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Abstract. Machine learning (ML) models are attracting significant attention and widespread
application from many scientists in civil engineering. These models produce a result more
quickly than traditional methods, especially when processing large datasets. Consequently, the
development of more accurate predictive models for engineering problems is currently a key
focus of scientific research. This article presents research on developing a symbolic regression
model (SR) using data from previous studies to build an equation that predicts the flexural
capacity of reinforced concrete beams or slabs (NSC), reinforced with ultra-high-performance
concrete (UHPC). A database of 65 UHPC-NSC beam or slab samples with rectangular cross-
sections, subjected to bending loads, is used to train the model. Among symbolic regression
models, the Operon model demonstrates superior performance in terms of training speed and
accuracy. With accuracy R2= 0.96 and MAE = 6.4, the Operon model has approximately the
same accuracy as other machine learning models that have been published. At the same time,
the Operon model also has the advantage of expressing the prediction equation clearly,
helping to clearly demonstrate the physical nature of the model as well as increase
applicability. The equation obtained from the Operon model was also compared with
experiments performed by the research team.

Keywords: Flexural capacity, Ultra-High-Performance Concrete, Machine Learning,
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Tom tat. M6 hinh hoc may (ML) dang thu hat sy quan tdm va &ng dung rong réi cua nhiéu
nha khoa hoc trong linh vuc ky thuat. M6 hinh ndy mang lai két qua nhanh chéng hon so véi
cac phuong phap phan tich truyén théng, dac biét 1a khi xir Iy dix liéu 16n. Do d6, viéc phét
trién cac md hinh du bao chinh xac hon cho cac bai toan k¥ thuat hién dang 1a trong tam
nghién ctiu cua céc nha khoa hoc. Bai bao nay trinh bay nghién ctiu vé phét trién mé hinh hoi
quy ky tu (SR-Symbolic Regression) dua trén dit liéu cia cac nghién ctru trude day dé xay
dung phuong trinh du doan kha ning chiu mémen cua dam, ban bé tong Cot thép (BTCT)
dugce tang cuong bang bé tong tinh ning siéu cao (UHPC). Co s¢ dir liu gom 65 mau ban
UHPC- BTCT tiét dién hinh chit nhat chiu tai trong uén duoc st dung dé huan luyén mé hinh.
Trong cac md hinh hdi quy ky tu, md hinh Operon thé hién hiéu suat vuot troi vé toe do huan
luyén va do chinh xac. Véi do chinh xac R2= 0,96 va MAE= 6,4, m6 hinh Operon c6 do
chinh xac xap xi cac mé hinh du bao khac da dugc cong bd. Pdong thoi md hinh Operon con
¢ uu diém 12 thé hién dugc phuong trinh du bao mét cach twdong minh gidp thé hién rd ban
chat vat ly ciia m6 hinh ciing nhu tang kha nang ap dung. Phuong trinh thu dugc tir mé hinh
Operon ciing dugc so sanh vaéi thi nghiém dugc nhdm nghién cau thuc hién.

Tur khéa: Kha nang chiu udn, Bé téng siéu tinh ning (UHPC), Md hinh hoc may (ML), M
hinh hoi quy Ky tu.

@ 2024 Truong Dai hoc Giao thdng vdn tai

1871


https://doi.org/10.47869/tcsj.75.5.7

Transport and Communications Science Journal, Vol 75, Issue 5 (06/2024), 1870-1881

1. PAT VAN PE

Véi su phat trién nhanh chong cua két cau ha tang,cd rat nhiéu cdng trinh bang bé tong
cbt thép (BTCT) di dwoc xay dung, cing véi thoi gian cac cdng trinh s& bi xubng cap suy
giam kha nang chiu luc do tac dong cua méi truong va tai trong. Do do, viéc nghién cuu ra
cac vat liu méi c6 do bén va tudi tho cao 13 hét sirc can thiét . Bé tong thong thuong (BTT)
dugc str dung rong réi trong xay dung, tuy nhién nd c6 nhuoc diém vé trong luong thé tich
I6m, @6 bén thap (dic biét 1a kha nang chiu kéo), kha nang hap thu ning lwong thap va c6 tinh
gion dudi tac dung cua tai trong. Nhuoc diém cua bé téng dan dén viéc cac ky su, nha khoa
hoc can phai tim kiém cac phuong 4n vé vat liéu tot hon. Mét trong nhitng vat liéu nay 1a bé
tong si€u tinh nang (UHPC), c6 cac dac tinh co hoc dac biét khi so sanh vai bé tong thong
thuong (BTT). UHPC khong chi cé cudng d6 chiu nén, cudng d6 chiu kéo va do cang tét hon
S0 VGi bé tong thong thudng, ma con cd do bén cao hon [1]. UHPC duoc dat dugc thdng qua
viéc tdi wu hoa cac chat két dinh trong hdn hop, cat min va luong 16n sgi thép (>2% theo thé
tich).

Tuy nhién, do gia thanh cao, UHPC hién khong dugc su dung rong rai trong xay dung
nhu vat lidu bé tdng truyén théng. Do d6, viéc tao ra cac két cau bang céch két hop hai vat
licu nay (UHPC va BTT) la diéu rat quan trong theo quan diém cua cac nha nghién ctu [2].
Phuong phép nay c6 thé mang lai nhitng co hoi méi trong nganh xay dung. Trong mot s6
nghién ctru trude do, da duoc khang dinh rang trong cac dam/ban composite UHPC-BTCT,
véi sy cO mat cua lop bé tong UHPC dat ¢ vung chiu nén va/hoac vung chiu kéo giap tang
kha nang chiu uén cho dam/ban. Do d6, chi phi cao cia UHPC c6 thé duogc sir dung mot cach
kinh té, din dén céc thiét ké két cau hiéu qua va tiét kiém chi phi hon [3]. Ngoai ra, trong cac
nghién ctru duoc thyuc hién bai Yin va dong nghiép, anh huong chiéu day ban UHPC trén ban
BTCT da duoc danh gia thong qua két qua thuc nghiém. Trong nhitng nghién ctu nay [3,4],
da chi ra rang 16p UHPC gay thay doi va giam sy xuat hién vét ntt trong BTCT dudi tac dung
cua tai trong. Ngoai ra, két cau lién hop UHPC- BTCT c6 kha ning hap thu ning luong ciing
nhu d6 cang va d6 déo dai 16n hon nhiéu so véi BTCT thudng. Do 1a vat liéu méi, hién tai
chua c6 nhiéu tiéu chuan tinh toan cho két cdu UHPC dic biét 1a két ciu BTCT duoc sira
chira ting cuong bang UHPC. Do d6, viéc tim ra phuong an du bdo tng xir cua két cdu
composite nay la hét st can thiét.

Gan day, viéc s dung mo hinh Hoc May (ML) trong linh vuc k§ thuat xay dung da dat
dugc da phat trién dang ké [5]. Dac biét, viéc phat trién cac mo hinh théng minh dé du doan
cac thugc tinh co hoc va kha nang lam viéc cua vat liéu xay dung co ban nhu UHPC va BTT
da c6 nhirng dong gop nhat dinh trong linh vuc vat liéu xay dung. Nhang mo hinh ML c6 kha
ning cung cip du doan chinh xac cao hon céc thugc tinh mong mudn tét hon so véi cac
phuong phép phén tich truyen thdng [6]. Trong bi canh nay, viéc sir dung mo hinh ML dé
hleu 16 hon vé tmg xur két ciu composite UHPC-BTCT, dic biét 1a dé du doan kha nang chiu
udn, 1a vd cling quan trong. M6 hinh du doan ML s& mang lai nhiing loi ich dang ké hon so
V6i cac phuong phap phan tich truyén thdng trong viéc du doan hiéu suat cua két cau
composite UHPC-BTCT nho khd nang xu ly hiéu qua cac bo dix liéu. Do cac phuong phap
phén tich truyen thdng thuong mat thoi gian va han ché vé mé hinh héa. Ngugc lai, md hinh
ML c6 tiém ning cung cap két qua nhanh chéng va chinh xac hon. Do do, viéc st dung mo
hinh ML s& lam giam thoi gian trong viéc phan tich, danh gia cua cac két cau composite
UHPC-BTCT, n6 c6 thé hd tro thiét ké trong viéc tao ra nhitng giai phap két cau dang tin cay
va kinh té hon. Nghién ctru gan day cua Katlan et al [7] qua viéc so sanh dya trén mudi thuat
toan May Hoc duoc ua chudng nhat trong linh vuc ky thuat [8, 9] dd ching minh dugc md
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hinh XGBoost trong viéc du doan kha ning chiu udn cua két cau lién hop UHPC-BTCT. Tuy
nhién, ca&c md hinh hoc may nay c6 diém chung 1a khong thé biéu dién md hinh mét cach
tuong minh dan dén su khé khin trong viéc hiéu rd ban chat vat 1y cling nhu han ché trong
viéc trng dung mét cach rong rai.

Hoi quy ky tu Ia mot nhanh cua cac md hinh hoc may véi muc tiéu la xac dinh cac ham
s6 biéu dién mdi quan hé gitra cac yéu té dau vao va dau ra. Trong cac mo hinh hoi quy ky tu,
lap trinh di truyén(GP-Genetic Programming) va cac md hinh duoc lay cam hing tir GP ¢6 d6
chinh xac va d6 don gian tét hon cac mé hinh héi quy khac. Nghién ctu nay tap trung vao
viéc du doan kha ning chiu momen cua cac két cAu composite UHPC-BTCT bang md hinh
Operon [10], 1a md hinh Iap trinh di truyén cai tién da duoc chang minh 12 mot trong nhing
mo hinh hdi quy Ky tu tot nhat hién nay. Sau do, phuong trinh thu duoc s& duoc st dung dé so
sanh vei tng xu chiu uén cua két ciu UHPC-BTCT cuia nhém nghién ctru da thuc hién & mot
vai nghién ctru gan day.

2. PHUONG PHAP DU BAO

2.1. Dir liéu thu thap
P2 P2

UHPC upper layer
i i ;
NC ] d
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Hinh 1. Thong sé thi nghiém uén 04 diém két cAu UHPC-BTCT phuc vu thu thap dit liéu.

Bai bao nay nham nghién ctru md hinh du doén dé du béo kha ndng chiu momen cua két
cau composite UHPC-BTCT dudi tac dong tai trong uén. Viéc du doan kha nang ubn két cau
la hét strc quan trong va nghién ciru nay nham dong gop vao viéc phat trién cac phuong phap
méi dé 1am cho nhitng du doan nay trd nén chinh xac va dang tin cdy hon. Thdng qua cac
nghién ctru trude day, 65 két qua thuc nghiém thu duoc tir cac bai bao [11-17] 1am co so dir
liéu. Céc thi nghiém cua cac nghién ctu trude day déu tap trung vao dam hoic ban cé cat
ngang hinh chit nhat, do d6 nghién ctu s& tap trung vao xay dung mod hinh cho két cau nay.
Céc két cau composite UHPC-BTCT c¢6 céc ciu tao khac nhau vé kich thuéc mat cat ngang,
chiéu day cuia UHPC ¢ phia trén va duéi cua dam, cuong do cia UHPC va BT, ham luong cot
thép thuong va ham lwong soi thép trong UHPC (Hinh 1). Biéu d6 tong quan vé két cau
UHPC-BTCT va céc thudc tinh twong wng cia ching dugc thé hién trong Hinh 2. Hon nia,
két qua ciia cac bo dir liéu thu thap duoc tém tat trong Bang 1.

Qua phan tich danh gi4, tong cong 11 thong s6 dau vao khac nhau duoc xac dinh dé udcC
luong kha nang chiu moment cua két cau composite UHPC- BTCT. Cac thong sb bao gom
chiéu rong (b), chiéu cao dam (h), chiéu cao lam viéc (d), ti 18 cbt thép doc (p), ti 1& ¢t thép
dai (pv), cuong d6 chiu nén cua UHPC (f’cunrc), cuong dd chiu nén cua bé tong thuong (f'c
BTT), chiéu day cua I6p UHPC ¢ phia trén cua dam/ban (UHPC yp), chiéu day cia UHPC &
phia dudi cua dam/ban (UHPC por), tng suat kéo chay cua ct thép thuong (fy), va chi sb soi
thép trong UHPC (VixL¢/ds, trong d6 Vs, Lf va df 1a ti 1¢ thé tich, chiéu dai va duong kinh cua
soi, tuong tng). Pau ra 1a kha nang chiu momen cta cac dim (Mp,exp), duoc dinh nghia 13 gia
tri twong tng véi md men 16n nhét trong duong cong mdé men-do véng cua mau. Thong tin
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thong ké va phan phdi tan suét ciia dau ra va ddc tinh du vao cho co sé dit liéu thu thap duoc
duoc cung cap trong Bang 1 va Hinh 2, twong tng.

Bang 1. C4c chi s6 thdng ké cua tap dit liéu.

Kihiay | SOMweng | Trung | Pdléch | Giatri | Gidtrilén
) mau binh chuan nho nhat nhat
b X1 65 176,377 | 84,174 100 300
h X2 65 251,594 | 103,176 100 400
d X3 65 221522 | 102,228 74 385
pt X4 65 2,727 2,322 0,44 8,1
pv X5 65 0,684 0,617 0 1,57
fc. UHPC | X6 65 109,036 | 56,949 0 169,8
fc. BTT X7 65 37,963 | 14,429 0 54
UHPCup | X8 65 24,362 | 40,854 0 165
UHPC bot | X9 65 61,768 | 97,137 0 400
f, X10 65 495,810 | 86,729 386 6605
Vi X11 65 1,522 0,983 0 3
Le/ds X12 65 55,081 | 31,018 0 125
VitLdde | X13 65 107,334 | 73,605 0 250
Mo Y 65 62,643 | 42875 12,2 211,9

1.0
b 1 vl-0,08 R0 0,52 @,15
h 1,00 0,99 -0,045:17)] 0,09 0,34 0,13 [LJEr-0,04
0.8
d 0,99 1,00 FON23RGN22 VWL 0,11 0,34 0,16 [CIELL-0,07
ot - F¥Y .31 0,12 0,41 -0,12 0,10 -,10-0,14-0,06 0.6
ov |+ 0,31 WYY 0,05 0,48 -,03 0,00 L1 11-0,07 0,12
fc. UHPC - 0,32 -0,04-0,07 0,12 -0,05 NN PTY 0,34 0,81 0,81 ~ 0.4
fe. BTT i)k 8,41 0,48 -0,04p0TY 0,03 YET)-0,16 -0,04 0,00
-9,2
UHPC up —o 1 0,069 0,11 -8,12-0,83 0,06 0,03 EWLR /= 0,29 -8,11 0,00 -
UHPC bot —-0,68 0,34 0,34 0,10 0,00 0,24 R |- BHLY 0.05 0,65 6,06 -0,
-9,0
fy MW 0,13 0,16 -0, 10 P EPEY-0,16 0,29 0,05 BRAIRIPT - - HN
VE — 0,52 EIErerl-0,14 -0,07 (0 -0,04 -0,11 0,05 IR RMTR T oo
Lf/df - 0,15 -0,04-0,07-0,06 0,12 W30 0,09 0,00 0,06 L -l R
VEALT/df — 0,41 BOPL IR 0,05 LIL) 0,08 -0,13 -0,04 X W AR N1 0,4
Mb 0,70 0,71 e,esme,n -0,48[JRVA 0,70 LYF7A -0, 248N 13-0,33 1,00
o

Mb

I
>
[rel

pt
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UpC bot.
vf
Lf/df
Vi*Lf/df

fc. UHPC -
fc. BTT
UHPC up -

I3

Hinh 2. Méi twong quan gitra két ciu UHPC-BTCT va cac yéu t6 anh huong.
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Hinh 3. Biéu d6 phan phdi cua cac thudc tinh.

Biéu db cot trong Hinh 3 thé hién phan phédi va dic diém cua dit liéu bang cach hién thi
tan suét cua céc gia tri khac nhau trong mot dai gia tri cu thé. Nhu c6 thé thay tir Hinh 2, gia
tri b nam trong khoang tir 100 dén 360 mm, trong khi gia tri d cha yéu nam trong khoang 120-
400 mm, tap trung chi yéu tir 150 dén 280 mm. Ciing ¢6 thé thay ring gid tri p: tap trung chu
yéu xung quanh 1-4%, trong khi gia tri py tap trung chu yéu trong kh0ang 0,5% dén 2%. Céc
gia trj cua fcurpc va £ grT tap trung chii yéu xung quanh 100-180 MPa va 30-45 MPa, tuong
tmg. Nguoc lai, chiéu day cua 16p UHPC phia trén va UHPC phia duéi tap trung chu yéu
xung quanh 30-120 mm va 100-250 mm, twong ung, trong khi gia tri cuong d6 kéo chay cua
cdt thép thuong fy tap trung trong khoang tir 400 dén 500 MPa. Ddi voi gia tri VxLs /ds, trong
khi n6 c6 gia tri tir 0 dén 250, chi yéu tap trung trong khoang tir 100 dén 170. Nhu vay, cac
s6 liéu dau vao caa két qua thi nhiém cho thay sy bién dong dang ké, va do do viéc thiét 1ap
duoc mot moé hinh du béo tng xir chiu udn cua két cau lién hop gitta bé tbng UHPC-BTCT la
hét stc can thiét.

2.2. Xay dung mo hinh du bao

Trong nhitng nam gan day, bén canh cach mé hinh black box truyén thdng, cac mé hinh
whitebox dién hinh trong d6 1a 13p trinh di truyén (GP-Genetic Programming). Véi bén canh wu
diém la xay dung dugc md hinh tudng minh va co tinh ung dung cao, md hinh GP Vén con nhugc
diém I thoi gian xay dung md hinh lau do tinh ngau nhién trong qua trinh di truyen Trong qua
trinh nghién ctu va cai tién lap trinh di truyén, nhiéu phuong phép méi da dugce dé xuat dé tang toc
lap trinh di truyén. Trong s6 d6, Operon [10] dugc biét dén 1a phuong phéap dat duoc do chinh xéc
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cao nhat cho dit liéu thuc té nhu van dé dang xét dén. Khdng gidng nhu nhimg phuong phap GP
dang cay tiéu chuan khac, Operon st dung tinh song song trong qua trinh tién hda, lai tao mai ca
thé mai doc lap trong ludng logic riéng cua né. i véi m0| ludng logic, Operon khai tao mot chu
trinh di truyén dan dén mét trong hai két qua:thanh cong néu doi sau duoc tao ra, that bai néu doi
sau khong dat dugc nhu ki vong. Qua trinh [am viéc cua phuong phap Operon duoc trinh bay trong
Hinh 4.

Ngoai ra, Operon sir dung mé hoa tuyén tinh, trong d6, mdi cay dugc biéu dién dudi dang
chudi hau té cua cac nat. Mdi nat cd cac thude tinh dién hinh nhu do dai, 6 sau, mic dd hodc ma
hoat dong. Vi du, ma hoa tuyén tinh cho cong thic (a + b)-(a + ¢)-(b + c) tuong tng vai biéu dién
hau td ((ab +) (a ¢ +) (b ¢ +) x). Operon ciing gidi thidu mét thuat toan tao cdy méi duoc goi la
trinh tao cdy cin bang (BTC- Balanced Tree Creator), thuat toan nay tao ra do dai cay tir phan b
X&c suat nhat dinh va tinh chinh tan sé ky hiéu mong muén trong quan thé. Co ché nay dat dwoc su
danh gia hiéu qua théng qua viéc sir dung trinh théng dich cay theo dot, trinh théng dich nay duoc
l3p lai qua cac nit cay va thyc thi cac chirc nang twong Gng trén cac 16 dir lidu co kich thude cd
dinh. Viéc danh gia mtrc do phi hop dugc thuc hién bang cach sir dung budc tim kiém cuc bo cho
céc tham s6 md hinh t6i wu théng qua binh phwong t6i thiéu phi tuyén tinh.

Vong lip chinh cia model

Logic Ehing
song song

Ehoitao || Quan thé | Tao ddisau [I10) Quén thé con|—» El:_iéu L‘Tiéﬂ » K&t qua
guan thé cha me === két thiie Diat
.................................................................................. Ellat
|
Chon lgc, lai o Danhgia |
ghép, dot bign Ehéng Thit bai

Hinh 4. Qua trinh tién héa cua mé hinh Operon.

Déi voi mot ham s 1a két qua cua phuong phap hoi quy ky tu, ¢6 hai tiéu chi quan trong nhat
dé danh gia do chinh xac va do phuc tap cua ham s6. Mot ham s6 ¢ do chinh xac cao doi khi co
do phuc tap qua I6n dan dén khé khan trong viéc biéu dién tuong minh ciing nhur dp dung vao thuc
té. Nguoc lai, véi nhitng ham sé ngin gon thuong khé dat hiéu qua cao so véi cac ham sé khéc.
Viéc lya chon mot giai phap tot nhat can bang giita hiéu qua va do chinh xac ciia md hinh trong tap
két qua thu duoc khong don gian. Pé giai quyét vin d& ndy, nhém nghién ctru da st dung phuong
phép nhu sau: (i) tién hanh mot s6 luong I6n cac lan chay GP cho mdi mé hinh; (ii) ghi lai tat ca dir
lidu lién quan (cac thude do thong ké cho tap dir liéu huan luyén va kiém tra, phuong trinh thu
duoc, d phuc tap, tham sb GP, thoi gian chay,...) cho mdi lan chay mé hinh trong tép di lieu; (iii)
xay dung mit Pareto bao gom cac dlem t6i wu tot hon cac giai phap khac vé do chinh xac va do
phtc tap; (iv) lua chon cac phuong 4n tdi wu t6t nhét truc tiép tir nhitng két qua & mit Pareto.

Theo nghién ciru da dugc cong bd [18], ¢6 04 tham sé chinh anh huong dén do chinh xac cua
mo hinh: P sau quan thé ban dau, sé luong lya chon, quy mé quan thé va sé thé hé. Trong nghién
ctru ndy, nhom téc gia tién hanh khao sat véi cac gia tri: Do sau quan thé ban dau: 2, 3, 4, 5, 6; s6
lwong lua chon giai du: 5, 10, 15, 20; quy mo quan thé: 1000, 1100, 2000; va s thé hé: 20, 40, 60,
80, 100, mdi bo tham sb cho mé hinh dugc tinh todn 30 lan, tong cong Ia 15.000 Ian tinh toan.

1876



Tap chi Khoa hoc Giao théng van tai, Tap 75, Sb 5 (06/2024), 1870-1881

Trong mdi 1an tinh toan, cac ham s duoc tao ra mot cach ngau nhién, sau d6, ham sé c6 do chinh
Xac cao nhat dugc luu va danh gia vai tap dir liéu kiém chimg. Bé danh gia d6 chinh xac cia mo
hinh, 2 hé s6 danh gia d6 chinh x&c la R2 va MAE dugc str dung nhu sau:

n A \2
Rzzl_zi—l(y—‘_yi) (1)

z::1(yi - yl )2

1 .
MAE ==>"]y, -, (2)
)
0.4 HEHBHH " &y oy 25
0.3 S L 20 R TR
8 HiE HIH HHH
0.2 eitde | 215
0.1 \\ 10 H
: “§ge .
001 ‘ ‘ , , i , , , ,
10 20 30 40 50 10 20 30 40 50
PO PHUC TAP DO PHUC TAP

Hinh 5. Quan h¢ gitra do phuc tap cta phuong trinh va do chinh xéc (a)1-R2, (b) MAE.

M&i quan hé gitta do chinh xac va do phuc tap cua phuong trinh duoc thé hién trong Hinh 5.
Mat Pareto, tap hop cua nhiing két qua toi uu, duoc thé hién bang duong mau xanh. Ham so hop ly
nhat tim thay dua trén két qua phén tich cac ham s6 thu duoc nhu sau:

Mu= 30,88x(0,014xX10 + 0,089%X4 - 5,55)%(0,006xX3 + 0,005%xX8 + (0,62 - 0,28xX4)x(0,047xX7 -
0,0045xX8 - 2,54)+ (-0,17xX11 - 0,37)%(-0,009xX9 - 0,6) + 0,46%(0,003xX6 - 1)? - 2,56) + 69,3446  ( 3)

Hinh 6 12 biéu do thong ké s6 1an xuat hién cua cac tham s dau vao trong tap két qua cac ham

s0 thu duoc.
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Hinh 6. Thing ké su xuat hién caa cac tham sé trong tap két qua.
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3. THU'C NGHIEM KIEM CHUNG MO HiNH

Pé danh gia duoc hiéu qua caa md hinh hoc may (ML) vira dugc xay dung, phan tiép
theo cuia bai bao s& so sanh mé hinh dy béo voi két qua thi nghiém cua nghién ciru gan day
[19].

Bé tong siéu tinh ning (UHPC) sir dung dé ché tao gdbm cac cdt lidu thanh phan chinh véi
dac tinh ky thuat dugc nhu sau: Xi mang Portland PC40; Cat Quartz; Phu gia va tro bay; Soi
thép sir dung trong bé tong la loai soi thép ma ddng. Soi thép c6 cudng do chiu kéo cao hon
2000 MPa va dudng kinh bang 0,2 mm dai 12 mm. Thi nghiém vat liéu da duoc tién hanh ¢
cac nghién ciru trude day [3]. Cudng do chiu nén ciia mau bé tong UHPC & 28 ngiy c6 cuong
d6 trung binh 130 MPa, cuong do chiu kéo trung binh 9 MPa. Bé tong thuong duoc sir dung
trong nghién ctru c6 cuong do chiu nén fc’ = 35,8 MPa ¢ 28 ngay tuoi.

Cét thép thudng duoc st dung c6 cac loai ¢t thép sau day: cbt thép & ving chiu kéo c6
go c¢6 duong kinh 12 mm; cbt thép ¢ ving chiu nén c6 dudng kinh 12 mm; cét thép dai st
dung 1a cét thép co duong kinh 6 mm & khu vuc dau dam dé tranh viéc pha huy cuc bo ¢ khu
vuc goi ké. Chi tiét bo tri cot thép trén mat cat ngang nhu trong Hinh 7.

UE-0 UE-40 UHPC 40 mm
2562 62 62 62 6225 Normal Concrete =} 77
...... kil g 8L 8
g SI 3 I e . ° ° ° o
feoe e e e gl B 360 |
[ . A—
UE-30 UHPC 30 mm 1 . UE-/5(/) ] UHPC 50 mm
- Z 7 Z
]| 8 //Z/%%f/%@//f/ﬁ
g8 ] S SL, 78
fe o o o o gl 1k
[ - | 360 |

Hinh 7. Chi tiét cAu tao mat cit ngang caa ban thi nghiém [19].

Kich thudc cua ban BTCT dugc ché tao nhu sau: chiéu dai 1800 mm:; chiéu rong 360
mm; chiéu cao 110 mm. Sau do, khi tién hanh d6 bé tong duoc 03 ngay sé& tién hanh d6 UHPC
trén bé mat véi cac chiéu day khac nhau 1a 30 mm, 40 mm, 50 mm (Hinh 7). Sau 28 ngay,
mau ban duoc tién hanh thi nghiém udn 04 diém trong phong thi nghiém cua Truong Pai hoc
giao thdng van tai (Hinh 8.a). Thi nghiém uén 04 diém véi khoang cach giita 02 diém udn la
510 mm (H|nh 8. b) [19].

A

|.5H>—m1n4 UHPC
30 mm
C /7 /7 L%
wom? R U -
: D
' A NC 110 mm F
EA 1530 mm AT
} 1800 mm l
|
A
b)

Hinh 8. Thi nghiém uén 04 diém [19].
Thi nghiém duoc thuc hién véi téc do gia tai 1a 0,1 kN/s. Trong qua trinh 1am thi
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nghiém, d6 véng & vi tri gitta nhip dugc do dac thdng qua 01 LDVT.

Bang 2. Tong hop két qua thi nghiém va duy béo.

Mau Két qua thi nghiém [19] Két qua dw bao
Py (kN) Mu (kN) | Mu du bao (kN.m)
NC 148,35 37,83 35,24
UHPC-30 195,06 49,74 50,83
UHPC-40 230,05 58,66 55,21
UHPC-50 243,43 62,07 59,59

Trong dé: Py 1 lyc phé hogi mau, My 1a mé men gy pha hogi mdu, Mu di béo 1a mdé men du

bao tir thudt toan Operon

4. KET QUA DU BAO VA THAO LUAN

Do chinh xéac cia phuong trinh (3) duge danh gia thong qua hai hé sé6 R2 va MAE. Cac
két qua nay ciing dwoc so sanh Vi cac mé hinh da dugc cong bé trong [7] c6 bo sung thém dir
licu trong nghién ctu [19]. Bang 3 cho thdy ham s tim duoc co6 do chinh xac kha cao
R2=0,959, MAE = 7,0 d6i vai tap huan luyén va R2= 0,964 va MAE= 6,25 dbi véi tap kiém

ching (Bang 3, Hinh 9).

Bang 3. So sanh mé hinh tim dugc va cac mé hinh da dugc cong bé trong [7].

Thuit toan Tap huan luyén Tap kiém chieng
R2 MAE R2 MAE
MLP 0,947 7,06 0,834 7,81
RF 0,970 5,30 0,873 7,77
ERT 0,989 3,27 0,895 6,31
XGBoost 0,996 0,79 0,945 4,94
KNN 0,925 7,71 0,791 9,46
AdaBoost 0,976 5,35 0,910 6,28
Operon 0,959 7,0 0,964 6,25
w04 ¢ Tap dirliéu ,l
4 Thi nghiém 7/
175 F
e
2 150 o
g ‘;;'
- 125 o
=1
B 100 4 -})-{
~d
5 7 . 5'
50 4
25
EI[] ]'ZIJD ];'JIIII '2[!!0
Gia tri chinh xac
Hinh 9. So sdnh céc gid tri du b&o va gia tri chinh xac.
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Két qua du béo (ng xtr chiu udn ciia mau dam ban dugc ting cuong bang I6p UHPC day
30 mm, 40 mm, 50mm dugc téng hop trong Bang 2. Hinh 9 md ta moi quan hé gita két qua
thi nghiém va két qua du bao. Trong d6, két qua mau do6 1a két qua thi nghiém dwoc mé ta
trong phan 3 caa bai b4o. Két qua thu duoc cho thdy md hinh Operon duoc dé xuat co thé du
bao duogc kha ning chiu uén cé két cau composite UHPC-BTCT véi do chinh xac kha cao khi
so sanh vai cac mo hinh khéc.

5. KET LUAN VA KIEN NGHI

Bai bao di trinh bay két qua xay dung mé hinh hoc may (ML) nham du bao wng xu chiu
udn cua két ciu composite UHPC-BTCT. Két qua xay dung mé hinh duogc thuc hién dya trén
65 nghién ciru trong cac cdng bd gan day caa cac tac gia trén thé gisi, sau d6 mé hinh Operon
dugc st dung nham thiét 1ap méi quan hé phuc vu viéc du béo ung xir chiu uén cua két cau
composite UHPC-BTCT. Phuong trinh du béo duoc thiét lap sau d6 dugc sir dung dé dy bao
tng xt chiu udn cia 04 ban thi nghiém. Két qua cho thay, phuong phép dé xuat cho do chinh
xac kha cao voi R2= 0,964 va dé xuét duoc mot cong thirc tuong minh trong viéc xay dung su
phu thudc giira cac yéu té anh huong cua cac tham sé dén ung xtr chiu udn cua két cau
composite UHPC-BTCT.

Két qua du bao dugc thuc hién thdng qua 65 két qua thuc nghiém thu thap dugc, sau d6
phuong trinh dy bao ding dé kiém chiing 04 két qua thyc nghiém khac. S6 luong dir liéu thuc
nghiém chua du I6n, do d6 trong céc nghién cau tiép theo can cap nhat thém nhiéu s liéu dé
chuan xéac hon nita phuong trinh dé xuat.
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