifa ting suit-bién dang
dudc trinh bay § Hinh 1.
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Hinh 1. Ung suit-bién dang ciia bé tong theo mé hinh Hognestad [21]

Quan hé ting suat-bién dang ctia bé tong dén diém ting suit cuc dai c6 dang parabol, dudc biéu
dién bdi cong thiic (1), trong d6 . 12 bién dang tai diém khéo sat, &9 1a bién dang tuong tng véi tGing
suat cuc dai xdc dinh theo cong thiic (2), f latng suét cuc dai.
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Sau diém ting suit cuc dai, quan hé ting suit-bién dang ctia bé tdng dudc biéu dién & cong thiic (3),
ting suit giam 15% so v6i f, va bién dang tuong ting 1a &, = 0,0038.
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Dudng cong tng sudt-bién dang clia bé tong tlf gia tri cuc dai f7 dén f/2 gan nhu tuyén tinh. Do
d6 doan tng xt déo c6 thé duge xdc dinh tit f7/2 dén hét dudng cong. Tai mic tng sut f7/2, gia tri
bién dang tuong ing dudc xic dinh theo cong thiic (4).
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M5 hinh Concrete Damaged Plasticity (CDP) trong ABAQUS mo6 phong ting xit phi tuyén ctia bé
tong, phan anh co ché pha hoai thuc té & trang thdi nén, kéo, tai lip va dong dit dudc thé hién trong
Hinh 2. Trong m6 hinh CDP cho bé tong, cic tham s dudc lua chon gdm: d6 1éch tim 0,1; ty sb bt
bién ting sut bac hai K, = 0,667; ty s6 dng suit nén hai truc/mot truc: fio/fo = 1,16; géc gian nd
20°; va thong s6 do nhét 0,00001. Cac gia tri ndy phan dnh dic tinh co hoc dién hinh clia bé tong
thudng va ddm bao tinh 6n dinh trong qu4 trinh phan tich sb.

& /i
f'C” 7777777777 fru 777777
fol - > A

A
) / } (J-d,)EO/J |
0 ¢ e 2 o & &
T
¥ i &’ &
ol
(a) Khi bi nén (b) Khi bi kéo

Hinh 2. M6 hinh tng xt déo ctia bé tong

MBb hinh gia dinh bé tong vita c6 kha ning déo héa vira suy giam do cing do nit, sit dung bién
dang khong dan hdi d&€ mo phong, dong thdi dua vao hai bién hu hai doc 1ap cho kéo va nén, qua d6
thé hién sy gidm ting suét khi vat liéu niit hodc bi nén vd. Su suy gidm kha ning chiu luc ctia bé tong
khi chiu kéo va nén, bao gdom ca su xuét hién ctia bién dang du (bién dang déo) va hu hai vt liéu dudc
thé hién qua chi s6 hu hai dugc xac dinh theo cong thiic (5) va (6).
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trong d6 dy, d. 1an lugt 1a chi s6 hu hai ctia bé tong & trang thai kéo va nén. f7, f; tuong ting la ing
suit kéo nén tai diém khdo sit. f7,, f,, tuong tng 1a Ging suit nén va kéo cuc han.
Bién dang déo kéo nén phan dnh phan bién dang khong hdi phuc ctia vat liéu sau khi do tai.

p[ _ ck dl i

= — 7

“ T E T 2 d) By @
. d f

el =g ¢ Jc 8

¢ T f T —d)Eo ®

el fc/

— Jc 9

80(‘ EO ( )

gh =g, — &l (10)

trong d6 Eq 12 mo dun dan hoi ban dau cla bé tong, ddy 1a do doc doan dau dudng cong ting suit —
bién dang, thé hién do cling dan hdi ctia vat liéu khi chua hu hai; si,”, sfk 12 bién dang toan phan tuong
ting tai thai diém khao sat; £, £ 1a bién dang dan hdi khi nén va kéo, chi phan bién dang dudc phuc
hoi khi g6 tai; f7, f; 1a ting suit kéo nén tai diém khdo sat.
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2.2. Mo hinh vung sudt-bién dang ciia cot thép

Trong nghién ctiu nay, mo hinh ting suit-bién dang song tuyén ctia cbt thép (Hinh 3) dugc si
dung. Céc dic trung co hoc ctia thép gdm mo dun dan hdi E;, cudng do chiy fy, cuong do bén f,. Vit
liéu 1am viéc dan hoi trong giai doan dau (OA) va dan déo trong giai doan AB. Sau khi phd hoai, ting
suit roi vé khong. Nhanh sau khi bi diit (BC) dudc xem la thang ditng (d0 ddc bang vo cling) tir diém
(€4> f,). Tuy nhién, thay vi khai bdo v6i do doc bang vo cuing, nhanh nay dudc khai bao v6i mot do
dbc rat 16n (nhanh BC*) d& phan mém khong bi treo khi tinh todn trong ving sau dit. Sau diém C’,
ting suét bang khong.
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Hinh 3. M6 hinh vat liéu thép Hinh 4. M6 hinh vat liéu GFRP

2.3. Mo hinh vdt liéu cét GFRP

Mo hinh ting sut-bién dang ctia thanh GFRP dugc gia thiét tuyén tinh cho dén khi pha hoai
(Hinh 4). M6 dun dan hoi 1a E frp» €101 han bén 1a Srpu va bién dang bén la & frpu- TUONG tU nhut mod
hinh c6t thép, mot nhanh c6 d dbc 16n dudc sit dung d€ mo phdng giai doan sau diit d€ dam bao tinh
lién tuc va 6n dinh s trong ABAQUS. Ngoai ra, theo khuyén nghi bdi ACI 440.1R [22], khé niing
chiu cit ciia GFRP dudc bd qua vi vat liéu nay khong déng gép dang ké vao cd ché truyén luc cit,
phit hop véi ban chét gion va kha ning chiu kéo t6t ctia GFRP.

2.4. Loai phdn ti va chia luéi phdn tit

Vat liéu bé tong dudec md phong bang phan tir C3DSR. Pay la loai phan tii khoi 3 chiéu 8 nit véi
ky thut tich phan giam, tich hop co ché kiém sodt hién tugng bién dang gia (hourglass control) nhiam
dam bao tinh 6n dinh cla ludi phan ti.

C6t thép va c6t GFRP dugc mo phong bang phan tit thanh T3D2 (Truss) trong phan mém Abaqus.
Day 12 loai phan tii thanh tuyén tinh 3 chiéu gdm hai niit, méi nit s& hitu ba bac tu do tinh tién. Dic
diém nay cho phép mo phdng chinh xdc ing xi chiu luc doc truc cia cic loai cbt trong két cAu bé
tong.

Céc phan ti déu dudc chia ludi vé6i kich thudc size 50 x 50 mm.

2.5. Diéu kién bién va thiét ldp tdi trong

Mo hinh cot dudgc thiét 1ap v6i so dd mot dau ngam va mot dau tu do, chiu dong thdi tii trong nén
doc truc va tai trong ngang. Tai chan c6t, diéu kién bién Encastre dudc d4p dung cho toan b bé miit
ddy, Hinh 5(a), tuong tng vdi viéc khéng ché hoan toan sau bic tu do (Ul = U2 = U3 = URI =
UR2 = UR3 = 0), triét tiéu moi chuyén vi thing va chuyén vi xoay. Tai dau tu do, dé truyén tai trong
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mot cidch dong déu, mot diém tham chiéu (Reference Point - RP-1) dugc tao ra va két ndi v6i bé miit
dinh cot thong qua rang budc lién két dong hoc (Kinematic Coupling), Hinh 5(b).

& Edit Constraint

Name: Constraint-1

Type: Coupling

P Control points: (Picked) [

f Surface: (Picked) [

Coupling type: @ Kinematic
O Continuum distributing
O Structural distributing

7 B = Constrained degrees of freedom:

Bu @2 @u3 @BUR @UR2 @UR3

Name: Fix

Type  Symmetry/Antisymmetry/Encastre
Step:  Initial

Region: (Picked) [3

Influence radius: @) To outermost point on the region
O Specify:

() Adjust control points to lie on surface

CS¥S (Global) [y AL

Csvs: (Global) [y A

() XSYMM (U1 = UR2 = UR3 = 0)

© YSYMM (U2 = UR1 = UR3 = 0)

(O ZSYMM (U3 = URT = UR2 = 0)

© XASYMM (U2 = U3 = URT = 0; Abaqus/Standard anly)

oK Cancel
O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
O ZASYMM (U1 = U2 = UR3 = §; Abaqus/Standard only)
O PINNED (U1 = U2=U3=0)
O ENCASTRE (U1 = U2= U3 = URT = UR2= UR3 = 0)
OK Cancel
(a) Diéu kién bién (b) Diém tham chicu dit luc tai dinh cOt

Hinh 5. Diéu kién bién va thiét 1ap tai trong

 Edit ¢

2.6. Tuong tdc va rang budc
Name: Constraint-2
Tuong tac gitta cot thép va bé tong dudc thiét D e
l1ap thong qua rang budc vung nhing (Embedded

J Embedded region: (Picked) [}
f Host region: (Picked) [

Weight factor roundoff tolerance: | 1E-006

Region) nhu Hinh 6. Theo d6, hé thng cbt doc va
cbt dai (phan tit T3D2) dudc dinh nghia I1a viing
nhing (embedded region), nim hoan toan trong

Tolerance method: () Absolute () Fractional € Beth
Absolute exterior tolerance: |0
Fractional exterior tolerance: | 0.05

Note: If both absolute and fractional tolerance are specified,

the smaller tolerance will be used during analysis.

khdi bé tong dong vai tro vat chii (host region).
Rang budc nay dong nhét chuyén vi giita cdc niit
clia phan tir ¢dt doc véi cdc phan tii bé tong tuong
ting, gia thiét sy bam dinh 12 tuyét d6i va khong c6
trugt tuong ddi tai giao dién gitra hai vat li€u.

oK Cancel

3. Kiém chitng mé hinh

D€ kiém ching va danh gia do tin cdy cla
mo hinh trén phin mém ABAQUS, md hinh dudc
ki€ém chiing v6i két quéa thuc nghiém trén cot bé
tong cdt GFRP-thép (ky hiéu GSREC0.3-16) va
cot BTCT (ky hiéu SRECO0.3-16) da dugc thi nghiém bdi Yuan va cs. [12]. Cot c6 tiét dién
250 x 250 x 1600 mm. Cot GSREC0.3-16 c6 ciu hinh gém 4 thanh thép dudng kinh 16 mm va 4
thanh GFRP duong kinh 16 mm. C6t thép c6 gi6i han chay 528 MPa, gi6i han bén 635 MPa, md dun
dan hdi 203 GPa. C6t GFRP c¢6 gi6i han bén 752 MPa, md dun dan hodi 42,3 GPa. Cot SREC0.3-16 ¢6
cAu hinh gdm 8 thanh cbt thép doc dudng kinh 16 mm, khong c6 cdt GFRP. Cbt dai c6 dudng kinh 8
mm, gi6i han chdy 366 MPa, gidi han bén 524 MPa, mo dun dan hoi 193 GPa. Khoang céch giita cic
cbt dai 12 100 mm. Bé tong cot c6 cudng do chiu nén trung binh (miu 1ap phuong canh 100 mm) Ia
35,8 MPa. Poan cot cich chan d 400 mm st dung bé tong tinh niing cao (Engineered Cementitious

Hinh 6. Rang budc Embedded Region cho ct thép
trong bé tong
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Composites-ECC) c6 cuong do chiu nén 47,3 MPa. Cac gia tri nay dugc quy ddi sang cuong dd chiu
nén trén mau tru tiéu chuan 150 x 300 mm 1an lugt 1a 27,2 MPa va 35,9 MPa [23]. Hinh 7(a) trinh bay
mit diing va Hinh 7(b), (c) 1an lugt trinh bay mit cat ngang ctia cot GSRECO0.3-16 va SRECO.3-16.
Sa d6 tinh todn cla cot 1a mot diu ngam, mot dau tu do. Tai doc truc cé gid tri bang 30% kha ning
chiu tai t6i han cta cot va dugc gitt khong doi. Piém dit cia tai trong ngang cach mit ngam ctlia cot
12 1600 mm. Céc chi tiét khac c6 thé tim tuf tai liéu [12].
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Hinh 7. Chi tiét cot thi nghiém (vé lai theo cot thi nghiém bdi Yuan va cs. [12])
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Hinh 8. So sanh két qua dudng cong luc—chuyén vi thu dugc tit mo phdng va thuc nghiém [12]

Két qua dudng cong luc—chuyén vi ngang thu dudc tif md phdéng dudc so sanh véi dudng cong
luc—chuyén vi ngang thu dugc tir thuc nghiém. Hinh 8(a), (b) 1an lugt so sanh hai dudng cong clia cot
GSREC0.3-16 va cot SREC0.3-16. C4c dudng cong nay thé hién su tuong dong rd rét gitta két qua
mo phong va két qua thi nghiém. Céc gid tri tai trong tGi han ctia hai c6t md phdng dudc tdng hop
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trong Bang 1. D6i v6i cot bé tong cdt lai GFRP-thép, tai trong téi han tii thuc nghiém 13 65,25 kN, két
qua mo phong 1a 64,95 kN, chénh léch so véi thuc nghiém 0,5%. Dbi v6i cot BTCT, tii trong t6i han
tf md phong 72,33 kN, két qué thuc nghiém 13 70,37 kN, chénh 1éch 4,2%.

Bang 1. So sanh két qua md phong va thuc nghiém

Tai trong tGi han (kN)
Cot - Chénh 1éch (%)
Mo phong Thuc nghiém
GSRECO0.3-16 64,95 65,25 0,5
SREC0.3-16 72,33 70,37 4,2

Su khac biét gitia két qua md phong va thi nghiém 12 do thi nghiém dung tai lip, ting gidm nhiéu
chu ky dé mo phong dong dit, nén c6 su suy gidm vé do cting va kha ning chiu tdi. Do d6, dudng
cong luc—chuyén vi thu dugc tif thi nghiém c6 phan mém hon. Ngudc lai, md hinh ABAQUS 4p dung
tai ngang don ting cho dén khi cot bi phd hoai. Do d6, dudng cong thu dudc tit md phong khong xét
dén su suy giam do cing va kha niing chiu tai do tai lip gy ra. Viéc chon tai don gitip don gin héa
mo phdng, gidm thdi gian tinh toan, vin dam bio danh gid dic trung co ban clia cot. Pic biét, két
qua mo phdng sé thién vé hudng phan tich két cAu chiu tai ngang theo phuong phap diy dan, thay vi
phuong phap phan tich theo lich st thdi gian. Mic du c6 su khac nhau, két qua céc dudng cong nay
cho thy mo hinh ABAQUS da phén anh t6t ting xi ctia cot, ddng thai khang dinh do tin cy ctia mod
hinh m6 phong.

Hinh 9(a), (b) trinh bay su pha hoai thu dugc tit m6 phong va so sanh vé6i su pha hoai thu dudc ti
thi nghiém. Két qua md phéng cho thiy hu hai khong dudc thiy & cdc phan trén clia cot. Hu hong tip
trung & vi tri chan cot. Chi s6 hu héng 1én dén 0,9 nhu dudc thé hién trén Hinh 9(a). Su ph4 hoai tao
nén mot khép déo véi chiéu dai x4p xi bang kich thude canh cot. Két qua nay phu hop véi két qua thu
dudc ti thuc nghiém nhu dudc trinh bay trong Hinh 9(b).

DAMAGEC

(Avg: 75%)
+9.055e-01
+8.301e-01
+7.546e-01
+6.791e-01
+6.037e-01
+5.282e-01
+4.528e-01
+3.773e-01
+3.018e-01
+2.264e-01
+1.509e-01
+7.546e-02
+0.000e+00

(a) M6 phong (b) Thi nghiém
Hinh 9. So sanh dang pha hoai cot tir md phong ABAQUS va thi nghiém
4. Phan tich anh hudng cha cic tham sb

M5 hinh kiém chiing ABAQUS dudc st dung d€ md phong cac cot c6 cac dic trung vat liéu khac
nhau. Két qua mo phong thu dudc tit ABAQUS dudc phén tich d€ danh gia anh hudng ctia cic dic
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trung ctia vat liéu dén kha niing chiu tai ngang ctia ¢t bé tong cdt t& hop GFRP-thép.
4.1. Anh huédng ciia cudng dé bé téng dén khd ncng chiu tdi ngang ciia cot bé téng cét GFRP-thép

Trong phan nay, qua trinh moé phong ABAQUS dudc thuc hién cho sdu cdt bé tong cdt lai GFRP-
thép véi cdc miic cudng do chiu nén bé tong 1a 25, 30, 35, 40, 45 va 50 MPa. Két qua dugc phan tich
nham danh gia anh hudng ctia cudng do bé tong dén kha ning chiu luc clia cot dudi tic dung ciia tai
doc truc khdng d6i va tai ngang. Tat ca cic cdt ¢6 cu hinh gidng nhau, st dung dong thdi 4 thanh
thép D16 va 4 thanh GFRP D16 lam cbt doc. Ty sb luc doc dudc giit ¢ dinh & miic 0,3 dé€ dam bao so
sanh truc tiép gilta cic cAp cudng do bé tong ma khong bi chi phdi bsi yéu td khic. Viéc gilt nguyén
céc thong s6 vé cot thép, c6t GFRP va ty s6 luc doc gitip phan tich tap trung vao vai trd clia bién sb
cudng do bé tong dén kha ning chiu tai ngang ctia cot bé tong cbt lai GFRP-thép. Cac dic trung co
hoc ctia vat liéu dudc thé hién trong Bang 2. Luu ¥ ring, v6i cung mot ty s6 luc doc, cudng do bé tong
thay di sé lam thay ddi tri s6 ctia luc doc nhu trinh bay trong Bang 2.

Bang 2. Thong s6 cot danh gia dnh hudng cudng do bé tong

Cot fr (MPa) C6t thép (mm) Cb6t GFRP (mm) Ty s6 luc doc Luc doc (N)

1 25 4D16 4D16(GFRP) 0,3 468750
2 30 4D16 4D16(GFRP) 0,3 562500
3 35 4D16 4D16(GFRP) 0,3 656250
4 40 4D16 4D16(GFRP) 0,3 750000
5 45 4D16 4D16(GFRP) 0,3 843750
6 50 4D16 4D16(GFRP) 0,3 937500

Hinh 10 trinh bay mot vi du vé su phat trién
vung pha hoai ctia c6t st dung bé tong c6 cudng
do6 chiu nén 40 MPa tai trang thai tai trong tGi han.
Két qua phan tich cho thiy viing hu hdéng trong

bé tong lan rong dén khoang cach 400 mm tinh tit (e 75%)
chén cot. Dac biét, vi tri bé tong cot bi phd hoai +8.407e-01
nhiéu nhit trong khodng 100—150 mm tif chan cot, +7-995e 01
phan anh r6 sy hinh thanh khép déo va co ché pha 1389401
hoai déc trung cia cdt chiu tac dong tai ngang 16n. i 1320301
h . P s 2.802e-01
Céc Hinh 11, 12 va 13 thé hién tai trong tGi I%'igfg'gi

., cL . N n . , , +1.401e-

han ung véi cac gia tri cudng do chiu nén khac +7.006e-02
+0.000e+00

nhau cua bé tong tuong ung v6i cudng dd chay . L
déo ciia cbt thép Ia f, = 300 MPa, 400 MPa, va  Hinh 10. Vung phd h_"ilonen clia cot bé tong c6
500 MPa. Khi f, = 300 MPa, tii trong tdi han cho fe =40 MPa
cot bé tong cot GFRP-thép c6 cuong do bé tong 25, 30, 35, 40, 45 va 50 MPa lan lugt 1a 52,43, 53,86,
56,67, 60,68, 63,83 va 69,13 kN. So véi tai trong téi han ctia cdt cd cuong do bé tong 25 MPa, véi tai
trong t6i han cua cot c6 cuong do bé tong 50 MPa ting 31,9%. Khi cuong do thép tang 1én 400 MPa
va 500 MPa, miic do ting nay gidm xudng con 26,2% va 21,4%. Céc két qua ndy cho thiy, tii trong
t6i han P, khong nhiing tang theo cudng do chiu nén cia bé tdng va muc do tang con phu thudc
vao cudng do clia cdt thép.

Quan hé gilta Ppax va cudng do bé tong cé thé dude xap xi bing cic dudng thang tuyén tinh &
dang y = ax + b. Cac phuong trinh va cdc hé sb R? clia cac dudng xAp xi nay dudgc thé hién trén cic
Hinh 11, 12 va 13. Céc hé s& R? déu 16n hon 0,95 cho thiy muc do tuong quan tét. Hé sb ty 1& a cho
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céc trudng hgp f, = 300 MPa, £, = 400 MPa, va f, = 500 MPa lan lugt 1a 0,671, 0,6038 va 0,5336
(trung binh 1 0,6028). Cac hé s6 nay nhin chung 1a kha 16n. Cif ting mot don vi MPa cho cudng do
bé tong thi kha ning chiu tai ngang ting trung binh khoang 0,6028 kN. Piéu nay khang dinh cudng
dd chiu nén ctia bé tdong c6 vai trd quan trong d6i v6i kha ning chiu tai ngang ctia cot. Mot van dé
khéc cling dugc thé hién qua cac hé sd nay. Céc hé sd nay gidm rd rét khi cuong do clia thép ting tit
300 MPa 1én 500 MPa. Diéu nay cho thiy, khi cudng d6 thép ting 1én thi vai trd ctia cudng do bé tong
¢6 phan giam di.

80

6013 80 v =0,6038x + 41,599 73,5
= + L1 =
70 | y =0671x + 34,272 63.83 . 70 | 2=0952 6491 6780 ..l
~ R=09719 6068  O38... 0T s son 6183 SR
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Hinh 13. Téi trong ngang t6i han Gng véi cc gid tri khac nhau cia f; khi f, = 500 MPa

4.2. Anh huéng ciia cudng dé chiu kéo cdt thép

DE danh gia vai trd ctia cdt thép trong cot bé tong cdt lai FRP-thép chiu tai trong ngang, cic mo
hinh dugc xay dung cho cac cutng do bé tdong 25, 30, 35, 40, 45 va 50 MPa. Cudng do chay déo cla
cbt thép 1a 300, 400 va 500 MPa, tuong dng v6i cudng do kéo dit 450, 570 va 650 MPa [24]. Cic
thong s6 khac nhu ciu tao cbt thép, c6t GFRP, ty sb luc doc va tai trong déu dudc gitt nguyén. Cac
dic trung co hoc ctia vat liéu va tri sb luc doc dudc trinh bay trong Bang 3.

Hinh 14 thé€ hién ving pha hoai cta bé tong cdt st dung bé tong c6 cudng do chiu nén f = 40
MPa, tuong ting véi cudng do chdy déo cbt thép f, = 400 MPa. Chiéu dai ving phé hoai nén tap trung
trong pham vi 400 mm tir chan ¢t va cuc dai trong khoang 150 mm.

Hinh 15 thé hién ti trong t&i han ing véi cdc gid tri khac nhau clia cudng do chay déo clia cot thép
va cudng do chiu nén ciia bé tong. Két qua md phdong cho thiy tai trong ngang t6i han Py, ting tuyén
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tinh theo cudng do chdy déo clia cbt thép (f;), nhung hiéu qué ting gidm dan khi cudng do bé tong
cao hon. Bé tong c6 cuong do trung binh (25-30 MPa), khi ting (f;) 1am Py tdng 1o rét (khoang
19-20%), trong khi bé tong cutng dd cao hon (40-50 MPa) muc tang chi con khoang 10,5%-13,5%.
Diéu nay chiing t3 vai trd ctia cdt thép trong viéc ning cao kha ning chiu luc t6i han phu thudc 16n
vao cudng do bé tong: bé tong cudng do trung binh thip thi cdt thép déng gép nhiéu hon, con bé tong
cudng do cao thi hiéu qua cai thién tii trong tSi han bang cich ting cudng do thép bi han ché. Pay la
cd s& quan trong dé lua chon t8 hop vat liéu hgp ly trong thiét ké cot bé tong cbt lai GFRP-thép.

Bang 3. Cac déc trung co hoc cua vt liéu

Cot 1 (MPa) fy (MPa) fu (MPa) Ty sd luc doc  Luc doc (N)

300 450

1 25 400 570 0,3 468750
500 650
300 450

2 30 400 570 0,3 562500
500 650
300 450

3 35 400 570 0,3 656250
500 650
300 450

4 40 400 570 0,3 750000
500 650
300 450

5 45 400 570 0,3 843750
500 650
300 450

6 50 400 570 0,3 937500
500 650

DAMAGEC

(Avg: 75%)
+7.562e-01
+6.931e-01
+6.301e-01
+5.671e-01
+5.041e-01
+4.411e-01
+3.781e-01
+3.151e-01
+2.521e-01
+1.890e-01
+1.260e-01
+6.301e-02
+0.000e+00

Hinh 14. Ving ph4 hoai nén ctia c6t c6 f, = 40 MPa, f, = 400 MPa
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Hinh 15. Tai trong 16n nhit Py, ting véi cac gid tri chdy déo khac nhau ctia cbt thép tai cdc cudng do chiu nén

khac nhau cta bé tong

4.3. Mo hinh héi quy da bién

Mo hinh hdi quy da bién dugc st dung d€ du dodn kha ning chiu tii trong ngang ctia cot bé
tong cbt lai GFRP-thép theo cudng do chiu nén clia bé tong va cudng do chdy déo ctia cbt thép. Phan
mém théng ké R-studio dugc st dung dé phan tich hdi quy theo phuong phap Baysian Model Average
(BMA). Bién phu thudc 12 kha niing chiu tai ngang ctia cot (P), hai bién doc 1ap gém cudng do chiu
nén clia bé tong (f7 = x1) va cudng do chdy déo ctia cbt thép (f, = x2). Trong khi cudng do clia thanh
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GFRP f,, = 752 MPa.

MO hinh t6i vu dudc thé hién trong Bang 4. Trong Bang nay, cic bién doc 1ap va hé sb tu do dudc
thé hién trong cot (1), cot (2) 1a xdc suit d€ cac hé s6 hoi quy khac 0. Bién s6 nio c6 xdc suit nay
cang cao thi kha ning bién d6 xuét hién trong mo hinh cang chic chin. Cot (3) 1a gid tri trung binh
c6 trong sb clia tit ci cac hé s6 hdi quy sau khi gop nhiéu mo hinh, con goi 1a ky vong clia cic hé
s6 hdi quy. Cot (4) 1a do 1éch chuin clia gia tri ky vong, gia tri nay cang nhé thi uc luong c6 do tin
ciy cang cao. Cot cudi cuing la cac tham sb ctia m6 hinh t6i uu, gdm hé sd tu do va 2 bién s6 x; va
x2. M6 hinh ¢6 hé sb r* rit cao (0,968), ching t6 muc do tin cy va kha ning giai thich dit liéu cta
mo hinh 12 ddng k€. Cac hé s6 hdi quy déu cho gia tri duong, diéu d6 ching té cic tham sd nay anh
hudng tich cuc dén kha niing chiu tai trong ngang ctia cdt. Trong d6, cudng do chiu nén ctia bé tong
(x1) 4nh huéng ddng k& hon so véi cudng dd chay déo clia cot thép (x,). Cong thic (11) thé hién kha
ning chiu tai trong ngang clia cot theo hai tham s x; va x,.

P =0,603 (x1) + 0,045 (x2) + 23,576 an

Bang 4. Mb hinh tai trong ngang theo cudng d6 chiu nén bé tong va cudng do chay déo cbt thép

) foae Gia tri trun
Xac xuat dé cac j g

NPy binh (ky vong) Do 1éch chuin M6 hinh
hé so hoi quy s A & RN £
Khéc 0 cugh@ SO cua ky vong toi uu
hoi quy

Hé s6 tu do 100 23,576 1,971 23,576
x1 = fr 100 0,603 0,035 0,603
X2 = fy 100 0,045 0,004 0,045
S6 lugng bién 2
trong mo hinh
Hé sb xdc dinh (%) 0,968
Hé s6 Bayesian -56,139
information
criterion (BIC)
X4c xuit hau dinh 1

5. Két luan

Mot sb két luan dudc riit ra nhu sau:

- Kha niing chiu tdi ngang ctia cot bé tong cbt t6 hop GFRP-thép thé hién su nhay cam 16n véi
tham s6 bé tong. Cu thé khi cudng do chiu nén ting ti 25 1én 50 MPa, kha ning chiu tai ngang dugc
cai thién ding ké t6i 31,9%. Diéu nay cho thiy cudng do chiu nén ciia bé tong déng vai tro chii dao,
quyét dinh kha ning chiu tii ngang ctia cot.

- Khi gi6i han chdy ctia ¢t thép ting tir 300 1én 500 MPa gitip ting 20% tai trong cuc dai. Nghién
ctu chi ra mot quy lut quan trong: ty trong déng gép cudng do chiu nén clia bé tong vao tdng kha
ning chiu luc ¢6 xu huéng giam dan. Pay 12 co sd dé cac ky su can dbi giita viéc st dung bé tong
cudng do cao hay cdt thép cudng do cao trong thiét ké cot bé tong cbt GFRP-thép chiu tai trong ngang.

- M6 hinh phén tich hdi quy da bién dugc xdy dung nhim xac dinh gid tri tai trong ngang theo
cudng do chiu nén clia bé tong va cudng do chay déo ctia cbt thép. M hinh nay hitu ich trong viéc
lua chon cac tham sd thiét ké nham phat huy kha ning chiu tai ngang ctia cdt bé tong cdt GFRP-thép.
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