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Abstract. Predicting the shear capacity of reinforced concrete (RC) beams strengthened with
Ultra-High-Performance Concrete (UHPC) has become a significant subject of international
research. However, experimental data remain extremely limited due to the high costs
involved. This study proposes a Gaussian-based data augmentation framework to improve
the predictive performance of shear resistance for UHPC-strengthened RC beams. Four
machine learning models - Random Forest (RF), KNN, LightGBM, and XGBoost—were
employed for evaluation. To ensure an unbiased assessment of generalization capability, the
testing process was conducted exclusively on the original experimental dataset. The results
indicate that models trained solely on limited experimental data exhibit substantial errors.
After applying data augmentation, the performance of most models improved significantly,
except for the K-Nearest Neighbors model. Among them, the XGBoost model achieved the
best performance, with a test R2 of 0.949, MAE of 36.558 kN, and RMSE of 54.737 kN. The
findings indicate that the proposed approach effectively addresses data scarcity, providing a
dependable solution for assessing and designing RC beams retrofitted with UHPC.
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Tom tat. Viéc du béo kha ning chiu cit cua dam bé tong cdt thép (BTCT) dugc ting cudng
bang 16p bé tong siéu tinh niang (UHPC) dang 1a hudng nghién ciu thu hat nhiéu quan tam
hién nay. Tuy nhién, di liéu thuc nghiém con rat han ché do chi phi cao. Nghién ctru nay dé
XUAt phuong an ting cuong dit liéu dua trén phan phbi Gaussian nham nang cao hiéu suat dy
bao sirc khéng cit cia dam BTCT duoc ting cuong bai UHPC. Bén md hinh hoc may bao
gom: Random Forest (RF), KNN, LightGBM va XGBoost d duoc sir dung dé danh gia. Qué
trinh kiém tra duoc thuc hién hoan toan trén tap dit liéu thuc nghiém gbc dé dam bao danh
gia khach quan kha nang khai quat hoa. Két qua cho thiy cac mé hinh chi huan luyén trén dix
liéu thuc nghiém bi han ché va cd sai s6 kha 16n. Sau khi 4p dung ting cuong dir liéu, ngoai
trir md hinh KNN, hiéu suét cua cac mé hinh khac duoc cai thién rd rét. Mo hinh XGBoost
dat higu qua cao nhat véi R2 kiém tra Ién t6i 0,949, MAE = 36,558 kN va RMSE = 54,737
kN. Ket qua nay gidp giai quyét hiéu qua tinh trang khan hiém dit liéu. Céch tlep can nay
cung C4p mot phuong an tin cay cho viéc danh gia va thiét ké ting cuong cac dam BTCT
bang bé tong UHPC.

Tir khéa: Tang cuong dir liéu, Kha nang chiu cit, UHPC, M6 hinh hoc may.
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1. PAT VAN PE

Dam bé tdng cbt thép (BTCT) duoc stra chita, ting cudng bai bé tong siéu tinh ning (Ultra-
High-Performance Concrete — UHPC) dang ngay cang thu hit sy quan tdm trong linh vuc két
cau cong trinh cu va gilp ting dang ké kha nang chiu udn, cit, ting do bén lau va kha nang
chdng lai tac dong xam thuc cua mai tredng. Nhiéu nghién ctu thue nghiém da dugc thuc hién
nham dénh gi4 (ng xir ubn, cét ciia cac dam BTCT duoc sira chita hoc ting cudng bang UHPC
trong cac truong hop khac nhau [1], [2], [3]. Cac cong thuc giai tich ly thuyét ciing da dugc dé
xuit nham xem xét anh huéng cia UHPC trong trong viéc tang cuong kha nang chiu cit cua
dam BTCT. Tuy nhién, cdng thtic giai tich dé tinh kha ning chiu cét cho dam BTCT duoc ting
cudng UHPC van dya trén cac gia thiét co hoc don gian hda. Nhitng mé hinh nay thuong chua
mo ta day du duogc tinh phi tuyén, ciing nhu tuong tac phirc tap gitra bé tong cii va 16p UHPC
gia cuong, mbi quan hé twong quan giita cac tham s6 nhu dic trung hinh hoc, ddc trung vat li¢u
nhu bé tong, UHPC va c6t thép.

Mic du céc tiéu chuan thiét ké hién hanh nhu Eurocode 2 [4] va mot s6 tiéu chuan quéc té
cung cp cong thuc Iy thuyét xac dinh kha néng chiu cat cua dam BTCT truyén thong, tuy nhién
nhu khong €6 cong thuc tinh cac cau kién duoc ting cuong bang UHPC. Cac nghién ctu kinh
dién vé tng Xt cat cua dam BTCT va cac mo hinh phi tuyén tuy dong gop quan trong cho hiéu
biét co ban, nhung ching van phu thudc nhiéu vao tap thong s6 ¢ dinh va khd thich ung véi
cac t6 hop vat liéu phuc tap va bién thién ngau nhién [5], [6].

Dé khic phuc han ché 4o, cac nghién ctru gan day da tng dung cac md hinh tinh toén tién
tién va phuong phap phan tich dua trén dit liéu vao phan tich dam BTCT dugc tang cudng boi
bé tong UHPC. Cac md hinh hoc mdy (Machine learning) cho phép xéc dinh mdi quan hé tot
hon ung xtr ciia két cau hybrid UHPC va bé tong thuong [7]. Dong thoi, cac phuong phap hoc
may va hoc séu da chung minh tiém ning vuot troi trong viéc nam bat méi quan hé phi tuyén
gita dac tinh vat liéu, thong sb hinh hoc va kha ning chiu cit cuc han dya trén co s di liéu thi
nghiém [8]. Cac md hinh ML dya trén dir liéu mang lai mot hudng tiép can méi day haa hen
nham nang cao do chinh x&c va tinh 6n dinh cua du bao sic khang cat cua dam BTCT duoc
tang cuong bang UHPC.

Tuy nhién, thach thac [on dat ra 13 sb luong thi nghi¢m vé dam BTCT tang cuong UHPC
con han ché do chi phi vat liéu cao, Yéu cau gia cong mau phirc tap va quy trinh thu nghiém
tuong dbi ton kém. Diéu ndy dan dén co so dit liu thi nghi¢m vé van dé nay nho, gay anh
huong dang ké dén kha ning du béo clng nhu tong quat héa cua cac mo hinh hoc may. Nham
cai thién van dé nay, cac nghién cau gan ddy di quan tdm nhiéu hon dén céc ki thuat mo rong
dir liéu (data augmentation) hay con goi 14 ting cuong dir liéu nhu mot giai phap hiéu qua dé
lam giau cac bo dir liéu nho ma van bao toan duogc ban chét théng ké cua ching [9]. Trong s6
d6, cac phuong phap tao sinh dir liéu dya trén phan phdi Gaussian dugc xem 1a mot ki thuat
don gian, nho kha nang mé rong di liéu méi dua trén cau tric trung binh — phuong sai cua dit
lieu gbc, ddng thoi han ché tao ra cac mau khong thyc té [10]. Phuong phap nay di dugc sir
dung trong nghién cau gan day nham ting cuong dir liéu dé cai thién thuat toan PSO-ANN dé
du bao dy bao dam BTCT DUL [11]. Ngoai thuat toan Gaussian con mot sé nghién ctiu sir dung
TGAN [9], ... dé tang cuong dir liéu. Trong nghién ciru nay chung t6i di sdu vao phan tich viéc
sir dung Gauss dé ting cudng dir liéu.

Nhim danh gia tinh hiéu qua ctua phuong phép tao sinh dix liéu theo Gaussian trong du bao
kha niang chiu cit cia dam BTCT duoc ting cudng boi bé tong UHPC, nghién ciru nay dugc
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trién khai theo ba budc chinh nhu sau:

- Buwdéc 1 — Xay dung co sé dir liéu thi nghiém: Bo dit liéu gc (Dit liu A) gdbm 69 mau
duoc tong hop, phan anh tng xu chiu cat cia dam BTCT duoc ting cuong bai bé tong
siéu tinh nang UHPC.

- Budéc 2 — Tqo sinh di lidu theo Gaussian: Phuong phap Gaussian duoc ap dung dé tao
thém 276 mau di liéu tong hop, hinh thanh tap dit liéu méi (Dit liéu B) nham mé rong
khong gian dit liéu ma van duy tri dic tinh théng ké caa bo dir liéu géc.

- Budc 3 — Xay dung phuong dn md hinh héa: hai phuong an duoc dé xuét dé danh gia
vai tro cua viéc tang cuong dir liéu nhu sau:

v' Trudng hop 1: Huan luyén & kiém tra mot sé6 md hinh hoc may trén Dit liéu A.
v' Trudng hop 2: Huan luyén mé hinh trén D liéu B va kiém tra bing Dit liéu A
dé danh gia kha nang khai quat hoa cua dit liéu méi duoc tao sinh.

Trong mdi truong hop, dir liéu dugc chia ngau nhién theo ty 1& 80% dit liéu dé phuc vu
huan luyén va 20% di liéu con lai sir dung dé kiém tra. Toi uu céc siéu tham sé cua cac mo
hinh hoc may duoc thuc hién bang GridSearch két hop 5-fold cross-validation. Cubi ciing, hiéu
suat dy béo cuia bon thuat toan hoc may — Random Forest (RF), k-Nearest Neighbors (k-NN),
XGBoost va LightGBM — duoc danh gia va so sanh trong moi truong hop.

2. PHUONG PHAP NGHIEN CUU

2.1. Thu thap dir liéu tir cac nghién ctru thwe nghiém

Mot tap dix liéu gom 69 mau thi nghiém da dugc tong hop dua trén 08 cong bd khoa hoc
trude day [12], [13], [14], [15], [16], [17], [18], [19]. Mét quy trinh k§ thuat tién xir Iy va xay
dung dic trung (feature engineering) dugc &4p dung nham thiét l1ap cac bién dau vao, sau cing
21 bién dau vao dugc lya chon va 01 bién dau ra.
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Hinh 1. So hoa céc tham sé dam BTCT dugc ting cuong kha ning chiu cit boi bé tong UHPC.

_ Céc mau thi nghiém duoc thu thap thé hién su bién thién & nhiéu thong s6 quan trong, bao
gom kich thudc dam, ham luong cot thép doc va cot dai, chiéu day I6p UHPC tang cuong,
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cuong d6 nén caa UHPC va cuong do chiu nén cua bé tobng thuong, cuong do chay cua thép
cdt, cling nhu ham lwong va ty s hinh hoc cua sgi thép trong bé tong UHPC. Hinh 1 trinh bay
so dd minh hoa ciu tao dién hinh cua mot dam BTCT dugc ting cudng bang UHPC cling cac
thong sé hinh hoc — co hoc dic trung, trong khi Bang 1 tom tat chi tiét toan bo dit liéu thi
nghiém duoc téng hop st dung trong nghién ctu.

Trong nghién ciru nay, mot bo dir liéu da duoc xay dung dwa trén céc thi nghiém vé dam
BTCT duoc ting cudng bai UHPC. Hai muoi hai tham sb dau vao dai dién dugc xem xét nhu
cac bién du bao kha ning chiu cit cuc han (Vu) cua dam BTCT ting cuong UHPC. Cac bién sb
lién tuc bao gom: chiéu rong dam (b), chiéu cao tiét dién (h), chiéu dai cao hitu hiéu (dp), ty s6
giit chiéu dai cat va chiéu cao hitu hiéu (a/d), cuong d6 nén caa bé tong thuong (f'c), ty 1& cot
thép doc & dudi mat cat (py) ty 1§ cot thép doc & trén mit cét (p*)va ty 1¢ cot dai (py) trong viing
bé tong thuong, giéi han chay cét thép thuong doc dudi, trén va cot thép dai (fyt, fyt’,fyv), kich
thudc UHPC tang cuong theo chidu cao va chiéu rong rong dam (hy, t1, ha, t2), dién tich tiét
dién UHPC ting cudng (Sunrec), ty 18 cbt thép doc (prunrc) Va ty 16 cbt dai (pv unec) trong 6p
UHPC tang cudng, cuong do chay cia cét thép doc (fyt unpc) va cot dai (fyv umpc) clia cot thép
trong 16p UHPC, cuong d6 nén UHPC (f'c unpc) nhu minh hoa & Hinh 3.

Bang 1. Thong tin thng ké cua cac tham sb cia 69 mau thi nghiém.

No Feature Type Units Min Max Mean Median Std
1 h X1 mm 193 690 337,54 300 109,12
2 b X2 mm 82 210 155,94 150 32,62
3 dp X3 mm 167 540 291,62 275 98,25
4 a/d X4 - 0,97 3,65 2,44 3 0,87
5 fe’ ne X5 MPa 20,1 65 39,29 36,3 12,49
6 Pt X6 % 0,21 4.49 2,28 2,72 1,16
7 pt’ X7 % 0,19 1.15 0,51 0,52 0,25
8 pv X8 % 0,00 0.67 0,25 0,20 0,23
9 fyt X9 MPa 420 610 519,25 537 54,73
10 fyt’ X10 MPa 0 610 383,30 443 236,64
11 fyv’ X11 MPa 0 610 322,72 340 214,88
12 h1 urec X12 mm 0 425 174,77 193 183,28
13 t1 unpc X13 mm 0 60 17,25 10 20,06
14 h2 urec X14 mm 0 320 127,77 150 107,91
15 t2 unrc X15 mm 0 90 25,72 30 23,25
16 S unrc X16 mm? 0 67200 17058,12 10000 18264,82
17 Pt uHPC X17 % 0 9.42 0,86 0 2,19
18 Pv uHPC X18 % 0 2.39 0,12 0 0,42
19 fyt unpc X19 MPa 0 1550 127,23 0 272,54
20 fyv urec X20 MPa 0 1550 53,98 0 215,24
21 fe’unpe X21 MPa 106,5 158,4 139,02 135,37 13,68
22 Vy Y kN 16,9 955 264,94 191,5 229,88

B0 dir li€u thi nghiém ban dau thé hién sy bién thién dang ké gitra cac thong s6 hinh hoc,
co hoc vat lidu va dic trung cdt thép ciia ddm. Hau hét cac bién dau vao déu cé phan bd khong
déng déu va c6 xu hudéng Iéch nhe, phan 4nh cac lya chon thiét ké roi rac va cac rang budc
trong qua trinh thyc hién thi nghi€ém hon 1a sy bién thién ngau nhién thuan tuy. Céc dac tinh vat
lidu va ty 1& c6t thép chu yéu tap trung trong nhitng khoang gia tri twong ddi hep, trong khi chi

301



Tap chi Khoa hoc Giao théng van tai, Tap 77, S6 03 (4/2026), 297-312

mot sd it mau dai dién cho cac cau hinh cudng d6 cao hodc mirc d6 cdt thép 1on (Hinh 3).

Bién dau ra — kha ning chiu cit cuc han (Vu) — trai rong trén mot pham vi 16n thay doi tir
16,9 kN den 955 kN, cho thdy su da dang ctia kha ning chiu cit do anh huéng dong thoi cua
nhiéu yéu tb tuong tac. Cac dic diém phan bd ndy phan anh pham vi dit liéu thi nghiém con
han ché va su khong déng nhét vén c6 cta cac mau thir, tir d6 nhdn manh nhu cau ap dung cac
k¥ thuat ting cuong hay mé rong dir li¢u (data augmentation). Viéc mé rong dir li¢u gitip ting
d6 bao phu cua khong gian dic trung, ddng thoi cai thién d6 6n dinh va kha nang khéi quat cta

cac md hinh hoc may duoc xay dung trong cac budc tiép theo.
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Hinh 2. Ma trin twong quan dit liéu thu thap duoc.
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Hinh 2 thé hién mbi quan hé twong quan giita cac bién, ciing nhu cac bién anh huong dén
kha nang chiu cit ctia dim sau khi duoc ting cuong bai UHPC. Cac bién c6 anh huong 16n nhat
dén kha niang chiu cit ciia ddm sau khi dugc ting cuong boi UHPC 1an luot 13 chiéu cao dam
(0,65); chidu cao huu hiéu (dp); dién tich Sumpc bd sung, bé rong dam phu hop véi cac tham sd

anh huong dén kha nang chiu cit cia dim BTCT.
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2.2 Tao sinh dir liéu thong qua thuit toan Gaussian Mixture Model (GMM)
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Hinh 3. So sanh phéan phdi mat d6 xac suit gitra tap dit liéu gdc va tap dit liéu duoc tao boi GMM.
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Xuat phat tir thiéu cac két qua thuc nghiém va dic tinh rdi rac caa bo dit liéu ban dau, mo
hinh hén hop Gaussian (Gaussian Mixture Model — GMM) hoic phuong phap mé rong dir liéu
dua trén phan phdi Gaussian dugc ap dung trong nghién ctru nay nhim tao thém cac mau dir
lidu méi trong cac khoang gia tri hop 1y vé& mat théng ké, qua dé cai thién d6 6n dinh va do tin
cay cua cac mo hinh du bao [5].

Trong nghién ctru nay, GMM dugc str dung dé phat sinh thém 276 mau dir liéu téng hop,
gap 4 1an s6 luong dir liéu thue nghiém thu thap duoc. Viéc mo rong nay giup tang kich thuse
b6 dir liéu 1én mirc du 16n dé danh gia dang tin cay 69 mau thi nghiém ban dau, dong thoi nang
cao kha ning str dung mé hinh hoc méy khai quat hoa tmg xir chju cit cia ddm BTCT dugc
tang cuong béng UHPC. Phén b dit liéu trudce va sau khi mé rong dir li¢u dugc minh hoa trong
Hinh 3. Do viéc phan bb dir liéu gc nhu trong Hinh 3 ¢6 2-3 dinh thay d6i. Nén mo hinh GMM
trong nghién ctru nay tham sé cia mé hinh Gaussian dugc lua chon nhu sau: S6 lugng thanh
phan (n_components = 4): Dit liéu duoc gia dinh 12 su két hop ctia 4 phan phdi chudn (Gaussian)
thanh phan. Viéc lya chon K=4 cho phép mé hinh linh hoat trong viéc bat kip cac dic trung da
dinh (multimodal) cta dir liéu thuc té; Loai hiép phwong sai (covariance type = "full") cho
phép mdi thanh phan Gaussian so hitu mot ma tran hiép phuong sai riéng biét va day du. Nghién
ctru anh hudng cia céc loai tham s6 Gausian dén d6 chinh xéc cta viéc hoc s& duge thuc hién
O cac nghién cuu khac.

Hinh 3 cho thay su tuong ddng chit ché giita cac phan bd mat do xac suat cua dir liéu goc
va dit liéu tao sinh tir GMM, chtng té mé hinh GMM c¢6 kha ning bao toan dic trung thong ké
cua dir li¢u thi nghiém va phu hop dé sir dung cho muc dich m¢ rong dir li€u trong cac bai toan
hoc may.

2.3 Trinh tw huin luyén va tinh toin

[ Thu t_!_]élp Data ]

[ Dit liu A: 69 dit lieu ) ] — [Di'r liéu B: tao sinh 276 dit liéu]
I I
( Phuong an l | ( Phuongan2 |

80 % dir lidn ‘—.‘ 20%diliéu | ( Dit liéu A dé danh | Dataset B dé |
. dé huan luyén dé danh gia ia huén luyén

_ 5-fold

Thuét toan :

[ sit dung “Grid | + Random Forest
search” dé tim « KNN
siéu tham s6

+ Xgboost
+ LightGBM

Thuat toan :E,zmg

tot nhat -MAPE
J - RMSE

Hinh 4. So d6 phuong an nghién ciru.
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Dua trén cac bo dir liéu dd xay dung, hai phwong an duoc trién khai nham danh gia mot
cach c6 hé thdng hiéu qua cua phuong phép tang cuong dit liéu dua trén phuong phap Gaussian
(Hinh 4). Tap Dix liéu A bao gom 69 mau thi nghiém goc, trong khi tap di liéu B chura 276 mau
dir liéu duoc tao sinh biang phwong phap Gaussian. Doi vai tat ca cac md hinh hoc may, di liéu
trong mdi phwong an duoc chia theo ty 16 80% cho huan luyén va 20% cho kiém tra va danh
gié.

« Phuong an 1 sir dung duy nhat dir liéu A, trong d6 cac mé hinh duoc huan luyén va danh
gia dua trén dit liéu thi nghiém géc.

_* Phuong 4n 2 st dung Dit lieu B cho qua trinh huan luyén mé hinh, sau d6 mé hinh da
huan luyén duoc kiém tra, danh gia Dir liéu A.

Cau trlic so sanh nay cho phép danh gia toan dién anh hudng cia phuong an tao sinh dit
liéu Gaussian dén do chinh xac va kha nang tong quat caa mé hinh hoc may, anh hudng dén do
chinh xac cua viéc du bao.

Pé dam bao sy so sanh cdng bing va dang tin cdy, viéc tim céc siéu tham sé
(hyperparameter optimization) dugc thuc hién cho tat ca cac méd hinh hoc may bang phuong
phap GridSearch két hop véi kiém dinh chéo 5 1an (5-fold cross-validation) trén tap huan luyén.
Quy trinh nay nham tim ra bo siéu tham sé ti wu giap giam sai léch mé hinh (bias), giam
phuong sai (variance), dong thoi cai thién kha ning khai quat hoa.

Trong nghién ctu nay chdng tdi sir dung 04 thuat toan hoc may phé bién dé danh gia va so
sanh. Céac thuat toan dugc sir dung la: Random Forest, KNN, XGBoost va LightGBM.
2.3.1. Random Forest Regressor (RF)

Random Forest Regressor (RFR) [20] la mét k§ thuat hoc may dang t6 hop (ensemble
learning) pho bién, duoc xay dyung dua trén viéc két hop nhiéu cay quyet dinh dé cai thién do
chinh xé&c du bao. Khac véi cac mé hinh cdy don 1é hodc céc bién thé cuc doan khac, RFR tim
kiém sy can bang bang céch lva chon ngudng chia téi wu dya trén mot tap con cac dic trung
duoc chon ngau nhién tai mdi nut. Co ché nay gilp giam bat su phy thudc vao cac bién thé
manh, tir 46 giam phuong sai va ting tinh 6n dinh cho mé hinh.

Trong bai toan hdi quy, gia tri du béo cudi cung dugc xac dinh béng phuong phéap Bagging
(Bootstrap Aggregating), tuc Ia lay trung binh két qua cua toan b cac cay thanh phan. Bang
cach két hop giira viéc lay mau dir liéu c6 thay thé va ti uu héa cuc b tai cac nat, RFR dat
duogc kha nang khai quat hoa vuot troi va kiém soat hién twong hoc thudc long (overfitting) mot
cach hiéu qua. Nho cdu tric manh mé va it nhay cam véi cac tham sé mic dinh, RFR di tré
thanh mot cong cu tiéu chuan va dang tin cay trong viéc giai quyét cac bai toan ky thuat va khoa
hoc dit liéu cé cau tric phuc tap.

2.2.2. K-Nearest Neighbors (KNN)

Thuat toan k-Nearest Neighbors (KNN) [21] l1a mot phuong phap hoc dua trén vi du
(instance-based learning), trong d6 qua trinh du doan dwoc thuc hién thong qua muc do twong
dong gitra cac mau trong khong gian dic trung. Khac voi cac m hinh c6 giai doan huan luyén
ro rang, KNN khong xay dung mo hinh tudng minh ma thay vao d6 xac dinh k mau 1an can gan
nhét ciia diém can du doan dua trén mot thude do khoang cach di chon (thuong ding khoang
cach Euclid, Minkowski hoac Manhattan).
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Déi véi bai toan hdi quy, gia tri du doan duoc tinh bang trung binh dap (ng cua cac diém
lan can. Nho ban chat phi tham sé, KNN c6 kha ning mé ta tét cac quan hé phi tuyén phuc tap
trong dit liéu. Tuy nhién, hiéu suat cia KNN phu thudc dang ké vao viéc lua chon tham sé K,
phuong phap chuan héa dic trung, va mat 6 phan b dir lidu; trong do6 dir li¢u thua hoac co
nhiéu nhiéu cé thé 1am suy giam d6 chinh xac cia mé hinh

2.2.3. Extreme Gradient Boosting (XGBoost)

XGBoost [22] la mét thuat toan tang cuong (gradient boosting) tién tlen xay dung mot tap
hop (ensemble) cac cay quyet dinh theo ting budc tuan tu, trong d6 mdi cdy mai dugc huan
luyén dé hiéu chinh sai s6 con lai cia mé hinh truc d6. Thuét todn nay tich hop cac thanh phan
regularization truc tiép vao ham muc tiéu nham kiém soat do phirc tap cua md hinh va giam
hién tuong qué khop.

~Nho co ché xay dung cay hi¢u qua, kha nang xir Iy song song va tdi uu héa qué trinh toi
thiéu hoa hémqmﬁt mat, XGBoost mang lai do chinh xac du béo cao va kha nang mé rong tot.
Nhing dédc diém nay dac biét phu hop khi xu ly dir liéu dang bang trong cac bai toan hoi quy
k¥ thuat.
2.2.3. LighGBM

LightGBM (Light Gradient Boosting Machine) [23] la mét thuét toan hoc may nang cao
dua trén cau truc cay quyét dinh (GBDT), duoc t6i wu hoa cho hiéu suat va toc do xur ly dir liu
I6n. Khac véi cac md hinh truyén thdng, LightGBM sir dung chién lugc phat trién cay theo
chiéu doc (Leaf-wise), tp trung téi wu hoa cac nut 14 cd muc giam ton that cao nhat dé tang do
chinh xac. Hai ky thuat dot pha 1a GOSS (ldy mau dwa trén d6 dbc) va EFB (gom cum ddc
trung) giup mo hinh glam dang ké thoi gian huan luyén va muc tiéu thy bo nhd ma van kiém
soat tt hién twong qua khop (overfitting). Pay 1a cong cu manh mé trong viéc xir Iy cac bai
toan phi tuyén phirc tap véi do on dinh cao.

2.2.3. Panh gia hi¢u qua md hinh

Dé danh gia nang luc dy bdo cua cac md hinh hoc méay duge dé xuat, bén chi sé théng ké
duoc st dung, bao gom hé sb xac dinh (R?), can bac hai cua sai s6 binh phuong trung binh
(RMSE), sai s6 phan tram tuyét ddi trung binh (MAPE) va sai s6 tuyét dbi trung binh (MAE).
Céc chi s6 nay dugc céng nhan rong rai trong viéc danh gia hiéu suit hoi quy trong cac ung
dung k¥ thuat két cau. Nhin chung, gia tri R2 cang 16n va tién gan dén 1 cho thiy mic d6 tuong
quan manh gitta gia tri du doan va gia tri thuc nghiém, trong khi cac gia tri nho cua RMSE,
MAPE va MAE phan anh d6 chinh xac du bao cao hon va sai s6 woc lugng giam xudng. Cac
cong thue tinh toan cua cac chi s6 danh gia nay duoc trinh bay dudi day:

— Zl 1(3/1 YL) (1)
Rp=1- YL (i=91)?
N 2
RMSE = \[Z L i — 903 @)
1 lyi—9il
MAPE = |3l  *=5 3)
MAE = - ¥, |y; - 9il (4)
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3. KET QUA THi NGHIEM VA PANH GIA

3.1. Panh gia hi¢u ning ctia cac mo hinh

C4c siéu tham s6 tdi uu thu duoc cho timg mé hinh duoc téng hop trong Bang 2, trong dé
t6ng hop gia trji cua cac siéu tham sb cho hiéu suat tét nhat trong qué trinh Grid Search. Cac
thiét 1ap tham sé ndy phan anh dic trung riéng cua tirng thuat toan va nhan manh vai trd quan
trong cua tdi wu siéu tham sb trong viéc ning cao do chinh xé&c du bao. Sau giai doan téi wu,
hiéu suat du doan cua tit ca cac mé hinh dugc danh gia va so sanh bang bdn chi sé thong keé:
R2, MAE, (MAPE) va RMSE. Hiéu suat dy doan cta bén md hinh hoc may theo Truong hop |
(chi st dung Dit liéu A) va Truong hop 2 (huan luyén trén dit liéu B va kiém tra trén Dit liéu
A) lan lugt duogc tong hop trong Bang 3 va Bang 4. Sy khac biét r rét vé do chinh xéac caa mo
hinh hoc may va kha ning khéi quat hoa c6 thé dugc danh gia khi so sanh sé liéu cia hai truong

hop nay.
Bang 2. Siéu tham s6 t6i wu cua cac md hinh hoc may.
No | Model Siéu tham s6 t6i wu cia cac md hinh hoc may
Phwong 4n 1 Phwong 4n 2
1 Random | max_depth 5 7
Forest max_features sqrt 0.8
min_samples_leaf 1 1
min_samples_split 2 2
n_estimators 500 300
2 KNN n_neighbors’: 5 5
p 1 1
Weights uniform uniform
3 XGboost | Learning rate 0.05 0.05
max_depth 2 3
n_estimators 600 400
Subsample 0.7 0.8
colsample_bytree 0.7 0.9
reg_alpha 0.1 0.5
reg_lambda 10 1
4 Max_depth 2 2
Min_child_sample 10 20
Light GBM | n_estimators 300 600
Subsample 0.7 0.7
Learning rate 0.05 0.05
Bang 3. Hiéu suat du doan trung binh ciia cac mé hinh theo Phwong an 1.
STT | M6 hinh Tap dir ligu dé huan luyén Tap dir ligu dé test
R2 MAE MAPE | RMSE R2 MAE MAPE RMSE
1 RF 0.977 | 23.342 | 16.107 | 33.863 0.873 40.504 26.040 56.368
2 KNN 0.879 | 47.718 | 24.966 | 77.858 0.825 40.810 24.381 60.083
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3 Light 0.975 | 24.093 | 13.199 | 35.660 0.850 46.906 28.724 67.447
GBM
4 XGboost | 0.984 | 17.403 9.382 28.241 0.874 36.558 24.816 54.737

Bang 4. Hiéu suat du doan trung binh ciia cac mé hinh theo Phuwong 4n 2.

STT | M6 hinh Tap di ligu dé huan luyén Tap dir liéu dé test
R2 MAE | MAPE | RMSE | R2 MAE | MAPE | RMSE
1 RF 0.991 | 15424 | 12.978 | 21.514 | 0.948 | 40.504 | 26.040 | 56.368
2 KNN 0.895 | 44.918 | 35.168 | 71.839 | 0.791 | 40.810 | 24.381 | 60.083
3 Light 0.978 | 25438 | 17.042 | 33.135 | 0.921 | 46.906 | 28.724 | 67.447
GBM
4 | XGboost | 0.997 | 8.833 8.014 | 11.400 | 0.949 | 36.558 | 24.816 | 54.737

Déi v6i phuong an 1, tat ca cac md hinh déu thé hién do chinh xac huén luyén rét cao, dic
biét 1a cac thuat toan dang tip hop (ensemble) nhu XGBoost va Random Forest (RF). Hiéu suat
huan luyén: XGBoost dat hiéu suat 4n tugng nhat trén tip huan luyén véi R? = 0,984, di kém
v6i sai s6 thap nhit trong bang so sanh (MAE = 17,403 va RMSE = 28,241). Random Forest
va LightGBM ciing cho thay kha ning hoc manh mé véi gia tri R? 1an luot 13 0,977 va 0,975.
Hiéu suat kiém tra (Test set): Co su suy giam vé& hi¢u suét khi chuyén tir tap huan luyén sang
tap kiém tra O tat ca cac mo hinh, cho thay su xuat hién cia hién tuong qua khop (overﬁttlng)
Tuy nhién, XGBoost van giit ving vi thé 1a mo hinh hiéu qua nhat trén tap kiém tra voi R? =
0,874 va sai s MAE thap nhét (36,558). Random Forest bam sét phia sau v6i R? kiém tra dat
0,873.M06 hinh KNN: Nguoc lai, KNN mac du c6 sy chénh 1€ch gilra hai tap dir li¢u thép hon
(it bi overfitting hon) nhung lai ¢6 hiéu suét tong thé thip nhét trong nhom véi R? kiém tra dat
0,825 va sai s6 RMSE Ién t6i 60,083.Nhin chung, két qua tir bang dir liéu cho thiy mic du cac
mo hinh ensemble van duy tri dugc kha ning khai quat héa & muc kha (R? > 0,85 ddi véi RF
va XGBoost), nhung sy chénh I¢ch sai ) gitta hai tap dir liéu goi ¥ ré“mg viéc tinh chinh siéu
tham s hodc cai thién chét luong dit lidu dau vao c6 thé gitp t6i wu hoa hon nita kha ning du
bao.

Nguoc lai, ket qua tir phuong an 2 (Bang 4) cho thay su cai thién vugt bac vé kha ning
khai quat hoa & tat ca cac mo hinh khi dugc huan luyén bang bo dir liéu tong hop va danh gia
trén tap kiém tra. Trir thuat toan KNN, cac md hinh con lai déu dat gid tri R? klem tra rat cao
(deu 16n hon 0,92), thé hién muc cai thién vuot tri so véi phuong an 1. Trong s6 céac thuat
toan, XGBoost cho thdy hiéu suat 4n trong nhit trén tip kiém tra véi R? = 0,949, di kém voi
sai s6 RMSE thap nhét (54,737) va MAE thap nhat (36,558). Random Forest (RF) theo sat phia
sau véi chi s6 R? dat 0,948, trong khi LighGBM ciing cho thdy kha ning dy bao cuc ky 6n dinh
véi R?=0,921. béng chu y, mac du Random Forest va XGBoost dat mure d§ chinh xac gan nhu
tuyét dbi trén tap huan luyén (v6i R? 1an luot 13 0,997 va 0,991), chung van duy tri duoc hiéu
suét cao trén tap kiém tra ma khong gap hién tuong qua hoc thudc long (overfitting) nghiém
trong nhu phuong 4an 1. KNN hoat dong khong tot d6i véi phuong an 2.

Nhu vay, khi so sanh giita phuong 4n 1 va phuong an 2 cho thiy viéc tao sinh di liéu sir
dung GMM d6i véi cai thién kha ning khai quat hoa ctia mé hinh. Phuong an 1 phan anh hién
tuong huén luyén céc mau dit liéu han ché, dan dén hiéu suat kém trén tap kiém tra. Trong khi
do, phuong an 2 chung minh rr:ing viéc huin luyén trén mot bd dir lidu tao sinh co6 kich thudce
da 16n va da dang giap cai thién dang ké tinh 6n dinh va dd tin cay cua du doan. V& mit ung
dung thuc tién, su so sanh nay xac nhan tinh kha thi ctia viéc sir dung céc tap tao sinh nhu mot
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ngudn huin luyén hiéu qua trong cac truong hop dir liéu thuc nghiém khan hiém, chang han
nhu trong cac bai toan k¥ thuat két cau, viéc thi nghiém ton kém va khoé cé the lam véi so lugng

16n.

3.2. So sanh gia tri thue té va dw bao V.

Hinh 5 minh hoa mdi quan hé giira kha nang chiu cét I6n nhat (V) dy doan va thyc nghiém
theo Phuong an 1, trong do tat ca cac m6 hinh déu dugc huan luyén va kiém tra chi trér] bo dfr
licu thuc nghiém goc (Dir liu A). Co thé quan sat rd su khac biét r0 rét gitra hiéu suat huan

luyén va kiém tra.

Random Forest (RF) KINN
1000 1000
Train . Train .
Test Test
800 - < 800 vl
Il /’
= z
= 6001 -~ = 600 &
= % < >
=] R o -
~ @ ~@ of
= = 2"
g s =
o 400+ ’/ -z 400 1 //
= D - -
® 4 @ 4
& o %
200 o 200 o0’
w P
& ’,
# 2
3 2
/J ,"
04 01
0 200 400 600 800 1000 0 200 400 600 800 1000
Gia tri thuwc nghiém V,, (kN) Gia tri thuc nghiém V,, (kN)
XGBoost LightGBM
1000 1000
Train . Train .
Test Test
800 - o 800 S
> 3
z z
=] - =3 o4
< 600 - » < 600 - ”.
& e 8 11
=1 o .’
E. / % 1’
5 4007 4 T 4001 4
‘o , = ,
&} &} XL
b
I' f’
200+ /g 200 A 2
‘/ ’f
’ ./?
' 4 4
04 01
0 200 400 600 800 1000 0 200 400 600 800 1000

Gia tri thue nghiém V,, (kN)

Gia tri thic nghiém V,, (kN)

Hinh 5. Méi quan hé giita gia tri thuc nghiém va gia tri du doan cua bén md hinh hoc may
theo phuong an 1.

Hinh 6 trinh bay mdi quan hé giita gia tri du doan va gia tri thuc nghiém theo phuong an
2, trong d6 cac mo hinh duogc huén luyén trén b dir licu téng hop tao bdi mé hinh GMM (Dt
li¢u B) va danh gia trén dir li¢u thuc nghiém (Dt liéu A). So véi phuong an 1, ngoai trir KNN,
cac mé hinh déu cho théy su cai thién rd rét vé kha nang khai quat hoa va dy bao.
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Hinh 6. Méi quan hé giita gia tri thuc nghiém va gia tri du doan caa bén mé hinh hoc may
theo phuong an 2.

Déi chiéu Hinh 5 va Hinh 6 cho thiy phuong 4n ting cuong dit ligu gilip cho m6 hinh
XGBoost, LighGBM, Random Forest c6 kha nang dy bao tot hon. M6 hinh KNN khong phu
hop vai tap dix liu nay.

4. KET LUAN VA KIEN NGHI

Nghién ctru ndy da ching minh hiéu qua cia ting cudng dir liéu dua trén phan phdi
Gaussian trong viéc nang cao dd chinh xac du doan va kha nang khai quat hoa cua cdc mo hinh
hoc méy trong bai toan dy doan kha ning chiu cat 16n nhat ctia dam bé tong cot thép duoc ting
cuong bang bé tong UHPC.

So sanh hai phuong én huén luyén cho thiy cac m6 hinh duoc huan luyén va kiém tra chi
trén bo dit liéu goc (Phuong an 1) dé gip hién tuong hoc thudc long (overfitting), voi gid tri R?
kiém tra dao dong tir 0,825 dén 0,874. Mic du day 1a mirc kha, nhung sai sé du doan van con
tuong ddi cao véi RMSE lén t6i 67,447. Nguoc lai, huén luyén trén b dir li¢u duoc ting cuong
(Phuong an 2) va kiém tra trén dit liéu thuc nghiém géc dem lai cai thién dang ké. Ngoai trur
thuat toan KNN, Cac thuét toan con lai ¢6 chi s6 R? tang 1én, gid tri dat 0,921 — 0,949. Cac chi
s6 sai s6 khéc giam xudng rd rét, phan anh kha ning khai quat héa va d6 6n dinh du doan duoc
nang cao vuot trdi. XGBoost dat hi¢u sut téng thé t6t nhat sau khi tang cuong dir liu voi R?
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kiém tra = 0,949, dong thoi s& hitu sai s6 thap nhat nhom (MAE = 36,558 va RMSE = 54,737).
Random Forest (RF) theo sat véi R? kiém tra dat 0,948.

Piém méi chinh cua nghién ctru la viéc tang cuong dit liu dua trén thuat toan Gaussian
cho dam BTCT dugc tang cuong UHPC, két hop voi quy trinh dénh gia, gitt nguyén dir liéu
thue nghiém gbe dé kiém tra, nhim dam bao danh gia kha nang khai quat hoa. Tur goc do ky
thuat, phuong phap dé xuét trong nghién ctru nay cung cap mot cong cu thyc tién va hiéu qua
dé nang cao kha nang du doan trong truong hop dir liéu thyc nghiém con han ché, dong thoi
cho viéc xay dung cac cong thirc 1y thuyét xac dinh kha nang ting cuong kha nang chiu cit ctia
dam BTCT bang UHPC. Nghién ctru tiép theo st dung chuan héa dir liéu, sir dung cac thuat
toan tién tién dé tim céc siéu tham sb hodc st dung céc thuat toan khac dé tang cuong dir li€u
nhu CTGAN.
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