Tap chi Khoa hoc va Coéng nghé Giao théng Tap 6 S6 1, 48-63

Tap chi dién tk

Khoa hoc va Céng nghé Giao thong
Trang website: https://istt.vn/index.php/vn

Article info
Type of article:
Original research paper

DOI:
https://doi.org/10.58845/jstt.utt.2

026.vn.6.1.48-63

"Corresponding author:
Email address:
anhnt@utt.edu.vn

Received: 19/01/2026
Received in Revised Form:
08/03/2026

Accepted: 10/03/2026

Compressive Strength Prediction and
Parametric Sensitivity Analysis of Basalt
Fiber-Reinforced Concrete: An Explainable

Machine Learning Approach
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Abstract: Compressive strength is the most critical mechanical property
determining the load-bearing capacity of basalt fiber-reinforced concrete
(BFRC). Determining this parameter through traditional experimental methods
is time-consuming, costly, and labor-intensive. This paper applies three
machine learning algorithms, including Random Forest, HistGradientBoosting,
and CatBoost, to predict the compressive strength of BFRC using a dataset of
267 samples. Hyperparameter optimization is performed via grid search, and
the results demonstrate that all three models achieve high reliability. Among
them, Random Forest exhibits the best stability and generalization capability
with the lowest RMSE (2.05 MPa). Additionally, SHAP analysis is integrated to
elucidate the influence of input variables. The results indicate that cement
content, silica fume, and fine aggregate are the most influential variables on
compressive strength, with primarily positive effects from cement and silica
fume, while water content and basalt fiber typically exhibit negative impacts if
they exceed optimal thresholds. This research provides a reliable decision-
support tool for rapid material property prediction, assisting in the practical
optimization of mix designs.
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Tém tat: Cuwdng do nén la chi tiéu co ly quan trong nhat quyét dinh kha ndng
chiu lwc cha bé téng soi basalt (BFRC). Viéc xac dinh chi tiéu nay béng thi
nghiém nén mau truyén théng tén kém nhiéu thdi gian, chi phi va nhan lyc.
Bai bao ng dung ba thuat toan hoc may gdbm Random Forest,
HistGradientBoosting va CatBoost dé dw b4o cuéng do nén BFRC trén tap div
liéu 267 mau. Théng qua ky thuat tim kiém lwéi dé téi wu siéu tham sd, két qua
cho thay ca ba mé hinh déu dat d6 tin cay cao. Trong d6, Random Forest thé
hién tinh 6n dinh va kha nang téng quat héa tét nhat véi sai s6 RMSE thap
nhét (2.05 MPa). Bé&n canh do, phan tich SHAP dworc tich hop dé 1am ré muc
dd anh hwdng cla cac bién dau vao. Két qua chi ra rang ham lwong xi méng,
mudi silic va cét liéu min la cac bién cé anh hudng Ién nhat dén cwéorng d6 nén,
véi huwéng tac dong cha yéu tich cuwe tir xi mang va mudi silic, trong khi ham
lwong nwéc va soi basalt thwdng mang tinh chét tiéu cwc néu vuot ngwéng
t6i wu. Nghién ctru cung cap mot cong cu hd tro tin cay cho viéc dw bao nhanh
tinh chét vat liéu, hd tro tbi wu héa cap phdi trong thuc tién.

Twr khéa: Bé tdng soi basalt, cwdng d nén, hoc may.

1. Giéi thiéu

Bé tong la vat lieu dwoc st dung rong rai

dwoc sy quan tdm ngay cang tang, véi cac nghién
ctu cho thdy né cai thién cuong d6 kéo, kha nang
chdng nrt va dd bén tdng thé so véi bé tong thong

trong nganh xay dwng do tinh bén virng, kha nang
linh hoat va chi phi s&n xuét hop ly [1]. Tuy nhién,
bé tdng thdng thwdng tén tai han ché vé cudng do
kéo thap va tinh gion, dan dén nguy co nirt v&r dwdi
tai trong ddong hodc kéo [2]. D& khac phuc nhirng
han ché nay, viéc bd sung soi vao hén hop bé tong
da dwoc dé xuat nhw moét gidi phap cai thién tinh
chét co hoc [3,4]. Trong sb cac loai soi, soi basalt
dwoc san xuat tir da bazan nui Itra, ndi bat nho tinh
chét than thién véi méi trwong, kha ndng chéng &n
mon cao va chi phi thAp hon so véi sei thiy tinh
hoac so¢i carbon [5]. Do do, bé tong s¢i basalt
(Basalt fiber reinforced concrete - BFRC) d& nhan

thwong [6,7]. Cwdng dd nén la moét trong nhirng chi
sb co hoc quan trong nhét ctia BFRC, quyét dinh
kha nang chiu tai trong chinh trong cac cong trinh
xay dwng.

Cac nghién ctru thwe nghiém trwdc day da
chi ra rang viéc bd sung soi basalt véi liéu lwong
va chiéu dai phu hop co thé tang cuwéng do nén
clia bé tdng, déng thdi cai thién hanh vi rng suét-
bién dang [7-9] . Tuy nhién, phuong phap xac dinh
cwdng déd nén théng qua thi nghiém truyén théng,
chang han nhu th& nén sau 28 ngay bdo dwéng,
doi héi thoi gian dai, tiéu tén chi phi nguyén vat liéu
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va nhan luc [10]. Bén canh d6, méi quan hé gitra
cac thanh phan cap phdi (ham Ilwgng xi mang,
nwéc, phu gia khoang, soi Basalt...) va cwdng d6
nén dau ra thwéng mang tinh phi tuyén tinh phirc
tap [11]. Cac cbng thirc thye nghiém hoac ban thyc
nghiém truyén thdng thwdng chi dung trong pham
vi hep clia di¥ liéu khao sat va khé dat dé chinh xac
cao khi ap dung cho cac cip phéi méi. Nhirng han
ché nay dan dén nhu ciu phat trién cac phuong
phap dy doan thay thé, nhdm giam thiéu sb lwong
thi nghiém va téi wu hoéa thiét ké hén hop BFRC.

Nhirng ndm gan day, sw phat trién cua tri tué
nhan tao va ky thuat hoc may (Machine Learning -
ML) & mé& ra hwéng tiép can maéi trong viéc dw
bao tinh chét vat liéu xay dwng. Nhiéu nghién ctru
da chi ra rang cac thuat toan hoc may cé kha nang
mé hinh héa cac mdi quan hé phi tuyén phirc tap
ma khoéng can gia dinh trwéc vé dang ham sé hoc
[12—14]. Cac m6 hinh nhw Mang no-ron nhan tao
(ANN) hay May vector hd tro (SVM) da dwoc ap
dung dé dy bao cwéorng d6 bé tong. Gan day, cac
thuat toan hoc may dang td hop (Ensemble
Learning) nhw Random Forest hay Boosting
(Gradient Boosting, CatBoost) da chirng minh tinh
wu viét trong bai toan héi quy dir liéu dang bang
[15,16]. Tuy nhién, cac nghién ctru ap dung cu thé
cho bé tong cdt soi Basalt tai Viet Nam con han
ché, dac biét la viéc giai thich co ché hoat déng
cta mo hinh "hép den".

Xuét phat tir thuc té trén, nghién ctru nay tap
trung ng dung va so sanh hiéu qua cla ba thuat
toan hoc may gém Random Forest,
HistGradientBoosting va CatBoost dé xay dwng md
hinh dy bao cwdng dé nén clia bé tong cht soi
Basalt. Dwa trén bd di liéu thwe nghiém thu thap
dwoc, nghién clru nham muc tiéu tim ra md hinh
dw bao tbi wu, hd tro cac k§ sw va nha nghién ciru
xac dinh nhanh cwdng do bé téng, gidm thiéu khdi
lwong thi nghiém th& dan va téi wu héa cong tac
thiét ké cap phbi.

2. Co s& div liéu va phwong phap nghién ciru
2.1. M6 ta bé div liéu
DPé xay dwng va kiém chirng cac mé hinh hoc
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may, nghién ctru str dung bd dir liéu thwc nghiém
bao gébm 267 mau BFRC dwoc thu thap trong
nghién clru cia Wang va cong s [17]. D@ liéu bao
gdm cac thanh phan cap phéi co ban va cac théng
sb lien quan dén soi Basalt. M6i mau di liéu dwoc
d&c trwng bdi 10 bién dau vao bao gébm ba nhém
chinh: (1) Vat liéu két dinh (Xi mang va cac phu gia
khoang), (2) Cét liéu va nudc, (3) Dac trwng soi
Basalt, ciing v&i 1 bién dau ra la cwéng d6 nén &
tudi 28 ngay. Soi Basalt dwoc st dung trong bod di
liéu 1a dang soi cat ngén dwoc phan tan ngau nhién
trong nén bé téng. Day 1a loai vat liéu gia cwong
phd bién, giup cai thién dang ké tinh déo va kha
nang chéng nit cho hén hop bé téng. V& co ché
anh hwéng dén cwdng do nén, soi basalt khong
trwc tiép tang kha nang chiu tai nén nhw trong
trwdng hop chiu kéo hodc ubn, ma chd yéu kiém
soat sw hinh thanh vi nit va lan truyén nit trong
ma tran bé téng, cai thién dé déo va dod bén téng
thé [8,9]. Tuy nhién, khi ham lwong soi tdng cao
(vwot 0.2-0.3%), hién twong véon cuc hoac phan
tan khoéng déng déu co thé xay ra, dan dén giam
mat d6 dong goi hat va tao ra cac khuyét tat réng
trong cAu truc, tr d6 lam suy gidm cuwéng dd nén
thay vi chi "vwot nguéng téi wu". Thdng ké mé ta
vé giai di¥ liéu, gia tri trung binh va dé léch chuan
cla cac bién dwoc trinh bay chi tiét tai Bang 1. Dé
trwc quan hoa sy phan bd dir liéu, Hinh 1 thé hién
biéu d6 hdp cla tat ca cac thong sb dau vao va dau
ra. Gia tri cwong dé nén trong tap dir liéu nghién
ctu trdi rong tlr 23.3 MPa dén 69.9 MPa; xac dinh
pham vi 4p dung hiru hiéu clia cac mé hinh dé
xuat. Cac hop di liéu trén biéu d6 minh hoa do
phan tan rong cla cac bién thanh phan, phan anh
tinh da dang cla céac cép phéi bé tdng duwoc khao
séat. Trong biéu dd hop (Hinh 1), cac diém dd dai
dién cho cac gia tri ngoai lai, phan anh sy bién
thién d&c biét trong cap phdi thuc nghiém, chang
han nhw ham lwong mudi silic hodc nwéc cao bét
thwong cé thé xuat hién do cac diéu kién tho
nghiém dac thu. Nhirng gia tri ngoai lai nay nay
khéng bi loai bd dé gitr tinh da dang cta d liéu,
nhuwng dwoc kiém soat trong qua trinh huén luyén
mo hinh dé tranh anh huéng tiéu cwc dén dd chinh
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xac dw bao, phit hop v&i cac nghién ciru vé dir liéu
vat liéu xay dwng noi bién thién thuc té Ia phd bién

[17,18].

Tap dir liéu dwoc phan chia ngdu nhién
thanh tap huén luyén (70%) va tap kiém tra (30%).
Qua trinh ti wu héa siéu tham sé st dung ky thuat
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kiém chirng chéo 5 1an trén tap huan luyén dé dam
bao do tin cay. Tap kiém tra dwoc gitr nguyén ven
va chi dwoc str dung mét 1an duy nhét sau khi qua
trinh huan luyén hoan tat, nhdm cung cap mét danh
gia khach quan va trung thwc nhat vé kha nang
tbng quat hoa ctia md hinh cudi cung.

Bang 1. Cac théng sb dau vao va dau ra clia bo di liéu

Trung

Ponvi GTNN Trung vi binh GTLN Std Sk
Xi mang (X1) kg/m®*  217.0 402.0 401.1 613.3 75.9 -0.07
Tro bay (X2) kg/m?3 0 0 45.3 168.0 56.5 0.79
Muéi silic (Xs) kg/m?3 0 0 13.1 126.0 28.869 2.37
Cét lieu thd (Xs) kg/m? 512.0 1125.0 1078.7 1540.0 176.9 -0.62
Cét lieu min (Xs) kg/m? 507.0 689.6 704.5 1193.7 108.88 1.21
Nwéc (Xe) kg/m®*  112.0 175.0 175.8 301.0 30.9 1.79
Phu gia (X7) kg/m? 0 3.36 2.9 8.0 1.94 -0.34
Puwong kinh soi (Xs) mm 0.013 0.02 0.016 0.021 0.002 1.11
Chiéu dai soi (Xo) mm 6 18.0 16.58 30.0 5.93 0.47
Ham lwong soi (X1o) % 0 0.1 0.12 0.73 0.12 1.97
Cuwong dd nén (Y) MPa 23.3 48.6 49.5 69.9 11.4 -0.04
Sk=Dd léch; Std=Do l&éch chuén.
(a) (b)
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Hinh 1. Biéu dd hop thé hién phan bd cac théng sé ctia bd di liéu nghién clru.
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2.2. Cac thuat toan hoc may

Nghién ctru lwva chon ba thuat toan hoc may
thudc nhém hoc tap giam sat, bao gébm Random
Forest va hai bién thé& manh mé cia Gradient
Boosting la HistGradientBoosting va CatBoost.

Random Forest: La mét thuat toan hoc may
t& hop dwa trén kj thuat Bagging. Random Forest
xay dwng nhiéu cay quyét dinh trong qua trinh huén
luyén va dwa ra két qua dw bao bang cach 14y trung
binh céng két qua cta cac cay thanh phan. Uu
diém cha Random Forest la kha ndng gidm thiéu
hién twong qua khép (ovefitting) so v&i cay quyét
dinh don I& va hoat ddng 6n dinh trén cac bd di
lidu cé nhiéu.

HistGradientBoosting: La mét bién thé téi wu
cta Gradient Boosting, dwoc thiét ké dé tang tbc
dd huan luyén trén cac tap dr liéu lon.
HistGradientBoosting hoat ddng bang cach nhém
cac gia tri lién tuc cta bién diu vao vao cac biéu
dd tan suét roi rac, giup giam dang ké do phurc tap
tinh toan khi tim diém phan chia tdi wu cho cay
quyét dinh. Thuat toan nay dac biét hiéu qua trong
viéc xt ly di¥ liéu dang bang va cé co ché tich hop
dé xt ly cac gia tri khuyét thiéu (néu co).

Nguyen & nnk

CatBoost: La mét thw vién Gradient Boosting
ma ngudn mé& dwoc phat trién béi Yandex. Diém
khac biét ctia CatBoost ndm & ky thuat xt ly bién
phan loai va st dung co ché "Ordered Boosting"

3
A N2 ~ 1A

dé giai quyét van dé ro ri div liéu va dich chuyén dw
bao. CatBoost thuwdng cho dd chinh xac cao va kha
nang tbng quat hoéa tét ngay ca véi cac bo div liéu
c6 kich thwéc viva va nhd ma khéng can tinh chinh
tham sb qua phurc tap.

2.3. T6i wu héa siéu tham sé bang tim kiém lwéi

Dé khai thac téi da tiém nang cla cac thuat
toan, nghién clru nay s dung ky thuat tim kiém
lwéi (Grid search) két hop véi kiém chirng chéo.
Quy trinh nay thyc hién tim kiém toan dién trén mot
khéng gian tham sé dwoc xac dinh truédc. Tai mbi
lwei tham s, mé hinh dwoc danh gia hiéu suat va
bd tham sé cho két qua sai s6 dw bao thap nhat
(dwa trén chi s6 RMSE hoadc R? trung binh) sé
dwoc chon lam mé hinh cubi cling dé huén luyén
lai trén toan bo tap dir liéu huén luyén trwdc khi
kiém tra trén tap kiém tra doc lap. Cac siéu tham
sb chinh va khéng gian tim kiém chi tiét cho tirng
thuat toan dwoc dwoc trinh bay cu thé trong Bang
2.

Bang 2. Khong gian tim kiém siéu tham s6 cho cac mé hinh

Thuat toan Siéu tham sé

Gia tri tim kiém Y nghia

n_estimators
max_depth

Random Forest min_samples_leaf

max_features

[100, 300, 500]
[None, 10, 20]
[1, 5, 10]

["sqrt", 0.5, 1.0]

Sé lwong cay.

Do sau tbi da.

S6 méu tbi thiéu tai la.
Sé dac trwng toi da tai
nat.

max_iter [100, 300, 500] Sé vong lap toi da.
learning_rate [0.01, 0.05, 0.1] Téc d6 hoc.
HistGradientBoosting )
max_depth [None, 5, 10] P06 sau toi da.
12_regularization [0, 1, 10] Hé sb diéu chuan
iterations [100, 300, 500] Sé vong lap.
learning_rate [0.01, 0.05, 0.1] Téc d6 hoc.
CatBoost
depth [4, 6, 8] Do sau cua cay.
12_leaf reg [1,3,9] Hé sb diéu chuan.
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Viéc thiét 1ap khong gian tim kiém siéu tham
sb tai Bang 2 dwoc thyc hién dya trén kinh nghiém
thwc nghiém va tham chiéu tor cac nghién ctu vé
dw bao tinh chét co’ ly bé téng bang md hinh té hop
[19,20], noi cac khoang gia tri twong tw da ching
minh hiéu qua trong viéc can bang gitra dd phirc
tap mé hinh va kha nang tdng quat héa. Vé&i quy
mo dir liéu n = 267, viéc gidi han khdong gian tim
kiém & mirc hop ly Ia cin thiét dé kiém soat chi phi
tinh toan, déng thoi tranh viéc mé rong tham sb
qua mirc gay ra hién twong nhiéu trong qua trinh
t6i wu hoéa.

2.4. Panh gia hiéu suat mé hinh

Hiéu suat dw bao cla cac md hinh duwoc
danh gia théng qua ba chi s6 théng ké phd bién: hé
sb xac dinh (R?), sai sb binh phwong trung binh
(RMSE) va sai sb tuyét déi trung binh (MAE). Cac
chi sb nay dworc tinh toan nhu sau:

n N\2
R2:1_Zi=1(yi'yi) 1
24y 9)° ™
,1 N2
RMSE= 52{1:1(yi'yi) (2)
1~
MAE=-~ ly;-i] (3)
Trong do:

yi: Gia tri cwdng dé nén thyc nghiém cua
mau th i.

¥;: Gia tri cwdng d6 nén dw bao béi mé hinh.

y: Gia tri trung binh ctia cwdng dd nén thyc
nghiém.

n: S lwong mau dir liéu.

M6 hinh tét nhat 1a md hinh c6 gia tri R? tiém
can 1, ddng thoi RMSE va MAE c6 gia tri nhd nhét.
3. Két qua va thao luan
3.1. Phan tich twong quan

Trwéde khi tién hanh xay dwng cac mé hinh
dw bao, phan tich twong quan Pearson dwgc thyc
hién nham danh gia mirc do phu thudc tuyén tinh
gitra cac bién dau vao va cwdng dé nén muc tiéu,

Nguyen & nnk

ddng thdi kiém soat hién twong da cong tuyén.
Hinh 2 trinh bay ma tran nhiét thé hién cac hé sb
twong quan gitra cac bién. Két qua phan tich ma
tran twong quan gitra cac bién dau vao va cuong
dd nén ctia BFRC cho thay nhirng déc diém ly tinh
dang chu y cla loai vat liéu nay. Trong sb cac thanh
phan hén hop, ham lwong xi mang thé hién mdi
twong quan thuan manh nhét voi cwdng dd nén
(hé s6 0.40), phan anh ding ban chat ctia qua trinh
thay héa tao nén cuwdng dé bé téng. Sw dong goép
tich cwc cla cac bién mudi silic (0.30) va phu gia
(0.22) cling minh chirng cho hiéu qua cua viéc cai
thién cau truc rdng va tdng cwong do dac chac
théng qua cac phan (rng pozzolanic va giam ty 1é
nwéc/chat két dinh.

Ngwoc lai, ham lwong nwéc va tro bay thé
hién méi twong quan nghich véi hé sb lan lwot la -
0.08 va -0.13, cho thay s gia tidng cac thanh phan
nay trong diéu kién khong kiém soat co thé dan dén
sy suy gidam cwdng d6 nén ctia mau. Dbi voi cac
dac tinh cua soi basalt, ham Iwong soi va dwdng
kinh soi déu cé twong quan nghich v&i cuong do
nén (lan lwot 1a -0.29 va -0.16). Diéu nay co6 thé
dwoc gidi thich do s gia tdng ham luvong soi vurot
qua mure téi wu thwdng gay ra hién twong vén cuc
ho&c tao ra cac ving réng trong cau tric bé téng
néu khong duoc phan tan tét, lam gian doan tinh
lién tuc ctia bé tdng va dan dén gidm kha nang chiu
nén. Bén canh do, chiéu dai soi gan nhw khéng co
suw twong quan tuyén tinh rd rét véi cwdng do nén
(hé sb -0.01), cho thdy anh hwéng clia chiéu dai
soi dén cwdng dd nén phirc tap hon va cé thé
mang tinh phi tuyén cao. Hé sb twong quan tuyén
tinh thap clia bién chiéu dai soi nhdn manh sw gidi
han cla cac phuwong phap héi quy tuyén tinh
truyén théng, vén gia dinh méi quan hé tuyén tinh
gitra cac bién va khong thé ndm bét hiéu qua cac
twong tac phi tuyén phlic tap trong bé téng soi
basalt, chang han nhw anh hwédng nguéng cla
chiéu dai soi dén sw phan tan va kiém soat nwt
[7,9]. Do d6, viéc trng dung cac thuat toan hoc may
phi tuyén nhw Random Forest va Gradient
Boosting |a can thiét, vi ching cé kha nang mé hinh
héa cac mdi quan hé khéng tuyén tinh va twong

54



JSTT 2026, 6 (1), 48-63

tac gitra cac bién ma khong can gia dinh dang ham
sb trwde, dan dén dd chinh xac dw bao cao hon so

Nguyen & nnk

véi hdi quy cb dién, nhw da chirng minh trong cac
nghién ctru twong tw vé vat liéu composite
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Hinh 2. Ma tran twong quan gitra cac bién

Vé méi quan hé giira cac bién doc 1ap, hé sb
twong quan gitra cot li&u min va cbt lidu thd dat gia
tri -0.52. Pay la mic twong quan nghich dang ké
nhét gitra cac bién dau vao, phan anh quy luat thiét
ké cap phdi thuc té khi sy gia tang cia thanh phan
cbt lieu nay thuwong di kém véi viéc gidm thanh
phan cbt liéu kia d& ddm bao tinh 6n dinh vé thé
tich ctia hén hop. Nhin chung, cac hé sb twong
quan gitra cac bién doc lap déu nam trong ngudng
an toan (dwai 0.70), cho thdy khéng c6 hién twong
da cong tuyén nghiém trong, tao co s& virng chéc
cho viéc huén luyén cac mé hinh hoc may dat do
chinh xac va 6n dinh cao.

3.2. Két qua t6i wu héa siéu tham sé

Dé& dam bao cac mé hinh hoc may dat hiéu
suat cao nhét va tranh hién twong qua khép,

nghién ciru da ap dung ky thuat tim kiém lwdi két
hop véi kiém chirng chéo 5 1an trén tap di liéu
huén luyén. Qua trinh nay cho phép xac dinh t6
hop cac siéu tham sb t6i wu nhat cho trng thuét
toan Random Forest, HistGradientBoosting va
CatBoost. Tiéu chi danh gia dé lwa chon bd tham
sb tét nhét 1a tbi da hoa hé sb xac dinh trung binh
(R?) trén tap kiém ching chéo. Két qua tim kiém
trén khong gian tham sb (Bang 2) ghi nhan bo siéu
tham s6 téi wu cho tirng thuat toan, va két qua cho
thdy viéc tinh chinh tham sb mang lai hiéu qua ré
rét, véi ca ba md hinh déu dat mdre do tin cay cao
(R2 > 0.8). Chi tiét v& bo siéu tham sb t8i wu nhét
cung gia tri R? trén tap xac thyc cta tirng mo hinh
dworc tdng hop trong Bang 3.
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Nguyen & nnk

Bang 3. Gia tri cac siéu tham sb tbi wu

Thuat toan Siéu tham sé Gia tri téi wu R2
n_estimators 500
depth N
Random Forest max_dep one 0.880
min_samples_leaf 1
max_features "sqrt"
max_iter 500
. _ . learning_rate 0.1
HistGradientBoosting 0.887
max_depth None
I2_regularization 1
iterations 500
learning_rate 0.1
CatBoost 0.847
depth 4
I2_leaf reg 3

3.3. So sanh hiéu suat cac mé hinh

Sau khi xac dinh dwoc bd siéu tham sb tbi
wu, cac md hinh Random Forest,
HistGradientBoosting va CatBoost dugc tién hanh
huén luyén lai trén toan bd tap huan luyén (70%)
va danh gia doc lap trén tap kiém tra (30%). Két
qua dinh lwong vé dd chinh xac dw bao théng qua
ba chi s6 R?, RMSE va MAE dwoc tbng hop chi tiét
trong Bang 4. Trén tap huén luyén, cac md hinh
d8u dat d6 hoi tu cao (R? ~ 0.99). Tuy nhién, danh
gia trén tap kiém tra déc 1ap cho thay sw khac biét
vé khd nang tébng quat hoa. M6 hinh
HistGradientBoosting c6 két qua rat tbt trén tap xac
thwc (nhw da dé& cap & muc 3.2), nhung trén tap

kiém tra doc lap, hiéu nang cta né thap hon mét
chut so v&i hai mé hinh con lai, v&i sai s6 RMSE
tang lén mirc 2.45 MPa. Méac du CatBoost co R?
huin luyén cao nhat (0.992), nhwng mé hinh
Random Forest lai cho thay sai sé thap hon va 6n
dinh hon trén tap kiém tra doc lap (RMSE = 2.05
MPa). Trong ky thuat hoc may cho vat liéu, kha
nang tbng quat hda trén di liéu méi dwoc wu tién
cao hon d6 khép trén tap huan luyén nham dam
bao tinh tin cay khi (rng dung thyc té. Sy chénh
léch nay phan anh d&c trwng vé sy danh dbi gitra
bias va variance, khéng dinh Random Forest |a lwa
chon t6i wu dé kiém soat hién twong qua khop
trong nghién ctru nay.

Bang 4. Téng hop két qué danh gia hiéu suat cac mé hinh

M6 hinh Tap div liéu R? RMSE (MPa) MAE (MPa)
Huén luyén 0.988 1.26 0.87
Random Forest
Kiém tra 0.968 2.05 1.48
Huén luyén 0.989 1.17 0.81
HistGradientBoosting .
Kiém tra 0.954 2.45 1.82
Huén luyén 0.992 1.01 0.77
CatBoost
Kiém tra 0.965 212 1.59
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Trén tap huén luyén, cac md hinh déu dat do
hoi tu cao (R? ~ 0.99). Tuy nhién, danh gia trén tap
kiém tra doc lap cho thay sw khac biét vé kha ndng
tdng quat héa. M6 hinh HistGradientBoosting cé
két qua rét tot trén tap xac thwe (nhw da dé cap &
muc 3.2), nhwng trén tap kiém tra doc lap, hiéu
néng ctia né thap hon mét chit so véi hai mé hinh
con lai, v&i sai s6 RMSE tang Ién mirc 2.45 MPa.
M&c du CatBoost c6 R? hudn luyén cao nhéat
(0.992), nhwng mdé hinh Random Forest lai cho
thay sai s thap hon va én dinh hon trén tap kiém
tra déc lap (RMSE = 2.05 MPa). Trong ky thuat hoc
may cho vat liéu, kha nang tdng quat hda trén div
liéu m¢&i dwoc wu tién cao hon dd khdp trén tap
huan luyén nhdm dam bao tinh tin cay khi ng
dung thwc té. Sy chénh I&ch nay phan anh dac

Mo hinh: Random Forest (Téi uu)
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trwng vé sw danh déi gitra bias va variance, khang
dinh Random Forest la lwa chon t6i wu dé kiém
soat hién twong qua khdp trong nghién clru nay.
Dé minh hoa rd hon vé dd chinh xac ctia cac md
hinh, Hinh 3 thé hién biéu d& hdi quy tuyén tinh so
sanh gitra gia tri thwc nghiém (truc hoanh) va gia
tri dw béo (truc tung) cho ca tap huén luyén va tap
kiém tra.

Trén biéu d6, dwong chéo nét dut (y=x) dai
dién cho trang thai dw bao ly twéng, noi gia tri dw
bao trung khép hoan toan véi thuc té. Biéu dd héi
quy (Hinh 3) cho thdy cac diém dir liéu cda
Random Forest trén tap kiém tra bam sat dwong
chéo ly twédng y=x twong tw nhw tap huén luyén,
trong khi HistGradientBoosting cé xu hwéng phén
tan rong hon & vung cwdng dé cao

M6 hinh: HistGradientBoosting (T6i uu)
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Hinh 3. Biéu dd hdi quy so sanh gia tri thwe nghiém va dw bao ctia cac mé hinh trén tap huén luyén va
kiém tra
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Phin phéi sai s6 - Random Forest
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Phin phéi sai s - HistGradientBoosting
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Phan phéi sai s6 - CatBoost
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Hinh 4. Biéu db phan b sai s6 dy bao ctia cac md hinh

Phan bé di¥ liéu tai Hinh 3 cho thdy mé hinh
dat d0 chinh xac cao nhét trong dai cwong do 40—
60 MPa. Pay la dai cworng d6 phd bién nhat cia bé
téng két ciu trong ha tang giao théng. Twong tu,
biéu dd phan bd sai s (Hinh 4) xac nhan sai sé dw
bdo clia Random Forest tap trung chi yéu quanh
gia tri 0. C6 thé thay, m&c du mé hinh CatBoost c6
kha nang hoc tap dir liéu huin luyén tét nhét,
nhwng Random Forest dwgc xac dinh la mé hinh
tdi wu nhét cho bd di¥ liéu nay nho sw can bang
gitra d6 chinh xac cao va kha nang tbng quat héa
on dinh trén di liéu moi.
3.4. Phan tich mirc dd anh hwéng cua cac bién

Dé danh gia mirc dd anh hwéng ctia cac bién
dau vao ddi véi cwedrng do nén du bao, nghién ciru
ap dung ky thuat SHAP (SHapley Additive
exPlanations), mét phwong phap giai thich mo
hinh hoc may dwa trén ly thuyét trd choi. SHAP tinh
toan gia tri déng gop bién cta tirng bién ddi véi méi
dw bdo, sau d6 tébng hop dé xac dinh tAm quan

trong téng thé va hwéng anh hwéng (tich cwe hodc
tiéu cwc) cla bién do. Phwong phap nay cung cép
cai nhin toan dién vé cach cac thanh phan cép phbi
anh hudng dén dau ra mé hinh, déng thoi gidp xac
thwe tinh nhat quan gilra cac thuat toan khac nhau.
Hinh 5 thé hién gia tri SHAP tuyét dbi trung binh
nham x&p hang tdm quan trong cla cac bién cho
ca ba mé Random Forest, HistGradientBoosting va
CatBoost. Hinh 6 thé hién biéu dd phan b gia tri
SHAP cho tirng bién, minh hoa sw phan tan va
hwdng anh hwéng cta chung dbi véi cwong do
nén, trong d6 méi diém dai dién cho mét mau div
liéu, mau séc thé hién gia tri ctia bién (dd 1a cao,
xanh la th&p) va vi tri trén truc hoanh biéu thi méc
dd dong goép vao két qua dy bao (dwong la lam
tang cwerng do, am 14 lam gidm cwdng d6). Két qua
tir Hinh 5 cho thdy sw nhat quan gitra ba mé hinh
trong viéc xac dinh cac bién quan trong nhat. Cu
thé, ba bién quan trong nhat dwoc ca ba mé hinh
thdng nhat nhan dién la Xi mang, Mudi silic va Cét
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liéu min. Ké&t qua nay cé thé dwoc giai thich dwa
trén cac tinh chat co ban cta vat liéu: Xi mang la
thanh phan chinh tao nén chat két dinh va cuéng
do; Mudi Silic véi kich thwéc hat nhd gitp 1ap day
cac 16 rébng va tham gia phan rng lam dac chéc
céu trac; Cot liéu min gitp dién day khoang tréng
gilra cac hat cbt lidu tho, 1am tang d6 dac cua hdn
hop.

Cac két qua nay phu hop v&i nhan dinh trong
nghién ctru [18]. Sw thay dbi nhe trong tht tw quan
trong cla cac bién gitta Random Forest va hai mé
hinh Boosting (HistGradientBoosting va CatBoost)

Random Forest
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Phy gia [ 0509
Ham lugng soi [N 0554
Chiéu dai soi I 0774
Dudng kinh sgi [0 0421
Tro bay ] 0407
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c6 thé dwoc gidi thich béi ban chét thuat toan:
Random Forest dwa trén bagging véi phan chia
ngau nhién, dan dén trong sé déng déu hon cho
céac bién, trong khi cac mé hinh Boosting tap trung
vao viéc diéu chinh I6i dan dan, lam ndi bat cac
twong tac phirc tap hon gira cac bién nhu soi
basalt va cét liéu [15,16]. Du vay, sw nhat quan
tdng thé (v&i xi mang, mudi silic va cbt liéu min luén
dan dau) khang dinh tinh &n dinh cta phan tich
SHAP, phan anh réng sy khac biét chd yéu xuét
phat tir co ché hoc tap chir khong phai nhiéu div
liéu
HistGradientBoosting
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CatBoost
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Hinh 5. Gia tri SHAP tuyét dbi trung binh ctia cac bién dau vao

Phan tich gia tri SHAP (Hinh 6) cho thdy xu
hwdng tac dong vat ly ré rét va nhat quan gitra cac
mé hinh. Cu thé, cac gia tri cao (mau dd) cla bién
xi mang va mudi silic tap trung vé phia duwong truc
hoanh, phan anh quy luat thay héa xi mang va
phan (rng pozzolanic — tao ra cac hop chét C-S-H
bd sung, tdng d6 dac chac va giam dd réng mao
dan trong ma tran bé téng. Sw twong ddng nay
gitra két qua hoc may va ban chat vat ly cta vat

liéu khang dinh tinh hop ly ctia mé hinh, vi SHAP
khéng chi xac nhan vai trd I4p day 16 réng ma con
lam néi bat twong tac tich cwe véi xi mang, gidp cai
thién cwdng dd nén tbng thé trong BFRC, phu hop
véi cac nghién clru thue nghiém vé phu gia khoang
hoat tinh [2,10]. Bién ham lwong soi basalt cho
thay tac dong hai chiéu: khi ham lwong soi thap
(mau xanh), SHAP dwong cho thay soi hd tro kiém
soat vi nit va tang dd déo, nhwng khi ham Iwgng
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cao (mau dd), SHAP chuyén sang am, phan anh
s\ hinh thanh cum s¢i lam gian doan tinh lién tuc
cla ma trén bé téng, tdng dod réng va giam cwdng
dod nén [7,21,22].

Phan tich nay khéng chi xac nhan co ché vat
ly — noi phan tan khéng déng déu dan dén khuyét
tat cau tric — ma con chirng minh kha néng cda
Cao
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hoc may trong viéc phat hién nguwdng tdi wu
(khodng 0.10-0.20%), gép phan mé& réng (ng
dung thyc tién dé tranh 1ang phi vat liéu va téi wu
héa cap phéi BFRC. Trong khi d8, bién nuwéc thé
hién phan bd gia tri cao & phia am, phu hop véi
quy luat gia tdng d6 réng khi ty 1& nwdc/chat két
dinh cao [23].
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Hinh 6. Biéu d6 SHAP mb ta chiéu hwéng tac dong cla cac bién dau vao dén cwdng dod nén

Phan tich SHAP khong chi xac nhan cac quy
luat co ban da biét ma con lam rd cac nguwéng anh
hwéng va twong tac gitra cac bién, nang cao gia tri
gidi thich co ché dwa trén di¥ lieu. Vi du, tac dong
tich cwc cua xi mang va mudi silic cé thé bi suy
gidm khi két hop véi ham lvgng nuéc Ion (twong
tac nghich vé&i d6 réng mao dan) [23]; déng thoi,
ham lwong soi basalt twong tac véi cbt liéu min
trong viéc kiém soat d6 dac chac cta hén hop
[18,22]. Cac md hinh Boosting (CatBoost va
HistGradientBoosting) néi bat hon Random Forest
& kha nang phan tach chi tiét cac twong tac phic
tap nay, phu hop v&i xu hwéng nghién cltru hién
nay vé& hoc may giai thich trong linh vwc vat liéu
xay dwng [24,25]. Viéc két hop ba thuat toan cung

phwong phap SHAP gitp thdng nhét va lam rd quy
trinh dy bao, cung cép co s& khoa hoc virng chac
dé t6i wu héa cép phdi BFRC — chang han nhw duy
tri ham lwgng xi mang va mudi silic cao két hop voi
soi basalt & mirc ti wu nhdm can bang gitva
cwdng do nén, dd bén va hiéu qua kinh té.

4. Két luan va kién nghi

Nghién ctru nay da chirng minh tinh kha thi
clia viéc ng dung cac md hinh hoc may bao gém
Random Forest, HistGradientBoosting (HGB) va
CatBoost dé dw bao cuérng do nén clia bé tdng soi
basalt (BFRC) dwa trén bd di liéu 267 mau thi
nghiém. Két qua cho thay ca ba md hinh, sau khi
duoc tdi wu héa bang ky thuat tim kiém lwéi, déu
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dat dwoc do chinh xac cao va kha nang dw bao tin
cay. Trong d6, md hinh Random Forest dwgc xac
dinh 1a céng cu tdi wu nhat cho bd di liéu nay nhey
s can bang gitra do chinh xac cao va kha ning
tdng quat hoa bn dinh, gidm thiéu tdi da hién twong
qua khép véi sai sb binh phwong trung binh thap
nhat (RMSE = 2.05 MPa). Bén canh dé, viéc tich
hop ky thuat SHAP da giup lam ré "hop den" cla
céac thuat toan hoc may, xac dinh dwoc nhém bién
c6 anh hwéng I&n dén cwdng dd nén bao gdm ham
lwong xi mang, mudi silic va cét liéu min. Sy twong
ddng trong két qua giai thich ciia ca ba mé hinh da
khéng dinh tinh khoa hoc cta b6 di¥ liéu va sw phu
hop cla cac phwong phap tiép can dwoc dé xuat.
Tw nhivng két qua dat dwoc nay, cac huwéng nghién
ctru tiép theo dwoc dé xuéat nén tap trung mé rong
quy mo bd di¥ liéu véi cac loai phu gia va diéu kién
bdo dwéng da dang hon, déng thoi két hop mo
hinh dw bao v&i cac thuat toan tdi wu héa da muc
tiéu nham tim ra thiét ké cp phéi BFRC khong chi
dat yéu cau vé cwong d6 ma con tdi wu vé chi phi
va hiéu qua méi treong.
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