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Tom tit:

Thanh cét soi polymer (FRP) dang dugc (ng dung thay thé cho cbt thép thuang trong cac cot bé tong (BT) cot
thép chiu tac dong ctia méi truong dn mon. Muc tiéu cta nghién cau nay 1a danh gia kha nang chiu nén caa
cot BT ¢t FRP theo cac md hinh khéc nhau. Sau cong thuc theo cac tidu chuan va nghién ciru da cong bd
dugce xem xét danh gia. Bo dir liéu gom 283 két qua thi nghiém duogc suu tap dé danh gia hiéu qua cua cac
cong thuc trén. Tiép d6, mot cong thic dua trén hdi quy da bién duoc dé xuat dé tinh toan kha ning chiu nén
ctia cot BT ¢t FRP. Cac tham s6 thong ké dung dé danh gia murc d6 chinh xac ciia cac mo hinh bao gom hé
s6 xac dinh va sai s6 quan phuong. Ngoai ra, gia tri trung binh va do léch chuan cua ty sé gia tri du béo va gia
tri thi nghiém ciing duoc danh gia. Két qua cho thay rang cong thic tinh toan kha nang chiu nén cia cot BT
cdt FRP d& xuét trong bai bao nay c6 do chinh xac cao hon nhiéu so véi cac cong thirc cong b trudc day.

Tir khéa: Cot bé tong cot FRP; Kha ning chiu nén; Cong thic thuc nghiém; Di liéu thi nghiém; Hoi quy da
bién.

Abstract:

Reinforced concrete columns can be degraded due to the corrosion effects of reinforcing bars. Therefore, the
use of fiber-reinforced polymer (FRP) bars to replace steel reinforcements is a potential solution. The aim of
this study is to evaluate the axial load-bearing capacity (ALC) of concrete columns reinforced with FRP bars
using different existing models. For that, six code-based and empirical-based equations, which were proposed
by various design codes and studies, are considered. A set of 283 experimental test data is collected to calculate
the ALC of the FRP-concrete column. Statistical indicators, including the coefficient of determination, root-
mean-squared error, and the ratio calculated to experimental ALC, are employed to evaluate the accuracy of
the existing equations. Moreover, we also propose a multivariable linear regression-based formula for
calculating the ALC of the concrete columns reinforced with FRP bars with high accuracy compared to others.

Keywords: Concrete column reinforced with FRP bars; Axial load-bearing capacity; Empirical formula;
Experimental test data; Multivariable linear regression.

1. Giéi thiéu mon cua céc thanh cét thép hoic thay thé céc
thanh cbt thép bang cac loai vat liéu khac dé ngin
nglra sy an mon nay. Mot sé nghién ciu trudc
day da chi ra rang thanh cét sgi polyme (FRP) c6
kha ning dap (ng yéu cau d6 [1]-[2]. Thanh FRP
c6 mot sé wu diém so véi cot thép thdng thuong,
do6 1a khong bi an mon, kha nang chiu kéo cao,

Két cdu bé tong cdt thép (BTCT) trong diéu kién
moi truong an mon cao S€ suy giam nhanh kha
ning chiu lyc do hién trong dn mon ¢t thép bén
trong. Do d6, didu quan tAm hang dau cua cac nha
nghién ciu va ki su thiét ké 1a giam thiéu su an
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trong luong nhe, sitc khang moi cao, cach dién
khong tir tinh, bién dang tir bién va trong luong
riéng nho [3]. Vi vay, cc thanh FRP di duogc dé
xuit thay thé cbt thép thuang cho céc loai két cau
BTCT chiu tac dong ctia moi trurong an mon khac
nhau nhu cong trinh cang bién, cong trinh xu ly
nuéc thai va héa chat, cac cong trinh dudi nuée
[4]. Nhitng nghién ctu thuc nghiém va phan tich
truée d6 da két luan rang ly thuyét ubn va nén
cua cac cau kién BTCT ciing c6 gié tri dbi véi
dam va cot bé tong cbt thanh FRP [5]. Tuy nhién,
cac két qua thi nghiém cho thy tng xu cua két
cau BTCT c¢6 sy khac biét so vai két cau bé tong
cot FRP [6]. Cot bé téng cét FRP la giai phap hiru
hiéu cho cot BTCT thong thuong. Loai cot nay
c6 thé duoc sir dung rong réi trong cac cong trinh
dan dung - cong nghiép va codng trinh cau. Kha
nang chiu nén 1a tham sé cuc ky quan trong trong
thiét ké cot bé tong cot FRP. Hién tai, c6 nhiéu
tiéu chuan thiét ké va nghién ciu da dé xuat cong
thure tinh toan kha nang chiu nén cua cot bé téng
ct FRP. Céc tiéu chuan va nghién ciru dién hinh
d3 cong bd bao gom CSA S806-12 [7], Tobbi va
cong su [8], Affifi va cong su [9], Mohamed va
cong su [10], Maranan va cong su [11], Xue va
cong su [12]. Tuy nhién, viéc tinh toan theo cac
cong thirc dé xuat trong cac tai liéu vira néu van
con ¢o sy sai khac kha nhiéu so véi két qua thi
nghiém. Vi vay, can thiét phai c6 nghién ciu so
sanh va danh gia vé tinh toan kha ning chiu nén
theo céc tiéu chuan va cac nghién ciru khac nhau
dua trén mot bo dit liéu da I6n va dang tin cay.
Ngoai ra, mot cong thirc ¢6 kha nang du bdo kha
ning chiu nén cua cot bé tdng cot FRP voi do
chinh xéc cao hon cac cong thirc da dé xuat trudc
do la can thiét.

Muc tiéu cua nghién cuu nay la danh gia kha
nang chiu nén cua cot bé tong cot FRP theo cac
md hinh (cong thiic) dd cong bd trude day. Sau
cong thirc theo cac tiéu chuan va nghién ciru dién
hinh dugc dua vao xem xét danh gia. Mot bo dir
liéu thi nghiém xac dinh kha nang chiu nén cua
cot bé tong cot FRP duoc thu thap. Sau d6, nhém
t4c gia tién hanh tinh toan va so sanh cudng do
chiu nén theo cac cong thirc da néu. Panh gia
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muc d6 chinh xac ctia nhitng cong thac nay va dir
liéu thi nghiém duoc thuc hién dya vao cac tham
sb thong ké. Cudi cuing, mét c¢ong thue tinh toén
kha nang chiu nén cua cot bé tong cbt FRP voi
d6 chinh xac cao da duoc dé xuat dua trén phép
hoi quy tuyén tinh da bién, trong d6 bay tham sé
dau vao di duoc xem xét trong cong thuc nay.

2. Céac cbng thac tinh todn kha nang chiu nén
ciia cot bé tong cot FRP

Hién tai, c6 nhiéu tiéu chuan thiét ké va nhiéu
nghién ciru da dé xuat cong thac tinh toan kha
nang chiu nén cua cot bé tdng cét FRP. Trong bai
bao nay, cac tiéu chuan va nghién ctu dién hinh
da cong bd dugc xem xét danh gia bao gdom CSA
S806-12 [7], Tobbi va cong su [8], Affifi va cong
su [9], Mohamed va cong su [10], Maranan va
cong su [11] va Xue va cong su [12]. Pay la cac
tiéu chuan thiét ké hién hanh va nghién ciu dién
hinh vé phan tich va danh gia kha niang chiu nén
ctia cot bé tong cot FRP [13].

Bang 1 tom tat céc cong thirc (md hinh) tinh toan
kha ning chiu nén cuia cot bé tong cSt FRP xem xét
trong nghién ctru nay.

3. Bg dir liéu thi nghiém

CAc tac gia da suu tap mot bo gom 283 dir licu
két qua thi nghiém chiu nén cot bé tong cot FRP
tir cac bai bao dd cong bd trén cac tap chi khoa
hoc va hoi nghi khoa hoc chuyén nganh [14-51].
Can luu y rang bo dit liéu nay bao quat duoc
pham vi rat rong caa cac tham sé dau vao nhu do
manh, ty s6 nén va dic trung vat liéu sir dung. Bé
tong va cot FRP ¢6 xét dén cuong do cao, trong
d6, cudong d6 bé tong dat dén 90 MPa va cudng
d6 cua c6t FRP dat dén 2000 MPa. Ngoai ra, di
liéu suu tap xét dén cot tiét dien chir nhat va tron,
cling nhu truong hop coét chiu nén dung tam va
léch tam. Bang 2 liét ké cac ky hiéu, tham sé dau
vao va kha nang chiu nén cua cot. Cac dac trung
thdng ké cua cac tham sé dau vao trong bo dix
liéu thu thap tém tat trong bang 3. Céc chi s6
thdng ké bao gdbm gié tri nho nhat (Min), gia tri
I6n nhat (Max), gi4 tri trung binh (Mean) va d6
léch chuan (SD).
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Bang 1. Cac cong thirc tinh toan kha niang chiu nén cua cot bé tong cét FRP.

Téac gia Biéu thic tinh

P = alﬁ:,(Ag _AFRP); o= 0.85
CSA S806-12 [7] Ay 1a dién tich tiét dién; Apgp 12 dién tich cét FRP; £/ 1a (1)
cuong do chiu nén dac trung cua bé tong.

P=of/(A,— A + Aprp;
Tobbi va cong su [8] 1fe ( g FRP) rrPfFRPAFRP @)

o= 0.85; apgp = 0.35

P = 051fc'(Ag - AFRP) + aprpfrrPAFRP;

Affifi va cong su [9] (€))
o= 085, AQppp = 0.25
P = o f/(Ag — Apgp) + 0.002EprpApgp;

Mohamed va céng su [10] a,=0.85 4
Ergp 12 mo dun dan hoi cua cot FRP
P=of/(A,— A + 0.002ErgpArgrp;

Maranan va cong su [11] e ( g FRP) FRETERE (5)
;=0.9

Xue va cong su [12] P = o f!(Ay) + 0.002ErgpArgp; a;=0.85 (6)

Bang 2. Ky hiéu cac tham sé dau vao va kha ning chiu nén cua cot.

Tham s6 Ky hiéu
Bé rong cua tiét dien cot (mm) b
Chiéu cao tiét dién cot (mm) h
Puong kinh caa cot (cot tron) (mm) D
Chiéu cao cot (mm) H
Do manh A
Dién tich tiét dién cot (mm?) Ay
Loai tiét dién cot Sectiongyp,
Loai bé téng Concreteiype
Cuong do chiu nén cua bé tbng (MPa) f!
Loai cbt doc (loai cit FRP) Leype
Ham luong cbt doc (c6t FRP) (%) PFRP
M5 dun dan héi cua cét FRP (GPa) Errp
Cuong d6 tdi da cua cbt doc (MPa) frrPu
Loai cbt dai teype
Khoang cach cbt dai (mm) tspacing
Do léch tam (%) er
Kha nang chiu nén (kN) Prax
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Bang 3. Tom tat dic trung thong ké caa bo dir liéu thi nghiém suu tap.

Tham sé Gié tri Trung binh Gia tr? Pj léch chuin
nhé nhat I6n nhat
b (mm) 120.0 274.4 610.0 115.3
h (mm) 120.0 280.6 610.0 1134
D (mm) 205 288.5 355 36.6
H (mm) 600 1595.8 3730 607.7
A 10.0 21.6 62.0 7.6
Ag (mm?) 14400.0 75532.1 372100.0 50424.3
£/ (MPa) 25.6 44.5 90.0 14.4
prrp (%) 0.6 2.1 4.8 0.9
Eppp (GPa) 39.0 70.6 151.0 35.6
Forpy (MPa) 574.0 1248.2 2000. 0 390.9
tspacing (MM) 30.0 100.1 305.0 51.3
e, (%) 0.0 204 100.0 25.3
Pax (KN) 90.0 2019.0 15235.0 1867.3

4. Két qua va ban luan

4.1. Tham s6 théng ké dé danh gia

Céc tham s6 théng ké sir dung cho dénh gia nhiing
mé hinh du béo bao gom hé s6 xac dinh (R?) va sai
s6 quan phuong (RMSE). Luu y rang gia tri R? dic
trung cho phan tram dir liéu gan nhat véi duong hoi
quy; R? cang cao thi md hinh tinh toan cang tét va
nguoc lai. Con tham s RMSE dung dé dai dién cho
mtc d chénh léch (sai s6) giita gia tri tinh toan va
gié tri thi nghiém; néu RMSE cang nho thi md hinh
tinh toan cang chinh xac va nguoc lai.

2 _ 1 _ 2?:1(ti_0i)2
ke=1 ( ?:1(%—5)2) )
1
RMSE = \/(;) no(—o0)2  (8)

Trong do, t; va o; twong tmg la két qua thi nghiém
va tinh toan cua dit liéu thir i n 12 s6 lwong dit liéu:
o 1a gi tri trung binh caa cac két qua tinh toan.
4.2. Két qua so sanh va danh gia

Hinh 1 trinh bay phan bé két qua tinh toan kha
ning chiu nén cua cot bé tong cot FRP theo cac
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cdng thic khac nhau va két qua thi nghiém.
Puong nét dat thé hién duong chuan 1:1, tuc 1a
cac diém phan bd nam trén duong nay biéu thi
két qua tinh toan bang voi két qua thi nghiem.
Dua vao két qua, thiy rang, tat ca cac md hinh
tinh toan déu cho két qua du béo nhd hon két qua
tir thi nghiém. Piéu nay chiing to cac cong thirc
tinh toan hién hanh cho két qua an toan. Ngoai ra,
nhitng két qua du bao tir 06 cong thirc xem xét
trong bai béo cho d6 phan tan khé cao, véi hé sb
xac dinh R? kha thap, chi & mac 0.45. Muc do
phan tan 16n c6 thé do cac cong thac tinh toan
chua xem xét hét nhiing tham sé anh huong khac
vi du nhu do léch tam (e,.), moé dun dan hoi cua
FRP (Epgp) Va cit dai.

4.3. B¢ xuit cong thirc tinh toan kha ning chiu
nén caa ct bé tong cét FRP

Trong nghién ctru nay, nhom tac gia sir dung
phan mém phan tich thong ké SPSS dé dé xuat
mdt cong thirc tinh toan cuong do chiu nén cua
cot dua trén cong cu hdi quy tuyén tinh da bién.
M5 hinh hdi quy tuyén tinh da bién dung dé xem
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xét quan hé giita cac bién doc 1ap (cac tham sb
dau vao) va bién phu thudc (két qua du bao).
Phuong trinh héi quy tuyén tinh da bién c6 dang .

nhu sau:

Y=F+a X +aX; +az3Xz+ -+ a, X, (9) °
e Cuong do chiu nén cua bé tong (MPa): f;
e M5 dun dan hdi cua FRP (GPa): Ergp;

e Cudng do kéo t6i da cia FRP (MPa): frrpy;
e D¢ léch tam (%): e,;

e Khoang cach cot dai (mm): tspacing:

Trong d6, Y 1a két qua du bao (bién phu thudc);
., X,, 1a cac tham sb dau vao (bién doc
1ap); B 1a hang sb hdi quy, hé s6 nay cho biét do
I6n cua gia tri Y khi tat ca cac X; bang 0; aq, a,,
..., @y 12 cac hé sb hodi quy (hé sb goc). Dé dé

X1, Xo, ..

e PO manh: 4;

xuat cong thue tinh todn kha ning chiu nén cua
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Hinh 1. So sanh kha ning khang cit giita két qua thi nghiém va cac mé hinh dy béo.

Bang 4. Két qua cac hé sé cua phép Hoi quy tuyén tinh da bién trong SPSS.

Tham s6 dau vao H¢ 50 hot quy ~ Mirc d¢ ¥ nghia
Gia tri Do léch chuin (p-value)
B (Hang s6) -427.165 268.691 0.113
al Apgp 0.085 0.116 0.464
a2 Lamda (1) 2.36 6.793 0.729
a3 Ay 0.029 0.001 0.000
ad f) 18.092 3.534 0.000
ab Eggrp 8.080 2.237 0.000
a6 frrPu -0.208 0.222 0.349
a7 e, -37.575 1.913 0.000
a8 tspacing -1.458 1.057 0.169

Béng 4 thé hién két qua hoi quy tuyén tinh da
bién, trong d6, cac hé sb cua cong thic hdi quy
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trong g voi cac bién dau vao dugc chi ra. Mo
hinh hdi quy tuyén tinh da bién s dung kiém
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dinh gia thiét y nghia théng ké vai tri s6 p = 5%.
Tir bang 4 cho thiy trong 08 tham sb dau vao
duoc xét, mirc d6 y nghia (gia tri p) cua cac tham
s6: dién tich mat cit ngang cot (Ag), cuong do
chiu nén cuia bé tong (£), md dun dan hoi cia cdt
FRP (Ergp) va d0 1éch tam (e,) la nhé hon 0.05
(5%). Diéu nay c6 nghia rang cic tham sb anh
hudng 16n dén kha ning chiu nén cua cot bé tong
cdt FRP. Nguoc lai, cac tham s6: dién tich cdt
FRP (Apgp), d0 manh cua cot (1) va cuong do
chiu kéo ctia FRP (frgpy,) CO tri s6 p réat 16m, tirc
la cac tham sd nay khong anh hudng nhiéu dén
kha nang chiu nén cua cot BT cdt FRP. Dya trén
cong thirc (9) va két qua hdi quy & bang 4, biéu
thirc tinh toan kha nang chiu nén cta cft bé tong
cdt FRP duge dé xuét c6 dang nhu sau:

Py = -427.165 + 0.085A,5p + 2.634 +
0.0294, + 18.092f + 8.08Egp — 0.208 frgpy, —
37.575¢, — 1.4545t g qcing (10)

Két qua tinh toan theo cong thirc dé xuat va cac
thi nghiém dugc so sanh nhu trén hinh 2. Phan b
két CIUé. ty Sé Ptinh toén/Pthl’ nghiém duoc thé h|én
tai hinh 3. Gi4 tri R? = 0.859 va gi4 tri trung binh
cua tS’ Sé Ptinh toén/Pthl’ nghiém = 1.06 (gén voi
1.0) cho thay rang cong thirc dé xuat du bao kha

chinh xac kha ning chiu nén cua cot bé tong cdt
FRP.

Cong thirc dé xuét
16000 v

y=0.774x +571.37 .~
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Hinh 2. So sanh kha ning chiu nén giira két qua thi

nghiém va cdng thirc dé xuat trong nghién cau nay.
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Hinh 3. Phan bé két qua ty s6 Py cosn/Peni nghiem-

Béang 5. Tham s6 thong ké danh gia cac mé hinh tinh toan kha ning chiu nén cua cot bé téng cot FRP.

Pic trung cia ty sé
Piinh tosn/ Pthinghiem

TT M hinh tinh toan R? R('il",\SI)E
Gia tri Pj léch
trung binh chuan
1 CSAS806-12[7] 0.451 1833 2.27 2.15
2 Tobbi va cong su [8] 0.451 1929 2.50 2.37
3 Affifi va cong su [9] 0.451 1909 2.44 231
4 Mohamed va cong su [10] 0.449 1867 2.30 2.18
5 Maranan va cong su [11] 0.451 2033 251 2.37
6 Xuevacong su [12] 0.450 1873 2.32 2.19
7 Nghién ctu nay 0.859 729 1.06 0.68

Bang 5 trinh bay két qua cac tham sb théng ké R?
va RMSE cho tirng md hinh tinh toan. Ngoai ra,
cac dic trung thong ké cua ty sb gitta cudong do
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chiu ¢t va cuong d6 chiu cat theo thi nghiém
(Ptinh toan/ Peni nghiém ) ciing dugc tinh toan dé
danh gia. Cac dic trung thdng ké& nay bao gom
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gia tri trung binh va do léch chuan. Két qua tinh
toan cho thiy rang, cac md hinh dy bao trong
nhitng cong thac hién hanh cho gia tri R? kha
thip (nho hon 0.5) va sai sé quan phuong RMSE
kha Ion (tir 1833 kN dén 2033 kN). Su sai s6 nay
c6 thé duogc ly giai rang cac cong thic tinh toan
kha ning chiu nén mai chi xét dén anh huéng cua
dién tich tiét dién cot va cuong do bé téng; cac
tham s6 quan trong nhu d6 léch tm cua cot va
mé dun dan hdi cia cbt FRP chua xem xét.

Ngoai ra, két qua tinh toan cho thy cong thirc
dé xuat trong nghién ctru nay dua ra két qua du
bao kha chinh xéac véi gia tri R? kha cao (bang
0.859). Gia tri sai s quan phuong RMSE bang
729 kN nho hon rét nhiéu so véi cac gia tri thu
duoc tir nhitng cong thire dé xuat trude ddy. Bén
canh d6, gia tri trung binh cua ty 6 Prnp rosn/
Peni ngniem bang 1.06 12 Xap xi bang 1.0, diéu nay
chung to rang cong thie dé xuat cd mirc d6 chinh
X4C cao hon cac cong thirc trude va du tin cay dé
su dung cho tinh toan kha nang chiu nén cua cét
bé téng cot FRP.

5. Két luan

Nghién ciru nay danh gia kha nang chiu nén cia
cot bé tong ¢t FRP theo cac md hinh (cong thirc)
khéc nhau di cong bo. Sau cong thirc theo cac
tiéu chuan va nghién cau dién hinh truée d6 duoc
dua vao xem xét. Mot bo dir lieu gom 283 két qua
thi nghiém xac dinh kha nang chiu nén cta cot bé
tong cot FRP dugc suu tap. Panh gida mac do
chinh xac cua céc céng thuc va dir liéu thi nghiém
dugc thuc hién dwa vao cac tham sé théng ké. Va
mot céng thac tinh todn kha nang chiu nén cua
cot bé tong ¢t FRP vai do chinh xéc cao da duoc
dé xuat. Cac két luan dugc rat ra nhu sau:

e Ngoai cac tham sé vé kich thuéc tiét dién
ngang cua cot va cuong do chiu nén cua bé téng,
thi d9 léch tim va mo dun dan hoi cta thanh FRP
6 anh huong I6n dén kha ning chiu nén cua cot
bé tong cét FRP;

e Cac cong thirc tinh toan trudc day cho két
qué dy bao kha ning chiu nén cua cot bé tong cdt
FRP véi d6 chinh xac chua thuc su cao do chua
xét hét cac tham s dau vao anh huong;
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e Cong thuc dé& xuét tinh toan kha nang chiju
nén cua cot bé tdng cét FRP trong nghién ciru nay
cho két qua véi d6 chinh xac cao hon cac cong
thire trude va du tin cay dé sir dung cho tinh toan
kha ning chiu nén cua cot bé tong cbt FRP.
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