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ABSTRACT

The carbon neutrality movement, which is emerging globally, has made carbon dioxide reduction a necessary topic, not an
option, to reduce greenhouse gases due to climate change. In order to realize this theme, we actively protect the environment
by dramatically reducing carbon dioxide emitted from heated asphalt and saving fuel. In order to adapt to environmental issues
such as fine dust and climate change, the aggregate heating temperature is increased from 165°C to 135°C. The WMA method,
a groundbreaking packaging method that lowers the temperature by 30°C, was developed. However, asphalt mixture is a
ductile or viscoelastic material at room temperature, but becomes a brittle material similar to cement concrete at sub-zero
temperatures. The low-temperature KIC value of the asphalt mixture presented in previous studies was confirmed to be in the
range of 0.6 to 2.2 In addition, it is important to identify mechanical properties related to fracture crack resistance, referred to
as the critical stress intensity coefficient or KIC, of asphalt mixtures at low temperatures, and extensive attempts are being
made to improve low-temperature properties. Therefore, in this study, based on the research results of several researchers on
WMA, the moisture present inside the aggregate of WMA and HMA and the aging of the asphalt binder may be more
susceptible to low-temperature brittle fracture at a slightly higher temperature than general WMA. This study was conducted
to investigate the effect and influence of the fracture toughness of produced polymer-modified WMA and polymer-modified
HMA and their correlation with aging amount.

Keywords: Warm mix asphalt, Indirect tensile strength test, Fracture toughness, AQ, Kim test

© 2023 by Korean Asphalt Institute. This is an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and
BY NC

reproduction in any medium, provided the original work is properly cited.



B2 EHHD} OfATE B3120| nfnlold 3! w820l OJX| AR 28t 7 + 373

i

1.ME

AAE S 2 FE| T Qs B4 S 52 715 Wste] mbE 2 47EA A7 IRt ojatsetA A7k A
o] opd "= FA7} HGITt. o] FAE Ads)] flote] 7FHoATE (Hot mix asphalt: ©]SFHMAE 3719H ]
A Ysk= oiIBFRAE S A 0 B Fo|1l ARE HHicle] S ASA 08 B sk, S A olqrol 4
§oF7] Sloll 24 7HE-2 =5 165°CellA] 135°CR 30°C W5 £7]291 24 FH Q1 -2 oFAHE(Warm mix
asphalt: ©]5} WMA 2 ¥7|¢h) F+o] /=it

e, OfANEE SRS ARl e A B e ZH:?LOl 29k Gote] 7] ol A= AHE EA 2 EC}
TAPOHI F A E7} Hk 23] Aol AAE ofATE 290 AR Kie 45 0.6~2.2 702 QI

/\Z\:

BE5E 5, 1999; 851 2012; Lee et al., 1994; Kim and El Hussem, 1995; Mihai et al., 2002; Kim et al.,
2003; Yoo etal., 2011). 2L 2ol A2 EAS IR 7]7] SR FHASH A e50] o] Fo{ x| 11 It Kim et al.,
2012,2013; Yun et al., 2014; Kim et al., 2015). TFA], 1 Aol A= WMA o] theh ol 2] A z5o] At
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Table 1. Asphalt quality criteria by Ministry of Land, Infrastructure and Transport (Asphalt Concrete
Pavement Construction Guide Line, 2021)

Item quality standard (AP-5) H| 3L
AT (25°C, 100 g, 5 sec) 61~80
A9LH(°C) 44.0~52.0
A1L(15°C, cm) 100 up
E54 7HEE(FA %) 99.0 up
AsH(C) 260 up
H]-u1-7}(§ _%’_
AF HILE(FA %) 0.6 under
Y= TH5-E(%) 55 up
Z4dF &
o =2 T
AAE H](%) 110 under

U (15°C, g/em’) 1 up
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Table 2. Gradation criteria for coarse aggregate (National Highway Design Practices, 2021)

sieve sieve size percentage passing (%)
standard (mm) 50 40 25 20 13 10 5 25 1.2
90~ 20~ 0~ 0~
4 40~2 1 - - - -
0~20 00 100 55 15 5
90~ 20~ 0~ 0~
5 25~13 - 100 100 s 10 5 . - B
90~ 20~ 0~ 0~
20~1 - - 1 . .
6 0-10 00 100 55 15 5
90~ 40~ 0~ 0~
! 13-5 i ) ) 100 100 70 15 5 -
85~ 10~ 0~ 0~
8 10~2.5 - - - - 100 100 30 10 5
100 L
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Fig. 1. Gradation curve of maximum size 13mm combined aggregate
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2.3 71FA|

2 Aol A7get AN AA] Ee = =i @jell A @] ARE-E]= EVA(Ethylene vinyl acetate), EPDM(Ethylene
propylene diene monomer), LDPE(Low-density polyethylene), SBS(styrene-butadiene-styrene)S A5
tt. ol & 7EAIE ol B E HiRIH T 71 o] AR The &M 7|2 A2of| A A a/dH g ol o
A SHIAZ]7] Yol ARESH A olth # A4 5, 2012; 8553, 2012; Lee et al., 1994; Kim and El
Hussein, 1997; Kim et al., 2003; Yoo et al., 2011). LDPE, EVA, EPDM= 27JH]-8(30:30:40)% 23}5}]
LVM= A|Z5131.2 ™, Table 32 7|42 ofATEC] 2 A= ool wiet 718t PG 76-22 2™ 7)1 of~g
E(Polymer-modified asphalt : |5} PMAZ Z7|gh vHIQIHof| thetdrgx} 2t Az M7 i, %)= Hojsrt

2.4 WMA 27|

2 Aol A ARERF WMA 7= A 28E9t o AZE 316t 371H=<%] Evothrem(ET)E A&
ET= ¥HHEQ1 ofATE SobEHTE 50~75°C W2 25445 7FsSH 2t Mead west va co Asphalt
Innovations, 2012). = Mead west va co Asphalt InnovationsA}2] 2 A& 2 EHEO|A 47| 7Tt 4=
RoH, ZAete] Aot} 2G4 ol =0l Eli= 2 0 2 AUtk (Evotherm, 2021).

3. A AR B AIRA i

3.1 BHEEA 2 AFH A2

B AFAE B AIE 5 0ACE ZA51] sl WMA 802 dvt S5tE3) /i eghEo] S 2t
7}135°C2}145°C, HIRITI=160°C2}H175°C 2 7HE5HTh 7 of A E O] A2 -2 7] = HIRIE & 175°C
of| A =91 § ZHzho] 71 ZE|WE H7ste] 60 <t HomogenizerE ©]-85] 5,000 rpm 2] &2 wHISIS
t}. o]t WMA 7S AF85= WMA HIRIT 9] 73-9-olli= Wit mEx]ut 4~55 of| Axeko] HI7HAIE Eol
2 Alo| &= st

59M=0] 7|8k Short-Term Aging: ©]5} STAR E7|$H= HMAE 160°ColA] 1A17E 712 HMA &

Table 3. Designation of each binder and description

Binder Mix Designation Polymer and content WMA additive and content Note
HMA HAPO No polymer None (0%) Base asphalt
Normal
WMA WAPE No polymer ET 0.5%
HMA HLVO LV 4.8% None (0%)
PMA WMA WLVE LV 4.8% ET 0.5%
HMA HSBO SB 4% None (0%)

WMA WSBE SB 4% ET 0.5%




LVM E2|H= §50] A4 o2 dol 2Q)4do] 946122 170°C, BHA §-730] 32 SBS+= 180°COf|A] 14]
7t A5t o™, WMAE 135°C, 71 WMAE 145°CollA ZF2F 2A17FSTA A 2]51ich.

B Ao AR BRI @b ZAf o] 71 2 W AI7ES Table 4011412} 2t STA -87]+= 217 100 mm, Z1©
200 mm Y502 FAA| 1718 =S 78710l Yol 970 glo] Egfo] @8] 2HF glo] Foi%l AR Ky
T Aol 2o Wil FAAIE tHsH FAIAS] TR SGCE o185t A ENE-5(2021b) 710l o

o

_4
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PG64-22F AZ3F S3HE-2 HMA, WMA 55 2nd class highway pavement A48 715591 753] tHl5}HSILt.
PG 76-22 BRI 2 A 23t 7§24 o} A E S3HE-2 HMA, WMA 25 1st class highway 3-8 7|59 A3
7 31 1002] 2 thskit

o

3.2 31-| §_ "E Alo-' I:!I-I:H

20|k Fol Hli= OAEE 25kE0] AHIE EH 2| E 23 -FARSEE R, 0] ¢d5Lo]| A= Karihalroo and
Nallathambi(1989, 1990)°]| oJ5l] ZH2|E K,c 7}l 8% Fa8+dd ZE(Effective crack model : ©]s}
ECM 22 T7|3hH& AHEsE Tt ECM2 3PB Al @of| BEERt %719 8-S THE single-edged notched beam 1|4
BolA|= AHE ARSI KicE 213 B7Foh= "ol o= Griffith TAIE 7Hke = 7 =|glom, < %
A F9U = HA 220 vy HE-S 1ote] 49 dlojtiKarihalroo and Nallathambi, 1989, 1990;
Kim et al., 1999).

o] Aol A Kic e 7171 flote] 3PB A& 57FA] 9] A-2(-5°C, -15°C, -20°C, -25°C 2! -35°C) 4] 5=345}
Ak DTC=-20°C A - ol A WAgsk= Z 0 & Yre{ 517] wihizell -20°C - F-0] oA = 5°CE AlEsto] &
g5tk W 7P S 2591 -35°C o 7Y 52 2591 -5°C A - FollAl= 10°C 1HAE ARSI

aigHaAlE ol 2E OACE Al=TH &EllE FA| ﬂE At 1A 02 FebA 3PB S TAAE TE
Ack. B A= S B S50 20| ofATE BobE-& oF 15 kg Al B8] HHMEE ARSI 4+ 0.5%
O] F=EC| Lo thlsto] SlabsAAIE A= }M‘:]'

Az SHE FAA(ZO|(W) 70 mm Zo](L) 305 mm Z(B) 305 mm)E Fig. 2(a)2t &o] 2T E At|
2 o|g5}o] Z1zo) B2 thy WeEe 2 57 (B = 57 mm, W = 70 mm, L = 305 mm) & Atksto] nks 9t} 7%

O

Table 4. Material heating temperature and STA condition by material

) o Material heating (°C) Short-term aging
Polymer Mix Designation - - - Note
Aggregate Binder =~ Temperature (°C) time (min)
N HMA HAPO 165 160 160 60 Base asphalt
one
WMA WAPE 135 150 135 120
HMA HLVO 185 175 170 60
LVM
WMA WLVE 145 150 145 120
HMA HSBO 185 175 180 60
SBS

WMA WSBE 145 150 145 120
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{a) Cutting slab

P=3 3un/min

(c) 3 point bending test

Fig. 2. lllustration of slab cutting for preparing 5 beams from a slab specimen and cutting a notch (14 mm
initial crack: a,) at the bottom center using a concrete cutter (Yoo et al., 2011)

370] B FAAIE Kie A& el ARkl U 2] 278= o, Aol AR5t

Kic A&-& ZAAol= 27174 (015} o, 2 F713H Zo] T KB %=0]0] H](q,/W)7}0.27} H =2 Z10] 14 mm
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AZE ZAA = 2 A E 25 2 §A 5= 2L Zo 48417 Bl DTC7F A E L& 5F 5 7Aujo]
5] 3PB A& Aokl oldf] S74% data= FFEE 5519] Excel file2 2slo] Z17to] A|@A| H=
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EZ=(o,) L TH2[2IE(KIC)
ut7] ‘Ué(K[c) Z74E 9foll B 50191 20% Zol& 7] #FE(Notch: ay)°] TSI AIFAIE 4 252 F
Zof| A 48 A7t o)) Hk & ‘Hcﬂ %3] 34 @ AE& APt o™, 71 A3 Tables 6~8°]4 B
Z| A7 S 48 A7 283 o= A| A<= Differential thermal contraction : ©]5} DTC=Z 37|
Y= =2 517 9sH Zﬂo]ﬂ'(El Hussein and Halim, 1993; Kim and El Hussein, 1997; El Hussein
etal., 1998; Yoo et al., 2011).
ET|H7FARSEA] S HMA S WMA E.o] X]5= ay, 915, 0, A Kic = A=, 25
Z2|H7} AHSE HMASF WMA, Table 8-> SB Z2|H7} A8 HMAS}

ol
ol

Table 62 =
2 HojFT Qltk Table 72 LV

Table 5. Optimum asphalt content (OAC) and 4 properties in mix-design criteria of asphalt mixtures

Mix-design criteria

Polymer Mix type Mix ?;Z)C Air void (%) VMA (%) VFA (%) SD (Mpa)
4+1.0 >14.0 65~80 > 3.2/425*%
HMA HAPO 5.71 3.74 16.9 80.2 3.54
None WMA WAPE 5.63 3.63 17.9 79.1 3.67
Mean 5.67 3.61
HMA HLVO0 5.78 3.67 17.1 79.5 429
LV WMA WLVE 5.74 3.84 17.9 78.6 4.30
Mean 5.76 430
HMA HSBO 5.81 4.01 17.5 77.1 4.66
SB WMA WSBE 5.87 3.93 17.5 71.5 4.49
Mean 5.84 4.48
*For secondary road: SD = 3.2 MPa, and for first class road: SD = 4.25 MPa.
Table 6. 3PB test result and KIC for HMA and WMA normal asphalt mixtures
Polymer Mix Binder Temp w ao B Pi ) Pmax  dp, o, Kic
Type O (mm) (mm) @mm) N) (@mm) ) (mm) (MPa) (MPamo.5)
-5 69.03 13.33 5653 2,849 1.05 3,016 1.12 723 1.627
-15 6841 1340 5691 2959 1.11 3,175 131 775 1.791
HMA  HAPO 20 69.03 13.80 57.30 2,528 1.06 3,025 136 7.28 1.760
-25 7050 13.55 57.00 2,822 1.11 3,060 125 6.96 1.564
-35 7033 1337 5853 2,627 1.17 2848 125 6.30 1.383
None -5 68.03 1327 56.83 2563 1.06 2,774 124 684 1.564
-15 6855 1397 5733 2,670 1.03 3,048 123 7.50 1.881
WMA WAPE 20 6680 13.63 5930 2480 099 2928 136 734 1.826
25 6830 1357 5750 2492 081 2,748 1.10 6.71 1.595
35 6975 13.10 6025 2468 066 2929 096 @ 6.37 1.356
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Table 7. 3PB test result and KIC for HMA and WMA LVM asphalt mixtures

Polymer Mix Binder Temp W a0 B Pi 0 Pmax O, o, Kic
Type ) (mm) (mm) (mm) ©N) @mm) ©N) (@mm) (MPa) (MPam0.5)

-5 6823 13.17 5527 2,809 1.02 3,095 1.13 7.77 1.738

-15 68.27 1353 59.60 2,692 1.11 3,325 1.29 7.83 1.852

HMA HLV0O -20 68.81 13.77 60.03 2922 090 3,331 1.20 7.70 1.864

25 6701 1340 5633 2,027 078 2,557 1.18  6.64 1.588

-35 68.96 13.10 5820 2476 1.06 2,656 1.15 6.15 1.336

-5 68.03 13.67 5580 2,457 088 2,781 1.18 7.09 1.723

-15 6827 13.57 5507 2,560 0.68 2963 1.1l 756 1.799

WMA WLVE -20 68.03 1333 58.03 2,766 0.66 3227 1.09 7.81 1.802

-25 6823 13,50 5640 2,734 0.89 3,061 1.17 7.62 1.795

-35 6853 1273 5447 2547 061 2,845 092  7.05 1.455

LVM

Table 8. 3PB test result and KIC for HMA and WMA SBS asphalt mixtures

Polvmer Mix Binder Temp W ao B Pi 0 Pmax 4, o, Kic
Y Type °C) (mm) (mm) (mm) M™N) (mm) N) (mm) (MPa) (MPam0.5)
-5 6823 13.00 5520 2546 1.13 2,855 1.25 7.13 1.551

-15 6873 13.67 5570 2461 091 2928 121 7.29 1.742
HMA HSBO -20 67.63 1340 5847 2,543 090 2879 119 7.04 1.658
-25 6873 1325 5450 2619 1.12 2870 134  7.19 1.610
35 6895 1323 56.07 2500 1.06 2,797 115 6.5 1.499
-5 71.73 1433 5583 2919 1.09 3,156 1.18 721 1.771
-15 7140 1380 5547 2971 081 3,438 1.11 7.85 1.796
WMA WSBE -20 6843 13.63 5820 2,710 0.75 3,025 1.15 7.28 1.741
25 7120 1310 5643 3381 1.05 3,662 1.11 8.08 1.660
-35 6977 12,67 5933 3,205 111 3,537 L.15  7.69 1.520

SBS
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Table 9. Short-term aging condition and KIC by mixture binder

. Short-term aging AQ* Kic by temperature Kic mean by AQ
Polymer Binder - - .

Temp. (°C)  time (min) (°C.min) -15°C -20°C -15°C -20°C
HAPO 160 60 4,396.5 1.791 1.762 1.791 1.762
None yAPE 135 120 3,193.8 1881 1826 1918 1.848
v HLVO 170 60 6,139.8 1.852 1.864 1.852 1.864
WLVE 145 120 4,460.3 1.799 1.802 1.934 1.889
B HSBO 180 60 8,574.6 1.742 1.658 1.742 1.658
WSBE 145 120 4,460.3 1.796 1.741 1.918 1.855

*computed by Egs. (4-12).
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Table 10. AQ by short-term aging condition and mean KIC by binder group

Short-term agin, °C.mi .
Mix type Polymer Binder .g g - AQ (*Cmin) Mean Kic of two
Temp. (°C)  time (min) x) temperatures (y)
HMA N HAPO 160 60 4,397 1.777
one
WMA WAPE 135 120 3,194 1.883
LV HLVO0 170 60 6,140 1.858
HMP
SB HSBO 180 60 8,575 1.700
WMA All polymer  All WMA PMA 145 120 4,460 1,929
2.2
2.1
20
Zz: 1.9
E
o
g 1.8
N
1.7
1.6 [ o-15C: R2=0.629
15 | e-200: R2=0.5161
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AQ (°C.min)
Fig. 4. Regression analyses between mean Kic and AQ
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Fig. 5. Regression analyses between mean Kic by binder group and corresponding AQ values
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