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X 55,5 B AR E LT F P Y HAT AN S REHR 85

SEE I 25 CHF A BRI AT T AR U AE & AL
YO RE , & BT 100 CHBOREE T IR 4 h
AU RS T PR RE o O — 2R RO A E
1370 B 09 77 1%, A B 722 e 21 50 56 3% (Fourier
transform infrared spectroscopy, FTIR) i % | Jit ¥ /1
12 1#5% (atomic force microscope , AFM ) WL DX Kz 43
T B D5 o XTAO S5 F Fl 4330 ) 2 A4
FBOHENT T A FISIAL B SE 4 R AR B, R A AR
1E K 1 E ALK I (pressure aging vessel ,PAV )&
A 0 75 1Y P BE 1K 52 450 DA W I, X ke 2 ik
#6150 (rolling thin-film oven test, RTFOT) % 4k 1%
Ui T A PERE IR A2 A B o Wk PL ARl o oW T B
(AFM Z5) P 1 AN ) HR A R0 7 2 Ak 7 N B9 B
LA WEFT A SRR WY, AR 50 A FE A ROR B 31K
TR EE 1) 18 DR T 328 ¥ 0 355, I LI ¥ 1 1) 23 1
AT 4R T B PE AR R R 97 RO . KARLSSON
ST A FTIR U BT 1 M BE P A 70 266 B X
AN ORGS0, WF 5T 45 R R W], A 0 0 b
JEE R, 9 HIGH BTG, 53 81, B A 7 5
XHFR AR S B 7 O R LA Y 2 R

DA b WF 58 4R vh 1R B LR RE A AR 19 A2 Ak
EH) FH AOW L 50 T BOR PVt R 2R R B 4 BT
(B3 677 AR AL HJE B — Y 1 BEEAT 1 00 hT
AT — & 1Y R T PR BRE S BE 4 A 4=
R HCRE . AT E i 75 O 25 45 15
T-Be L BE X TE 52 4 2 2 4048 (ultraviolet aging oven,
UV)BALHI SN E AT 75 MTE PAV AL B A
Wi, d s A AT BB RO ) A A U
% H 2 2 8Y U] 3l 4% (dynamic shear rheological,
DSR) 1 56 7 125 M F A 9 5 7EAS W) 24k 5 X 9
BRI RE 7 HO 8] R B AR S R A, LA 5 2 Ak
W PR AR Y O . R AFM L FTIR I 56
XA R HEA T FR 2R I 7 1 GOWL ) e S B
RE 1722 AL E AT LI , 1t — 2 T A 500 (0 4 B AL
38 i H (thermogravimetric, TG ) i 55 37 4y A~
) 5 HEASAF T A 075 R R E M, LI 2 R
JERAT P A RILE AW 75 Th i HUET o AT
FER IERA IR SE PR TR R AR 0 7 2 Ak I P Y
PHGE R A S AW B SOLAE FH AL B L
% ST R A U P R A0 P R RE L s R
Wi o BT A e S SR

1 X5

1.1 FEH#E
AT 5T 08 FH A8 907 Ik S T AR R R A R, H:
FEARFEARFEAR W1,

x1 BEAERFERI A
Table 1 Basic technical indicators of asphalt

W5 RS bR gER | HoREIK
EFAJE(25°C,55,100 g)/0.1 mm 85 80 ~ 100
LN i -0.082 | -1.8~+1.0

AR IC 483 >42

FEFE (5 °C,5 cm/min)/em >100 >20

B J1%6 (60 'C)/(Pa-s) 175 >140

ASBIFFE T8 T 04 145 A 700 g B P 5 4 0% T 5 P
B BR S R A2 77 1 XT-1 899 7 #4250, H 32241
REFE AR L3R 2.

R2 BAHEFENGEREREIEAF

Table 2 Basic performance indicators of asphalt regenerant

M H XT-1PEfEE bR | SC(E
60 ‘CHlifiE/cSt 50 ~ 200 195
T3 T3 AR 3 HU % <30 28.5
J5 A W 53 % >60 70
[N C >160 226
15 CHJE/(grem™) 0.95~1.10 0.97

1.2 REFHE
1.2.1 L UiE r &

1) MBI 520 RN T - 42 B i T
B MW IR A RHA LR ) (JTG E20—2011)
r 5 T v B R T A e I S Ak D i R, B
RANT 2K (50.0+0.5) ¢ 175 A BAE LY 1835
STVEIR e B T i vl R O (5.5+1.0) t/min,JIf
FE(163+1) CTREE T ORFES ho Bl K0 %
TR R BT E N B R T BN, RRAY
TR 2 95 Cla WA 2 TR 1R E o (21.0
0.1) MPa,Jf-7E 100 “CHY %Ak F iz 4720 he

2) AP AU WAL TR AT oF R
A5 09 75 3 RE CEE RGT-UVAH-365F I 45 4h 2
TR B AT R4 Ak . BRSO E R 0
R B R (50.0+0.5) g, BT 1000 W ) 5K
KT, SR KT 2% 115 0 7 1R 3R 100 6] B 35 em, P2 ]
S5 BE R 500 W/m?, Ak I (] S 233 h( P9 58 7 b
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X —AF 45 5 B 420 MJ/m?. R 4 i B 45 2k s )
RV P 28 A S i B x 3 PN R ST ) i) = ) AR 4 4b
K S R 22 A HE S IR (] e 245 31 3 AR st [R] A
233 W), R0 T S I T I B A 1 50 °C
1.2.2 YR FE Ay il &

PLEAZE R 10 mm (5 BE R 150 mm (38058 3
B, B IR IREIA 4 em R EIL T,
PR, H AR 30 min, SR JE 7E 2R A
4 em JEMY XT-1 FFAFRIRE b 30 R T v L Ak
WO ZE R B, TEB FH#E 1 h. K5, KlE s
TR 105,135,165 CHIMEAE i, 76 45 4t
R B 2 4.8 hlF AT WO B, U S H 2%
%A1 20 min, )5 B A-10 ‘CVKFE N 2 4 30 min.
A S Z AR DL SR 1 om #— B
Wi R AR B ( B2 KRR MR,

b R 2 A 1R
Ak A
bR N e
NE
LAY AL

1 BAAN-ZLBEFTHTER
Fig.1 Schematic drawing of regenerant-aging asphalt

diffusion

1.3 REHE
1.3.1 & F YIS (DSR) i 50

KNI TN i R N EETA €S
RN L N WE A RN 4, R
DHR-1 30 25 5 28 57 YR 459 75 #4028 v fig
HEATINE 00 4% BN % TR 5 S 5 1R Ak
I HFL) (JTG E20—2011) H Y DSR it 56 25k |
TE16.22 .28 F134 “CF JEAT IR 4, fA 00 3k
10 rad/s , 2855 i i) 0 A8 5 E 8 1%
1.3.2 SO Hrik 56

URAED S &AW AR 8% T 3k
R BN E AR SRS AT AFM XS
W B O T 22 R PE R TSR 5 i FTIR IS
X450 T AL 25 R A AR A A Ol AT 4 A s R
TG J3 B A0 £5 W5 7 1 A Fe e M TR 1F . AFM
LI SR BHE k  A 0 AR IR B E

RTESPA-150, 14 5 =}y % [&] BRUKE 2 w] #k i
1 PeakForce QNM B, F XA 15 wmx15
pwm, SRR 512x512, 78 % 3 F AT . FTIR
R0k H HF-03 95 8 P 43 A A A7 4G, %F i
T FE AT 32 R4 AL A HER I E N 4 em™,
G 45 1 7E 650 ~ 4 000 em™, X &% A4 T AR
JEH 60 C, HLARFFNR IS T8 . TG i35 i i 4
WOR P E N 10 C/min, TF IR TG Bl E N 40~
900 °C.

2 R

2.1 DSRIRELERSH

E AR RN S W ST T R )
AR ST S EUO B & G+ 5 T HL e sk
PER R, PR G AR A ) -2 Ak I B 1 K
TR R VERR AL AL Y RAE S50

L3 hH BAEE IR A R
P 2% 3 AT, &2 B i G B A 9 TR A0 T v T A
WA . AH LT IR T AR )RR T 2R i
1 G BER, R IRAE T2 2 80T I 2 40
i R AR O B A D B AVECE A
W GRS A I R X R W54 21k
XTI BB AR 85 T RE AR VE T o X A%
FIRE TR el IR, 16 ‘CFIH EA S "
A9 55, PR A T 43 B, AN g6 3 HIAS [R] 9 Hi S
T BT AE 16 CTR B9 G 2 A1 45 R R X
AR -EAL I E Y BUA RPERERY S

R3 BEERAGEHLBMEE

Table 3 Complex modulus of asphalt before and after aging

FNRE T 6%/ kPa

i)
16 C 22°C 28 °C 34 °C
JERE T 2638.51 928.12 | 319.38 | 111.48

P EALWITF | 7461.56 | 3189.24 | 129430 | 505.91

LHNEALYIT | 3333.98 | 1188.40 | 415.06 | 145.54

22 BEFEZHXHIEFTRTETAINZWEZER
S

T S A AR SR A A S P
B, AR A 500 R A 97 O 2 A O 7 1 S 8
it G g SR, SR 5 AR A 3 COTH SR [R]9 H
FEAT T FHA I T S BRI R R, I TR AR
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Fig. 2 Complex modulus recovery ratio of regenerated

asphalt under different diffusion conditions
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2 4 8
P HlEtE
(b) BRI EADIT

B3 REFHEEHTELARFOHREES
Fig. 3 Young's modulus of regenerated asphalt under

different diffusion conditions
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232 ZLANEIERRE AT
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ZLAN I 7 B 5 DR U 7 R A I 7 L —
X R ENEH R EREARF . e it
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4728 Al A AR A e 2 AR U 7 P B RO L
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AP A AR IS TR 5 AL N 743 em T
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Fig.4 FTIR spectra of asphalt
Rd WAL G 0 RIS F kAR
Table 4 Carbonyl index and aromaticity index of asphalt

before and after aging

Wi Ay Iy I,

SRR E 0.189 0.334
P2 0.241 0.313
SHN A 0.192 0.314

H13% 4 R, P75 280 R s A Al
FEBOY K, 557 B AR AR . JRUINTE T &0
EACEAL R, A2 BT AR A (AR U 55 0 1 T AR
G 3 B0 WP R DA T U L R A
RIS B AP g IR S5 2 (1 0 55 1A 9 4 O A 2
K E W AR T T T I ST I BV 5 R AR
JRERZE EBRIESE LA SIEAEDI T AR L, L
Wi 75 097 B e B AR, 2R O e 2 L BRI
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X 55,5 B AR E LT F P Y HAT AN S REHR 89

T U AR R A RS O, 5 B0 B A
B D o

126 5 AR B 9 U AR A SR A8, A T T
(B e 1 R T ey, B 2 BRI O XT- 1 A 570 v
A NG MR C—=0, fif 1454 Wi 75 A PRI BUEE 3
RICAC HE AT 1T 228 3 1 K, 3 3R WU 55 1) P A B AR O
AR A T AR SN B 33 ST C—=0 38 S5 C—
H, TR0 T P57 R R BUS BORRE A KL

ANE AT B e b 2 AU T AR B AR
fobRo I 6 AT, 55 A R A AL AL R A e
FRR — 2, RIVBER FEAE 50 B9 R SR i 3 5, X
F W F A TR 8 9 BT O B N R AL o) A AR e AR
BETT AN FE T 2 AL 7 PN B kO ) At B L, ok 4
OrUSERT BN P, SR AL oy B IR, PR RO 5
A

RS5 TRV HREHTHRAEDFHRARK
Table 5 Carbonyl index of regenerated asphalt with different diffusion conditions
B2, TR
mkmnn | 0 - —
WA | 105°C | 135°C | 165°C | 105°C | 135°C | 165C
2 0.239 0.243 0.267 0.243 0.239 0.262
AR
N 4 0.231 0.250 0.279 0.238 0.250 0.250
AW
8 0.233 0.278 0.306 0.235 0.252 0.288
) 2 0.180 0.189 0.192 0.183 0.178 0.191
A 284
_— 4 0.184 0.199 0.198 0.179 0.187 0.186
AW
8 0.192 0.202 0.213 0.191 0.186 0.201
RK6 TRV BAMT AL FHG TR
Table 6 Aromaticity index of regenerated asphalt with different diffusion conditions
£/l LRI T2
LA 7 \ - - - - - -
A ] /h 105 C 135°C 165 C 105 °C 135 C 165 °C
2 0.331 0.342 0.350 0.332 0.330 0.351
AR
N 4 0.339 0.358 0.386 0.342 0.342 0.361
AT
8 0.340 0.398 0.427 0.325 0.419 0.361
2 0.312 0.328 0.330 0.317 0.314 0.320
A 550
N 4 0.333 0.325 0.337 0.320 0.326 0.325
AT
8 0.328 0.355 0.350 0.321 0.328 0.339

2.3.3  HHE(TG) XL b

AE AR RED 3 AW LT B

BRI 165 CTF Y BUG I L T A DS N
WX 42, 43 B B2 T BT )5 0 75 AR E MY
Ak AW B R Hh e an &l 5 TR o
PNCSREINYE = X A DR ik iR & R R
I MR A AR IR — B, X FIRAE
M5, M 190 ~ 490 °C, Wi 7 it 2 JF 4 S k7 #a 3
F2 B R R ) R T 2 A LR ) T R
WA A, M 490 “CLAJE MR ith 2kt T RS e, R W
Wi AR A R e e . S5 JERE I AN R 2
AL T S G R fige TR T R RS PR AT
H#A A7 fmg & T2 20 & Y, Ji A
HETEHER SRR FUFRSENE  FE
B i P U B X Ry AT AR AR Y

AR A i TR EL AR T 0 AR L4 30 R O
(1), A7 5L 28 BU FURE U0 7 %) T I I, X 3R I
B AR T AL XTI 45 S T
1) A E PR AS TR AL, i R 6 1 P AR R DU R I
W FER NG FWIL, 2R G kA5
fif 2t AT EE Uk T AR R AR R RO S A
R Pk A8 Ak, 36 OAS I 7 T a 41 K R 5% B 10%
B P T BE T, T o R BT 25 U 75 AR E R I 25 5,
SRR T,

H 27 A, BRI 1Y Ty, T, B B AR
Wi K, Horh R 2 A T B R AN A
(B R — 2 3R B I 5 & A e $AER e A 21 42
L X ST IR S A — 2 Bl PR )Y
AW, PR 8 Ty, T, BT FEAR, B 2T
R T F2WE M. 458068 i
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AR, BRI A B AR R T WS PR R A o
S R T 2H 3 0 6 O T A A0 BAGER E PE E
SEMARR 2, S B A U B AR

— ke —--4hbZE
100 - - —PAV S 4nFR
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iR/ C

(a) FHAEMECEALTE
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— —--4hb)2E
100k — — -UvV ---4h TR
- - s2hbE o 8hEE
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g sor X
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ﬁ 60 -
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IREEC
(b) A= 552

ES5 FRAF#FEHTHEEBDFOATHE
Fig. 5 Thermogravimetric curves of regenerated asphalt

under different diffusion conditions

RT FRATFHREMTHELEBFN Ty T,
Table7 T, and T, of regenerated asphalt with different

diffusion conditions C
Wit ny T, Tron
JE AR 283.72 | 309.80
WA 315.57 | 348.18
E VISRl 301.03 | 330.12
2 h [ A RS DT 29225 | 320.09

2h FRHAERE BT 299.52 | 326.61

4 h FRFAERE RS 291.75 | 319.84

4 h I Z AR 298.27 | 324.35

8 h [JZE A R AW 279.96 | 307.55

8 h NR A B 29501 | 322.34

2 h R EAN EALT 29225 | 319.33

2 h R A SRS AW 294.51 | 322.09

4 h 1RSI AT 280.96 | 308.05

4 h RSN A 294.25 | 320.09

8 h bR SRS EAL T 275.44 | 301.03

8 h R A SRS B AW T 293.50 | 319.08
2.4 BEHTSERUIEREXES T

AR 3 35 A FH Rz 2R 3 (Pearson ) A1 5& 20 HT 22

A ST A T R AR B T IO bR 2 TR A I R
LA 165 ‘CF 4 1] 24 2 .4 (8 h (1 1A A AL
AR AN B R AR 4, IR
TR WL R 6 b 52 B B R O 38 R OML R HR b
TR 5 7 e 48 B BURE A0 2R 0 10% BOIRE T,
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Multi-scale study on the diffusion behavior of regenerant in aged asphalt

LIU Lu"*, CUI Ya'nan"?, CUI Shuyu’

(1. Key Laboratory of Civil Engineering Structure and Mechanics of Inner Mongolia Autonomous Region, Inner Mongolia
University of Technology, Hohhot 010051, China; 2.School of Civil Engineering, Inner Mongolia University of Technology,
Hohhot 010051, China; 3. Hohhot Municipal Engineering Design and Research Institute Co., Ltd., Hohhot 010010, China)

Abstract: [Purposes] This study aims to understand the diffusion behavior and influencing factors of the
regenerant in the aged asphalt. [ Methods] Using the ultraviolet aged and thermal oxygen aged asphalt as the
research objects, the dynamic shear rheological (DSR) test was used to study the diffusion pattern of
rejuvenators in aged asphalt to obtain a relative index characterizing the degree of diffusion. Moreover, the
complex modulus recovery, which is a measure of the degree of diffusion, and the influence of aged mode,
diffusion temperature, and diffusion time on the degree of diffusion are analyzed. At the micro level, the
regenerant-aged asphalt diffusion system was tested by atomic force microscopy (AFM) , while Fourier
transform infrared spectroscopy (FTIR) and thermogravimetric (TG) test, and the Pearson correlation analysis
was performed on the macro and micro indicators. [ Findings ] DSR results show that there is a diffusion gradient
of the regenerant in the aged asphalt. Under the same diffusion conditions, the degree of diffusion of the
regenerant in the ultraviolet aged asphalt is greater than that of the thermal oxygen aged asphalt. The higher
diffusion temperature and the longer the diffusion time, the more obvious the diffusion phenomenon of the
regenerant is. The microscopic test results show that with the continuation of the diffusion process, the
regenerant can better restore the viscoelastic performance of the aged asphalt. Consequently, the light
components inside the aged asphalt can be replenished, and the performance of the asphalt is restored. The
results of Pearson correlation analysis show that the macro and micro indicators have good correlation.
[ Conclusions] It is a feasible method to study the diffusion behavior of regenerant in aged asphalt by combining
macro and micro test methods.

Key words: regenerant; regenerated asphalt; diffusion behavior; atomic force microscope (AFM) ; Fourier

transform infrared spectroscopy (FTIR) test;thermogravimetric (TG) test
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