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TOM TAT

Viéc dy doan kha nang chiu lyc doc truc cua cét thép bé tong composite hai I6p FRP
hinh elip gap nhiéu thach thirc do tinh phi tuyen phirc tap cla co ché twong tac glua ba
|&p vat liéu (FRP - bé tdng - thép) va sw phan bb khéng déng déu cta hiéu (rng kiém ché.
Nghién ctru nay phat trién mé hinh Rirng ngdu nhién dya trén bd dir liéu gdm 112 mau
va dworc tinh chinh théng qua ky thuat tim kiém Iuéi két hop kiém chirng chéo. DPd 6n
dinh cta thuat toan dwoc xac thwe qua 100 Ian mé phdng Monte Carlo. Két qua cho thay
mo hinh RF dat hiéu suit dw bao cao va kha nang tbng quat hoa tbt, véi hé sé xac dinh
trén tap kiém tra dat 0,972 va sai sb phan tram tuyét déi trung binh la 4,8%. Bén canh
do, phan tich SHAP toan cuc xac dinh dién tich 16i bé téng, cwdng d6 nén cua bé tong
va do day cta vé FRP 1a ba théng s cé anh hwéng Ién nhéat. Bong thoi, ky thuat LIME
dwoc ap dung dé giai thich cuc bo, 1am rd sw khac biét gitra tdm quan trong toan cuc va
cuc bd & cac mau cé cau hinh d&c thu. Nghién ciru cung cAp mét mé hinh dw bao chinh
xac, 6n dinh va cé kha nang giéi thich, gép phan hé tro k§ sw lwa chon théng sé thiét ké
t6i wu cho cot composite hai [&p FRP hinh elip.

Tiwr khéa: Cot composite FRP; kha nang chiu lyc doc truc; rivng ngau nhién; SHAP; LIME.



ABSTRACT

Predicting the axial load capacity of elliptical hybrid FRP-concrete-steel double-skin
tubular columns (DSTCs) presents significant challenges due to the complex nonlinear
interaction mechanisms among the three material layers (FRP, concrete and steel) and
the non-uniform distribution of the confinement effect. This study develops a Random
Forest (RF) model trained on a dataset of 112 samples. The model is optimized using
Grid Search combined with cross-validation and its stability is verified through 100
independent Monte Carlo simulations. The results demonstrate that the RF model
achieves high predictive performance and strong generalization, with a coefficient of
determination of 0.972 and a mean absolute percentage error of 4.8% on the test set.
Global SHAP analysis identifies the concrete core area, concrete compressive strength,
and FRP tube thickness as the three most influential parameters. In addition, the LIME
technique is employed to provide local explanations, highlighting the differences between
global and instance-specific feature importance, particularly for samples with distinctive
configurations. Overall, the study offers an accurate, stable predictive model that supports
structural engineers in selecting optimal design parameters for elliptical hybrid FRP-
concrete-steel double-skin tubular columns.

Keywords: Hybrid FRP composite columns; axial load capacity; random forest;
SHAP; LIME.

1. DAT VAN BE

Trong nhitng ndm gan day, cac ciu kién composite két hop bé tdng, thép va vat liéu
sQi gia cwong polymer (Fiber Reinforced Polymer - FRP) da tré thanh giai phap hiéu qua
nham nang cao kha nang chiu lwc, dd déo va kha ndng chéng &n mon cla cot trong cong
trinh dan dung va cau duéng. Trong dé, cot dng thép bé téng composite hai I&'p (Double-
Skin Tubular Columns - DSTC) v&i I6p vd FRP bén ngoai, dng thép bén trong va bé téong
nhoi & gitra thé hién nhiéu wu diém vwort trdi [1, 2]. Trong két ciu nay, 6ng FRP déng vai
trd nhw hé van khudn vinh clru trong qua trinh d6 bé téng, giip gidm chi phi thi céng,
déng thdi cung cip kha nang chéng an mon cao, phu hop véi méi trwdrng khac nghiét.
Bén canh do, 16i bé téng con gitip ngan chan hién twong méat 6n dinh cuc bd sém cla
dng thép trong, tlr d6 nang cao dang ké kha nang chiu lwc cta toan bd cau kién [3].

Mac du phan 1&n cac nghién clru trwéc day tap trung vao DSTC cé tiét dién tron
hodc chir nhat [4, 5], tiét dién elip dang ngay cang dwoc quan tdm. Cét DSTC hinh elip
cho phép diéu chinh dd cirng ubn khac biét theo hai truc chinh ma khéng lam suy giam
dang ké& hiéu (rng kiém ché cha I&p FRP, rat phu hop v&i cac trworng hop chiu tai trong
khéng déng déu theo hai phwong ngang [6]. Tuy nhién, sy phirc tap vé hinh hoc cuing
v&i co ché twong tac phi tuyén gitra FRP, bé tdng va thép khién viéc dw doan chinh xac
kha nang chiu lwc doc truc cta cot elip DSTC tré nén khé khan.

Céc cong thire thiét k& hién hanh va phwong phap gidi tich truyén théng cha yéu
dwa trén md hinh ban thywc nghiém, thwdng thiéu dd chinh xac khi ap dung cho tiét dién
elip do khdéng dinh lvong dwoc day da hiéu (rng kiém ché khéng déng déu. Pé khac phuc
nhirng han ché nay, hoc may (Machine Learning - ML) da dwoc (rng dung ngay cang
rong rai trong Iinh virc ki thuat két cau [7, 8]. Trong sb cac thuat toan ML, Rirng ngau
nhién (Random Forest - RF) ndi bat nhe kha nang xo ly quan hé phi tuyen phtrc tap,
giam thiéu hién twong qua khép va cung cp théng tin vé tdm quan trong cla céac bién.
Viéc két hop RF v&i cac ky thuat giai thich mé hinh nhw SHAP va LIME con giup lam rd
déng gop cla tirng tham sb thiét k& dén két qua dw doan, nang cao tinh minh bach va
kha nang ap dung thwe tién. Do do, nghién cteu nay tap trung phat trién mé hinh RF dwoc
t6i wu siéu tham sé bang ky thuat tim kiém lwéi d& dyw doan kha nang chiu lwe doc truc



cua cot DSTC hinh elip chiu nén dung tam. DPéng thoi, phan tich SHAP va LIME dwgc
thwc hién nham lam ré co ché anh hwdng cua cac théng so dau vao, cung cap co s&
khoa hoc trirc quan ho trg ky sw trong thiét ké.

2.CO SO DU LIEU VA PHUONG PHAP NGHIEN CUrU
2.1. Thu thap va mé ta dir liéu

DPé xay dwng va huén luyén mé hinh hoc may, nghién ctru nay st dung bd di liéu
gdm 112 méau duoc trich xuét trong nghién ctru cla Yu va cong sw [9]. Cac théng s6 dau
vao duoc lwa chon dya trén ciu tao cla cét DSTC hinh elip, bao gém 5 théng sb doc
lap: Dién tich tiét dién éng thép trong (As), cwdng do chay clia éng thép (fy), dién tich 16i
bé tdng (Ac), cuwéng d6 chiu nén cla bé téng (fc), chiéu day 6ng FRP (trre). Thong sb dau
ra la kha ndng chiu lyc doc truc cia cdt DSTC (Pu). Bang 1 trinh bay céac gié tri théng ké
mo ta chi tiét (bao gébm gia tri trung binh, dd I&ch chuan, gia tri nhd nhét, trung vi va 16n
nhat) clia cac thong sé dau vao va dau ra. Bén canh dé, Hinh 1 minh hoa trwc quan sy
phan bé cua tirng théng sé dau vao cling nhw méi quan hé twong quan cla chdng Vi
kha n&ng chiu lwc doc truc Pu. Cot biéu d6 bén trai (biéu dd phan tan) cho thay xu huéng
bién thién cha Pu khi cac théng sb vat liéu va hinh hoc thay dbi. Co thé quan sat thiy cac
xu hwéng twong quan dwong, vi du nhw khi dién tich 16i bé téng hoac cwdng dé vat liéu
tang, gia tri Pu nhin chung ciing c6 xu hwéng dich chuyén I&n cac mirc cao hon. Cét biéu
dd bén phai (biéu dd cot) thé hién ty 1& phan trdm phan bé mat do dir liéu theo cac dai
gia tri cu thé.

Bang 1. Cac théng sb dau vao va dau ra cla bd div liéu

Théng s6 dau vao Paura
As fy Ac fc trrP Pu
GT trung binh 2.380,60 432,39 21.592,29 49,13 1,50 3.144,09
Po l1éch chuan 272,84 121,08 9.435,04 18,38 0,67 1.253,10
GT nhd nhét 1.809,56 337,60 10.684,62 28,95 0,71 1.416,30
Trung vi 2.375,04 364,50 21.113,51 43,45 1,42 2.802,45
GT I&n nhét 2.686,06 600,00 45.846,84 72,40 2,83 7.775,60
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Hinh 1. Biéu d6 phan bé va tuwong quan
cua cac théng so6 trong bd di¥ liéu nghién clru

Toan bd co s& di¥ liéu dwoe chia ngau nhién theo ty & 7:3, trong d6 tap dir liéu dao
tao chiém 70% va tap div liéu kiém tra chiém 30% con lai. Qua trinh téi wu hoa cac siéu
tham sb dwoc thwe hién théng qua kj thuat kiém tra chéo trén tap dao tao. Dé tranh hién
twong ro ri div liéu, tap kiém tra dwoc tach biét trong qua trinh huan luyén. Tap dir liéu
nay chi dwoc s dung modt 1an duy nhéat dé xac dinh kha néng dw bao thwc té cia mo
hinh trén cac di liéu chwa dwoc biét dén.

2.2. Thuat toan rirng ngau nhién

Rirng ngau nhién (RF) la mot thuat toan hoc may manh mé thuéc nhém hoc tap két
hop, duwoc thiét ké dé giai quyét ca bai toan phan loai va héi quy. Thuat toan nay hoat
dong dwa trén viéc tao ra nhiéu bo di liéu con tir tap di liéu gbc théng qua ky thuat 1y
mau c6 hoan lai. D6i v&i mbi bd dir liéu con, mot cay hdi quy doc lap dwoc xay dwng, tao
thanh mot "khu rirng". Két qua dw bao cubi ciing cia mé hinh RF déi véi mét mau mai 1a
gia tri trung binh cdng cua tat ca cac du bao tir cac cay hdi quy thanh phan. Co ché nay
gitp mé hinh RF gidm thiéu phwong sai va khac phuc hiéu qua hién twong qua khdp
thworng gap & cac cay quyét dinh don 18.

2.3. Ky thuat giai thich mé hinh
2.3.1. Phan tich SHAP (SHapley Additive exPlanations)

Dwa trén ly thuyét tro choi hop tac, SHAP dugc str dung dé danh gia mirc do déng
gop cua ting thong s6 dau vao doi vai ket qua dy bao. SHAP tinh toan gia tri dong gop
bién trung binh cla mot bién qua tat ca cac td6 hop bién co thé c6. Phrong phap nay
cung cap cai nhin toan vé mrc dé quan trong cua cac théng so thiét ké doi véi kha nang
chiu lwc doc truc cua cot.

2.3.2. Phan tich LIME (Local Interpretable Model-agnostic Explanations)

B tre cho SHAP, LIME duwoc ap dung dé giai thich cac dw bao cuc bd. Boi vai mot
mau cau kién cu thé,’LIME sé xay dwng mo&t moé hinh dai dién tuyén tinh don gian xung
quanh lan can ctia diem dir liéu dé. Bieu nay cho phép ky sw phan tich chi tiét tai sao mo
hinh hoc méy lai dwa ra mét gia tri dw bao khé nang chiu lwc doc truc cu thé cho mét cot
DSTC c6 cau hinh kich thuwdc va vat liéu nhat dinh.

2.4. Panh gia hiéu suat mé hinh

~ Hiéu suat dy bao ctia cac mé hinh dwoc danh gia théng qua 4 chi s6 thong ké phd
bién: Hé so xac dinh (R?), sai s6 binh phwong trung binh (RMSE), sai so tuyét doi trung



binh (MAE) va sai sb phan tram tuyét déi trung binh (MAPE). Céac chi s6 nay dwoc tinh
toan nhuw sau:

N L _ 52
R?2=1-— l;l(yl 311)2 (1)
Y i =)
1 N
RMSE = NZ(yi—ﬁ)z (2)
MAE = = |y, - i 3)
1< 7
Yi— W
S 4
RMSE NZ| . | 4)
L=

Trong do:
yi: Khd nang chiu lwc doc truc thwe nghiém clia mau th I;
y,: Kha nang chiu lwc doc truc dy bao bé&i mo hinh;
y: Gia tri trung binh clGia kha nang chiu lwc doc truc thyc nghiém;
N: S6 lwong mau di liéu.

3. KET QUA VA THAO LUAN
3.1. Két qua t6i wu héa siéu tham sb

Hiéu suat dw bao va kha nang tdng quat hoa cia mé hinh RF phu thudc dang ké
vao viéc thiét 1ap cac siéu tham sé. Néu cac tham sé nay khéng dwoc tinh chinh phu hop,
mo hinh c6 thé gdp phai tinh trang qua khdp hodc chwa khép. D& xac dinh cau tric md
hinh téi wu nhat cho bai toan dw bao kha nang chiu lwc doc truc cua c6t DSTC hinh elip,
nghién ctru nay ap dung phwong phap tim kiém lwdi két hop véi kiém chirng chéo 10
lan. Qua trinh nay thuc hién tim kiém toan dién trén mét khdng gian tham s dwoc xac
dinh trwdc. Cac siéu tham sb quan trong cda thuat toan RF dwoc dwa vao ludi tim klem
bao gébm: sb lwong cay hdi quy (n_estimators), do sau t0| da cua cay (max_ depth) sb
lwong mau tbi thidu ctia nat (min_samples_split), s6 lwong mau téi thiéu cua la
(min_samples_leaf), va sb lwong dac trwung ngau nhién t6i da dwoc xem xét tai méi nut
phan tach (max_features). Qua trinh kiém chirng chéo giup ddm béo bd siéu tham sb
dwoc chon cé tinh 6n dinh cao va khéng bi phu thudc vao cach phan chia tap di liéu.
Tiéu chi danh gia dé lwa chon bd tham sé t6t nhat Ia sai sé dy bao thap nhéat trén tap
huén luyén da dwoc xac dinh. Bang 2 tom tat chi tiét dai gia tri dau vao ciing nhw két qua
bd siéu tham s téi wu cudi cung dwoc stir dung dé xay dwng mé hinh dw bao chinh thirc.

Bang 2. Khéng gian tim kiém va két qua ti wu siéu tham sb cho mé hinh RF

Gia tri t6i wu dwoc

Siéu tham sé Dai gia tri tim kiém chon
n_estimators [100; 200; 300; 400; 500] 300
max_depth [3; 4;5;6;7;8;9; 10] 7
min_samples_split [2; 4; 6; 8; 10] 2

min_samples_leaf [1;2; 3; 4; 5; 6] 1



Gia tri toi wu dwoc
chon

max_features ['sqrt’; 0,2; 0,5; 0,8] 0,8

DPé danh gia dd &n dinh va tinh 13p lai ctia bd siéu tham sé tbi wu da dwoc lwa chon,
nghién ctu thyc hién mé phéong Monte Carlo v&i 100 lan chay doc lap. Viéc danh gia
hiéu suat mé hinh chi dwa trén mét lan phan chia ngiu nhién cé thé dan dén nhirng sai
léch nhét dinh do d&c tinh phan bd ctia mau. Théng qua viéc tai Idy mau va huan luyén
lai mé hinh 100 lan véi cing mét bd siéu tham sé t6i wu, phwong phap Monte Carlo cho
phép dinh lwong muc dé bién dong cla cac sai s dw bao mot cach khach quan va toan
dién hon. Két qua thdng ké cac chi sb danh gia hiéu suat (bao gébm gia tri nhé nhat, Ion
nhét, gia tri trung binh, do 1&ch chuan (Std) va hé sbé bién thién (COV)) trén ca tap dao
tao va tap kiém tra sau 100 lan mdé phdng dwoc trinh bay chi tiét trong Bang 3.

Bang 3. Thdng ké cac chi sb6 danh gia hiéu suét ciia mé hinh RF sau 100 lan md phéng

Siéu tham sé Dai gia tri tim kiém

Monte Carlo
Chi sé Tap dir liéu GTNN GTLN TB Std COV (%)
Pao tao 136,57 172,44 154,38 8,02 5,2
RMSE (kN) N
Kiém tra 151,32 260,98 215,02 20,77 9,66
Pao tao 97,94 124,29 111 4,91 442
MAE (kN) N
Kiém tra 124,03 203,16 170,71 16,5 9,66
R? Pao tao 0,9802 0,9888 0,9854 0,002 0,2
Kiém tra 0,9602 0,9736 0,9647 0,0035 0,36
MAPE Pao tao 0,0297 0,0386 0,0341 0,0016 471
Kiém tra 0,0422 0,0761 0,0593 0,0069 11,64

Phan tich sb liéu tr BAng 3 cho thay cau hinh siéu tham sé ctia md hinh RF thé
hién d& én dinh ddng déu qua cac lan |1y mau. Hé sb xac dinh dat gia tri trung binh
0,9854 trén tap dao tao va 0,9647 trén tap kiém tra. DPang chu y, hé sb bién thién cua chi
s6 R2 & ca hai tap di¥ liéu déu duy tri & mirec thdp, twong (rng 1a 0,20% va 0,36%. S
phan tan nhd nay minh ching cho viéc mo hinh RF duy tri dwoc mirc dé phl hop cao
voi di¥ liéu thyee nghiém va it nhay cam véi su thay dbi ngau nhién cua tap mau dau vao.
Déi v&i cac dai lwong do lwdng sai sb, két qua trén tap kiém tra - vén phan anh nang luc
dw bao ddc 1ap ctia md hinh - ghi nhan sai sé phan tram trung binh tuyét di & mic trung
binh 5,93% v&i do léch chudn 1a 0,0069. Hé s COV cla cac chi s6 RMSE va MAE trén
tap kiém tra déu 14 9,66%, cho thay bién dd dao ddng cla sai s6 nam trong gi¢i han kiém
soat dudi 10%.

Sw 6n dinh cao ctia cac chi sd qua 100 1an mé phdng Monte Carlo khang dinh bo
siéu tham sé tbi wu thu dwoc tir tim kiém lwéi 1a dang tin cay, it nhay cdm véi s ngau
nhién cla qua trinh chia di¥ liéu va huén luyén. Do d6, bd siéu tham sb nay duoc lua
chon dé xay dwng mé hinh RF cudi cung va tién hanh cac phan tich giai thich tiép theo
bang SHAP va LIME.

3.2. Hiéu suéat cia mé hinh

Sau khi bo siéu tham s6 t6i wu dwoc xac dinh, moé hinh RF dwoc tién hanh huan
luyén lai trén tap di¥ liéu dao tao va dwgc danh gia trén tap kiém tra doc lap. Két qua dinh



lwong vé do chinh xac dw bao thong qua bon chi s6 R?, RMSE, MAE va MAPE duoc
tong hop chi tiet trong Bang 4.

Bang 4. Téng hop két qua danh gia hiéu suat md hinh RF

Tap dir liéu R? RMSE (kN) MAE (kN) MAPE
Dbao tao 0,986 157,739 114,193 0,034
Kiém tra 0,972 162,691 135,976 0,048
Toan bo dir liéu 0,984 159,259 120,806 0,039

Céc gia tri trong Bang 4 cho thay sw nhat quan gitra tap dao tao va tap kiém tra.
Cu thé, R? trén tap kiém tra chi giam nhe so v&i tap dao tao, trong khi RMSE va MAE
tdng khéng dang ké&. Biéu nay khang dinh mé hinh c6 kha nang khai quat héa tét va
khéng bi qua khép, phu hop véi yéu cau dy bao chinh xac kha ndng chiu lwc doc truc
cta cot DSTC.

Sy twong quan giﬂ’a kha nang chiu lyc doc truc thwe té va gia tri dw bao dwoc minh
hoa qua biéu d6 hdi quy & Hinh 2. Cac diém dr liéu trén ca tap dao tao (Hinh 2a) va tap
kiém tra (Hinh 2b) déu phan b tap trung va bam sat duwong h0| quy ly twéng y = x. Mire
doé phan tan hep nay xac nhan dw bao ctia md hinh cé d6 sai sb thap so vé&i thuc té trén
toan bé dai bién thién ctia kha nang chiu lwc doc truc.

Bén canh d6, Hinh 3 biéu dién sy phan bd sai sé dw bao théng qua biéu d6 toa do
cwe, trong d6 khoang cach tir méi diém dén tam thé hién do Ion cua sai sb tuyét doi.
Phan 1&n cac diém di liéu hoi tu & khu vire trung tam (bién dd sai sé thap, chi yéu duéi
240 kN), trong khi tAn suét xuat hién & vang bién ngoai (sai sb I&n) 1a rat thap. Viéc cac
diém sai s6 phan bd twong déi ddng déu theo cac hwéng quanh tdm ching té sai léch
ctia moé hinh mang tinh ngau nhién, khéng c6 xu hwédng sai léch hé thdng va hoan toan
nam trong gi¢i han cho phép cuta bai toan ky thuat két cau.
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Hinh 2. Biéu db hdi quy so sanh gia tri thuc té va dv bao clia mé hinh RF
trén tap dao tao va kiém tra
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a) - Tap di¥ liéu dao tao b) - Tap di liéu kiém tra
Hinh 3. Biéu d phan b sai s6 dw bao ctia mé hinh RF trén tap dao tao va kiém tra
3.3. Phan tich mrc d6 anh hwéng cua cac théng sb

DPé |am rd mirc dd6 déng godp cla tirvng bién dau vao vao két qua dw doan kha néng
chiu lyc doc tryc Pu, phan tich SHAP dugc thie hién trén moé hinh RF da huan luyén véi
bd siéu tham sb téi wu. SHAP cho phép phan bd gia tri dw bao cho tirng bién, tir d6 dinh
lwong ca tAm quan trong toan cuc lan chiéu hwéng tac déng cuc bd.

Hinh 4a trinh bay mic d6 quan trong toan cuc cta cac bién, dwoc tinh bang gia tri
tuyét déi trung binh ctia SHAP. Két qua cho thay dién tich 16i bé téng 1a yéu td chi phbi
manh mé& nhat v&i gia tri tdc dong trung binh I&n t&i 648,55. Tiép theo do, cwdng dé chiu
nén cla bé tdng va chiéu day 6ng FRP doéng vai trd quan trong thir hai va thir ba véi mic
do tac dong kha twong déng, 1an lwot dat 371,99 va 359,81. Nguore lai, cac thong sb lién
quan dén 6ng thép bén trong bao gém cwéong do chay va dién tich tiét dién thép c6 mic
dd anh hwéng thap nhéat (dat 182,71 va 62,81). Thir tw nay phu hop véi co ché chiu luc
ctia cot DSTC hinh elip, trong dé 16i bé tdng va I&p vd FRP 14 hai yéu té quyét dinh chinh
kha nang chiu nén [10].

Hinh 4b Ia biéu dé tém t&t phan phéi gia tri SHAP cho tirng bién. M&i diém dai dién
cho mét mau di liéu; vi tri trén truc hoanh thé hién mirc dd va chiéu hwéng dong gop
vao Pu (phia phai: tdng dw bao, phia trai: giam dw bao), trong khi mau sac biéu thi gia tri
thwe cta bién (d6: cao, xanh dwong: thap). Cé thé thay Ac c6 anh hudng tich cuc rd rét,
khi Ac tdng (diém mau dd), gia tri SHAP chd yéu dwong va cé do I16n Ién. Hai bién fc va
trrp cling chti yéu mang lai déng goép tich cwc. Ngwoc lai, As va fy cé pham vi anh hwéng
hep hon, v&i cac gia tri SHAP tap trung gan gia tri 0, cho thay hai bién nay it tdc dong
dén Putrong pham vi di¥ liéu nghién ciru.
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Hinh 4. Biéu d6 SHAP md ta chiéu huéng tac dong
cua cac thong so dau vao dén kha nang chiu lyc cta cot

DPé bd sung goéc nhin cuc bd, ky thuat LIME dwoc ap dung cho tirng mau cu thé.
Hinh 5 trinh bay két qua phan tich LIME cho mau sb 19 thudc tap kiém tra la mau co sai
sb 1&n nhéat (gia tri thwe té Py = 3.182,2 kN, gia tri dw bao ciia mé hinh 1a 2.808,3 kN).
Biéu db cho thay chiéu day éng FRP méng (trre < 1,06 mm) 1a yéu t tiéu cwc manh nhét,
lam gidm gan 600 kN so v&i gia tri co s&. Cudng dd bé tdng trung binh (28,95 <f.< 43,45
MPa) va tiét dién bé tdng khéng I&n ciing gop phan lam gidm dw béo. Yéu té duy nhat
dong gop tich cuwe la cwdng dd chay cua thép cao (364,50 < fy< 600,00 MPa), giup tang
thém khoang 370 kN.

Diéu dang chu y la két qua gidi thich cuc bd t LIME cho mau nay khac biét rd rét
so v&i mirc dd quan trong trung binh toan cuc thu dwoc tir SHAP. Trong khi SHAP xac
dinh Ac1a bién chi phdi manh nhét trén toan bo tap dir liéu, thi déi véi mau cu thé nay (co

Gia tri cGa bién




gia tri trre thap), chiéu day 6ng FRP lai tré thanh yéu tb tiéu cuwc chiém wu thé. Sy khac
biét nay thuwdng xuét hién & cac mau céd gia tri dac trweng cyc doan hoac khi tdn tai twong
tac phire tap gitra cac bién, giup lam ndi bat nhirng trwdng hop ma md hinh can duoc
kiém tra ky hon trong thuc tién [11].

LIME: Phan tich nguyén nhan dy doan cho méu cdt s6 19
(Thuc té P, = 3182.2 kN | Dy dodn = 2808.3 kN)
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Hinh 5. Giai thich LIME cuc b0 cho kha n'éng chiu lwc doc truc duw doan
ctia mau c6t s6 19

4. KET LUAN VA KIEN NGHI

Nghién ctu nay da tng dung thuat toan Rirng ngau nhién két hop véi cac ky thuat
giai thich mé hinh SHAP va LIME dé dw bao va phan tich kha nang chiju lwc doc truc cta
cot dng thép bé tdng composite hai I&p FRP hinh elip. V&i R? = 0,984 trén toan bd div
liéu va dé 6n dinh dwoc kiém chirng qua 100 1an mé phdng Monte Carlo (hé sé bién thién
cta R? dwéi 0,36%), md hinh cho thdy kha ndng khai quat hoa tét va it nhay cadm voi sw
ngau nhién cla tap di¥ liéu. Phan tich SHAP xac dinh dién tich 16i bé téng, cwdng dd bé
téng va dd day 6ng FRP la ba théng sb c¢6 anh hwéng chinh. Phan tich LIME lam ré sw
khac biét gitra gidi thich toan cuc va cuc bd tai cac mau co gia tri dac trwng bién hodc
twong tac phiec tap.

Két qua nghién ctru cho thay phwong phap két hop hoc may véi cac kj thuat g|a|
thich m6 hinh cung cap mot cong cu dy bao chinh xac va minh bach, hé tro ki sw két
cau trong viéc lya chon théng s6 thiét ké. Dya trén nhirng két qua thu dwoc, nghién ctru
kién nghi m& réng bé di¥ liéu huén luyén bang cach b sung cac két qua thi nghiém thuc
té. Dong thoi, phwong phap nay cé thé dwoc phat trién thém dé dw bao (rng xt clia cot
DSTC hinh elip duwéi cac diéu kién tai trong phirc tap hon, chdng han nhw nén 1éch tam,
tai trong chu ky hoac tai trong va dap.

TAI LIEU THAM KHAO

[1] A. Hamoda, M. Ghalla, S.A. Yehia, M. Ahmed, A.A. Abadel, A. Baktheer, R.I.
Shahin. Experimental and numerical investigations of the shear performance of
reinforced concrete deep beams strengthened with hybrid SHCC-mesh. Case Studies in
Construction Materials, 21, 2024, doi: 10.1016/j.cscm.2024.e03495.



[2] F. Yuan, J. Pan, C.K.Y. Leung. Flexural Behaviors of ECC and Concrete/ECC
Composite Beams Reinforced with Basalt Fiber-Reinforced Polymer. J. Compos. Constr,
17, 591-602, 2013, doi: 10.1061/(ASCE)CC.1943-5614.0000381.

[3] B.-L. Lai, M.-Y. Zhang, Z.-P. Chen, J.R. Liew, Y.-Y. Zheng. Axial compressive
behavior and design of semi-precast steel reinforced concrete composite columns with
permanent ECC formwork, in: Structures, Elsevier, 2023, doi: 10.1016/j.istruc.2023.105130.

[4] A. Hamoda, R.l. Shahin, M. Ahmed, A.A. Abadel, S.A. Yehia. Flexural behaviour
of normal concrete circular beams strengthened with ECC and stainless steel tubes.
Magazine of Concrete Research, 77, 171-188, 2025, doi: 10.1680/jmacr.24.00137.

[6] J.-d. Zeng, J.-F. Lv, G. Lin, Y.-C. Guo, L.-J. Li. Compressive behavior of double-tube
concrete columns with an outer square FRP tube and an inner circular high-strength steel
tube. Construction and Building Materials, 184, 668-680, 2018, doi:
10.1016/j.conbuildmat.2018.07.034.

[6] Z. Bing, F. Guisen, W. Wei, Z. Ningyuan, Z. Qianbiao, H. Xiamin. Behavior of
elliptical GFRP-concrete-steel doubleskin tubular columns under axial compression.
Journal of Building Structures, 40, 185-191, 2019.

[7] H.-B. Ly. An interpretable machine learning-based measurement system for
predicting the compressive strength of concrete at elevated temperatures. Measurement,
120273, 2025, doi: 10.1016/j.measurement.2025.120273.

[8] TA. Nguyen. Versatile predictive modeling of CFDST columns using diverse FRP
types: CATBOOST and advanced optimization techniques. Structural Concrete, 2026,
doi: 10.1002/suco.70522.

[9] F. Yu, H.F. Isleem, W.J. Almoghayer, R.I. Shahin, S.A. Yehia, M. Khishe, M.K.
Elshaarawy. Predicting axial load capacity in elliptical fiber reinforced polymer concrete
steel double skin columns using machine learning. Scientific Reports, 15, 2025, 12899,
doi:10.1038/s41598-025-97258-y.

[10] T. Ozbakkaloglu, B.L. Fanggi. Axial Compressive Behavior of FRP-Concrete-
Steel Double-Skin Tubular Columns Made of Normal- and High-Strength Concrete. J.
Compos. Constr, 18, 2014 04013027, doi: 10.1061/(ASCE)CC.1943-5614.0000401.

[11] C. Cakiroglu, K. Islam, G. Bekdas, S. Kim, Z.W. Geem. Interpretable Machine
Learning Algorithms to Predict the Axial Capacity of FRP-Reinforced Concrete Columns.
Materials, 2022, 15, 2742, doi:10.3390/ma15082742.



