JOURNAL of the Korean Asphalt Institute Vol. 10, No. 2, 175-189, 2020 pISSN: 2234-0785
https://doi.org/10.22702/jkai.2020.10.2.014 elSSN: 2635-9553

Scientific Paper

CHEAl SEE HIRE 2 CiMgH &2 =2t OIATE 2otE &4 Tot
_J.t_cgjlt_ﬂ . 0|x|82 . ?:I'?:IHH3 L2104 | 21 5%

o
‘YRt XTI HolD, “YCHstD

Characteristics of warm mix asphalt mixtures containing
reclaimed asphalt pavement (RAP) by content of waste
glass aggregate (WGA)

Youngjin Jo', Jieun Lee?, Wonbae Kim?, Kwang W. Kim* and Sungun Kim>*

'Ph. D. Senior Research Engineer, Daegu & Gyeongbuk Branch, Korea Conformity Laboratories
2Undergraduate School, Department of Regional Infrastructure Engineering, Kangwon National University
3Researcher, Advanced Construction Research Center, Kangwon National University

“Ph. D. Professor Emeritus, Department of Regional Infrastructure Engineering, Kangwon National University
°Ph. D. Senior Research Engineer, Advanced Construction Research Center, Kangwon National University

*Corresponding author: Tel. +82-33-250-7283, E-mail. sungun2001@hanmail.net

Received: November 28, 2020; Revised: December 2, 2020; Accepted: December 7, 2020

ABSTRACT

This study performed to apply waste glass aggregate (WGA) to manufacture for paving asphalt mixture containing reclaimed
asphalt pavement (RAP). The WGA below 5 mm which is replaced the partial of natural fine aggregate (NFA) was used to
manufacture recycled warm mix asphalt mixture (RWMA) that contained RAP, crumb rubber modifier (CRM), waste
polyethylene (W-PE) and warm mix additive. Warm mix additive used in study, which was invented using several core
materials, such as waxes and oil, and other substances, was used to manufacture WMA mixture. WMA mix design was
conducted to use WGA substituted for the NFA contents of 5, 10, 15% in mixture and determined optimum asphalt content
(OAC) by dosage of the WGA, and then compared performance with normal asphalt mixture. The specimens of RWMA were
prepared with the OACs, and rutting resistance, crack resistance, and moisture sensitivity were evaluated by performing
deformation strength (Sp), dynamic stability (DS), indirect tensile strength (ITS), tensile strength ratio (TSR), and deformation
strength ratio (SpR). As a result, OACs of RWMA decreased as increasing WGA contents in mixture. Performances of
RWMA for base layer (BB-2) such as Sp, ITS, toughness, TSR and SpR, were satisfied the specification of the Ministry of
Land, Infrastructure and Transport, even if WGA was substituted for NFA up to 15%. This was believed to be due to the
increase stiffness by aged binder in RAP and the influence of CRM, W-PE used as modifiers, and warm mix additives.

Keywords: Waste glass fine aggregate (WGA), Reclaimed asphalt pavement (RAP), Warm mix asphalt (WMA), Rutting
resistance, Crack resistance, Moisture sensitivity
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2G4} t-2-9] A3t o 72 oA i@% AAe] 30°C Ak 2% 5 WEo] A4Fsk= WMA (warm mix
asphalt) 7] 2 1990t ol A 7 Q &, Al FollA thdRt WMA Alzet 7]&o] Zid =317, &)
TR E 7 15& 7= ZHE7H‘?—-_1-', SHAY 2 T_ A28 fjof] l=2f5tal Qlt:. HMA (hot mix asphalt)= -S4
2 OIATEE 160°C o1 (-7l Wb 180°C o) 7Haettt. &2 7t = O}i”}—‘?—ﬂ =ZAE o5
(coating)SH7| 915+ G2t -F57d= 7FAIA b 214 B @7 vl ShHof E @Rt M & F-A[Sk=t 2]
Sho}. HHH, WMA 7|52 B2 25k of| A & 7S 4= QLA ofAHE sl |7t o] & QI 58857

Wk op et EgkE Ak Ao A AR ti7] @ E-& Eola, A ZiAdste] 2] oS
ﬂ‘* 4= QIth (FHWA, 2019).

AR AAH 0 &2 28 E= WMA 7e2 B-& AMESHE B ofNTESL /7|, 77| H7HAIE ARk 4,
o EHE ARG 02 ERE 4 Stk & AFE Sl 712 BT E (foamed asphalt), H7HA1E A
£-5]= HF2]-2 Sabobit (Fischer-Tropsch paraffin wax), Asphaltan-B (low molecular weight wax), Evotherm™
(chemical additive into asphalt emulsion), ZEHE |4 £¢} A] Aspha-min®, Advera® WMA & E2]= g4
22J0]E (synthetic zeolite) 7} ¥4, WAM-FORM® (Warm asphalt mix form) 5°] §1.2™ (Angelo et al.,
2008; West et al., 2013), =UoAd= wE5xA wet okt 7408 #-8o] 7153t Leadcap, Pexbol,
K-PEARL, K-Phalt, F-2°FAE, PBSW, MRMA, DLOCAP 5 tet WMA Z7HA17} 78] Qi) o232t
WMA 71&52 FHE k= OfATE 29z AR oA ofALE S {5 WE 0 2 4 29w A4, 224,
o 5 Algoll 2 att A8 -5 (kinematic viscosity) & &H SH= Zo|t}.

14194 7852000 SHFWMA 7]=0] T} F ol = 7| JAeF tish, A7 HellA ofATE O] H &
= TR 7S 7 ste] WMA 7|&5 @70l 4-8517] 9lof i ol ghom, Al&et EE7HHJ°
O k& ePga} ofATE AL ERHE o714 FE JAHTE= 7S ARSste] WMAE Alxs
Falo] Z22 ATE oIt SHAJEE 7]&0] OFAL 2= Q 21o] WMA 7]2:914], AR, A, @ A e 1
B854 5 A%l o® Qlsto] 11 A-go] o] FHoth
SHH, ol A= Ao AR ER= HAZTA AFe] B=o] uid A7l Qlct. daztEAfe] sa
5 =

I

~n
okl l‘lf‘ mEL AT

5;“

>{(

Zo 2 Qe tidlke nstal Qe 7hel, w2 241 A9 e A B == AlE 2851 o= Bk 45
ofl = 2R, TFEA ] 737 miget thebEA T §lof of4ds] Zdat vt Bl pl& Fdte] 24 g
e}

Akl et whbA] A HEAE A o= = iz 7o e do] A17]1%] 4L It (Son, 2020).
Ul T = TRt H7lE 5 B o] 8=l AT, Hfi2l= 60~70% =7 A Q—l—,
30~40%+=TH =1L Q= A7 o]c} (Environmental Digital Library, 2020). 4.75 mm (#4)5 52fol= H|&
Al HEls A E R A o] 7FsetH, 22 E AlE, AR E 2 AlE AlX, ofAHE 27 L% ¢
At B 55 A4t 5ol ZH=A] th-8-2.= AR87FsSt (Son, 2016; KIETI, 2019).
OofATE SotEol| AASAE Hife] AHEA= thAlste] A&-85h= A= 1960 TH AJ2FE]|o] Glassphalt
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o ol 441 WRH A Bl SIrk RS AFE T ok E BURL £20) 715 U F7H5e] 10-25%7H
AT 4 glor, Hg2lo] Fe BA ARSI LSS aibEo|w, Bt ¢)
= o] o], 5] Hgake Aol urele} shge BAV BASECkD Basolct (FHWA,

=
1997; Glass in Asphalt, 2019). =3}, H-5-2] &g ofAHE S3ME-2 Aot ATE o5k 7H4 A &

ol ok T E Sgt=of| w2 E AHE-Eot= B NEANE A Aot P, e 5 U 2 5
SALS 7)A5Hekal B 1751} (Arabani and Pedram, 2016; Toahmoorian et al., 2018; Jo et al., 2019).
oA S b S, A -SAE T ERPIo ATl 35 o= Hlqe 8-S whaft uhy
e ZTHEAE ARS St 715-8 oFABE EES Ao, T2 ol 54 o & Agsto] WG] ZA] A
8-S Slist i 2F 511l (Jo et al., 2019), HG2] EAE 281t o8H =2 oA E SobE 54 A+ellA w4
2] S PR, THHQI S, Q1] & B0l B GRS vIXIoal kATt (Lee et al., 2020).
webA] 2 A0 HA2 FA12 8 ofATE SR9ME AlE Al A2 EA A 5 mm olste] #Hlf-2] =
A= A IZAE S, 10, 15% thASte] ofATE Eobs AlEshal, M7 s, S48 5w, TR, 1%
735 H], ML H| 5 oo EAAES g
o}, Uo7t 7158 012 o8t of AT E Sk Al xof| wlfe] 1Al o] /P ARI AR 7S = B okt 6
+ Aotk

EXx

v
>
U

2, 2= 3 'S

2.1 4=
2.1.1 OlALE

B A Lof|A] OfATE = Sfjo A UHEA © 7 AMEE= 584 55 (performance grade: PG) 64-22 (A%
55 60~80, AP-5) AEH|O|E OfAIE (AP-5)5 ARSI (Table 1).

Table 1. Property of asphalt binder

Test Item Specifications PG 64-22 (Pen.60-80)
Specific gravity 25/25°C >1.000 1.033
Density 15°C, g/em’ >1.000 1.037
Penetration at 25°C, dmm - 74.0

Flash point, °C >260 342.0
Softening Point, °C - 46.6
Ductility at 15°C, Cm >100 150

(R)TFOT Residue




Table 1. Property of asphalt binder (Continue)

Test Item Specifications PG 64-22 (Pen.60-80)
Penetration Ratio, % >55 63.5
Loss weight, % <0.6 -0.05
Rotational viscosity at 120°C, mm?/sec - 931
Rotational viscosity at 150°C, mm?/sec - 200
Rotational viscosity at 180°C, mm?/sec - 70
2.1.2 =
T 5Hg ol ATE SRR *é°ﬂ 90% o1& sl BAle] Bal2] EAo] watolAmE SEEe] 7
T B4, 84 B4 9 3-8 Aol 9 n]XIt} (Roberts et al., 1999). & ALojA opAZE é@“ = Alzst
7] $JaliA F2 24 F #1425, 20, 13 M—J St #2 A, 2R 9}701*%*31—¢Eﬂ1 (screenings), A2
A2 A3} (limestone powder)= AF8-5HSAT. Table 20 ARHE- ZAf 2] E2]3 EA-S UERH R
Table 2. Property of aggregate
Criterion of fine aggregate for asphalt mixtures
Classification Specific Gravity (g/cm3) Absorption abrasion
Bulk SSD Apparent (%) (%)
25 mm 2.662 2.686 2.729 0.81 124
Coarse aggregate 20 mm 2.689 2.709 2.743 0.73 11.8
13 mm 2.676 2.705 2.756 0.88 13.0
Fine aggregate screenings 2.627 2.660 2.716 1.26 -
Filler limestone powder - - 2.765 - -
2.1.3 IK2| ZF=AY (waste glass fine aggregate: WGA)
OINTE TobE A|zof X=AE tiAlsH ] oAl #l-2] ZHEA] (WGA)YE ARSIt WGA L] &84 &
732 Table 30 ERHilom, 2 7ol H= WGA AR &2 0, 5, 10, 15%2 A EAE tiAsto] &

== AlZSHIE Fig. 12 1 ol A] ofAHE Eoba

Table 3. Property of WGA (KIETI, 2019)

Azl A8 WGA©lTh

Fine aggregate for asphalt mixtures

Classification

Criteria WGA
Density (g/cm’) >25 248
Absorption (%) <3.0 0.31
Durability soundness (%o) <15 1.2
Sand equivalent (%o) 250 92
Air voids of fine aggregate (%) =45 54.8
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2.1.4 RAP (Reclaimed Asphalt Pavement)

2 AN = SROIATE S3E A0 RAP2 25~30%5 AF&-ot3ith Aol ARS% RAP (Fig. 2)<] ot
SUE RFS 5.5% (YA, KS F 2490)0]3L, & & oleHIIE Aol (Absolute viscosity)= 23,000
poiseS HEFH 01, RAPO] =4 544> Table 42} 2T

Table 4. Property of coarse aggregate extracted from RAP

. . Specific Gravity (g/cm’)
Classification
Bulk SSD Apparent
Density of residual coarse aggregate after burning from RAP 2.645 2.670 2.712
Gradation of residual coarse aggregate after burning from RAP
. . #4 #8 #30 #50 #100 #200
Sieve size (mm) 20 13 10 @75  (236) (06 (03) (0.15 (0.075)
% Passing 100 99.7 93.6 71.2 50.7 16.8 8.5 29 1.8

Fig. 1. Waste Glass Aggregate (WGA) Fig. 2. Reclaimed Asphalt Pavement (RAP)

1.5 &0 A7t (Warm Mix Additives)
M= F1-2 SOATE B5LE-2 A X5 YA Wax AlFe] £ H7HAIE 7dste] ALg

stk M= E44& 7idstr] $IsliAl Oil Stearic Acids Z3oHCt.

g e N
2
-

2.1.6 7i&A (modifier)
T2 SROIAEE 2920 112 9 A2 BEAS A5 fIsiAl ZHEAHZ Crumb rubber modifier
(CRM)Z} Waste polyethylene= AF&-0FRATE E3H 7R 12 7 Aot /A E DRt ofATES} eglsiod

A2 Sl = B4 Alede afsto] 4352 ISk (Table 5).



Table 5. Property of Asphalt modified by Warm Mix Additives

DSR BBR Kinematic viscosity
Original RTFO PAV Original
Binder Failure Failure cP (°C)

Temp. G*/sind Temp. G*/sind Temp. Stiffness m-

Temy Temy
€O (P o (O kP o (O (MPa) valie 5 35 s
(S;Z‘;ghtASphah 64 184 704 64 3475 69.1 J12 288 0321 1300 400 275
i :
SATWarmmix 0 e 605 64 3470 693  -12 222 0317 875 325 200
additive

2.2 A g

2.2.1 BgHAA| (Asphalt Mix Design)

2 Aol A WGA E A THEAE 0~15%7H] thiA[Go] ol ~BE S3-E-& Al 25t sietd A= S B
B OIANTE ZIRE AFAA (2017)0]] 9A oAMBE 231E 9k (7158 BB-2, Fig. 3) ¥ 715§ oA F
E 23t FA7|FS 480t A ofATE T (optimum asphalt content: OAC)2 25T SAIA] A
Z AHMA (hot mix asphalt) £3F2-S T4 @ WGAE= 165°C, OFAZE = 160°CollA] 22 4A17H 2 A1 7F
7FESHAAL, RAP 135°C E0014] 05417t 59 71aR 3 A=A, WGA, oF~TEL} oA 2est3int.
5 160°C H]| 55 QEOA] 1AI7F 52t T7]3} (short term aging: STA)E <~3¥5I3tE. WMA (warm mix
asphalt) E3ME90] 74-9- T4, WGA Z RAP-2 135°C, OFAHEL= 160°COlA ZHZF HMARF 5L A7+ 7+
g § ofpATEC} A S3t6}al, 135°C H] 55 QBOlA 14K R7|3tE S=aotltt. T3t & HMA,

)
=

2

Mo offt

@_

- —— BB2(lower) ——BB2(Upper)  ----- BB2 Center
90 =

- ——BB2 ——BB2 ——BB2
80 - RAP(25) RAP(25) RAP(25)

WGA(S) WGA(10) WGA(15)

Percent passing (%)
o
{—~1
|

0.01 0.10 1.00 10.00 100.00
Sieve size (mm)

Fig. 3. Gradation curve of BB-2 for asphalt base layer
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WMA =] tisto] o] 22| HEE (KS F 2366)5 S5, otAEE o= SAAIE Al 2530 24413t
W 5T 825 B AFA =S SASHI vilebd Al Al HEA I (deformation strength: Sp) 2.7 MPa

2.2.2 HYUE (deformation strength: Sp) A&

HP 7 (deformation strength, Kim test)~= OPATE S 3kEof HEAISH= AAJH S of| Tt | Ad2 Kt oF
2]Zo| 1 7oA S 4= = i Ao Tk (Kim et al., 2006; Jeong et al., 2006; Baek et al., 2007;
Kim et al., 2011; Doh et al., 2008; Park et al., 2008). HEZ = A -2 opaF P AJQIubiy 24, Axl= 5
Ut A g BAA 178 B2 (fixture) S Defsto] Al@skA Dk (Fig. 4). o AFHRS 970] A7
Soto] oA el Blakel Zpao] T, el=el Bt ofUiel B8 34l w23 @l WA 24
@ 5 o] tle o] HAFHo] A REwEH otATE SokE HighdA ZlE o= AAE T

(Ministry of Land, Infrastructure and Transport, 2017).

(4100w,
h=63 mm)

Spi= BAAC 152 7Fotd &
¥ (v 2lo1 4 ()el thedstol AHEstsck
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0.32P
o= oM — 232
10+ v/20y— %)

N
\J

2.3 28I (indirect tensile strength: ITS) A&

ATolA 2174 100 mm FAIAZ IHEPFFESEE 2ol Aol 217 100 mm 2 253 515 AEHS

r

e



A Aot Sl thal 552 71kt (Fig. 5). ITS+= SAIAIE EFAIE-2221 25°C 220 4A17 o4
A AW o] 41455] 50 mm/min X = 6152 7Foto] dojl 2o 515 (P)= A (2)°]l Z-8&5to] Alikstad
T} (KS F 2382).

2P

ITS=
o= T Dt

A71A, ITS= L= (MPa), P= Z[HI5HS: (N), D= 5414 217 (mm), t=FA1A] 57| (mm)

Fig. 5. ITS test set up

2. 4 (moisture sensitivity) A&

QIR e Agof| oloiA] -2k 3t RAP-Z Egohs SRIOIATE S92 =3ke] =] oJaliA] Bte)7t
57| 4det 5], 21924 (hydrophilic) SF3% ZAV E 2 248 A8 2 F2 ARREE Y o] H9 547
255l 9 Aupd o]5 vtz (stripping) 2t F-22Q1 TR (porthole -5) FAYo] 2 H T (Kim, 2015). TH=FA
2 Aol WGA k=l tiste] TSR 2 SpR A9k 4=80ste] 224382 57 B7IsHdrh

OINTE SRMEO| EAIA W7 o = AWHA O 2 TSR (KS F 2398)= 2] 4851 it} SEARFTSR
WS SAAO] F=F 24 A S AR B = Aldo] Bfstal AKe] 487} A o] & W dstaat A
H SpR HH (Kim et al., 2006; Jeong et al., 2016; Yun et al., 2017)= 2-85}0] =243 EAJS H] WSt

F|HoATE JbeFo] L FAIAE 25 A|lZsto] §F 4= 25°CollA TAZA7 ]51, 2 2 2= 60°C 50014
24A7F 51 7] (Wet) RF Fofl AT AJRlS 4=astolt. A% A 2] FAIA 1 2= 60°C 2% 0|4 304
B ARt & APAEE SASIIH 42 SAE HEAEE A (3) 7‘“10]’04 AP HIE o1l
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2] & WYL (MPa), Spp=71% (FA2]) FAIA] Hgd e

Eal 3y

0:17]/\—19 SDR:%%Z)}E H] (%), SDW:24/\] ]'

(MPa)

w7¥o}7] Gloted HHEEAE (KS F 2374) AlE
= 50/ =

2iZ (Wheel Tracking Test) A&
1'4' 7] (roller press compactor)i 5'—:’“5 5%

2258 E
WGAS AHEet glol A E E580) 24 A3
—%# 1T} 305x305%50 mm 2] L E FAIA)
B asto] AlASHTE 24X 7SO AR oFA
N s
131 2.2 60°COIA 686 KN (70 kg) 2] 95158 71810] 428)min BB 605 52,5203 HHE3HS
A (dynamic stability) S 2] (4)°]| w2t 513 1:]—

T} BT 2 ol 7| Ss)e] St

>~
>~

RIS A
“4)

DS=42X% 4, —d,
202 60+ HPH(mm), c =

UREA O 2 455 HPTHmm), d=t,, LRF

o474, DS= dynamic stability, d;=t,
BAAFEA 1.0

3.1 WGA 22| 2 HighdA| Zat
RAPZ0, 25, 30% AR Yool wh2 vljed A 23 Table 617 T2 A3
UERATE RAPS ARE 3423 7Vt 2

4sige

oF 52t ol AT E 3ROl WGA &
OIATE S3HE 0] WL OACE WGA AFEEFo] 094 15% =



Table 6. Mix design results of reclaimed asphalt mixtures by content of WGA

Type Designation OAC (%) Density (g/em’) Air Voids (%) VMA (%) VFA (%) Notice
HMA BB2"R00”G00” 425 2375 49 14.7 66.5 Reference
BB2R00G00 4.25 2.388 48 14.5 69.0 Reference
BB2R25G05 3.92 2.410 4.4 13.5 67.5
WMA BB2R25G10 3.65 2.401 43 12.9 66.5
BB2R25G15 3.62 2.365 5.1 133 60.9
BB2R30G10 3.65 2.394 46 133 65.3

YBB2 is gradation of asphalt base course, ”R00 is RAP Content, and ¥G00 is WGA content in asphalt mixture, respectively.
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Fig. 6. Sp of reclaimed asphalt mixes by WGA content
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THEN YE2E HIRE|2 CiXe F 02 w2t OPATE SoiE E4 Hot - 185
3.2.2 WGA gt S4ot3
2 Aol A At o —i—i IAEE 29M=9] Wheel tracking A@27} 25 36| Zol+=2.17-3.15

2/JHFA DS HEHH AT (Figs. 7, 8). RAP2 25%°114 30%= A
SAMA T (Dynamic stability: DS)+= S5715H3ITt
RAPS 30%9}WGA— 10% AFE3H S3HE (R30G10) 2] HEH61201=2.17 mmE 7P 22 31} 2,9369]
714 =8 E A2 Koo HMA Control é%%ﬁr H| w5lo] 349% 7Vt

RAP % WGA 3ol whz} 2foli= QIA|9t H] 1w 3l )
=2 FAMEE YR 60°CollA] 44993 A3 *é o] 953t A& & 4= Slrt %@%‘Eﬁﬂr A Aet FA
SHA RAPZ} 7HE A 0] ARE-C 2 ]1510] 60°C kof|A] 73 do] 7 E o] AW e Aol /=SS &

mm gt 9 2 93
8% ZHIW AT WY

o= O

2~ 0]
T X
5.0 4,000
z
4.0 s 2936
= £ 3.000 |
£ = 3
E 3.1497 £ 2634
£30 4 28632 ou4 o oqr 26789 = 2151 2188 2166 2034
K] 21708 e 2.000 -
E 20 E
g 1000 |
w =
10 £

WGA 00
RAP 00
Control
64-22

HMA

Fig. 7. Final rut depth of reclaimed asphalt mixes by
WGA content

T2 RIOIATE 29ME9] 25°Co|A T A& L= THE 7 = RAP, WGAE A8-5HHA|
HMA Control &8M23} H] Wato] Wt 40% 57 F5F3AT) (Fig. 9). HMA Control £¢-&-2 E3lolo] HE £11.2

SHoITE BYR
RAPL AMg T 2o
S7HAE ITSE

ulasfo] 2] oA e g

04 15%=

Control 232

1

oll

10

25

15
25

Modified Binder

64-22
WMA

<7t

10
30

WGA 00

RAP 00

Control
64-22

HMA

Control

ITSE 1.4 MPaZ 7|5 (0.6 MPa)= 24 AFs|slict.
B 1TS+= 242} 1.39, 1.43 MPaZ -FASH LYERATE RAP
= Ao PL 733 flol FAFHAl e,
Je 5 Uehiie] FaHg o] Z7hE 2 0= thebdt,

H o

T

Modified Binder
64-22
WWA

Fig. 8. Dynamic stability of reclaimed asphalt mixes
by WGA content

ALl A 25% RAPT} 30%
25% AFESH WGAS
3 1.39 MPa2 HMA
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X [ _ H 18.8 2172
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[ 5 125 124
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WGA 00 0 5 10 15 10 WGA 00 [ 5 10 15 10
RAPOO o 25 25 25 30 RAF 00 o 25 25 25 30
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64-22 64-22 64-22 64-22
HMA WA, HMA WMA

Fig. 9. ITS values of reclaimed asphalt mixes by WGA

content

TEOPATE &

5 F=2] 25°COfA] toughness (Fig. 10)= 271 8.0 kN.mm= I A “d2lsh= 2t
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