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Abstract: This study presents an advanced artificial intelligence-based
approach for predicting the rutting factor (G*/sind) of Polypropylene (PP) fiber-
modified asphalt, a critical parameter governing the plastic deformation
resistance of pavements at elevated temperatures. Utilizing an experimental
dataset of 132 samples synthesized from reputable publications, the CatBoost
algorithm was implemented and fine-tuned using two hyperparameter
optimization strategies- Grid Search and Random Search, integrated with 5-
fold cross-validation. The results demonstrate that the optimized CatBoost
model achieves superior predictive accuracy, yielding a coefficient of
determination (R?) of 0.9967 and a Root Mean Square Error (RMSE) of 0.5720
on the independent testing set. Model-agnostic interpretability analysis via
Partial Dependence Plots identified the initial rutting factor of the base asphalt
and the fiber content as the two most influential features affecting material
performance. Notably, the study delineated an optimal interaction zone
between the mixing temperature (160-180°C) and PP fiber dosage (3-5%) to
achieve the most effective reinforcement network structure. This research not
only validates the efficacy of the CatBoost algorithm in capturing the complex
non-linear relationships of composite materials but also provides a robust
predictive tool to optimize design protocols and minimize experimental costs in
modified asphalt technology.

Keyword: Polypropylene fiber (PP), machine learning, rutting factor (G*/sind),
modified asphalt.
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Panh gia anh hwéng cua s¢i Polypropylene
dén kha nang khang lin cua nhwa dwéng
théng qua mo hinh tri tué nhan tao

Hoang Thi Hwong Giang

Nhém nghién ciu U'ng dung céng nghé 4.0 trong Giao théng van tai (14T),

Trwdng Dai hoc Céng nghé Giao théng van tai, 54 Tridu Khuc, Thanh Liét, Ha
No6i, Viét Nam

Tém tat: Nghién ctru nay trinh bay mét phwong phap tiép can tién tién dwa
trén tri tué nhan tao d& du bao hé sb han lun (G*/sind) clia nhwa dwéong bién
tinh soi Polypropylene (PP), mét chi tiéu quan trong quyét dinh kha nang khang
bién dang déo ctia mé&t dwérng & nhiét d6 cao. Dya trén bo dir liéu thwe nghiém
gdm 132 méau thu thap tir cac cong bd uy tin, thuat toan CatBoost da dwoc st
dung va tbi wu héa théng qua hai chién lwoc tim kiém siéu tham sb la Grid
Search va Random Search két hop xac thuc chéo 5 lan. Két qua cho thdy mo
hinh CatBoost tdi wu dat dd chinh xac vwot trdi véi hé sb xac dinh R2 dat
0.9967 va sai s6 RMSE chi 0.5720 trén tap d liéu kiém tra. Phan tich ky thuat
giai thich doc 1ap v&i mé hinh da xac dinh hé s han Itn ctia nhwa ban dau va
ham lwong soi 1a hai yéu td ¢ tdm anh hudng I&n nhat dén hiéu suat vat liéu.
Ngoai ra, nghién ctru da chi ra vang twong tac tdi wu gitra nhiét dd khuay (160-
180°C) va ham lwong soi PP (3-5%) dé dat dwoc cAu tric mang lwdi gia cuwdng
hiéu qua nhat. Nghién clru nay khdng chi khéng dinh nang lwc cla thuat toan
CatBoost trong viéc xt ly cac mdi quan hé phi tuyén phirc tap cta vat liéu hén
hop ma con cung cap mét cong cu dw bao dang tin cay, gitp tdi wu héa quy
trinh thiét ké va giam thiéu chi phi thuc nghiém trong céng nghé nhya dwong
bién tinh.

T khoa: Soi Polypropylene (PP), hoc may, hé sé han lun (G*/sind); nhwa
dwéng bién tinh.

1. Gi&i thiéu

Swv gia tang nhanh chéng cda lwu lvgng giao
thong va tai trong truc xe da dat ra nhirng thach
thire Ion d6i cho dd bén lau dai mat dwong bé téng
nhya [1-4]. Bac biét tai Viét Nam, cac dy an giao
théng trong diém nhw cao tbc Bac - Nam dang doi
héi nhirng tiéu chudn khat khe vé vat liéu dé thich
(rng v&i tai trong nang va nhiét d6 mat dwdng cao.
Viéc rng dung nhya dwong bién tinh da va dang
tré thanh xu hwdng chd dao trong cac dy an nay

nhdm dam bao tinh bén virng cha két ciu. Trong
do, hién twong han IGn banh xe & nhiét do cao la
mot trong nhitng hw hdng dién hinh anh hwéng
dén hanh trinh va gia ting chi phi bdo tri dwdng
bd. Pé khéc phuc van d& nay, viéc (rng dung cac
loai s¢i gia cwong, dac biét 1a sgi Polypropylene
(PP), da tr& thanh mot gidi phap day hira hen nhe
kha nang hinh thanh mang lw&i khdng gian ba
chiéu giup tdng cwdng dd clrng va cai thién dac
tinh nhot dan hodi cta chat két dinh [5-7]. Tuy
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nhién, hiéu suat cai thién soi PP trong nhwa dwong
phu thudc vao mét td hop phirc tap céac yéu té nhu
dac tinh nhya dwdng ban dau, ham lvong soi,
chiéu dai soi va quy trinh ché tao nhiét do cao.

Mac du vai trd cua s@i gia cwdng da dwoc
khang dinh qua nhiéu nghién ctu thwc nghiém,
viéc xac dinh chinh xac hé sé han lun (G*/sind) cla
nhwa dwéng bién tinh hién nay van ton tai nhiéu
han ché mat ky thuat va chi phi [8-12]. Céc
phwong phap thi nghiém truyén théng doi héi quy
trinh chuan bi mau khat khe, thiét bi do hién dai
nhw may do cat dong (DSR) va tén kém thoi gian.
Han ché nay gay khé khan cho viéc tdi wu hoa
nhanh cap phéi trong thuwc té& san xuat. Hon nira,
cac mdi quan hé twong tac phi tuyén va sy phan
tan khéng déng nhét cla soi trong nhwa dwdng
thworng dan dén nhirng sai s6 khé dw doan khi st
dung cac md hinh héi quy truyén théng. Chinh sw
han ché vé kha nang dw béo nhanh va chi phi thi
nghiém cao da tao ra khoang tréng dang ké trong
viéc (rng dung céac vat liéu bién tinh soi vao cac dw
an giao théng vé&i quy moé lon.

Trong nhitng ndm gan day, sw phat trién
manh mé cua tri tué nhan tao dd mé& ra moét ky
nguyén méi trong viéc mé phdéng va dy bao tinh
chét cua vat liéu xay dwng véi dd chinh xac cao
[13—16]. Tuy nhién, cac nghién ciru hién hiru vé
nhwa dwéong bién tinh thuweng ng dung cac méd
hinh hop den truyén théng nhw mang no-ron nhan
tao (ANN) hodc rirng ngdu nhién (RF) van gap
nhiéu kho khan trong viéc gidi quyét cac déc trung
phén loai hoac qua khép khilam viéc véi bé dir liéu
thwe nghiém c6 kich thwée trung binh [17,18]. Bac
biét, mét khoang trébng nghién cru quan trong 1a
thiéu sw két hop gitra khd nang dw bao chinh xac
va tinh giai thich dwgc ciia mé hinh, khién cho cac
ky sw vat liéu khé co6 thé hiéu ré co ché twong tac
bién gitra cac thanh phan bén trong cau tric nhua
duwong tir két qua cla hoc may. DBé giai quyét cac
khodng trébng néu trén, nghién clru nay dé xuét
thuat toan CatBoost - mét ky thuat tang cwdng dd
déc tién tién nham xay dwng méd hinh dw bao hé sb
han ltn cha nhwa dwong bién tinh soi PP véi do
tin cay cao. CatBoost dwoc lwa chon nhé gidi quyét
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tbt cac mdi quan hé phi tuyén va dod 6n dinh vuot
tréi so voi cac thuat toan hoc may thong thudong.
Bén canh viéc tap trung vao db chinh xac dy bao,
nghién clru nay con tién phong ng dung ky thuat
giai thich doc lap véi mé hinh dé khai thac hop den
mo hinh, 1am rd tdm quan trong va sy twong tac
gitra cac bién sb6 nhw ham lwong soi, nhiét dd tron
va dac tinh nhwa dwdng ban diu. Bang céach tich
hop 132 dir liéu thwc nghiém da dang tir sau
nghién ctru uy tin va strc manh tinh toan cua thuat
toan CatBoost, nghién clru huwéng téi viéc thiét 1ap
mot cong cu thdng minh trong thiét ké vat liéu. Két
qua khéng chi cung cap mét phwong phap dw bao
hé sb han Iun chinh x4c ma con mang lai nhitng
hiéu biét sau sic vé co ché bién tinh vat liéu dwdi
géc nhin cla tri tué nhan tao cé thé giai thich (XAl).
Day la co s& khoa hoc quan trong trong téi wu héa
quy trinh ché tao va thuc day (rng dung céc loai vat
liéu tién tién trong ha tng giao théng hién dai.

2. Co sé& div liéu

P& huan Iluyén md hinh, bd di lidu v& hé sb
han lun cha nhya dwdng stir dung soi PP da duoc
tdng hop tir cac nghién ctru thwe nghiém uy tin trén
thé gioi. Téng cong c6 132 mau dir liéu duwgc thu
thap, ddm bao tinh da dang va dai dién cho nhiéu
diéu kién ché tao khac nhau. Chi tiét nguén gbc va
sb lwong mau dwoc tbng hop & Bang 1.

Viéc lya chon céc bién dau vao cé y nghia
quyét dinh dén kha nang tbng quat hda va dé chinh
xac cua cac mo hinh tri tué nhan tao. Trong nghién
clu nay, 7 tham sé dau vao da duwoc lwa chon dé
dw bao hé sé han lun (G*/sind, ky hiéu O) ctia nhya
dweérng bién tinh PP, bao gdm cac dac tinh cla soi
gia cuwdng, théng sé trdn trong qua trinh ché tao
chat két dinh, va dac tinh ctda nhya ban dau. Cu
thé cac bién dau vao la cworng do kéo cua soi (11,
MPa), ham lwong soi (12, %), chiéu dai soi (I3,
mm), nhiét do khudy (14, °C), thdi gian khudy (15,
phat), van tdc khudy (16, vong/phut), va hé sb han
lun G*/sind clia nhya dwérng ban dau (17, MPa). Du
céac dac tinh vi mé c6 anh huéng dén twong tac bé
mat, nghién ctru nay wu tién st dung cac bién s
vi m6 d& dam bdo tinh thyc tién. Trong d6, hé sb
han lGn nhwa ban dau déng vai tro 1a tham s hop
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nhét cac d&c tinh co’ ly nén tang. Viéc tap trung vao
cac thong sd hinh hoc sgi va diéu kién ché tao gitp
mé hinh dé dang tiép can di lieu thuc té tai hién
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trwdng. Didu nay la can thiét dé xay dwng mot cong
cu dy bdo nhanh, chi phi thp va phu hop véi yéu
cau thwc té clia nganh giao théng hién nay.

Bang 1. Tdng hop di liéu dwoc thu thap tr cac nghién cru

STT Nguén thu thap S6 lwong mau
1 Yeh va céng sw., 2005 [8] 20
2 Guo va cbng su., 2022 [9] 24
3 Zhang va cOng su., 2024 [10] 4
4 Li va cong sw., 2023 [11] 12
5 Kathari va cong sw., 2016 [19] 42
6 Xiaoming va céng sw., 2019 [20] 30
Toéng 132

Phan tich d&c diém théng ké dir liéu tai Bang
2 cho thay cac bién sb bao phi mét dai gia tri rong,
tr cac thdng s hinh hoc cua soi dén diéu kién
nhiét dé va van téc khudy trén, dam bao dé tin cay

va phé quat cho viéc mé hinh héa. Cuébi cuing, di
liéu dwoc chia thanh 2 phan véi 70% duoc st
dung dé xay dwng cac md hinh, 30% con lai dwoc
st dung kiém tra hiéu suat md hinh.

Bang 2. Phan tich théng ké bo di¥ liéu siv dung trong nghién clru

o Cuong  Ham o .,  Nhigt  Thoi yntée  Gsing _
Tén bién do kéo lwong .. doé gian < A G*/sind
. . ) dai soi < < khuay ban dau
cua soi soi khuay khuay
Ky hiéu 11 12 13 14 15 16 17 o]
bon vi MPa % mm °C phat Vong/phut kPa kPa
Trung binh 438.636 2.034 4.046 137.197  44.048 1547.159 8.114 12.793
Do lech chudn  237.706 1.648 3.508 60.141 30.346 1053.795 29.716 39.094
Nhé nhat 0.000 0.000 0.000 25.000 0.000 0.000 0.100 0.100
10% 0.000 0.000 0.000 25.000 0.000 0.000 0.200 0.494
20% 0.000 0.000 0.000 25.000 0.000 0.000 0.300 0.793
30% 537.500 1.000 0.100 160.000  30.000 500.000 0.493 1.130
40% 537.500 1.320 3.500 160.000  40.000 2200.000 0.750 1.533
50% 537.500 2.000 3.500 165.000  40.000 2200.000 1.100 2.387
60% 537.500 2.500 6.000 170.000  60.000 2200.000 1.500 3.188
70% 537.500 3.000 6.000 170.000 60.000 2200.000 2413 4.978
80% 625.000 3.500 6.000 174.000 60.000 2500.000 4.040 9.384
90% 625.000 5.000 10.000 180.000  90.000 2500.000 17.280 21.620
L&n nhét 625.000 5.000 10.000 180.000  90.000 2575.000 220.000 320.000

Ngoai ra, mdi lién hé gitra cac bién dau vao
va dau ra, cung v&i dac trwng phan phdi cha tap
dir liéu thwe nghiém, dwoc thé hién chi tiét thong
qua ma tran twong quan (Hinh 1) va biéu dé phan
phdi tAn suét (Hinh 2).

Két qua tlr Hinh 1 cho thay bién G*/sind ban
dau (17) c6 hé sé twong quan thuan manh nhét déi
v&i gia tri dau ra G*/sind (O) clia nhwa dwong bién
tinh soi PP véi hé sb twong quan la 0.96. Diéu nay
phan anh quy luat vat ly khach quan khi dac tinh
co ly clia nhwa nén déng vai tro tién quyét dén hiéu

suét ctia hén hop sau khi bién tinh badng PP. Bén
canh d6, cac théng sé chuan bi mau nhw nhiét o
khudy (14), thoi gian khudy (15) va van téc khudy
(16) thé hién sy doc lap twong dbi vai hé sé tuwong
quan thap. Diéu nay dam bao tinh khach quan, phd
quat va dé tin cay cho qua trinh huan luyén mé hinh
hoc may.

Phan tich sau hon vé c4u tric di¥ liéu tai Hinh
2, c6 thé thay cac bién diu vao dwoc phan bd trai
réng trén nhiéu dai gia tri thyc nghiém khac nhau.
Cu thé, cac théng sb ky thuat nhw ham lwong soi
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(12) hay nhiét @6 khudy (14) khong chi tap trung &  thirc I&n trong viéc dw bao, doi hdi mé hinh hoc
cac gia tri phd bién ma con bao phi ca cac diém  may cé kha nang x& ly tét van dé phi tuyén, dam
di¥ liéu & bién. Dbi v&i bién dau ra (Hinh 2h), phan bao dé chinh xac trén toan b di liéu. Nhirng phan
phéi gia tri cho thdy mot dai do rong tir 0.1 dén 320  tich dinh lwong néu trén 14 co s& quan trong dé
kPa v&i mat do tap trung cao & ving gia tri thap. thwe hién cac bwéc xay dwng va téi wu héa mo
Dé&c diém léch phai ctia phan phéi nay 1a motthach  hinh trong phan tiép theo ctia nghién ciru.

1
Cudng d6 kéo cla sgi ‘ '
Ham lugng soi -56 ‘

.62 .37

r0.5

Chiéu dai sgi

Nhiét d6 khugy| 96 | -69
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o
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066006
0000600C6
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Hinh 2. Phan phéi di¥ liéu cac bién dau vao, dau ra ctia bo di liéu
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Hinh 2 (tiép). Phan phédi dir liéu cac bién dau vao, dau ra cia bd di liéu

3. Phwong phap hoc may
3.1. Thuat toan CatBoost

Thuat toan CatBoost la mot bwdc tién hién
dai trong dong thuat toan tang cwéng dd déc dwa
trén cay quyét dinh. Dac diém ndi bat nhat cla

thuat toan nay 1a kha ndng xt ly truc tiép cac bién
phan loai va dir liéu hdi quy ma khoéng can céac
bwérc tién xt ly phirc tap, ddng thdi khac phuc hién
twong dich chuyén dw bao va gidm thiéu rdi ro qua
khép [21]. Dbi voi tap di liéu thwe nghiém vé nhua
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dwéng bién tinh, thuat toan nay thé hién kha ndng
x@ ly cac mdi quan hé phi tuyén manh mé gitra cac
thong sé ché tao va dc tinh co' ly cla vat liéu. Cau
trac cay déi xirng dic trwng clia CatBoost khong
chi gitp tang téc do6 dw bdo ma con dam bao tinh
6n dinh ca mé hinh, d3c biét véi cac bd div liéu
vira va nhd.
3.2. Xac thwc chéo

Xac thye chéo (Cross-validation - CV) dong
vai tro 1a mot co ché kiém chirng co ban trong linh
vic hoc may dbi véi div liéu chwa tirng tiép can
[22]. Quy trinh chuan thwéng bao gdm viéc phan
chia tap dir liéu thanh cac tap con riéng biét danh
cho huén luyén, xac thwc va kiém chirng. Trong
cac kich ban ma dir liéu ban dau da dwoc chia
thanh hai phan huan luyén va kiém tra, quy trinh
CV sé& dwoc thwc hién duy nhét trén tap huan
luyén. Tap hop nay dwoc chia nhé thanh k phan
rdi rac véi kich thwéc xap xi bang nhau. Qua trinh
nay sau dé dwoc thwe hién I&p di 1&p lai: tai moi
vong 1ap, k-1 phan dwoc dung dé& huén luyén moé
hinh, trong khi phan con lai déng vai tro 1a tap xac
thwc dé kiém tra hiéu suét. Diéu quan trong |a tap
kiém tra dwoc dé riéng trong subt giai doan nay
nham dam bao két qua danh gia cudi cing vé mé
hinh trén di¥ liéu mai 1a khach quan. Két qua dw
bao téng thé ctia mé hinh dwoc dinh lwong bang
céach tinh trung binh céng céac chi sb hiéu suét thu
dwoc qua tat ca n lan 1ap. D& dam bao danh gia
chéc chan vé kha nang téng quat héa, nghién ciru
nay ap dung chién lwoc xac thuc chéo 5 1an.
3.3. Tim kiém lwéi

Tim kiém lwéi (Grid search) la moét ky thuat
t6i wu hoa tham sb c6 hé thdng, hoat ddng bang
céach thiét 1ap mot khong gian tim kiém dwai dang
lwoi toa dO dwa trén cac gia tri dinh sén cla tirng
tham sd. Phwong phap nay sé thwc hién danh gia
hiéu suét cia mé hinh trén tat ca cac két hop co
thé c6 trong khong gian nay. Uu diém ndi bat cia
tim kém lwai la tinh triét d&, dam bao khong bd sot
b4t ky t& hop tham sé nao trong pham vi dwoc xac
dinh. Tuy nhién, chi phi tinh toan cua tim kiém lwdi
ti 1& thuan vai sb lwong tham sb va cac mirc gia tri,
dan dén thoi gian tim kiém kéo dai khi pham vi tim
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kiém mé rong [23].
3.4. Tim kiém ngau nhién

Khac voi tim kiém lwéi, phwong phap tim
kiém ngau nhién (Random search) khong thwc
hién th&r nghiém moi két hop ma chon loc gia tri
tham s& mot cach ngéu nhién tlr khéng gian tim
kiém dwoc phan phdi. Hiéu suat tim kiém theo
phwong phap nay hiéu qua hon vé mat thoi gian
va tai nguyén tinh toan, dac biét khi khéng gian tim
kiém I&n. Bang cach ldy mau ngau nhién, thuat
toan c6 kha nang kham pha cac vung khéng gian
tiém nang ma phwong phap tim kiém lwéi co thé
bd qua do gi¢i han vé bwdc nhdy clia lwéi nhung
van dat dwoc dd chinh xac twong dwong voi tim
kiém lwoi.
3.5. Biéu do phu thudéc mét phan

Biéu dd phu thudc mét phan (PDP) 1a mét ky
thuat giai thich doc 1ap véi mé hinh, nham muc dich
minh hoa bang d6 hoa tac déng bién trung binh ctia
cac dac diém dau vao cu thé dbi voi két qua dw
doan ctia mét mé hinh hoc may da dwoc huén
luyén [24]. PDP mét chiéu (PDP1D) dwoc dung dé
kiém tra tac dong bién cia mot dic diém duy nhét,
tao ra mot biéu dd dwdng thé hién ban chét ciia sy
phu thudc; trong khi PDP hai chiéu (PDP2D) rat
quan trong dé kiém tra tac dong twong tac gitra hai
dac diém cu thé. Qua trinh tinh toan cho ca hai
phuwong phap déu bao gébm viéc thiét 1ap co hé
thdng cac dac diém dang dwoc nghién ciru thanh
cac gia tri tv* moét lwdi dwoe xac dinh trudce, tinh
trung binh cac dy doan thu dwoc cho méi trwdng
hop di liéu va trinh bay dau ra 2D dwéi dang ban
dd nhiét, trong d6 cac sac do khac nhau thé hién
do 16n cha két qua duw doan.
3.6. Cac tiéu chi danh gia

Dé dwa ra danh gia toan dién vé kha nang dy
béo clia cac md hinh hoc may da phat trién, nghién
clru nay st dung mot bd chi sb danh gia da dang.
Khung danh gia bao gém: Hé sé xac dinh (R?), sai
sb binh phuwong trung binh cidn (RMSE), sai sb
tuyét ddi trung binh (MAE), va sai s6 phan trdm
tuyét déi trung binh (MAPE).

R2 doéng vai trd la mot chi sé co ban gidp
danh gia mdrc do phu hgp ciia md hinh. Mac du gia
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tri R2 c6 gia tri [0; 1] v&i gia tri cao cho thay mirc do
phu hop tét hon, nhwng mét chi s R? cao don
thuan khéng dadm bao kha nang tdng quat ctia mo
hinh. Cac mé hinh cé thé gap hién twong qua
khép, dan dén diém R2 cao trén tap di lieu da
dwoc hoc nhuwng lai that bai trén div liéu méi, diéu
nay cho thay sw can thiét cta viéc st dung nhiéu
chi sb bd tro khac nhau. RMSE duwgc tinh toan
bang can bac hai cla trung binh binh phwong sw
sai léch gitra gia tri dw doan va gia tri thwc t&. Chi
sb nay trirng phat manh mé cac do léch Ién, khién
né dac biét nhay cam v&i cac gia tri ngoai lai.
RMSE cang thap biéu thi md hinh cang phu hop va
c6 d6 chinh xac cao. MAE la trung binh cdng cla
céc gia tri tuyét dbi gitra sai léch gitra gia tri dw bao
va gia tri thwe té. Nguoc lai véi RMSE, MAE cung
cap mot diém sb tuyén tinh trong doé cac sai s6 cod
trong s6 nhw nhau, phan anh trwc tiép mirc do Ién
binh quan cla sai s6. Gia tri nay dao déng twr 0
(phu hop hoan hédo) dén dwong vé cung.

Cubi cung, sai sb tuyét déi trung binh MAPE
la mét chi s6 khoéng phu thudc vao quy mé, ding

Hoang

dé so sanh hiéu suat mé hinh trén cac tap di liéu
ho&c cac bac quy mé khac nhau. Ty & phan tram
MAPE cang thdp phan anh do chinh xac dw bao
cang cao. Cong thirc xac dinh cac chi sé hiéu suét
trén cé thé tham khao trong tai liéu trich dan [12].
4. Két qua va thao luan
4.1. Xay dwng mé hinh CatBoost

Qua trinh xay dwng mé hinh CatBoost bt
dau bang viéc thiét 1ap khéng gian tim kiém cho
cac siéu tham sbé cbt 16i nham tdi wu héa kha ndng
dw bao hé sé han Iin cta nhwa dwdng bién tinh
soi PP. Ba tham sb quan trong dwoc téi wu bao
gbm: tbc dd hoc (learning_rate), dd sau cla cay
(depth) va sb lwgng vong lap (iteration) véi cac
khoang gia tri tim kiém dworc chi tiét trong Bang 3.
Trong d9, tdc d6 hoc dwoc gidi han tir 0.05-0.3 dé
can bang gilra tbc dd hoi tu va dd chinh xac cua
mé hinh, d6 sau cta cay thiét 1ap (3-8) nham tranh
cau hinh cay quéa phtc tap gay hién twong qua
khép, va sb vong lap dao déng tir 50 dén 500 cho
phép thuat toan da sé buwéc I4p dé tbi wu ham mét
mat.

Bang 3. Khong gian tim kiém cac siéu tham s6 mé hinh

STT Ky hiéu Tham s6 Gia tri tim kiém
1 L learning_rate 0.05-0.3
2 D depth 3-8
3 I iteration 50-500

Dé tim ra b tham sb téi wu, nghién ctru nay
st dung hai chién lwgng tim kiém. Két qua tai Bang
4 cho thay ca hai chién luvgc tim kiém déu dat duwoc
hiéu suét dy bao rat cao véi gia tri R? Ién nhat dat
0.9226 trén tap xac thwc. Cu thé, mé hinh tdi wu
(xép hang 1) dwoc xac 1ap véi ciu hinh tham sé: L
=0.1; D=4 val=500. bang chu y, cac md hinh
xép hang cao nhét ctia ca hai phwong phap déu cé
sy twong ddng Ién vé chi s hiéu suét, cho thay sw
dn dinh ctia mé hinh CatBoost. Hiéu suét cta hai
chién lwoc tim kiém dwoc phan tich trwc quan qua
Hinh 3. Qua biéu dd so sanh gitra chi s6 R? va thoi
gian tim kiém, c6 thé nhan thy phwong phap tim
kiém ngAu nhién thé hién wu thé vuot troi vé mat
tbc d6 xt ly khi tim ra cac vang khéng gian tham
sb6 hiéu qua nhanh hon dang ké so véi tim kiém

lwdi, trong khi van dam béo do chinh xac twong
dwong. Tuy nhién, can lwu y rang du tim kiém lu6i
va tim kiém ng&u nhién da cung cap cac bd tham
sd dat dd chinh xac cao cho mé hinh CatBoost
trong nghién ctru nay, viéc trng dung cac thuéat toan
tdi wu hoéa nhw ti wu hoa bay dan (PSO) hay thuat
toan tbi wu héa s6i xam (GWO) hira hen s& mang
lai kha nang héi tu nhanh va chinh xac hon & cac
khéng gian tham sb phtrc tap. Pay la hwéng nghién
ctu tiém nang dé lai tao cac mé hinh CatBoost tdi
wu, giup tw ddng hda hoan toan quy trinh tinh chinh
cu tric cay ddi xirng va nang cao nang lwc téng
quat héa clia mé hinh ddi v&i cac tap div liéu vat
liéu nhyra dwong quy mé Ion hon trong twong lai.
Sw bn dinh va chinh xac ctia md hinh tiép tuc
dwoc khang dinh qua Hinh 4 va Bang 5 thong qua
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hai tiéu chi then chét I8 RMSE va R2. Véi tap huan
luyén, c& 5 md hinh tiéu biéu déu dat gia tri R? xap
xi tuyét déi (0.9999) va sai s6 RMSE rat thap (tw
0.2230 dén 0.4738). Hon niva, md hinh con dwoc
danh gia kha nang téng quat héa trén tap kiém tra
khi mé hinh 1 dat gia tri R?>= 0.9967 va RMSE =

0.92251

0.9200 1 5

5.0.9175
=

£ 0.9150-
x

fé: 0.91251

‘& 0.91001
0.9075 1

0.9050+ — T

Grid.S Rand.S

Hoang

0.5720. Céac chi s MAE (0.4210) va MAPE
(0.3764) ctia md hinh 1 trén tap kiém tra déu & murc
th4p nhéat trong sé cac mé hinh, minh chirng cho
dd tin cay vuot troi khi dw bao hé sb han lun cla
nhwa duwéng bién tinh soi PP cho cac dir liéu thuc
nghiém mai.

(b)
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Hinh 3. So sanh hiéu suét tim kiém cta Grid.S va Rand.S theo tiéu chi R? va thoi gian tim kiém 10 mé
hinh tét nhat trén tap dir liéu xac thwc

Bang 4. Két qua tim kiém siéu tham s6 mé hinh theo hai phwong phap trén tap div liéu xac thuc

Phwong phap

Tim kiém Iwéi (Grid.S)

Tim kiém ngau nhién (Rand.S)

Xep hang L D | R? L D | R?
mo& hinh
1 0.1 4 500 0.9226 0.1 4 500 09226
2 0.1 4 400 0.9225 0.1 4 400 09225
3 0.1 4 450 0.9225 0.1 4 300 0.9224
4 0.1 4 350 0.9225 0.05 3 500  0.9222
5 0.1 4 300 0.9224 0.1 8 300  0.9213
6 0.1 4 250 0.9224 0.1 5 400  0.9200
7 0.05 3 500 0.9222 0.1 8 500  0.9134
8 0.1 8 300 0.9213 0.1 3 500  0.9108
9 0.1 8 350 0.9197 0.1 8 200  0.9100
10 0.1 8 500 0.9134 0.1 3 250  0.9052

Bang 5. Tdng hop gia tri metric clia 5 mé hinh tiéu biéu theo bén tiéu chi

Tiéu chi R2 RMSE MAE MAPE R? RMSE MAE MAPE
Mb hinh Tap huan luyén Tap kiém tra
1 0.9999 0.2230 0.1728 0.0865 0.9967 0.5720 0.4210 0.3764
2 0.9999 0.3209 0.2391 0.1117 0.9961 0.6272 0.4459 0.3889
3 0.9999 0.2651 0.2008 0.0973 0.9965 0.5947 0.4271 0.3752
4 0.9999 0.3832 0.2791 0.1322 0.9957 0.6627 0.4865 0.4052
5 0.9999 0.4738 0.3439 0.1656 0.9946 0.7418 0.5417 0.4217
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Hinh 4. Hiéu suét dy bao ctia 5 md hinh tiéu biéu theo cac tiéu chi: (a) RMSE, (b) R?; (c) MAE; (d)
MAPE

4.2. Két qua dw bao mé hinh tiéu biéu

Phan nay trinh bay hiéu suét dy bao ctia md
hinh CatBoost tbi wu dwgc danh gia théng qua biéu
dd héi quy va biéu dd sai s6. Hinh 5 thé hién sy
twong quan gilra gia tri dy bao tr mo hinh va gia
tri thwe nghiém, duoc trinh bay chi tiét cho ca hai
tap huan luyén (Hinh 5a) va tap kiém tra (Hinh 5b).
Dé& dang nhan thay, cac dir liéu phan bd rat sat
duwdng chéo (dwong ly twdng), minh ching cho
kha nang mé hinh héa chinh xac cac quy luat bién
thien cta vat liéu. V&i hé sb xac dinh R? dat gia tri
0.9999 trén tap huan luyén va duy tri & mirc cao
0.9967 trén tap kiém tra, mé hinh CatBoost khéng
chi thé hién kha nang hoc sau cac dac trung cla
di¥ liéu cli ma con khang dinh nang lwc tdng quat
hoéa xuét sac déi véi cac mau div liéu mai. Khodng
cach rat nhé gitra cac dwdng hodi quy thuc té va
duwdng ly twdng la minh chirng cho viéc mé hinh
da thu gitr dworc gan nhu toan bd cac twong quan

phi tuyén gitra thong sb dau vao va dau ra. Cac két
qua nay la minh chirng quan trong vé dd tin cay
ctla mo hinh khi ap dung vao bai toan dw bao hé
s6 han lun cho nhya dwdng bién tinh soi PP. Ngoai
ra, phan tich chi tiét biéu dd sai sb tai Hinh 6 cho
th4y mé hinh CatBoost dat dd chinh xac rat cao voi
céac gia tri sai sb tap trung mat d6 Ién xung quanh
dworng tiém can 0. Sw hdi tu sai sd an twong khi
hau hét cac div liéu déu nam trong dai sai s6 hep.
Cu thé, trén tap huén luyén, phan I&n cac mau cé
sai s6 nam trong khoang tir - 0.4 dén + 0.4 kPa, cé
khodng 8 mau trong tdng sb 92 mau c6 sai sd nam
ngoai khodng trén. V&i tap kiém tra, mac du do
bién thién c6 tdng nhe nhung tinh 6n dinh van
dwoc duy tri khi s lwong mau nam ngoai khoang
sai s6 [-1; 1] kPa la rat it, khodng 3 méu trong téng
s6 40 mau. Nguyén nhan cla cac sai s6 nay chu
yéu xuét phat tir tinh khéng ddng nhéat clia vat liéu
trong qua trinh ché tao mau thyc nghiém, dac biét
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la hién twong phan tan soi khong déu tai mot sé
diéu kién bién. Diéu nay cho thdy mé hinh méc du
c6 d6 chinh xac rat cao nhwng van phan anh dung
nhirng thach thirc khach quan trong thic nghiém
vat liéu nhya dwédng bién tinh. Dac biét, khi xét dén
phan phdi sai sé tich Iy, mé hinh thé hién ndng luc
dw bao vuot trdi voi trén 80% céac sai sb nam trong

(a)
300 | —— Pudng hdi quy
B D{ liéu hudn luyén
T 250
X
o 2001
B
0
>5-150 |
©
= R2=0.9999
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O 50 MAE=0.1728 kPa
'MAPE=0.0865
O,
0 100 200 300

Gié tri thuc nghiém (kPa)

Hoang

khodng [-0.3; 0.3] kPa dbi v&i tap huan luyén, va
trén 80% sai s6 nam trong khoang tir [-0.5; 0.5]
kPa. V&i sai s6 rat thdp, mé hinh CatBoost dwoc
danh gia tét khi dw bao hé sé han lun cla nhwa
dweérng bién tinh PP. M6 hinh nay cé thé dwoc ap
dung vao thyc té dé gidap cac ky sw vat liéu tiét kiém
th&i gian va chi phi trwdce khi lam thi nghiém.

(b)
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Hinh 5. Twong quan gitra gia tri thwe nghiém va gia tri dw bao hé sé han lun cho (a) tap huan
luyén; (b) tap kiém tra
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Hinh 6. Sai s6 dw bao gitra gia tri thwc nghiém va gia tri dw bao hé sb han lun cho (a) tap huén luyén;
(b) tap kiém tra

4.3. Phan tich d6 nhay

Phan nay trinh bay biéu db &nh huéng tirng
phan nham cung cap sau hon vé sy anh hwéng
cua tirng bién dau vao don 1& déi véi gia tri dw bao
hé s han lun. Két qua tir Hinh 7g va Bang 6 cho
thdy bién G*/sind clGa nhwa gbc (17) thé hién bién
do tac dong Ién nhét (tr 2.0 dén 200 kPa), khang
dinh tinh chat ctia nhya dwdng ban dau Ia khung
xwong quyét dinh kha ndng khang bién dang cla

nhwa duwdng bién tinh PP. Két qua nay hoan toan
twong ddng v&i cac nghién clru ctia Hoang va cong
sw, khi cho rang d&c tinh nhét dan hdi cia nhwa
dwérng ban dau thiét 1ap nén tdng cho moi sw cai
thién hiéu suat sau nay [25]. Dbi v&i ham lwong soi
12 (Hinh 7b), biéu dd cho thdy xu hwéng tang dan
ctia hé sb han Ian khi ndng do soi tang tr 0% dén
5%. Diéu nay co thé giai thich, sy hién dién cla soi
PP tao ra mot mang lwéi khong gian ba chiéu trong
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nhwa dwéng, gilp hap thu (rng suét va han ché su
dich chuyén twong dbi gitva cac phan t& nhya &
nhiét d6 cao. Hién twgng nay lam tang dé cirng va
kha nang héi phuc dan hdi, tir d6 cai thién dang ké
chi s han lun. Bén canh d6, cwdng dd kéo clia soi
11 (Hinh 7a) xép vi tri thir ba vé tm quan trong véi
hiéu sb tac dong 1a 5.5. Didu nay giai thich rang
cac loai s@i cé kha nang chju lywc cao hon sé cung
cap sy gia cwdng tét hon cho ciu tric chéat két
dinh khi chiu tai trong banh xe lap lai. Ngwoc lai,
nhiét do6 khudy 14 (Hinh 7d) va thoi gian khudy 15
(Hinh 7e) cho thay sw tac dong cé ngwdng. Khi

Hoang

nhiét do va thdi gian dat téi mot gia tri tdi wu, hé s
han Itn cé xu hwéng 6n dinh. Tuy nhién, néu vuwot
qua nguéng nay, nhiét do cao cé thé gay ra hién
twong héa gia sém hodc phan hay nhiét mot phan
cta soi PP, lam gidm hiéu qua bién tinh. Cac bién
van téc khudy (16) va chiéu dai soi (13) c6 mirc do
anh hwéng thap nhét (xép hang 6 va 7) goi y rang
trong dai thyc nghiém khao sat, cac yéu té nay chi
yéu déng vai trd ddm bdo sw phan tan dong nhéat
cla sgi. Piéu nay hoan toan phu hop véi nhirng
nhan dinh trong nghién ctru [26] khi str dung nhya
dweérng bién tinh vat liéu nano.

Bang 6. Tdng hop tac dong va thi ty wu tién cla cac bién dau vao déi véi hé sé6 han lun dwa trén phan

tich PDP
. PDP 1D
Bien dau vao " " . .
Lén nhat Nhé nhat Hiéu so Xep hang
Cwong do6 kéo cla soi 17.0 11.5 55 3
Ham lwvong soi 16.1 10.0 6.1 2
Chiéu dai soi 13.8 115 2.3 6
Nhiét d& khudy 15.7 125 3.2 4
Theoi gian khudy 14.8 12.2 2.6 5
Van téc khuéy 135 11.8 1.7 7
G*/sind ban dau 200 2.0 198 1
(a) (b)
17 161
16 15
15 141
% 14 . 13-
o
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11
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Hinh 7. Biéu d6 anh huéng tirng phan (PDP 1D) thé hién tac dong cutia cac bién dau vao don & dén hé

s6 han Iun

41



JSTT 2026, 6 (1), 30-47 Hoang

(c) (d)
15.51
13.5
15.01
13.01 14.51
5 % 14.01
5125 &
13.51
12.04 13.01
12.51
I S ! ‘ | oll ST
0 2 4 6 8 10 20 40 60 80 100 120 140 160 180
Chiéu dai sgi (mm) Nhiét dé khudy (°C)
(e) (f)
13.50
14.51 13.25
14.01 13.001
12.751
o135+ o
T T 12.501
13.01 12.25 1
1251 . . 12.001
11.75 { [ | |
12.0 I — | | | | . ‘ . |
0 20 20 60 80 0 500 1000 1500 2000 2500

Thai gian khusy (phdt) Van tdc khudy (vong/phat)

{(9)

2004
1751
1501
1254
o
E 100 -
751
50 1
251
R | | |
0 50 100 150 200
G " /sin 8 ban dau (kPa)

Hinh 7 (tiép). Biéu d6 anh hwdng tirng phan (PDP 1D) thé hién tac déng cla céac bién dau vao don 1é
dén hé sb han lun

Dé Iam rd co ché tac dong phirc tap clia cac  kéo cua soi va nhiét d6 khudy. Sy twong tac gitra
thanh phan vat liéu va diéu kién ché tao, Hinh 8  céac bién nay khong chi mang tinh cdng dén don
trinh bay cac biéu dé anh hwéng riéng phan hai  thudn ma con thé hién cac méi quan hé phi tuyén
chiéu cho cac cap bién quan trong nhat trong 4  sau séc, phan anh ban chét phirc tap clia ciu truc
bién quan trong nhat, bao gdbm hé s6 han lin cia  vat liéu hdn hop chat két dinh. Phan tich sw twong
nhwa dwong ban dau, ham luvong soi, cwdng dd  tac gitra hé sb han lun ciia nhya dwdng ban dau
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va ham lwong soi (Hinh 8a) cho thdy mot vang hiéu
suét tang vot khi ca hai thong s nay déng thoi dat
gia tri cao. V& maét vat liéu, khi nhwa nén c6 do
cing ban dau 16n, viéc bd sung soi PP véi ham
lwong toi wu tlr 3-5% sé& tao ra mdt mang lwdi gia
cwdng 6n dinh, gitp neo gilr cac phan t& nhya va
han ché sy trwot déo & nhiét dd cao. Két qua nay
hoan toan phu hgp véi cac nghién cteru [27] khi
khdng dinh rng soi gia cwdng dong vai trd la
khung xwong th(r cp, phat huy hiéu qua ti da khi
két hop v&i nhwa dwong cé chat lwong gbc tét.

Hinh 8b 1a sw két hop gitra hé sé han lun cla
nhwa gbc va cudng do kéo clia soi cho thdy mot
quy luat tadc déng hd twong rd rét. Khi nhwa duwong
ban dau cé chi s G*/sind cao két hop véi loai soi
c6 cwdng do kéo I&n, bé mat dap ng dat téi diém
cwe dai vé kha nang khang bién dang. Diéu nay cé
thé giai thich, nhwa dwdng ban dau déng vai tro la
pha lién tuc truyén (rng suét, trong khi soi PP déng
vai tro 1a pha gia cwong chiu &ng suat kéo phat
sinh. Sy twong tac nay phan anh rang cac loai
nhya dwdng c6 db clrng cao sé tao ra moi trwdng
bam dinh t6t hon, cho phép soi PP dam bao kha
nang chiu kéo dé& ngan chan s trwot déo cia hén
hop.

Bén canh do, nhiét dd khuay thé hién vai tro
la yéu t6 kiém soat qua trinh phan tan va lién két
bé& mét. Hinh 8c chi ra rdng cé mét ving nhiét do
tdi wu (160-180°C) dé phat huy tac dung clia soi
gia cwdng. O dai nhiét dd nay, do nhét clia nhua
dwdng du thAp dé soi PP phan tan déng nhét, déng
th&i nang lwgng nhiét giup cai thién kha nang bam
dinh gitra bé mat soi va nhya. Ly do ky thuat quan
trong clia viéc chon dai nhiét d6 nay nam & diém
néng chay cua sgi PP (khoang 165°C). Nhiét do
nay vira d0 dé soi dat trang thai mém hoa, thuc day
qua trinh twong tac héa-ly tai giao dién sgi-nhwya
ma khong lam bién tinh cu trac polymer cla soi.
Vung twong tac nhiét do tdi wu nay tir mé hinh
CatBoost hoan toan twong déng véi cac quan sat
vi mé trong cac nghién ctru thyc nghiém trwdc day
[8,19]. Bdng thdi, tai ham lwong 3-5%, cac soi PP
phan tan déng nhat va dan xen tao thanh mang
lwéi khong gian ba chiéu én dinh trong nén nhua
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dweérng, gidp hap thu va phan tan tng suét hiéu qua
[20]. Tuy nhién, sy twong tac véi cac bién khac
ciing canh bao rang néu nhiét dd vwot qua nguéng
gi&i han, cac déc tinh cGa nhwa nén cé thé bi suy
giam do hién twong hda gia nhiét, tir dé lam giam
tbng hiéu suét khang han lun cla hé théng.

Su két hop gitra cworng dd kéo cla soi va
ham lwong soi (Hinh 8d) cling tao nén nhirng anh
hwéng rd rét dén dac tinh khang han lan. Khi néng
dod soi tang 1én, mat dd cac diém giao cét trong
mang lwéi khdng gian ba chiéu day dac hon. Déng
thoi, néu cac soi nay c6 cuwdng dd kéo cao, chiing
s& ngan chan hiéu qua sw hinh thanh va lan truyén
cla cac vét nirt vi md bén trong chét két dinh. Diéu
nay gidp duy tri tinh nguyé&n ven clia cAu tric nhya
dwdng dwdi tac dong Iap lai cla tai trong banh xe,
mot co' ché da dwoc chi ra trong nghién ctru cla
[28] vé twong tac gitra vat liéu nano hodc soi va
nhya duwong.

Sy twong tac gilba ham lwong soi va nhiét
dé khudy (Hinh 8e) cho thay hiéu suét cta nhuwa
dwong bién tinh khong tang tuyén tinh theo nhiét
dd ma dat ngwéng tdi wu trong khodng 160-1750C
khi ham Iwong soi nam trong khoang 2.5 - 4.0%.
Néu nhiét d6 qua thap, doé nhét clia nhwa dwdng
tang cao khién cac soi PP cé xu hwéng von cuc,
lam gidm dién tich tiép xic bé méat va dan dén su
phan tan khéng déng nhat. Nguwoc lai, viéc duy tri
nhiét d6 trong dai tbi wu gitp nhwa dwéng bao phi
hoan toan bé mét soi, tao ra sy lién két hda - Iy bén
virng, gilp tdng cwdng d6 6n dinh nhiét cho hé
thdng chéat két dinh.

Cudi cung, Hinh 8f hién thi twong tac gitra
cwdng dd kéo cla soi va nhiét dd khudy nham lam
ré thém anh hwdng cla nang lwong ché tao dén
dac tinh co' ly cla sgi gia cwong. Tai vung nhiét d6
thap dwdi 160°C, sy thay déi cwong do kéo cla
soi it gay ra bién dong Ion dén hé sb han lun tong
thé do lwc bam dinh tai giao dién soi-nhwa chwa
dd manh dé truyén tai trong hiéu qua. Tuy nhién,
khi nhiét dé khudy tang 1&n murc thich hop, bé mét
twong tac cho thay xu hwéng cai thién hiéu suat rd
rét hon dbi v&i cac loai soi co cwdong do kéo cao.
Diéu nay minh chirng réng quy trinh ché tao nhiét
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dd cao khéng chi hd trg phan tan ma con thuc day
qué trinh twong thich bé mat, cho phép dac tinh
cwong do cua sgi PP tham gia tryc tiép vao viéc
nang cao khd nang khang han lun cho nhua
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dwdng. Cac két qua phan tich PDP 2D nay moét lan
nira khang dinh tinh dung dén cua viéc téi wu héa
dodng thei ca thanh phan vat liéu va théng sb cong
nghé dé dat dwoc hiéu qua bién tinh cao nhét.
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5. Két luan
Nghién ctru nay da xay dwng thanh céng mé
hinh dw bao hé sb han Iin cla nhya duéng bién
tinh soi PP bang thuat toan CatBoost. Qua quéa
trinh t&i wu hoa va danh gia dinh lwong, mé hinh
tiéu biéu da thé hién sy hoi tu cao voi R? = 0.9967
va RMSE = 0.5720, minh chi*ng cho tinh nhat quan
gitra dw bao hoc may va két qua thyc nghiém. Tam
quan trong cta cac bién thdng qua biéu dd phu
thudc mot phan da lam sang té co ché gia cwong
vat ly, trong dé s¢i PP doéng vai tro la khung xwong
thtr cap gitp hap thu rng suét va han ché sy dich
chuyén déo cta nhya dwdng dwdi téi trong banh
xe. Két qua nghién ctru khang dinh rang viéc thiét
ké t6i wu gitra cac d&c tinh cha nhwa gbc, cudng
do soi va diéu kién ché tao nhiét d6 cao la yéu td
tién quyét dé nang cao kha nang khang han lun
cla chéat két dinh. Nghién ctu &ng dung thanh
cong ky thuat giai thich théng qua PDP da giup m&
hép den ciia mdé hinh hoc may, dam bao cac logic
dw bao hoan toan phu hop véi nguyén ly vat ly va
cac nghién clru qubc té da cong bd. Pay la co s&
khoa hoc quan trong dé trién khai cac &ng dung
hoc may trong viéc dw bdo nhanh va thiét ké cap
phéi cac loai vat liéu dwong bd thong minh, gop
phan nang cao tudi tho cong trinh va tdi wu hoa
ngudn lwc trong nganh giao théng van tai. Hon
nira, tinh linh hoat ctia cAu triic md hinh CatBoost
cho phép mé réng kha nang dy bao sang cac hé
vat liéu str dung cac loai sgi gia cuwdng khac, khéng
dinh gia tri cila phwong phap nghién clru trong viéc
phat trién cac dong vat liéu nhwa dwdng bién tinh
thé hé méi.
Tai liéu tham khao
[1] C. Fan, K. Hu, T. Zhang, J. Zhou, W. Zhang, G.
Su. (2025). Evaluation of silicone resin
enhanced recycled concrete aggregates for
asphalt mixture application. Construction and
Building Materials, 463, 140030.
https://doi.org/10.1016/j.conbuildmat.2025.140
030
[2] B. Lei, W. Li, Z. Luo, V.W. Tam, W. Dong, K.
Wang. (2020). Performance enhancement of
permeable asphalt mixtures with recycled

Hoang

aggregate for concrete pavement application.
Frontiers in Materials, 7, 253.
https://doi.org/10.3389/fmats.2020.00253

[3] Z. Deng, W. Li, W. Dong, Z. Sun, J. Kodikara,
D. Sheng. (2023). Multifunctional asphalt
concrete pavement toward smart transport
infrastructure:  Design, performance and
perspective. Composites Part B: Engineering,
265, 110937.
https://doi.org/10.1016/j.compositesb.2023.110
937

[4] G. Qian, D. Yao, X. Gong, H. Yu, N. Li. (2019).
Performance evaluation and field application of
hard asphalt concrete under heavy traffic
conditions.  Construction  and  Building
Materials, 228, 116729.
https://doi.org/10.1016/j.conbuildmat.2019.116
729

[5] S. Tapkin. (2008). The effect of polypropylene
fibers on asphalt performance. Building and
Environment, 43(6), 1065-1071.
https://doi.org/10.1016/j.buildenv.2007.02.011

[6] M. Latifi, O.B. Altun, A. Mardani. (2022). Effect
of the addition of polypropylene fiber on
concrete properties. Journal of Adhesion
Science and Technology, 36(4), 345-369.
https://doi.org/10.1080/01694243.2021.19222
21?urlappend=%3Futm_source%3Dresearchg
ate.net%26utm_medium%3Darticle

[7] L.M.G. Klinsky, K.E. Kaloush, V.C. Faria, V.S.S.
Bardini. (2018). Performance characteristics of
fiber modified hot mix asphalt. Construction and
Building Materials, 176, 747-752.
https://doi.org/10.1016/j.conbuildmat.2018.04.
221

[8] P. Yeh, Y. Nien, J. Chen, W. Chen, J. Chen.
(2005). Thermal and rheological properties of
maleated polypropylene modified asphalt.
Polymer Engineering & Science, 45(8), 1152—
1158. https://doi.org/10.1002/pen.20386.

[9] L. Guo, W. Xu, Y. Zhang, W. Ji, S. Wu. (2022).
Selecting the best performing modified asphalt
based on rheological properties and
microscopic analysis of RPP/SBS modified

45



JSTT 2026, 6 (1), 30-47

asphalt. Materials, 15(23), 8616.
https://doi.org/10.3390/ma15238616?urlappen
d=%3Futm_source%3Dresearchgate.net%26u
tm_medium%a3Darticle

[10] Q. Zhang, D. Hou, Z. Li, H. Wang, S. Dong.
(2024). Evaluation of the thermal stability and
micro-modification mechanism of SBR/PP-
modified asphalt. Polymers, 16(4), 456.
https://doi.org/10.3390/polym16040456

[11] C. Li, H. Liu, Y. Xiao, J. Li, T. Wang, L. Peng.
(2023). Modification and enhancing
contribution of fiber to asphalt binders and their
corresponding mixtures: A study of viscoelastic
properties. Materials, 16(16), 5727.
https://doi.org/10.3390/ma16165727?urlappen
d=%3Futm_source%3Dresearchgate.net%26u
tm_medium%3Darticle

[12] H.-G.T. Hoang, T.-A. Nguyen, H.-L.
Nguyen, H.-B. Ly. (2025). An Effective Extreme
Gradient Boosting Approach to Predict the
Physical Properties of Graphene Oxide
Modified Asphalt. Intenational Journal of
Pavement  Research and  Technology.
https://doi.org/10.1007/s42947-025-00636-y

[13] H.-B.Ly, L.M. Le, H.T. Duong, T.C. Nguyen,
T.A. Pham, T.-T. Le, V.M. Le, L. N. Ngoc, B.T.
Pham. (2019). Hybrid artificial intelligence
approaches for predicting critical buckling load
of structural members under compression
considering the influence of initial geometric
imperfections. Applied Sciences, 9(11), 2258.
https://doi.org/10.3390/app9112258?urlappend
=%3Futm_source%3Dresearchgate.net%26ut
m_medium%3Darticle

[14] H.-B. Ly, B.T. Pham, D.V. Dao, V.M. Le,
L.M. Le, T.-T. Le. (2019). Improvement of
ANFIS model for prediction of compressive
strength of manufactured sand concrete.
Applied Sciences, 9, 3841.
http://dx.doi.org/10.3390/app9183841

[158] J.A. Crowder, J.N. Carbone. (2011). Occam
learning through pattern discovery:
Computational mechanics in Al systems, in:
Proceedings on the International Conference

Hoang

on Artificial Intelligence (ICAI). The Steering
Committee of The World Congress in Computer
Science, Computer Engineering and Applied
Computing (WorldComp), 1-5.

[16] S.-A. Boukabara, V. Krasnopolsky, S.G.
Penny, J.Q. Stewart, A. McGovern, D. Hall, J.E.
T. Hoeve, J. Hickey, H.-L. Allen Huang, J.K.
Williams. (2021). Outlook for exploiting artificial
intelligence in the earth and environmental
sciences, Bulletin of the American
Meteorological Society, 102(5), E1016—E1032.
https://doi.org/10.1175/BAMS-D-20-0031.1

[17] K. Zhong, Q. Meng, M. Sun, G. Luo. (2022).
Artificial neural network (ANN) modeling for
predicting performance of SBS modified
asphalt. Materials, 15(23), 8695.
https://doi.org/10.3390/ma15238695%urlappen
d=%3Futm_source%3Dresearchgate.net%26u
tm_medium%3Darticle

[18] A.S. Hosseini, P. Hajikarimi, M. Gandomi,
F.M. Nejad, A.H. Gandomi. (2021). Optimized
machine learning approaches for the prediction
of viscoelastic behavior of modified asphalt
binders. Construction and Building Materials,
299, 124264.
https://doi.org/10.1016/j.conbuildmat.2021.124
264

[19] PM. Kathari. (2016). Rheological
Properties of Polypropylene Reinforced Asphalt
Binder, Transportation Infrastructure
Geotechnology, 3, 109-126.

https://doi.org/10.1007/s40515-016-0033-3

[20] H. Xiaoming, I.B. Eldouma. (2019).
Experimental study to determine the most
preferred additive for improving asphalt
performance using polypropylene, crumb
rubber, and tafpack super in medium and high-
temperature range. Applied Sciences, 9(8),
1567.

[21] J.T. Hancock, T.M. Khoshgoftaar. (2020).
CatBoost for big data: an interdisciplinary
review. Journal of Big Data, 7, 94.
https://doi.org/10.1186/s40537-020-00369-8

[22] R. Kohavi. (1995). A study of cross-

46



JSTT 2026, 6 (1), 30-47

validation and bootstrap for accuracy
estimation and model selection. Proceedings of
the 14" international conference on Artificial
Intelligence, 2, 1137-1143.
doi/10.5555/1643031.1643047

[23] J. Kim. (1997). Ilterated grid search
algorithm on unimodal criteria. Virginia
Polytechnic Institute and State University.
https://search.proquest.com/openview/56ed5c
094a247c¢5b93535a1d35798db2/17?pg-
origsite=gscholar&cbl=187508&diss=y
(accessed January 16, 2026).

[24] J.H. Friedman. (2001). Greedy function
approximation: a gradient boosting machine.
Annals of Statistics, 29(5), 1189-1232.
https://doi.org/10.1214/a0s/1013203451

[25] H.-G.T. Hoang, H.-V.T. Mai, H.L. Nguyen,
H.-B. Ly. (2024). Application of extreme
gradient boosting in predicting the viscoelastic
characteristics of graphene oxide modified
asphalt at medium and high temperatures.

Hoang

Frontiers of Structural and Civil Engineering,
18, 899-917. https://doi.org/10.1007/s11709-
024-1025-y

[26] H.-G.T. Hoang, T.-A. Nguyen, H.-L.
Nguyen, H.-B. Ly. (2022). Neural network
approach for GO-modified asphalt properties
estimation, Case Studies in Construction
Materials, 17, e01617.
https://doi.org/10.1016/j.cscm.2022.e01617

[27] S.M. Abtahi, M. Sheikhzadeh, S.M. Hejazi.
(2010). Fiber-reinforced asphalt-concrete — A
review, Construction and Building Materials,
24(6), 871-877.
https://doi.org/10.1016/j.conbuildmat.2009.11.
009

[28] N. Bala, M. Napiah, I. Kamaruddin. (2018).
Effect of nanosilica particles on polypropylene
polymer modified asphalt mixture performance.
Case Studies in Construction Materials, 8, 447—
454

47



