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TOM TAT

Déc tinh lwu bién |4 yéu té quan trong phan anh kha nang lam viéc clia nhua dudng dwdi
tac dung tai trong va nhiét do, trong d6 md-dun cat déng (G*) la chi tiéu dai dién cho dd
cung va kha nang khang han IGn cua vat liéu. Nghién cu nay phan tich dac tinh lwu bién
cla nhwa ducrng bién tinh soi polypropylene (PP) thdng qua cac mé hinh hoc may va
phwong phap giai thich SHAP. B4 di liéu gom 132 mau duoc tbng hop tr nhiéu nguén,
bao gom cac dac trwng vat liéu va diéu kién ché tao. Két qua cho thdy mé hinh CatBoost
(CAT) dat hiéu suét vwot trdi véi dd chinh xac cao (R2 = 0,995 va RMSE = 1,000 trén tap
kiém tra). Phan tich SHAP chi ra rdng mé-dun cat ddng ctia nhya ban dau 1a yéu td chi
phdi chinh, trong khi ty & soi va cac thong sb cong nghé déng vai trd twong tac. Nghién
ctru gép phan lam rd co ché anh hwéng clha soi PP va cung cap co sé cho tdi wu hoa
thiét ké nhwa dwdng bién tinh.

T khéa: Polypropylene (PP); hoc may; mé-dun cat dong (G*); nhwa dwdng bién tinh.

ABSTRACT

Rheological properties are critical indicators reflecting the performance of asphalt under
loading and temperature conditions, in which the dynamic shear modulus (G*) serves as
a representative parameter for material stiffness and rutting resistance. This study



analyzes the rheological properties of polypropylene (PP) fiber-modified asphalt using
machine learning models and the SHAP interpretability method. The dataset consists of
132 samples compiled from multiple sources, including material characteristics and
processing conditions. The results show that the CatBoost (CAT) model achieves
superior performance with high predictive accuracy (R2 = 0.995 and RMSE = 1.000 on
the testing set). SHAP analysis reveals that the dynamic shear modulus of the base
asphalt is the most influential factor, while fiber content and processing parameters play
interactive roles. This study contributes to a better understanding of the influence
mechanism of PP fibers and provides a scientific basis for optimizing the design of
modified asphalt.

Keywords: Polypropylene (PP); machine learning; dynamic shear modulus (G*);
modified asphalt.

1. DAT VAN BE

Trong nhirng n&m gan day, nhu cau nang cao chat lwong va tudi tho cla két cau
mat dwéng nhwa ngay cang tré nén cap thiét, dac biét trong diéu kién tai trong giao théng
gia tdng va bién ddi khi hau phirc tap. Mét trong nhirng dang hw héng phé bién va nghiém
trong nhat ciia mat dwdng nhwa la hién twong han lun vét banh xe, anh hwéng truc tiép
dén kha nang khai thac va an toan giao théng [1, 2]. Do dé, viéc cai thién dac tinh co
hoc, dac biét 1a ddc tinh lwu bién cia nhwa dwéng dong vai trd quan trong trong viéc
nang cao hiéu nang lam viéc cla vat liéu.

Trong sb cac giai phap cai tién vat liéu, viéc sir dung soi polymer, ddc biét 1a soi
polypropylene (PP) da thu hut nhiéu sw quan tdm nh kha nang tang cwdng do clirng, cai
thién kha nang khang bién dang va nang cao dé bén cla nhwa dwdng [3, 4]. Tuy nhién,
hiéu qua cla viéc bién tinh phu thudc manh mé vao nhiéu yéu té nhw ham lwong soi,
dac tinh co hoc cla soi va diéu kién ché tao, dan dén mbi quan hé phirc tap va phi tuyén
gitra cac bién dau vao va dic tinh dau ra. Dac tinh lwu bién cia nhwa dwdng thuong
dwoc danh gia théng qua cac chi tiéu nhw mé-dun cat dong (G*), phan anh déng thei tinh
dan héi va nhét clia vat liéu dwdi tac dung tai trong [5]. Tuy nhién, viéc xac dinh va dw
bao cac dac tinh nay bang phwong phap thwe nghiém truyén théng thwdng tdn kém thoi
gian, chi phi va khé bao quat hét cac diéu kién lam viéc khac nhau.

Trong béi canh dé, cac phwong phap hoc may da néi 1én nhw mét céng cu hiéu qua
trong viéc md hinh héa cac mdi quan hé phi tuyén va khai thac théng tin tlr div liéu [6].
Mot sb chi tiéu co ly ciia nhwa dwdng bién tinh polymer va nhya dwéng cao su ciing
dwoc gidi quyét bang cac thuat toan ML véi dd chinh xac rat cao véi R? co thé 1én toi
0,976 [7]. Bén canh do, cac phwcng phap giai thich m6 hinh nhu SHAP cho phép lam r6
vai tro va mirc dé anh hu’cmg cua tirng bién dau vao, gép phan nang cao tinh minh bach
va kha nang (rng dung ctia mé hinh.

Xuét phat t nhirng van dé trén, nghién ctu nay tap trung phan tich d&c tinh lwu
bién cta nhwa dwong bién tinh sgi PP thong qua cac md hinh hoc may két hop voi
phwong phap SHAP. Muc tiéu cGa nghién ctru 13 (i) xay dwng va danh gia hiéu suét cla
cac méd hinh hoc may, (i) xac dinh cac yéu t&6 anh hwéng chinh dén dac tinh lwu bién
va (iii) lam rd co ché twong tac gira cac bién dau vao. Két qua nghién ctru sé cung cép
co s& khoa hoc cho viéc téi wu hoa thiét ké va (rng dung nhwa dwong bién tinh trong
thwce tien.



2.CO SO DU LIEU

Trong nghién ctru nay, bd di¥ liéu dwoc xay dwng théng qua viéc tdng hop tr nhiéu
nguon tai liéu khoa hoc da dwoc cong bd, nham dadm bao tinh da dang, dé tin cay va kha
nang dai dién cho cac diéu kién thl nghlem khac nhau. Cu thé, di¥ lieu dwoc thu thap tir
6 nghién ctru truoc day v&i tbng s6 132 mau thi nghiém (Bang 1). Viéc tbng hop di ligu
t& nhiéu ngudn gitp mé rong khéng gian bién dau vao, déng thdi nang cao tinh téng quét
ctia mé hinh hoc may dwoc phat trién.

B& di¥ liéu bao gdm 7 bién diu vao va 1 bién dau ra. Cac bién dau vao phan anh
dac trwng co hoc clia soi PP ciing nhw diéu kién ché tao nhwa dwdng bién tinh, bao gém:
PG bén kéo cia soi (X1), ty 1& soi (X2), dd dai soi (X3), nhiét do tron (X4), thai gian tron
(X5), van tbc tron (X6) va mo-dun cat déng ctia nhwa dwdng ban dau G* (X7). Bién dau
ra (Y) la mé-dun cat ddong cla nhwa dwdng sau khi bién tinh bang soi PP, dai dién cho
kha n&ng khang bién dang vinh vién cla vat liéu.

Dé danh gia dac diém phan b va mirc d6 bién thién cta div liéu, cac chi tiéu thdng
ké mé ta da dwoc tinh toan va trinh bay trong Bang 2. Két qua chi ra cac bién dau vao
c6 pham vi gia tri rdng, phan anh sy da dang cla diéu kién thi nghiém. Vi du, ty 18 soi
(X2) dao dong tlr 0% dén 5%, trong khi d6 dai sgi (X3) thay dbi tir 0 dén 10 mm. Twong
tw, cac thdng sb cdng nghé nhw nhiét dd trén (X4) va van tbe tron (X6) ciing c6 do phan
tan lon, chung minh di¥ liéu bao phi nhiéu diéu kién ché tao khac nhau. Bang chu Y, bién
daura G* cta nhya bién tinh (Y) c6 gia tri trung binh 10,74 kPa nhwng d6 léch chuan I&n
(30,72 kPa), chirng t& ton tai sw bién déng dang ké trong hiéu qua cai thién tinh chat co
hoc cda nhya dwdng khi str dung soi PP.

Ngoai ra, ma tran twong quan (Hinh 1) dwoc st dung dé& danh gia méi quan hé
tuyen tinh gitra cac bién, qua do cung cap so bo vé mirc d6 anh hwédng clia tirng bién
dau vao t&i bién muc tiéu. Biéu dd phan ph0| (Hinh 2) chi ra phan 1&n cac bién c6 phan
bo khong ddng déu, tham chi I&ch phai dbi véi mét sé bién nhw G*, diéu nay dat ra yéu
cau dbi v&i cac mé hinh hoc may phai c6 kha nang xt ly di¥ liéu phi tuyén va khéng phan
phéi chuan.

Cubi cuing, bd di¥ liéu dwoc chia lam 2 phan, 70% di liéu dung dé huan luyén mé
hinh, 30% d@ liéu con lai dung dé danh gida mo6 hinh. Nhin chung, bd di¥ liéu dwoc xay
dwng c6 quy md vira phai nhung ddm bao tinh phd quat va tinh dai dién, phu hop cho
viéc phat trién va danh gia cac mé hinh hoc may trong dw bao kha nang khang han Iin
cta nhwa dwéng bién tinh soi PP.

Bang 1. Nguén va quy mé bd di liéu st dung trong nghién ctru

STT Ngu6n thu thap S6 lwong mau
1 | Yeh va cac cong sw, 2005 [8] 20
2 | Guo va cac cdng sw, 2022 [9] 24
3 | Zhang va cac cong sw, 2024 [10] 4
4 | Livacaccong sy, 2023 [3] 12
5 | Kathari va cac cdng sw, 2016 [11] 42
6 | Xiaoming va cac cong sw, 2019 [4] 30
Téng 132




Bang 2. Théng ké mé t& cac bién dau vao va dau ra cta bo dir liéu

ALk Pbon | Trung | Do léch | Nhé o o o Lén
Tén bién vi binh chuin nhit 25% 50% 75% nhat
Do bén
kéo cla % 438,64 | 237,71| 0,00| 450,00 537,50 | 62500 625,00
soi (X1)
&’2';33‘-" % 2.03 165| 0,00| 050 2.00 3,00 5,00
Do dai mm 4,05 351| 000| 010 3,50 6,00 10,00
sQi (X3)
Nhiétdo | o 137,20 | 60,14 | 25,00 | 160,00| 16500| 170,00| 180,00
tron (X4)
Thoigian | o 44.05| 30,35| 000| 30,00| 4000| 6000| 90,00
tron (X5)
vantoc 1Vong | 4 547 451 1.053,79| 0,00 | 500,00 | 2.200,00 | 2.500,00 | 2.575,00
tron (X6) | /phut
G* nhy’a
ban ddu | kPa 6,70/ 2311| 010| 043 1.03 299 16853
(X7)
G*’nhL_Pa
bién tinh | kPa 10,74 | 30.72| 010| 0,86 2.28 6,19 | 24513
(Y)
1.00
Dé_') bén kéo cla Sgi A 0.56 0.62 0.96 0.78 0.81 -0.17 -0.09
0.75
Ty & sgi . 0.37 0.69 0.48 0.40 0.04 0.18
0.50
Dédéisqi-. . 058 031 015 -0.05 0.02
0.25 £
Nhiét d6 trén 1 0.80 0.76 -0.15 -0.05 2
iét dé tron . . S
0.00 é
Thaigiantrc}n—. . [ ] . 082 -0.14 -0.07 o
-025%
Véntdctrc}n-. . . . . 20.07 0.03
—-0.50
G* nhua ban dau . . . . . . 0.96
-0.75
crnhwabientnn| [l [ B O W W
X1 X2 X3 X4 X5 X6 X7 Y ~1.00

Hinh 1. Ma tran twong quan gitra cac bién trong bo di liéu
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Hinh 2. Phan bo di¥ liéu cta cac bién dau vao va dau ra

3. PHUWONG PHAP HOC MAY

Trong nghién clru nay, cac phuong phap hoc may dwoc ap dung nham xay dung
mé hinh dw bao mdi quan hé phi tuyén gitra cac dac trwng vat liéu, diéu kién ché tao va
kha nang khang han Iun ctia nhwa dwdng bién tinh soi PP. Do ban chét phirc tap, da bién
va khéng tuyén tinh cta di¥ liéu, cac thuat toan hoc may tién tién dwa trén cay quyét dinh
va phwong phap hoc két hop dwoc lwa chon dé khai thac hiéu qua théng tin bd di liéu.

Quy trinh xay dwng md hinh bao gdm céac bwdc chinh: Huan luyén mé hinh voi
nhiéu thuat toan khac nhau, danh gia hiéu suat théng qua ky thuat xac thyc cheo va lwa
chon mé hinh téi wu dwa trén céc tiéu chi théng ké. Béng thoi, phucmg phap giai thich
mé hinh SHAP dwoc st dung nham phan tich mc dd anh hwo’ng clia cac bién dau vao,
qua dé lam rd co ché tac ddng cuia soi PP dén tinh chat co hoc clia nhya dwong.

3.1. Thuat toan CatBoost

CatBoost (CAT) 1a mét thuat toan tang cuwong tién tién dwa trén cay quyét dinh,
duoc thiét ké nham cai thién d6 chinh xac dy bado va han ché hién twong qua khop.
Thuat toan nay s dung co ché tang cwdng dé giam sai léch trong qua trinh hoc, doéng
thdi ap dung phwong phap ma héa dac trung hiéu qua gitp khai thac tét cac méi quan
hé phi tuyén va twong tac phirc tap gitra cac bién dau vao.

3.2. Thuat toan XGBoost

XGBoost (XGB) la mot trong nhirng thuat toan tang cwong doé déc manh mé va phé
bién nhat hién nay. M6 hinh hoat déng bang cach xay dwng tuan tw cac cay quyét dinh,
trong do moi cay méi dwoc huan luyén dé giam sai s cla cac cay trwgc do. XGBoost
kiém soat tét dd phirc tap cia mé hinh, déng thoi tdi wu hoa hiéu suét tinh toan. Nhé kha
nang hoc cac quan hé phi tuyén manh mé&, XGBoost thudng cho két qua dw bao chinh
Xac trong cac bai toan héi quy phirc tap

3.3. Thuat toan cay quyét dinh

Cay quyét dinh (DT) la mét md hinh hoc cé giam sat co ban, trong dé di liéu dwoc
phan chia thanh cac nhanh dua trén cac nguéng t6i wu ctia bién dau vao. Qua trinh phan
tach dwoc thwe hién nham téi thiéu hoa sai sé dw bao tai méi nut. U'u diém cia phwong
phap nay la dé hiéu, dé trién khai va c6 kha nang mé hinh héa quan hé phi tuyén. Tuy
nhién, cay quyét dinh don 1é thworng dé bi qua khdp néu khéng dwoc kiém soat dé sau
hodc sb lwong nat.



3.4. Thuat toan ting cwong doé déc

Thuat toan tang cwong do déc (GB) xay dwng m6 hinh dya trén viéc két ho’p tuan
tw nhiéu cay quyét dinh yéu. Mbi cay méi dwoc huén luyén dé xap xi phan sai s6 cia mdé
hinh trwéc do, tir d6 cai thién dan d6 chinh xac tbng thé. Phwong phap nay co kha nang
mo hinh héa tot cac quan hé phi tuyén va twong tac gitra cac bién, tuy nhién can lya
chon tham sé can than dé tranh hién twong qua khép.

3.5. Thuat toan rirng ngau nhién

Rirng ngau nhién (RF) la mét phwong phap hoc két hop dya trén viéc xay dwng
nhiéu cay quyét dinh doc lap t&r cac tap con di liéu dwoc chon ngau nhién. Mbi cay dwoc
huén luyén trén mot tap div liéu khéi tao va chi sir dung mét tap con cac bién dau vao tai
mdi l1an phan tach. Két qua dy bao cudi cuing dwoc tdng hop tir cac cay thanh phan, gitup
gidm phwong sai va tdng dé én dinh ctia mé hinh.

3.6. Xac thwc chéo

Xac thuc chéo 1a k§ thuat dwoc st dung dé danh gia kha néng téng quat hoa cla
mé hinh hoc may. D liéu dwoc chia thanh nhiéu tap con, trong dé6 mé hinh dwoc huén
luyén trén mot sé tap va kiém tra trén tap con lai. Qua trinh nay dworc 13p lai nhiéu 1an voi
cac cach chia khac nhau, giup gidm sy phu thudc vao mét cach phan chia di liéu cu thé
va cung cép danh gia dang tin cay hon vé hiéu suit mé hinh. Nghién clru nay s dung
xac thwe chéo 5 lan.

3.7. Cac tiéu chi danh gia hiéu suat dw bao mé hinh

Hiéu suat ctia cac mé hinh dwoc danh gia théng qua cac chi tiéu théng ké phd bién.
Hé sé xac dinh (R?) phan anh mdc dd phu hop gitra gia tri dw bao va thwc nghiém. Sai
sb binh phwong trung binh (RMSE) do lvdng do Iéch trung binh theo binh phwong, nhay
véi cac sai sb lon. Sai sb tuyét dbi trung binh (MAE) thé hién sai léch trung binh theo gia
tri tuyét ddi, trong khi sai s6 phan tram tuyét déi trung binh (MAPE) cho biét mirc sai s6
twong dbi theo phan tram. Viéc két hop nhiéu chi tiéu giup danh gia toan dién do chinh
xac va do tin cay ctia mo hinh.

4. KET QUA VA THAO LUAN
4.1. Xay dwng mé hinh

Céac md hinh hoc may dwoc xay dwng véi tham sé méc dinh nham da&m bao tinh
khach quan trong qua trinh so sanh hiéu suat. D& liéu dwoc chia thanh cac tap huén
luyén, kiém tra va xac thuc, két hop danh gia théng qua cac chi tiéu R? va RMSE. Két
qua duoc thé hién trwec quan trong Hinh 3 va chi tiét trong Bang 3.

Quan séat Hinh 3 cho thady md hinh CAT ludn dat R2 cao nhat va RMSE thap nhét
trén ca ba tap di liéu, trong khi cac md hinh khac cé xu hwéng suy gidm hiéu suat rd rét
khi chuyén sang tap kiém tra va xac thuc. Cu thé, CAT dat R2 = 0,999 va RMSE = 0,264
(tap dao tao); R2 = 0,995 va RMSE = 1,000 (tap kiém tra); R2 = 0,875 va RMSE = 3,000
(tadp xac thye). Nguworc lai, cac mé hinh nhw XGB, GB, DT va RF c6 RMSE trén tap xac
thwc dao ddng tir 13,113 dén 15,091 chi ra sai s6 1&n va kém 6n dinh. Dac biét, Hinh 3b
minh hoa rd sw chénh léch vé sai s6 khi RMSE ctia CAT thap hon khodng 4 - 5 lan so
v@i cac moé hinh con lai trén tap xac thyec. biéu nay khéng dinh kha nang dw bao chinh
xac va tinh téng quat hoa tét ctia mé hinh.

Trén co s& cac két qua dinh lwong va truc quan, mo hinh CAT dwoc Iwa chon la mé
hinh ti wu dé& stir dung trong cac phan tich chuyén sau tiép theo.
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Hinh 3. So sanh hiéu suét dw bao clia cac md hinh hoc may theo (a) R2 va (b) RMSE
Bang 3. So sanh hiéu suat dw bao ctia cac mé hinh hoc may trén cac tap di liéu
Tiéu chi | R? RMSE R? RMSE R? RMSE
M6 hinh Tap dao tao Tap kiém tra Tap xac thuc
CAT | 0,999 0,264 0,995 1,000 0,875 3,000

XGB | 0,999 0,003 0,823 5772 0,716 13,287
DT 0,999 0,000 0,410 10,547 | 0,550 13,732
GB 0,994 2,547 0,843 5,436 0,766 13,113
RF 0,974 0,562 0,798 6,164 0,661 15,091

4.2. Két qua dw bao mé hinh tiéu biéu

Két qua dw bao clia mdé hinh CAT duwoc thé hién trong Hinh 4 va Hinh 5, chirng
mi’nh murc do phu hop cao gil"ya gia tri dui bao va gia tri ’thl_J’C té. Cu thé, trong Hinh 4, cé‘c
diém di liéu trén ca tap huan luyén va kiém tra phan bo tap trung xung quanh dwong hoi
quy, chirng td moé hinh c6 kha nang dw bao chinh xac va it sai Iéch hé thong.

Binh lwgng hon, cac chi sb trong Bang 4 cho thay mé hinh dat hiéu suét rat cao véi
Rf = 0,999, RMSE = 0,2@4, MAE = 01203 va MAPE = 0,092 trén tap dao tao; dong thoi
van duy tri d6 chinh xac tot trén tap kieém tra vé&i R?2 = 0,995, RMSE = 1,000, MAE = 0,521
va MAPE = 0,254. Sw chérlh léch nho gitra hai tap di¥ liéu khang dinh mo hinh khong bi
qua khép va cé kha nang tong quat héa tot.

Ngoai ra, Hinh 5 chi ra sai s6 dw bao phan bo twong 60| dong déu quanh gia tri 0
va khéng xuét hién xu huwéng léch rd rét voi 3 mau cé sai so nam ngoai khoang [-0,5;
0,5] (kPa) trén tap di liéu dao tao va 3 mau div liéu co sai s6 nam ngoai khoang [-2; 2]
(kPa) trén tap kiém tra. Diéu nay khang dinh tinh 6n dinh cua moé hinh va khé nang du
bao chinh xac, dang tin cay doi va&i chi tiéu khang han lun cia nhya dwong bien tinh.

Bang 4. Chi s danh gia hiéu suat mé hinh CAT
Tiéu chi danh gia R? RMSE MAE MAPE
Di liéu dao tao 0,999 0,264 0,203 0,092

D liéu kiém tra 0,994 1,000 0,521 0,254
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Hinh 4. So sanh gia tri thiec nghiém va gia tri d’l_,l’ bao clia m6 hinh CAT:
a) - Tap dao tao; b) - Tap kiem tra
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Hinh 5. Phan b sai s dy bao clia mé hinh CAT: a) - Tap dao tao; b) - Tap kiém tra
4.3. Phan tich anh hwéng cta cac bién dau vao té&i dw bao két qua dau ra

Anh hwéng clia cac bién dau vao dwoc phan tich théng qua cac biéu do SHAP.
Hinh 6 thé hién bieu d6 SHAP beeswarm, cung cap cai nhin tong thé vé mwe do quan
trong va chieu huwéng anh hwéng cla cac bien dau vao den két qua du bao.

Két qua khang dinh bién G* nhwa ban dau (X7) c6 anh hudng vuot trdi so voi cac
bién con lai, v&i gia tri SHAP trai rong va xuét hién nhiéu diém cé gia tri rat 1on (c6 thé
vuot 150). Diéu nay khéng dinh day 1a yéu tb chi phdi chinh dén kha nang du bao hé sbé
han lun. Béng thdi, cac diém mau dé (gia tri cao ctia X7) chd yéu nam phia dwong, cho
thay khi G* ban dau tang thi gia trj dw bao ciing tdng manh. Diéu nay hoan toan phu hop
v&i nghién ctru [12] khi str dung GO la phu gia trong nhwa duong.

Bién dd bén kéo cla soi (X1) va ty 1& soi (X2) cd mirc &nh hwédng dirng sau, tuy
nhién bién do SHAP nhé hon dang ké so véi X7. Cac diém di liéu phan bd hai phia
quanh gia trj 0 chi ra tdc ddng clia cac bién nay co thé thay dbi tuy theo mién gia tri,
khéng hoan toan don diéu.

~ Cac bién nhiét do tron (X4) va d6 dai soi (X3) c6 anh hudng trung binh, v&i phan
bo SHAP hep hon, khang dinh vai trd dieu chinh nhwng khéng chi phoi chinh. Trong khi



do, thoi gian tron (X5) va van toc tron (X6) co gia tri SHAP tap trung rat gan 0, chirng t6
anh hwdng cua chung dén két qua dw bao la khdng dang ke.

High
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Hinh 6. Biéu d6 SHAP beeswarm thé hién mirc d6 va chiéu hwéng anh hwéng
clia cac bién dau vao

Két qua tlr biéu a6 SHAP (Hinh 6) dwoc cling ¢b va lwong héa rd rang hon théng
qua biéu d SHAP dang thanh. Hinh 7 thé hién gia tri SHAP tuyét dbi trung binh, qua d6
dinh lwong mirc & quan trong cla tirng bién. Két qua chi ra X7 (G* nhwa ban dau) c6
gia tri 1&n nhat (10,012), vwot troi so v&i cac bién con lai va khang dinh vai trd chi phéi
chinh trong mé hinh.

Tiép theo 1a X1 (2,580) va X2 (1,258), cho thay hai bién nay cé anh hwdng dang ké
nhwng thap hon nhiéu so v&i X7. Cac bién X4 (1,530) va X3 (1,152) c6 mirc &nh huéng
trung binh, déng vai trd bé tro trong dw béo. Trong khi d6, X5 (0,845) va X6 (0,672) cé
gia tri SHAP rat nhd, gan nhu khéng dang ké so véi X7, chirng minh anh huéng han ché
dén két qua md hinh. Sy chénh I&ch 1&n gitra X7 va cac bién con lai nhdn manh tinh
quyét dinh ctia bién nay trong bai toan.

G* nhua ban dau - X7 = 10.012

Do bén kéo cla sgi - X1 = 2.580

Ty |é sgi - X2 = 1.860

Nhiét d6 trén - X4 = 1.530

Do daisgi - X3 = 1.152

Thaoi gian tron - X5 = 0.845

Van téc trén - X6 = 0.672
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Hinh 7. Biéu d6 SHAP dang thanh thé hién mirc d6 quan trong cla cac bién dau vao



Cubi cung, Hinh 8 chi ra &nh huéng cutia cac cdp bién quan trong dén dau ra. Hinh
8a thé hién &nh hudng déng thdi cia G* nhwa ban dau (X7) va do bén kéo cla soi (X1)
dén gia tri SHAP. C6 thé thay gia tri SHAP tdng manh theo X7, khang dinh vai trd chi phdi
clia bién nay. Pong thai, tai cing mét mire X7, cac diém cé X1 cao (mau dd) thudng cho
gia tri SHAP 1&n hon so véi X1 thap, cho thdy X1 c6 tac ddng lam gia tdng hiéu trng cla
X7, du mirc d6 anh hwéng van nhé hon dang ké.

Hinh 8b mé ta twong tac git)a G* nhwa ban dau (X7) va ty 1& soi (X2). Xu huwéng
chung van 1a SHAP tang theo X7, tuy nhién anh hwéng ctia X2 thé hién rd hon so véi
X1. Cu thé, tai cing mét gia tri X7, cac diém cd X2 cao (mau dd) twong trng v&i gia tri
SHAP I&n hon, khang dinh ty 1& soi gép phan khuéch dai dang ké tac dong cta X7 dén
két qua dw bao. Diéu nay khang dinh X2 1a bién twong tac quan trong th hai sau X7
trong mo hinh.

Bén canh d8, anh hwdng clia X4 thé hién & murc trung binh: tai cung moét gia tri X7,
cac diém co nhiét do tron cao (mau dd) cé xu hwéng cho gia tri SHAP 1&n hon so véi
nhiét d6 thap (Hinh 8c). Tuy nhién, mirc dd phan tach khéng qua rd rét nhw X2, chi ra X4
c6 tac ddng twong tac nhung khéng phai yéu té quyét dinh.

Cubi cung, cac Hinh 8(d-f) cho thay vai trd twong tac gitra dac trwng clia soi va diéu
kién cdng nghé. Gia tri SHAP c6 xu hudng tang khi ty 1& soi (X2) tang, cho thay day la
bién twong tac quan trong hon so véi dd bén kéo soi (X1). Bong thdi, nhiét do tron (X4)
c6 xu hwéng lam gia tang gia tri SHAP tai cung mét mirc X1 hoac X2, tuy mirc d6 anh
hwdng khéng qua ré rét. Nhin chung, cac két qua nay tiép tuc khang dinh X2 va X4 doéng
vai trd khuéch dai tac déng clia cac bién vat liéu dén d&c tinh lwu bién ctia nhya dwong
bién tinh PP.

Nhuw vay, cac két qua phan tich SHAP cho thdy G* nhya ban dau (X7) la yéu t6 chi
phéi quyét dinh dén kha nang duw bao, trong khi ty 1& soi (X2) va mot sb bién khudy tron
nhw X1, X4 déng vai trd twong tac va khuéch dai anh hwdng. Diéu nay khang dinh mo
hinh khéng chi phu thudc vao mét bién don I8 ma con chju tac déng cla cac twong tac
phi tuyén phirc tap gitra cac bién dau vao.
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Hinh 8. Bieu d6 SHAP tuong tac
gilra cac bien dau vao: (a) X7-X1; (b) X7-X2; (c) X7-X4
5. KET LUAN

Nghién ctru da xay dwng thanh céng mé hinh hoc may nham phan tich va dw bao
dac tinh Iwu bién cla nhwa dwong bién tinh soi PP trén co s& bo dir liéu gdm 132 mau
thi nghiém duoc tdng hop tr nhiéu ngudn tai liéu uy tin. Trong s 5 thuat toan dugc khao
sat, md hinh CAT cho thay hiéu suat vuot trdi va én dinh nhat, dat R? = 0,995 va RMSE
= 1,000 trén tap kiém tra, ddng thoi duy tri khd nang téng quat hoa tbt trén tap xac thuwe
(R? = 0,875; RMSE = 3,000). K&t qua nay khang dinh tinh hiéu qua cta phwong phap
hoc may trong mé hinh héa cac méi quan hé phi tuyén va phirc tap gitra cac théng sb vat
liéu va cong nghé ché tao.

Mot déng goép quan trong cla nghién ctu 1a viéc két hop md hinh hoc may véi
phwong phap SHAP nham gidi thich co ché anh hwéng cta cac bién diu vao. Phan tich
cho thay mé-dun cat phirc ctia nhwa ban dau (X7) 1a yéu tb chi phéi chinh, trong khi ty 1&
sQi (X2) cung cac thong sb6 nhw dd bén kéo soi (X1) va nhiét dd tron (X4) dong vai trd
twong tac va khuéch dai anh huwéng theo co ché phi tuyén. Diéu nay khong chi nang cao
tinh minh bach cta mé hinh ma con cung cap bang chirng dinh lwong vé vai tro cla tirng
yeu td trong viéc cai thién dac tinh lwu bién clia nhua dwong bién tinh.

Vé mat lJJng dung, nghién ctru da cung cp mét cdng cu dy bao cé dd tin céy,cao,
gop phan rat ngan thoi gian thi nghiém, giam chi phi khao sat vat liéu va ho trg t6i wu



hoa thiét ké cap phdi nhya dwong bién tinh sei PP. Day la co' s& khoa hoc quan trong
cho‘viéc trng dung tri tué nhan tao trong nghién ctru vat liéu mat dwdng, dong thoi mé
ra tiem nang mé réng cho cac loai phu gia polymer khac trong twong lai.

TAI LIEU THAM KHAO

[1] B. Lei, W. Li, Z. Luo, V.W. Tam, W. Dong, K. Wang. Performance enhancement of
permeable asphalt mixtures with recycled aggregate for concrete pavement application.
Frontiers in Materials, vol. 7, 16 September 2020, doi.org/10.3389/fmats.2020.00253.

[2] Z. Deng, W. Li, W. Dong, Z. Sun, J. Kodikara, D. Sheng. Multifunctional asphalt
concrete pavement toward smart transport infrastructure: Design, performance and
perspective. Composites Part B: Engineering, vol. 265, 110937, October 2023,
doi.org/10.1016/j.compositesb.2023.110937.

[3] C. Li, H. Liu, Y. Xiao, J. Li, T. Wang, L. Peng. Modification and enhancing
contribution of fiber to asphalt binders and their corresponding mixtures: A study of
viscoelastic properties. Materials, vol. 16, July 2023, doi.org/10.3390/ma16165727.

[4] H. Xiaoming, |.B. Eldouma. 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, vol. 9, April
2019, doi.org/10.3390/app9081567.

[5] H.-G.T. Hoang, H.-L. Nguyen, N.H. Tran, H.-B. Ly. Evaluation of the influence of
graphene oxide on asphalt binder physical and rheological properties. Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications,
vol. 238, pp. 133-147, June 2024, doi.org/10.1177/14644207231186610.

[6] H.-G.T. Hoang, H.-V.T. Mai, H.L. Nguyen, H.-B. Ly. Application of extreme
gradient boosting in predicting the viscoelastic characteristics of graphene oxide modified
asphalt at medium and high temperatures. Front. Struct. Civ. Eng., vol. 18, pp. 899-917,
June 2024, doi.org/10.1007/s11709-024-1025-y.

[7]1A. Behnood, E.M. Golafshani. Predicting the dynamic modulus of asphalt mixture
using machine learning techniques: An application of multi biogeography-based
programming. Construction and Building Materials, vol. 266, January 2021,
doi.org/10.1016/j.conbuildmat.2020.120983.

[8] P. Yeh, Y. Nien, J. Chen, W. Chen, J. Chen. Thermal and rheological properties
of maleated polypropylene modified asphalt. Polymer Engineering and Science, vol. 45,
pp. 1152-1158, August 2005, doi.org/10.1002/pen.20386.

[9] L. Guo, W. Xu, Y. Zhang, W. Ji, S. Wu. Selecting the best performing modified
asphalt based on rheological properties and microscopic analysis of RPP/SBS modified
asphalt. Materials, vol. 15, December 2022, doi.org/10.3390/ma15238616.

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

[11] PM. Kathari. Rheological Properties of Polypropylene Reinforced Asphalt Binder. Transp.
Infrastruct. Geotech. vol. 3, pp. 109-126, April 2016, doi.org/10.1007/s40515-016-0033-3.

[12] H.-G.T. Hoang, T.-A. Nguyen, H.L. Nguyen, H.-B. Ly. Gradient boosting
approach to predict complex modulus of GO-modified asphalt at low and medium
temperature. Innov. Infrastruct. Solut, vol. 9, April 2024, doi.org/10.1007/s41062-024-
01466-w.



