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ABSTRACT

The reclaimed asphalt pavement (RAP) should be properly rejuvenated when it is used in a recycled asphalt mixture. In this
study, a RAP was used for recycled mix with recycle ratios of 30, 40 and 50 wt. % without rejuvenator. A 19 mm virgin
aggregate for binder-course mixes, and a PG58-22 asphalt were used for recycled mixes, and a PG64-22 was used for a normal
(control) mix. The asphalt binders were recovered from the RAP, normal mix and recycled mixes by Abson method. Absolute
viscosity at 60°C, kinematic viscosity at 135°C, PG grading, G*/sin § and pass/fail (P/F) temperatures were measured from the
recovered binders by a dynamic shear rheometer (DSR). Gel-permeation chromatography (GPC) was used to measure large
molecular size (LMS) of binder from the dissolution of mixture particle without binder recovery for estimation of physical
properties of asphalt. The recovered binder properties including absolute viscosity (AV), G*/sin ¢ and P/F temperature were
found to be increased by the recycling ratio increases. The regression analyses between AV and LMS, and P/F temp. and LMS
showed high correlations with R*> 0.99, respectively. Therefore, it was possible to estimate AV and P/F temp. reliably by LMS.
According to Korean guide-line, recycled mixes failed to pass the limit of AV < 5,000 p except for 30% recycled mix.
However, all recycled mixes should be prepared using a rejuvenator when evaluated by P/F temp. method of the Asphalt
Institute method, because the P/F temp. of recovered binders were 6°C on average higher than expected values.
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Fig. 1. lllustration of chromatograms and 3 molecular sizes
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Table 1. Asphalt content (%) of RAP

Classification Weight (%) Asphalt content (%)
22.5mm 45 4.47
<2.5mm 55 7.46

Average 6.11

Table 2. Rheological properties of each binder

Material LMS Pen. Abs. viscosity Kin. viscosity
(%) (25°C, 1/100 cm) (60°C, poise) (135°C, cP)
PG58-22 14.31 89.0 1,305 325
PG64-22 15.62 74.0 1,891 375
RAP binder 20.50 30.6 9,165 1,841

Table 3. Results of DSR test for each binder

. Temp. o Criteria Test High service ~ P/F temp.

Binder ©C) G*sin 0 (kPa) Status temp. (°C) ©C)
Orignal 58.0 1.565 1.0 P

PG58-22 58 62.9
RTFO 58.0 2.503 22 P
Orignal 64.0 1.382 1.0 P

PG64-22 64 67.1
RTFO 64.0 3.046 22 P
RAP Orignal 76.0 1.962 1.0 P

. 76 81.3
binder RTFO 76.0 2.710 22 P
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Table 4. AV, LMS and KV

Mixtures AV (p) LMS (%) KV (cP)
PG58-22 1305 14.31 325
PG64-22 1891 15.62 375
CON-RO 3,601 17.45 575
58-R30 4,754 17.98 575
58-R40 5,849 18.85 650
58-R50 7,211 19.59 850
R100 9,165 20.50 1,841
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Fig. 2. Relation of AV and LMS Fig. 3. Relation of MAV and EAV



Table 5. Properties of recovered binder after performance test

Mixtures AV (p) LMS (%) EAV (p) KV (135°C, cP)
CON-RO 3,601 17.45 3,622 547
58-R30 4,754 17.98 4301 575
58-R40 5,849 18.85 5,705 650
58-R50 7211 19.59 7,253 850
R100 9,165 20.50 9,744 1,841

Table 6. Results of DSR test of virgin and recovered asphalt from each mix

RAP Temp. Modulus ~ Phase angle G*/sin 6 Status Test High service P/F temp.

content °O) (G*)(kPa) (69 (kPa) criteria Status temp. (°C) (°O)
64.0 1.381 87.91 1.382 P

PG64-22 1 kPa 64 67.1
70.0 0.646 88.66 0.646 F
64.0 2.047 86.03 2.052 P

CON-RO 70.0 1.007 87.52 1.008 1 kPa P 70 70.1
76.0 0.490 88.32 0.491 F
70.0 1.113 87.14 1.115 P

58-R30 1 kPa 70 70.9
76.0 0.535 87.75 0.534 F
70.0 1.477 86.53 1.480 P

58-R40 1 kPa 70 73.3
76.0 0.722 87.83 0.723 F
70.0 2.157 84.93 2.165 P

58-R50 76.0 1.046 86.57 1.048 1 kPa P 76 76.4
82.0 0.521 87.77 0.522 F
70.0 4.281 83.60 4.008 P

R100 76.0 1.956 85.59 1.962 1 kPa P 76 81.3
82.0 0.917 86.91 0.968 F

PG64-22(AP5) & A| 25+ QHEEGHE(CON-RO) 3501 0] A&=3 601 p(FHAE 3,622 p) = YERL T
RAPO] gl5fo] Z71e-% £3Ee MR 0] LMSQF EAV= 7105t HER 7150 oJohH =glop AT E 25t
29 g4HelE| o] AVE 5,000 p ©l5lo]ojoF SFENMOLIT, 2021). Table 59] 30% &8H23HE(58-R30)2]
EAVi=4,301 p2 ER 7|E 5,000 ©]5HE REESISITE SEAITE 40%2} 50%(Table 5] 58-R40, 58-R50)=
57057} 7,253 0 & R 7|55 AdBloto] THESER] FRitt o] HIE ofAHEE 9 5 W2 58-22(AP3)E
ARSI, RAPO] Lot 7 vl A W2 o 2|9t 7|zl WhEA] Zotu & A7 1A o] Abgo] a9t
& Sk £, 30% AT AFOSEE 58-22 AREO 2 THESERITH40% ol AR AV A7
[k Zo|tk

DSR Hlo]E|Q} LMS7He] AbtA| B4 AE Figs. 4, 594 Hol&T} Fig. 4= Table 62] 70°Cof4]2]
G*/sin § Ho|EI2FLMS €] 3|74 Aol R* =0.9342 2 LMS S7}ol whet a-27do] S7toh= A2 &



|80 (2 ~2I0IATE S559| FiEE, GPC 2 PG MY T E 0|23 S|[AMLSZTHIL < 345

HoJZo} oebs] LMSZ2® G*/sin § 3] 40] 71538 & 4= )t} Table 614 DSR A|@ 23} ©E Hlo]g]
7} Qe 25 = 70°Co| B R o] 2L o4 Q] G¥/sin § FFS H]WEAI5ISITE PG64-22 HIQIT Q] G*/sin §+= 0.646
kPa, dWF2gHE 3]4-HIRIT= 1.008 kPa, 30, 40, 50% A SlHIRIC = A gHgo] S7Fd4-2 1.115, 1.480,
2.165 kPa=Z 57T, Table 5] LMSZ4H Fig. 4] 3|2 E-S o|-8oto] 4P -2 H3Fo|t 1.279,
1.749, 2.282 kPa& ThA o =] Vet

Fig. 5= Table 6] P/F-2% H[o]E]9} Tables 2, 5] LMS Hlo]E] 9] 31754 Arjo]w R?> 0,992 o9 U7
g PAE Bolch wehA LMSE AMEekE HRRIH Y] PF 255 A= =7 F40] 7Fsehs & & Slrh
Table 6045 P/F 2% & APAHIE0] 0, 30, 40 50% 2 EoFo u:}a} 70.1, 70.9, 73.3, 76.4°C 2 =oFArh.
55| 1125502 HH JHHRIT 7 PG64 511 o2 Al Z3t U4 E9HE(CON-RO) 2-HIRIE O] P/F =
717012 LER} S AR A] T w5t 5.0 2 ol Ao] Yololat Al

pun = | r/]—
Fig. 59] 3|72 0]-85}] Table 59 0, 30, 40, 50%2] LMSZ P/F 25 49 1= 69.6, 70.9, 73.7,
76.6°C = HEIHTE LRHIRIT PGo4 550 & A 25 ARheetEof viely 3% éilﬂ 69.6. 0% 70 oJ5k= LE}

37, 30~50%7H4] 2] F7 2= S7821(70.9, 73.3, 76.4°C) 2} vl FARSITHE Z& & 5 3t °1E F3H LMS
& G*/sin § o= P/F2=0] 57g0] T Aelet Za & = Sl

3.3 3pPdeEo| Y

RAP HIQIE| O] PIF-2.5 Stk A17HIRIE O] PG T2 gE0 2 RAP APYH] &of 2 -8k ghE 0] 1ok
e 4= Qlrk. =, Asphalt Institute(Al)of|A] A ]ﬁj "M 0 2 p/F QL2 o] g5}o] £3ls

8 4= QIti Asphalt Institute, 2014). ©] H-S Fig. 67} 2] RAP 100%2] P/F 2541 81.3°CS} Al
t o] 125 58°CZ RAPY%-Temp. FHo]| 214 © & A} SF RAP %0]l $241-S 10 PF 255 5
3} 4= 9tk Fig. 6914 H50] o] HFA] 0 2L 309 65.0, 40%= 67.3, 50%°lA1= 69.7°C0] HolHth o=
P/F 257} 81.3°CQI RAP-S 58 HIQIT] 2 &2 & -2 RAP 30%, 40%, 50%°14] P/F 2571 2+2}65.0, 67.3,

l’ﬂ
i

= Z
T

ro il
_L4 -INI

o?d

5 88 T T
|
2
. =0.5083x" - 15.532x + 185.84 !
- 0.0026"3% y a0 !
4r R®=0.9342 . . ' 3
|,
o ~ |
3 f 276
= -
© )
2
;\,) 2 r g 70
&} ° &
(]
Lr 64
0 ‘ 58— ‘
14 16 18 20 22 14 16 18 20 22
LMS (%) LMS (%)

Fig. 4. Relation of G*/sin § and LMS Fig. 5. Relation of P/F temperature and LMS



69.7°Co] & Zolgk= ofmjo]tt.

T2 Fig. 7942F 2] DSR2 AA| Z24HP/F 8 -85t AP 3|74 51o] RAP 30, 40, 50%°1A]
O] PIF 255 F451H 72.6, 73.9, 75.2°C7F iRt} o= Fig. 69] 42| Hrt= B4 ou A4 5744
70.9, 73.3, 76.49} H| WA A} grolah & 4= 9lrk. 12t 9bA] LMSE 43 PIF 25 69.6, 70.9, 73.7,
76.6°C = AZ=2]9} B ZARE A} thA] & 4= 9Jo] LMS & P/F-& 0] 40| ull > -G a kS Ajgteld 4= 9k

AT HFA 0] 2H2](65, 67.3, 69.7°C) 2} A= 2] 70.9, 73.3, 76.4°C2} H| WSHH RAP 3FF 30%014= 7] 2]
700 ZH3HE 40, 50%14E 6.0, 6.7°C2] 20| 2 PG TR ¢ 55 &2 2ot} ujebs 28kE Ae-8-2
AsliAs AAYH7HAIE A7 H7tsto] PIF 25 Al £ 0 2 Urojok gitt, =, A7 1A 9] AR
o2 RE 7001564 55)7t HES cfof & Aok 12|l o|FA| F - AR 30% ARt v =
EX 7|50 &3lotATE S9HE Sl5HIRIE 9] AV < 5,000 p= U A] 40, 50% APJol| A E gkEst o=
% it

B
uX
rhu

2 Aol M= RAPE & 9]sto] 540< mefstal, RAPS] A1E-8H]e-5 0, 30, 40, 50% = oSO~ E
S3=9 dHRRiY EAS Brlolirt gt 2 3k stEoflA 27t 3l4Hiele] o] Atk (absolute
viscosity: AV), G*/sin ¢, P/F-2, tHEE2Klarge molecular size: LMS) £ 24511 S-S H7tst

of thah 2 28-S A3l

1. RAPOIA 5% 345 el At A 9,165 p, P/F2%E 81.3°C, LMS 20.5% 2 L3 L7 AlobA] ¢
S 710 g golx]o] A9t BRI & PG58-225 AF85FTE
2. RAP 30, 40, 50% RO E S3FES A|Zolal 3lHIRIE o] EA-S AV, DSR, GPC=Z A3 A7t

100 T T T 100 T
I
o R . Lo 00 L ——y=76Mx 82673 __L___________ 2 _
y =4.2918x — 248.93 } } R®=0.9243 |
S e il il
I I |
0F------- o — - 1= === = -
I I I
60 F------- Lo S [ s
;\; | | | ;\3
< | | &
50 F-~—"""-- T T T T T ettt [ o
EL( | | | <<
e T e N - A JE et o
I I I
| | I
V- A [ [
q I I
20 Fr-—-—--/7~ T---F-- |—— == [t
I I I
,,,,,,, J AN R A
10 | | I
O -<fSra—— | v T
58 64 70 76 82

Temp (°C) Temp (°C)

Fig. 6. Designed RAP content vs. high temperature  Fig. 7. Actual RAP content vs. high temperature PG
PG relation for binder data used in this study relationship for the binder data used in this study



S >HOATE 2ot EiES, GPC & PG EEREE 0|80 Sl lsFEot - 347

Te8Hg e seotAH

RAP AL§9180] 271352 e aherl 271019 0L, RAP 30%.5 FE 755 A4 725,000 p o]
512 GHESIIT, RAP 40, 50%= AWA7H7 B aghe shelshldt.

3. LMSQ}AV, LMS2}P/F 2010 3| 843} RER? > (.99 .0H, Z7to] sl nd 2 4ot A2
ol PP ie AZA| oL Ul Ak A 0 2 Ueh, HReIH %2815 glo] LMS 24712 o] £ 54 4]

2 R A 2T 4 98-S 21 shack

4. = AT HPHof| OJ3 PR T 24 AT 371 AHIE BE PG7]E0 & §F 53 L0 HlolE 0] 0]A
W AVSZHAIZE st Ao s WAER o]gA & B HEWEFH 71 AV < 5,000 pIe BT
L Aoz Alme).

ALl =

& e A E A et T0] |t A etieta e drle Atao] Alde ARESH ofFof At

Ty

Asphalt Institute (2002). “Performance graded asphalt binder specification and testing,” Superpave Series No. 1.
(SP-1).

Asphalt Institute (2014). “Asphalt mix design methods,” Manual series No. 2 (MS-2), 7" Edition.

Doh, Y.S., Amirkhanian, S.N. and Kim, K.W. (2008). “Analysis of unbalanced binder oxidation level in recycled
asphalt mixture using GPC”, Construction and Building Materials, 22(6), pp. 1253-1260.

Engineering Journal (2021). http://www.engjournal.co.kr/news/articleView.html?idxno=1476

Kim, K.J., Kim, Y., Kim, K.W. and Kim, S. (2020). “Rejuvenation effect of particular WMA additive for
warm-mix asphalt recycle”, Journal of the Korea Asphalt Institute, 10(1), pp. 54-62.

Kim, K.W. and Burati, J.L. (1993). “Use of GPC chromatogram to characterize aged asphalt cement”, Journal of
Materials in Civil Engineering, ASCE, 5(1), pp. 41-52.

Kim, K.W., Burati, J.L.. and Park, J.S. (1995). “Methodology for defining LMS portion in asphalt chromatogram”,
Journal of Materials in Civil Engineering, ASCE, 7(1), pp. 31-40.

Kim, K.W., Kim, K.A., Doh, Y.S. and Amirkhanian, S.N. (2006). “Estimation of RAP's binder viscosity using GPC
without binder recovery”, Journal of Materials in Civil Engineering, ASCE, 18(4), pp. 561-567.

Kim, Y.S., Kwon, O., Kim, S., Han, J.Y., Yun, J. and Kim, K.W. (2015). “Reliable estimation of binder properties
using large molecular size (%) from asphalt mixtures”, New Frontiers in Road and Airport Engineering,
ASCE, 2015(Oct.), pp. 152-161.

MOLIT (2021). “Production and construction of asphalt mixtures”, Ministry of Land, Infrastructure and Transport,
Sejong City, Republic of Korea.



