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Adhesion properties of modified asphalt to granite gravel based on
surface energy theory

OU Sha', ZHANG Yingxue',ZHU Wenjing'?,LIU Li', WANG Mo’
(1. School of Transportation, Changsha University of Science & Technology, Changsha 410114, China; 2. Hainan
Provincial Transportation and Construction Management Bureau, Haikou 570100, China)
Abstract: [Purposes] This study aims to analyze the effect of graphene oxide (GO) on the adhesion
properties of asphalt. [Methods] GO and KH550-GO dispersions with different dosages (mass
fractions of 0.04%, 0.08%, 0.12%, and 0.16%) were added to the matrix asphalt to prepare modified
asphalt, and the qualitative boiling test and quantitative contact angle test were carried out on it. Based
on the surface free energy theory, the adhesion work and other parameters of the GO and KH550-GO
modified asphalt were calculated to comprehensively evaluate its adhesion properties. The immersion
Marshall test and freeze-thaw splitting test were conducted to verify the water stability of the modified
asphalt mixtures. The wheel rutting test was performed to evaluate the high-temperature stability of the
mixtures. [Findings] After the addition of KH550-GO for modification of the matrix asphalt, the
surface energy of asphalt and aggregate system is significantly strengthened, and the addition of KH550-
GO significantly improves the adhesion function of the matrix asphalt. The residual stability and freeze-
thaw splitting strength ratio of the modified asphalt mixture are the highest when the KH550-GO dosage
is 0.12%, and the high-temperature stability and water stability of the KH550-GO asphalt mixture are

the best. [ Conclusions ] The proposed method can effectively improve the performance of asphalt.

r#s B #5:2024-02-25
BEEWB : FR A RFEILEH I (52208423)
BEER B (2000—) , 2, i+, T8 R8 BE AR 7 H WF 98 TAE . E-mail: 1652480254@qq.com

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



%248

BRI, E AT A MR B S A A G A AL R

Key words: surface free energy; graphene oxide; adhesion properties; water stability; silane coupling

agent

i 5 R o o 14 1 VA K R W T I 42
REAG A2 RUE . ERZIRTHI T HERE I vk ek
PEFUIMA G S o # W A F Bz —. i
SE R, FEWIH Th A AL £ 2544 (graphene oxide,
GO) REfE B4 S8 Ao+ 238 , Mk 22 0 1 1Y &4k
HERE SR, HE A A A SR KRR E Y
YE RN A REiE— L IR AT

ot 6 7] (KHS50) HAT RRIR B A 2 v o,
Sy F R R e A1 RE WS 43 31 5 TEHLA ) -OH
LA T T4 kA 45 A, NI 35 = Ak
B YR BhES R A B 2 AR R Rk e (R
FIB R IEAE T 08 R 1 AR R 5 10 7 =2 () R 28 e
PE LR GO ST IE BB 454 i A X e
A RS W I 25 A SR T B AR .

TR S DURE S AR I 7R VR Sy e 79 i £ T R
£ GO, kUL AR E AR 8 W E . RFHE S
R, S5 A FHE G BHHE L, 76 H B AR BHE &
AR AR BEAR IR G L TR AR £ TR AR 145 3
M . LU SE I RIFSE 2 B R o (R IR R ) v B L %
TR Y B[R] % 2 4 1) 2R T8I T 30 R0 ) 2 M e A 3R K
Mo YANG 5517 5R FHAEGE B BTN A6 b 5 SRR R
TR T O, &5 o, B R B IR A R R A
e M B ST hr o B LR v o AN MR R
TR PR MR B2, B AV SRS I R B, 48
FEEJGE A 10700 e P J 1) S e 4 e A sl / N, S BH S 0 7
Z AN G B PEAS B 2T . P B AR E e
R, WHESREN WA Z A F 25 P B 5 KHS550
() FH & 8 IE A 56 6 R o A SR B 5T R B
KHS550 1 A o0 % — S A RE R 7 0 A, ] i
H ARG, 2 5 A AL Ok 0 o3 i . R
HOM A RE B R, BB 35 45 = W D 1 s T
PEREFNZRESPE , Rl B O AL AR e >

H A, 0K PR o (8 156 50 0 A4} iR 47 3% 1t
M BRI S O B 2, COI R TR R R (A
o BRI, HENZ A G RO HLEE A B
HAEEXT eI IR A RS R AN 2T . 4T,
KEB 5T R AL T R aa SR, X T AE K
SE R PR HE R LA R A Rk B = |l DX PRI 10 5%
TR . BT, A SCHE T 3R M RIS, 3 ) 2 i
FAIR IR AR H T -SRI SR T REAH C S8, i i AT

&A% W 4k https: //jtkxygc.

AT 5 SREZ 18] (4 R B RE , 1 i A A [ 2k
P A R

1 RS

1.1 RIEHE
1) FETRW T o A SOk FR N 50 A-704 58 5
L HEARSERILEL,

R ERBHRAEAIER

Table 1 Basic technical specifications of matrix asphalt

AR bR X PRIER 5 W 2
I AJE(25°C,5 5,100 g) 0.1 mm | 60.0~80.0 67.2
(AN £ -1.5~1.0 -1.3
AL C >46.0 48.1
IFE (60 °C) Pa-s >180 193
FERE(15°C) cm =100 >150
AP C 2260 >300
%L % 299.50 99.69
HIE(15°C) glem’ S SR 1.035
gt % <+ 0.800 0.025
TFOTJG | AREASIAEELL % >61 66
BRERAEFE (10 °C) cm >6 8

2) A AT AR S RERE I

AR S FHUR I T 1 16 3 A B 4 2 w4 7= 1 4]
AT BRI BT, E A A SRR AR SO 25 2
B At A 1k T Bl A A PR R AR 7 ) A A 3 R
KH550, B ARS8 3% 3(Fr 6% nD25 B NTE25 °C
MR, USROG D 28 (589.3 nm BEHOE ) G IR 5
P TR )

R2 ANBBIHAARK

Table 2 Basic parameters of graphene oxide

e afifE/ W | BB AE | R
” % (mg-mL™") pm /% /%
BB R | 98 5 02~10.0 | >42 <46

R3  AIABEA KH550 A A dk
Table 3 Basic parameters of silane coupling agent KH550

25 CT % o 1) ek
A T
S i/ o | #kaDs ZE
(g'cm";) ’
Jetais ]
N 0.946 217 1.420 98.5
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1.2 KH550-GO R tEimE &l &

1) KH550-GO Ay £ 7

FEREAR H LA 1 mol i) KH550, 8% Ji5 18] B AR
N1 L OBES /KRG, b Ol 5K ry ik
FUHR V0 V=411, 8 IR A W 408 75 4 3
30 ~ 60 min 5 , BEFE 15 min, ZE &, RIEFTES
i, IR S A A BB TERE A . R
R TTV FR BE , A  T pH B B 5, SR A
VW E T 50 CrysK i ok B — B S 4
T BE T2 70 CAREE N . SR G, B B =
&, 2 2R PER I S KH550-GO .

2) KH550-GO SCt: I i il 48 71 -

AR SR AL 5O R B m) A2 77 1Y GS-1 AL i
AT UIHLA & e I, BB RAN 1 5E
400 g BT IMAANFE WA A, BEFS LA A
BEAERE A 145 CRyBndr o R, X8 A A 220
A AL FE N o A 3 I BCAS TR GO Al
KH550-GO, %18 0.04% .0.08% .0.12% .0.16% 1115 &
TNAZE Wi, P X R . el s R v 8
IR FEFEHIFE 145 ~ 150 °C, L 3 000 r/min 4 55 P 3 R
S HTY) 45 min, B4 GO BEAE 241 5) Mo 475 il 78 1 75
o SPISERUE IR A Y AkSE T 130 "CRYTE TR
HEAR 57 60 min, ASTRES el I 1 44 BRSO
N UL LR 4.

R4 KH550-GO Bobe 1 H A & 4 AR 5L &

Table 4 KHS550-GO modified asphalt sample name

description table

R A4 7R ]
704 AN TINAT: o AP0 6 70835 5T 0 75
G, GO BUHEDI 7 GO 456 0.04%
G, GO MM Hh GO 15 4 0.08%
G, GO ML T T GO B4 0.12%
G, GO BUHEDI T GO [ 44 0.16%
KG KH550-GO 8Pk 5 # KH550-GO iy 4 0.04%

KG, KH550-GO Bt 7 H KH550-GO f4542 4 0.08%
KG, KH550-GO S 7 KH550-GO 19514 0.12%
KG, KH550-GO Bt & h KHS50-GO [{#5 147 0.16%

2 KH550-GO ¥ 1% i S & 01 Bk it
WERDHT

21 StANERESH

GO Pt PEWI 5 KH550-GO B M I 75 19 61 A B
mE 1. mE 1A, GO 5 KH550-GO B fin A
(EEEI NS OE=S NN S =E el B E iR ROk
FEREZ 0, GO 5 KH550-GO B H )24 T8l
Rk, B T s, ik,
24 KH550-GO 35 5 M 0.00% 34 /i1 28 0.12% i}, H
X AR A R T GO U 7 BT A . X — 3
UL, KHS550 GEf% 2 203% GO By ek MR R . 7
[M]—# 1~ , KH550-GO B i 5 i EF A B R 2440
Ko XK ABAKHS50 )5, GO F 2 e
FEAIS, W75 53Tt 1z 3l 52 21 % BELAS: A 7 ik /)~ | 2 177
TR T B BE B AR L

68
GO
[ —e KH550-GO
66 -
2
— 64t N
S
=
262F
&
60 .
®
58+
0.00 0.04 0.08 0.12 0.16

BH%
1 GO 5 KH550-GO Bl 7 F 94N B
Fig.1 Needle penetration of GO and KH550-GO modified

asphalt
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GO 5 KH550-GO Mt 0 5 A% 4 Ak 5 an 18] 2 fr
7, I 2 Al FE— e JE R B GO LA KH550-
GO BRI, SetE W b b 2 T . 24
B A E) 0.12% B, AL S T 2 R K, b GOk
PRI A KHS50-GO BioM: I 75 1Y 4R Ak 55,43 ) s 3 T
Wits (48.1 C FF T 4.4% F17.9%, 58 HEEH, GO
A R0 S 300 ge A & L R TR 2R &G
PR 22 A A5 05 757 11 5 H B R, 3 2 PR U 7
BALS TR EERE . 1A, KH550-GO sehE s
AR AL S R I KT GO B 1Y, 3k & A
KH55048 A J5 e fit GO (73 etk He s , i #Avk Rtk —
AT, SR, B R 0.129% B8 A1 % 0.16% BT, %X
PRSI RR AR . X2 GO il & 8 RE I S5
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Fig. 2 Softening point of GO and KH550-GO modified
asphalt
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KA 25 R R IR 0 T GO R 4R,
IYHCE AN A), M3 T GO 5T Z A AR, U
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250 e GO
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240
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\g N
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Fig. 3 Ductility of GO and KH550-GO modified asphalt
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Table 5 Asphalt and aggregate stripping grades
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(i) KG,
4 GO .KH550-GO B #4536 i 2 09 3] 3% B 4%
Fig. 4 Stripping images of GO and KH550-GO modified

asphalt with granite
AR 280 A S5 K o b o AN RIS AR 1
HAE K ZE IR SR AR IR 6,
K6 TFRMA LI B AEYRAFRBFR
Table 6 Adhesion grades of different asphalt and granite

combinations in boiling test

e BB TESF

704 2
G, 2
G, 3
G, 3

: 4
KG, 3
KG, 4
KG, 5
KG, 5

FH 2% 6 R, T 5 5 55 4K i 25 S R 00 8l B 1
M2 9%, KRB EE b, HEBE T AR
516 =1 A R/ v HE Y KRN/ : KH550-GO el
WiE COMMEWIE TO#3E R Wi , HLBE#E 5 1t 13
T, 2 B M % T e o {2 2 KH550-GO & & )
0.12% ¥4 3 0.16% Wf , R B 45 JOF R4 T, 25

B B2 TR PR BE R THROR , B KHS50-GO 1Y)
BB ER0.12%.

E— 2 4043 4 905 T, KG, 5 KG, 75 Rl 75
5516 5 A B B B A A ], X DL B B X 4B
0.12% F10.16% B I W R BT E S 22 7. X R
B, SR FH R 8 R 004 T 280 R 45 90 43 B A AE RS
20N IR, %05 32 R Ry R 2R 5 I A
K, IR 2 1t e LUK B s i o DRIk, Ak 22
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BhIRHERE o
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Fig.5 Schematic diagram of contact angle
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F2ful R 6 5 P fit P VR IR DG, Rtk AT R
TAERR B I, BEHZE /K H,0 |\ F ki CHLNO L 2,
T (CH,0H), . N = C,H,0, UFMRF] , IF 2 i £k
PEZ T e f H i = AR A7 5 S35, R
FANARRIE SR A E R R mEES .

2) FhiMfneits.

3 A WA ik A 0 B R/ NERAR R T RE  HESA
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TR A R R rh R 0 A R AR i, BRIk 5 A d
F B AR A (il HA sk, Wi SRR 2
(B 285 B B A7, =X (5) BT
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Aoy, U SR BE K T 5y, R T
K75y, MR RITK T .

115 GO . KH550-GO M 5 Sk i SRk 2

B AR B 2 A
WP =y 4y oy =0 [yt 12 [ylyl
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Kyl oy MU R T RERR T S B T RE A 4
oyl oy AR RER I RE IR ME i R T RERME 412 5
Y g T B T AR A A 5y Y I
T HERA R R 5

G VL B AT 15 - A R B e an =X
()P :

W, =2/ yy™ w2 yiys + 2 /vy (D
oy R T R BE ARy SR R TR
(EX: G
33 FEMENSERRERRERER

1) MoBHERE . SR re v R L3 6 A 3 )
TR R A AR 300 FR R, A DG 1 RE 48 b 34 5 2 22
Ko R E SRR R,

RT HMEABAIEATL
Table 7 Technical specifications of coarse aggregates
FUARRS 2 BE/ (g+em™) 7K %1% - BRI 3 0 %
T3 ST :
U TGos) [ =101 | (10-15] | (3-5] | (5-10] | (10-15] |/EFA gpN | (5~10] | (10~15]
mm mm mm mm mm mm mm mm
FFEER | =2.500 =2.500 =2.500 <3.00 <3.00 <3.00 <25.0 242 <20.0 <15.0
MIUFRRESE S 2.767 2.770 2.773 1.26 0.86 0.54 10.6 58 12.5 8.6

FH T2 1 fig i 50 1 50 38 H R 251K H,0 L H
Wt % CH,NO ., 20 ¥ (CH,0H) . A = % C,H,0,3X 'Y
Pl EAT R H AR S I S E Y LR 8.

RS WA RS R @A B Ak

Table 8 Surface free energy of probe fluids mJ/m’
wERA | n 7" " 7" "
ZEIK 72.5 20.1 52.4 25.4 27.0
T 48.0 28.6 19.4 29 324
e 58.6 39.4 19.2 23 40.1
N = 64.2 34.0 30.2 3.9 58.5

F1 3% 8 TR, DU AR GR] 1 2R i BB R, HAE T
T IF BRIy 5 O by P Y L
HE 5 HE . 9 1 R /MR AS A E 5 2
IR 22, 2% KWOK W H I 4 6 &R (R 6
FOBUR , T R RELS R AR ) | e =R ELTA
Mo LR R K 6 o, i 6 nIA, 281K /Y
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B IRRE T DL KB 2 AT B GO KHS50-GO B0 Ui
0 M 18 I E 145 ‘CHI 165 °C, b7 1E HE4k .
SRIG B LA SR v 7 o R o I AR R
e EE G, L EIE N — 260 HLI AT 0 R
2. BAERARME TR

JUFE N 30 min WY B EERI B REY
— > —
il 30 min A& IE
A AT i BRI
—— <
(i) A JWARIE

7 Heil SRR
Fig.7 Flow chart of sample preparation
i fu A 0 S AN 18] 8 s o FEZ R B EAT 4
FDNE | 58 I A T, i 25 H b i R A Al
MBI BRSPS R e A5 2R g i 12 D0 1
FBRANTET 9 7R, S5 R LA 9

8 Ak A AL
Fig. 8 Contact angle measurement instrument

B e o e

B9 #hiE =X ik A

Fig. 9 Contact angle testing by sessile drop method
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P28 9 Hr ) = R 5 U T 0 FE kA B AR A
A () B AFEBET GO KHS50-GO e tE
(1) 2% T e A HoAth o1, 245 5 L3R 10, GO . KH550-GO
PROME Y T Y 2 T e S H AR A1 AR 10 iR .
R XAEREMHEARA

Table 9 Contact angle of reagents with different materials

KH550-GO M

GO WM /(°) e A
a/(°)
1R =l
0.00|0.04 1 0.08 |0.12] 0.16 | 0.04 | 0.08 | 0.12| 016 | - o,
% | % | % | % | % | % | % | % | %
Y
- 86.2 | 85.4 | 83.780.1|78.8|83.5|79.6|77.3|76.1| 66.2
It
o 85.3(83.079.4 |75.1|74.8[80.9|77.2|74.4|742| 359
it
W=
. 91.3]90.2 | 87.6|86.1 | 86.8|89.6|86.7 | 84.3 | 84.7 | 70.1

10 GO.KH550-GO #utk  Fo £ @ At A A5
Table 10  Surface energy of GO and KH550-GO modified

asphalt and its components mJ/m?
Wi 2 v v 7. 2
70# 17.28 14.20 3.08 1.89 1.25
G, 18.29 15.07 3.22 1.92 1.35
G, 19.60 16.08 3.52 2.12 1.46
G, 21.91 17.54 4.36 2.61 1.82
G, 22.55 17.91 4.64 2.63 2.05
KG, 20.72 15.93 4.79 2.06 2.78
KG, 22.98 17.69 5.29 2.36 2.96
KG, 24.50 18.82 5.68 2.70 2.98
KG, 24.63 18.89 5.74 2.74 3.00

0 0.04 0.08 012 0.16
Bacailtesvid

(a) GOTRIEDITH
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) O S O 3

wn

0.00  0.04 0.08 0.12 0.16
P B %

(b) KH550-GO s PE 5
10 GO.KH550-GO B o R @ik A KL 5%
Fig. 10 Surface energy of GO and KH550-GO modified

asphalt and its components

AT 1043 AT AT, GO KHS550-GO Bt i 7 ¢
T AE S B LA s ok 8, 9 H R T A8 1Y L /)N
T URh AR A R 5K ), X —Z5 UL STl A
RIS S GO L & KH550-GO B I 5 1 35 1t fig
AN, YEWTF I T GOMKHS50-GO )&,
T A HRRHER TRA, BRNT, B RS
0.12% I}, GO F1 KHS50-GO gl I i i 26 i B i fig
BT 80 0% B AT BT & o o i AR T I
, T RE S GO A B 58 1 Wi 5 5 (8] 49 L e i B
M 2853 KHS50 BUPEJE 1Y GO & A E & A LU E BE
FAb A5 S — 2 a7 W 43 (8] 4 € 80 A
S FIRWER T A5 0 SR PEG 5% . A, GO
FTKHS550-GO I A B FE—EFE R s 17X
LRI YE . Bl B BN, W AP i —
A, N TS SRR Z MRS T, &
BEFIEE DA 2 /N B HE Y A - KHS50-GO B I 75 . GO
PRI BRI TT o A, GO BRI T A KHS50-
GO UMW 1 (B o3 ity SR T o3y
X B RCHE S R R AR P RN 8 R X

3) Sk mRRAR LA .

RIS R 16 145 5] T 46 A 4R BHR T RE
AR DLER 11, X LA B2 11 i SC i 2R I
RE MR , o] DU Hh A6 b AR R 3R 1R e B 8 = T
Wit . AR T, A6 A R S5k k22
SIS S A LU B AR AR AR B AR R R
T T R B 4 . (H 203 GO LU K KH550-GO Bl
Je B R, Bl 15 AR PR K B AR
TP 9 7 BB Ry A, DN AT B T T AR K A A

BHE 0T Z T8 R

RN EHIEK B R @R E AR

Table 11  Routine testing of surface energy for aggregate
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