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ABSTRACT

Porus asphalt pavement, with a 20% porosity compared to conventional asphalt, allows for the generation of high-pressure
water infiltration during rainfall. To prevent premature oxidation of the asphalt binder due to exposure to UV rays and wind,
high-modulus asphalt binders are utilized. In addition to the standard performance grade test, a flexural beam test is conducted
for freeze-thaw vulnerability assessment. Currently, flexural beam test is conducted at -20°C regardless of the performance
grade. To evaluate the suitability of this test temperature, mathematical modeling and statistical analysis were performed,
confirming the appropriateness of the current flexural beam test temperature of -20°C.
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HiQIE| e} Aete] S7F 2 R mjul7| S7HE ffall 14 & oA E HIRIE O] /i 5l 21-80] I @ 5tk vl
/J ol AT E A oll=3-84 55 A 715 PG 82-220/42] Ak o) AT E HIQIH B ARGRITE TR F-84
S5 71 AlEolol 24 R AlEA 27140 2 3 AIBS SstoloF iT, 1999 QUEE 23T B
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Japan Modified asphalt association, |5} IMAA)7} 55175 Stof Hl/d ol B E Soh= B oFgx]-8 24
N AFEER= AT ofAHE HRIEE 7157 | $l 8 Al (flexural beam test)y2 7 B! ARSI AT KE
Bith, et al., 2002; FLL HEA and V& 2=, 2005; BAKET 27 7V MpahiiZ B2, 2021). @4 8 A€
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2 melg-S AAfste] g A1 Ate] 4-obA mEle] 2H9)s FE

sto] @A F Al 25 71211 -20°C0]| High Alg2= Aol thgt B7 1S ~ast i
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Fig. 12 5HHS A £0.5 S7HAIF] BaE T2 TA3E Zo|t}, Parameter A= 7127] 1ZK(Slope
factor)E 5cotal, YA Sks7IA] dot=t| A8 5= Hak&o|t}. Parameter A7} 57 FoH F4d(Brittle)©| &
7Fehh(Kang, 2022).

Fig. 2= E5H¥H4 BE +0.5 37X A& T2 T AISE Zlo|t). Parameter B 271341 K Early
shape factor)& 5ot1L, UA| sFs71A] 27| A&2] FEioll &= A= IRt |tk Parameter B7F 5715 ¢
A(Ductile)o] F71512! S-S Fafl 7150] LatsAtkKang, 2022).

Fig. 32 5d¥H4 CE 0.5 37X 292 I g T A5 Zlo|t} Parameter C= 27| 55l515(Early
applied load)S 5511, Parameter C7} 5751 27| K56l g E5 5719 HKang, 2022).

Sl meelo 2 B AlY Aighe S Au SYWA A, B, €O BAgHe] Aol aske 2 21151
o} PG A2 50] 2 vlelt] 45 A 204 4 (Ductile) o] 5401 oA Z17ke] HHE g Suia 4]

= 1
(1) A5 2xgke] 27t A2 A 0 & ket 1 op AT E HRQIE O] A2 /35 gtsll @A PGS& 71+

efofl 24 - B7H R Bl R 7] AAEojoF & Zol2tal AF S F(Kang, 2022).
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2.2 =AY SAU(t-tset)

SARTOA AHHA 0 & T ko] Bt 2fo] f7-E A 0 & HEoks o FSHY(LE: ttest) 7]
Ho] Z}5= AFFETHCook and Weisberg, 1999; Moon, 2010). t-test 7]5-2 5 HT(Group A and Group B)2]
oy, Bat B B ghS o] 85to] 22| Bt ghel leolof| A f-oful/do] EAsH=A] ohd A1 E B teh=

¥02 ofefe] T 7bgo] et

ZHE 3 (Normal distribution) S w2t}

1 o
2. Z¥ze] Aeh] #5H2= T Ut aha A d

T 7Pd& 59l t-test i oFfj o] 7 7-9-0] 5 A
1. (A5 7H) 712 7Pg(Null hypothesis) : p14 = p15 @)
2. (thA 7H4) thA| 7Fd(Alternative hypothesis) @y = g (3)

A7V g, pp & G5 A8 A AISFE 1= (Group A, B)9] Hagk ojnelith
O]A| thA15(Group A, B)9] H4(n) & TFHZ} GHS)S v O 2 58 TR} 4H(S’=Pooled standard
deviation)= ofefje} Zo] & 4= 9l

J(ng—1)« S5+ (np—1)+ S
S,:\/(”A )+ Sit(np—1)+ Sp (4)
ny+tng—2
2] (4)9] T BEHAREO] A7 (Dgrees of freedom)-2 of2j@} Zro| Alte Ty,
df =ny+ng—2 (5)
A1 (4) E A (5)5 Bl o2} 2ol t-score & AlktRIT
t— score = MA?L% (6)
I R e
ny Np

2] (6)& v o= 254 A 2|23 p-value(0~1)E ARISITE & =RollA=Foulet BAA gk o
BB o] oA LofA A-85H= 7|7k 0.05(alpha=5%, F=AA)E 2A s1Ak(Fig. 4 &X).
A (2)~(6) 2] ALK = FojH p-valuedto] 0.05 H ot 739 AT 7Hdol(A] (2)) AHE =] o] Tt L& (Group
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Fig. 4. Normal distribution curve and statistical criteria

A, B)O] B ke BAA0 2 SUster & 4= ek oloh HIT| p-valuaglo] 0.05 2T 2he 79 oA ZHI(A
(3))°] A= o]z BALE(Group A, B)©] Bt glo] BAH 0 2 tharky & 4 9l Aotk
A )6y Fol 24710] Al 2imol ] Saet Saka] meled ke Z17ho) AlAIRE TPER O P S A
Asted, A8 Aigte] Aol BAH 0 2 golnlgi] ofg AFsidr

ﬂJl

3. AR A E A"
3.1 AR}

Y A1 BEE A1E 671 Aol 7}—0}111 Z0] 120 mm, 20 mm, 57| 20 mm o] BEo] AR} AE)E 72
2 T ¥slo] THE ol ATE HIRIH /BT Eof Hzlo] ¥]2] 97 3t

1. APl AelE FRIAE aghETf 180°Cell 7FEH PG 82-345 52 14k oA TE HRRIGE Hglrh
2. EXE ARSI AlE EEH_ 2 7o) 7125 A AT

3. AF2olA 12042 59 PRI 5 1]2] 7FESE slletet AvlESE o-85to] Al ATt o] of AT E HE

15 9] Zo =S A ARM.
4. z}oq S AATBEE AE YL -15°C, -20°C, -25°C 2] A2F2Z0f|A] 15208 5 YAAIA &
okl

Fig. 52 & A8 Al E-E A% 2 FAoh= IS H]l Zlofe). 2 =Follk] 1k ofATE HRITE TR
& 6719 AHS ARtslo], F 54705 ARSI ARd2200A4 -15°C, -20°C, -25°Co] A7l 488 250
A 212 - Go] WAsk= Z1& WAl | flol 4~6 A1 57t A2 sHlrh
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Table 12> A H-S EFoto] 7| 5E A2lste] LeRd Fo|t}, ZF AJH-E 1T ofATE HRQILHE R 6714 A
2FS o1t AJHEAS, ARk, PGog 02 7|95 Foolditt. dlE 5] AFRIES] 1] Al H, A2
7F-15°C, PG 82-34% 7% A B A|H 2] 7| T = <1-1534A° ©|thFig. 6 H=).

(3) Curing at room temperature ( 4) Flat the surface

Fig. 5. Making Specimens for Flexural beam test

Table 1. Specimen index

Manufacturer Test temperature (°C) PG grade Index
-15 1-1534A
A -20 PG 82-34 1-2034A
25 1-2534A
-15 1-1534B
B -20 PG 82-34 1-2034B
-25 1-2534B
-15 1-1534C
C -20 PG 82-34 1-2034C

-25 1-2534C




1-1534A
|5

Specimen Mo, Test PG gracke  Manufacture

temperature

Fig. 6. Specimen index

(a) tester (b) test
Fig. 7. Flexural beam

3 3 '%E! A cod
3 A9l Z3HPHS KS F 2491(2017, OFAEE HlQIE 0] 31 23 A|alub)of| et 225k 7] o] 4~6A17HS

2I(-15°C£1°C, -20°C+1°C, -25°C+1°C)oflx] AR A AlH-S AFAI=]He] 10
ARSI 2710 515 Aisk= A|HO] SA-E 45|
100 mm/min .2 sF50] Aok =

]F37he] AlE
kN8 2=M)(Load cell)o] A|H 7Fe-H] $A]5H-=
915 2 mm/min © 2 BEALS A6l o] AlHo| HE FO] Aol

= 47819t

Fig. 7(b)= ¥ A9 3 S BT Ald AAHE ¢ Ald SRAPIA] Ao stz &2 4
S}E #|40}F 5] flsf oF 202 o|HE Al TR U PGEH, AlAME R A9 gho] AJolsiH, Alg
& Aol slgAste] T o= vidh o, 371X 9] FHIZFEAYE.
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Table 258 Table 42> PG 82-3455°] 1A &= o) AT E HIQIH ] A| AHE 4-0H4] mellg]o] AvE qof
gk Zlo]tt. Fig. 8FF Fig. 102 R o] A1t T m= L Ale Zlo|ot 4814 nelly] 5402 3R
A HFRIEE=0.9389114 0.997, B HFQIE|=0.9230114] 0.994, C HFRIEE=0.9914 0.9 2 R*=0.9 040 2 =514
L] A AR 2t oF BAIglo] =7 Uik

A HIRIE ] VL] A 4.9%C01A 6.1%, BE 18.2%~42.7%, C= 1.4%~7.5%°]ch. B HIGIE Q] CVH9] A=
3.8%914 13.5%, BE 5.1%-22.4%, C= 0.9%~3.1%°]ck C HRIES] cVES] AE 3.0%04 8.6%, B=
18.0%~29.7%, C+=1.3%~3.0%C |t} AP 451 Rl uk2] o = oFo 3t & A|g Ao a8 & Alggict:
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Table 2. The result of mathematical modeling for binder A

log y=Ae®"+C

. 2
Specimens A B C R
1-1534A -2.277 -2.112 2.727 0.944
2-1534A -2.363 -2.207 2.746 0.947
3-1534A -2.317 -2.162 2.729 0.943
4-1534A -2.269 -2.105 2.680 0.948
-15°C 5-1534A -2.504 -1.559 2.651 0.984
6-1534A -2.541 -1.397 2.674 0.990
u -2.378 -1.923 2.701
o 0.117 0.351 0.038
CV (%) 4.9% 18.2% 1.4%
1-2034A -2.586 -5.307 2.449 0.996
2-2034A -2.844 -1.827 2.958 0.987
3-2034A -2.812 -2.674 2.677 0.997
l;g 4-2034A -2.428 -2.255 2.920 0.955
-20°C 5-2034A -2.788 -4.370 2.581 0.991
3_4 6-2034A -2.618 -2.630 2.874 0.966
u -2.679 -3.177 2.743
o 0.162 1.355 0.206
CV (%) 6.1% 42.7% 7.5%
1-2534A -2.852 -2.780 2.799 0.967
2-2534A -2.751 -3.632 2.723 0.977
3-2534A -2.814 -3.839 2.682 0.981
4-2534A -2.766 -2.662 2.801 0.971
-25°C 5-2534A -2.858 -5.523 2.378 0.994
6-2534A -2.458 -2.794 2.746 0.956
u -2.750 -3.538 2.688
o 0.150 1.090 0.159
CV (%) 5.4% 30.8% 5.9%

1.OE+03

1.0E+02

Load(logN) [N]

1.OE+01

1L.OE+00

Load[N] versus Time|sec] results, (A binder)

— Fitting -15.0°C
—Fitting -20°C
—Fitting -25°C

Experimental -15.0°C
Experimental -20.0°C
Expernmental -25.0°C

3
Time [sec]

Fig. 8. The result of mathematical modeling for binder A



Table 3. The result of mathematical modeling for binder B

log y=Ae®+C

. 2
Specimens A B C R
1-1534B -2.145 -2.349 2.641 0.943
2-1534B -2.181 -2.419 2.708 0.936
3-1534B -2.244 -2.445 2.666 0.944
4-1534B -2.185 -2.513 2.664 0.935
-15°C 5-1534B -2.035 -2.158 2.657 0.945
6-1534B -2.054 -2.348 2.690 0.947
u -2.141 -2.372 2.671
o 0.081 0.122 0.024
CV (%) 3.8% 5.1% 0.9%
1-2034B -2.165 -3.186 2.794 0.965
2-2034B -2.864 -5.956 2.553 0.999
3-2034B -2.515 -4.748 2.640 0.964
l;g 4-2034B -2.733 -5.292 2.738 0.984
-20°C 5-2034B -3.028 -5.008 2.691 0.992
3_4 6-2034B -3.202 -3.647 2.727 0.998
u -2.751 -4.640 2.691
o 0372 1.040 0.085
CV (%) 13.5% 22.4% 3.2%
1-2534B -2.918 -4.968 2.789 0.988
2-2534B -2.665 -4.064 2.860 0.979
3-2534B -2.578 -4.975 2.700 0.984
4-2534B -2.910 -5.614 2.690 0.987
-25°C 5-2534B -2.581 -4.708 2.778 0.985
6-2534B -2.562 -5.933 2.626 0.982
u -2.702 -5.044 2.741
o 0.168 0.663 0.084
CV (%) 6.2% 13.1% 3.1%

Load[N] versus Time|sec| results, (B binder)
LOE+03

LOE+02

3

-

=14

=

5

= =

3 —Fitting -15.0°C

1LOE+01 :

—Fitting -20°C
—Fitting -25°C

Experimental -15.0°C
Experimental -20.0°C
Expenimental -25.0°C

[ 1 2 3 4 H 6
Time [sec]

Fig. 9. The result of mathematical modeling for binder B



Table 4. The result of mathematical modeling for binder C

. log y=Ae™®+C 2
Specimens A B C R
1-1534C -1.910 -1.546 2.494 0.942
2-1534C -1.784 -1.572 2.491 0.935
3-1534C -1.967 -1.697 2477 0.962
4-1534C -1.936 -1.707 2.622 0.946
-15°C 5-1534C -2.270 -2.871 2476 0.951
6-1534C -2.121 -2.673 2.392 0.964
u -1.998 -2.011 2492
o 0.172 0.596 0.074
CV (%) 8.6% 29.7% 3.0%
1-2034C -2.652 -4.328 2.551 0.985
2-2034C -2.773 -4.887 2.539 0.988
PG 3-2034C -2.698 -3.368 2.646 0.990
82 20°C 4-2034C -2.656 -4.456 2.527 0.982
- 5-2034C -2.552 -3.205 2.537 0.992
34 u -2.666 -4.049 2.560
o 0.080 0.728 0.049
CV (%) 3.0% 18.0% 1.9%
1-2534C -2.442 -4.441 2.459 0.976
2-2534C -2.214 -4.087 2.387 0.972
3-2534C -2.060 -2.856 2.440 0.954
4-2534C -2.432 -2.934 2.443 0.961
-25°C 5-2534C -2.283 -3.203 2462 0.948
6-2534C -1.997 -2.648 2477 0.952
u -2.238 -3.362 2.445
o 0.185 0.730 0.032
CV (%) 8.3% 21.7% 1.3%
Load[N] versus Time|sec] results, (C binder)
L.OE+03 3
. LoEo2 4
-
'.;_n
E —TFitting -15.0°C
LoEok g —Fitting -20°C
—Fitting -25°C

|
LOE+00

Experimental -15.0°C
Experunental -20.0°C
Experimental -25.0°C

3

Time [sec]

5

Fig. 10. The result of mathematical modeling for binder C

6



4.2 SAEA M2

t-test” |- AN = ] Bt 2polo] f-7E HEoks HH O R A5 o 8H Tk tscores AXE &
2F A X1 3FR] p-valueS ARIRITE ARYE p-value7}0.05 T SA] FAA 0 & FUSEL, 0.05H T 2F-2A]
FAE =R Aot A AlHn)ollA] ALFE p-value<0.059] A7t 60% o131 A% SAIF R Afo]
(Statistically Sig.nificantly different:Sig.)oF-}al TSI Fig. 112 t-test” | -85 @54 ofl tigh 7
2Rl RA S LRSI

421 SAEAM 21t

71 AT Rl E R M19] Sh5-AE 37410]] Histo] PG 82-34 SE-E t-testE SFITE. Table 5-E]
Table 7-2 t-test(-15°C vs. -20°C, -15°C vs. -25°C, -20°C vs. -25°C) 2 243t 21} Q oFolo] LERLY. Fig.
125E] Fig. 142 t-test(-15°C vs. -20°C, -15°C vs. -25°C, -20°C vs. -25°C) 2 A5t A1E T g L 2]5)
At A HIY W B HRQIH &= t-test A} 37H(-15°C vs. -20°C, -15°C vs. -25°C, -20°C vs. -25°C) 2] H| -2
Z70 BAA 07 Ao]-e HofFA] 9=t C HRRIT = -20°C vs. -25°C2] Bl WA p-value”} 0.05 Tt
ZHA 2 Al57t 60% 0 2 FAIF S 2 2jo S HojEet

I Apply M1 Model I

l Hypothesis test(t-test)

Time = 6sec Time = Bsec Time = 6sec
Test Test Test
temperature temperature temperature
o (=20 °C) (-25 °C)

3 -20°C vs. -25°C

@ -15°C vs. -20°C

@ -15°C vs, -25°C

1

| t-score calculation |

p-value = 0.05 p-value < 0.05
(Statistically same) (Statistically different)
Comparison Comparison
@ -15°C = -20.0°C @ -15°C = -20.0°C
@ -15°C = -25.0°C @ -15°C = -25.0°C
@ -20°C = -25.0°C 3 -20°C = -25.0°C

1

Low-temperature Flexural Beam Test
-20 °C Suitability Verification

!

| Conclusion and Discussion |

Fig. 11. The validation process utilizing t-test methodology



Table 5. The result of t-test for binder A

-15°C vs.-20°C

-15°C vs.-25°C

-20°C vs. -25°C

Time (sec) p-value Significant p-value Significant p-value Significant
0.05 46.67% - 8.37% Sig. 43.80% -
0.25 8.15% Sig. 0.45% Sig. 88.29% Sig.
0.45 2.76% Sig. 0.04% Sig. 55.52% Sig.
0.65 0.95% Sig. 0.05% Sig. 36.38% Sig.
0.85 1.14% Sig. 0.19% Sig. 45.30% -
1.05 2.67% Sig. 0.72% Sig. 75.08% -
1.25 5.85% Sig. 2.43% Sig. 97.55% -
1.45 10.29% Sig. 6.35% Sig. 79.14% -
1.65 15.14% - 13.08% Sig. 67.56% -
1.85 19.75% - 22.24% Sig. 60.30% -
2.05 23.80% - 32.74% - 55.68% -
225 27.18% - 43.32% - 52.68% -
2.45 29.92% - 53.00% - 50.72% -
2.65 32.09% - 61.28% - 49.40% -
2.85 33.78% - 68.01% - 48.52% -
3.05 35.09% - 73.31% - 47.93% -
3.25 36.08% - 77.39% - 47.52% -
3.45 36.84% - 80.48% - 47.25% -
3.65 37.41% - 82.80% - 47.06% -
3.85 37.84% - 84.53% - 46.93% -
4.05 38.16% - 85.81% - 46.84% -
425 38.40% - 86.77% - 46.78% -
445 38.59% - 87.48% - 46.74% -
4.65 38.72% - 88.00% - 46.71% -
4.85 38.82% - 88.39% - 46.69% -
5.05 38.90% - 88.68% - 46.68% -
5.25 38.96% - 88.89% - 46.67% -
5.45 39.00% - 89.05% - 46.66% -
5.65 39.03% - 89.17% - 46.66% -

Load[N] versus Time[sec] results, (A binder)
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Fig. 12. The statistical analysis results for binder A



Table 6. The result of t-test for binder B

-15°C vs.-20°C

-15°C vs.-25°C

-20°C vs. -25°C

Time (sec) p-value Significant p-value Significant p-value Significant
0.05 14.16% - 2.66% Sig. 68.11% -
0.25 1.15% Sig. 0.00% Sig. 6.99% Sig.
0.45 0.25% Sig. 0.00% Sig. 4.10% Sig.
0.65 0.06% Sig. 0.00% Sig. 2.14% Sig.
0.85 0.04% Sig. 0.02% Sig. 5.36% -
1.05 0.21% Sig. 0.13% Sig. 12.92% -
1.25 1.30% Sig. 0.52% Sig. 20.26% -
1.45 4.97% Sig. 1.40% Sig. 25.35% -
1.65 11.96% - 2.78% Sig. 28.40% -
1.85 20.71% - 4.41% Sig. 30.11% -
2.05 28.99% - 5.96% - 31.04% -
2.25 35.59% - 7.23% - 31.53% -
2.45 40.37% - 8.18% - 31.79% -
2.65 43.63% - 8.83% - 31.92% -
2.85 45.79% - 9.27% - 32.00% -
3.05 47.18% - 9.56% - 32.03% -
3.25 48.08% - 9.75% - 32.05% -
3.45 48.65% - 9.87% - 32.06% -
3.65 49.01% - 9.94% - 32.07% -
3.85 49.23% - 9.99% - 32.07% -
4.05 49.38% - 10.02% - 32.07% -
425 49.47% - 10.04% - 32.07% -
4.45 49.52% - 10.05% - 32.07% -
4.65 49.56% - 10.05% - 32.07% -
4.85 49.58% - 10.06% - 32.07% -
5.05 49.60% - 10.06% - 32.07% -
5.25 49.60% - 10.06% - 32.07% -
5.45 49.61% - 10.06% - 32.07% -
5.65 49.61% - 10.07% - 32.07% -

pvalue (Significant evei : 2 =0.0s)

Load[N] versus Time[sec] results, (B binder)

——t-test(-15vs.-20})

—=—t-test(-15vs.-25)

——t-test(-20vs -25)

= =significant level

Time [sec]

Fig. 13. The statistical analysis results for binder B



Table 7. The result of t-test for binder C

-15°C vs.-20°C

-15°C vs.-25°C

-20°C vs. -25°C

Time (sec) p-value Significant p-value Significant p-value Significant
0.05 1.00% Sig. 12.28% - 3.25% Sig.
0.25 1.59% Sig. 3.10% Sig. 21.71% -
045 0.30% Sig. 1.22% Sig. 4.80% Sig.
0.65 0.02% Sig. 0.52% Sig. 0.87% Sig.
0.85 0.00% Sig. 0.49% Sig. 0.13% Sig.
1.05 0.01% Sig. 1.10% Sig. 0.09% Sig.
1.25 0.02% Sig. 3.24% Sig. 0.21% Sig.
1.45 0.06% Sig. 11.08% - 0.39% Sig.
1.65 0.21% Sig. 35.50% - 0.56% Sig.
1.85 0.57% Sig. 77.99% - 0.68% Sig.
2.05 1.29% Sig. 82.50% - 0.75% Sig.
225 2.42% Sig. 57.10% - 0.80% Sig.
245 3.86% Sig. 42.60% - 0.82% Sig.
2.65 5.44% - 34.28% - 0.84% Sig.
2.85 6.95% - 29.30% - 0.84% Sig.
3.05 8.28% - 26.18% - 0.85% Sig.
3.25 9.39% - 24.16% - 0.85% Sig.
3.45 10.27% - 22.80% - 0.85% Sig.
3.65 10.95% - 21.87% - 0.85% Sig.
3.85 11.46% - 21.23% - 0.85% Sig.
4.05 11.85% - 20.77% - 0.85% Sig.
425 12.13% - 20.45% - 0.85% Sig.
445 12.34% - 20.22% - 0.85% Sig.
4.65 12.49% - 20.05% - 0.85% Sig.
4.85 12.60% - 19.93% - 0.85% Sig.
5.05 12.68% - 19.84% - 0.85% Sig.
5.25 12.74% - 19.78% - 0.85% Sig.
5.45 12.78% - 19.73% - 0.85% Sig.
5.65 12.81% - 19.70% - 0.85% Sig.

Load[N] versus Time[sec]| results, (C binder)
> ——t-test(-15vs.-20)
A ——t-test(-15vs.-25)
§ 08 ——t-test(-20vs.-25)
& == =significant level
E 0.6
g
=
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Fig. 14. The statistical analysis results for binder C
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