SRz =2y
%7%1% 2005$ 3E Q0000000000000 0000O000OOCO00O0COO0000O0COO000V000QVOCO00OO0CO0O0Q0

pp. 49 ~ 61

O+ ZFEO [E OIAEHE ZYUS2

T 8= Bt

Comparison and Evaluation of Dynamic Modulus of Hot Mix Asphalt
with Different Shift Factors

o4 8 2 o # zv

Kim, Hyun-Oh Lee, Kwan-Ho

The dynamic modulus of hot mix asphalt can be determined according to the different combinations of testing
temperature and loading frequency. The superposition rule is adapted to get the master curve of dynamic modulus for each
hot mix asphalt. There are couple of different methods to get the shift factor which is a key for making the master curve. In
this paper, Arrehnius, 2002 AASHTO, and experimental method was employed to get the master curve. Evaluation of
dynamic modulus for 25mm base course of hot mix asphalt with granite aggregate and two asphalt binders(AP-3 and AP-5)
was carried out. Superpave Level 1 Mix Design with gyratory compactor was adopted to determine the optimum asphalt
binder content(OAC) and the measured ranges of OAC were between 4.1% and 4.4%. UTM was used for laboratory test.
The dynamic modulus and phase angle were determined by testing on UTM, with 5 different testing temperature(-10, 5, 20,
40, & 55°C) and 5 different loading frequencies(0.05, 0.1, 1, 10, 25 Hz). Using the measured dynamic modulus and phase
angle, the input parameters of Sigmoidal function equation to represent the master curve were determined and these will be
adopted in FEM analysis for asphalt pavements. The shift factor and activation energy for determination of master curve

were calculated.

Keywords : dynamic modulus, master curve, shift factor, gyratory compactor
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at5e] gl wet A7 #e 42+ At oA
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AE, : 3R] (activation energy)
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= 8.314 J/ K-mol
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A71M, 7 AxX, cPoise,
T, - temperature, ('R)
A CHEEA MY HH
VIS Az 7h2/d AA A 9] 7187
Witczak®} Mirza(1999)= A= 2424 (VTS)
< o] &3t 4 (8)d RHHE AAE Tl He &
2 HEE 7 2 HuR W] AojdrE 2
Astglct.

log a(T) — C(l 0A+VTS[log(TR)]_10A+VTS[log(TR)0]) (8)
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log(z,) = log(t) - c{log(n) — log(1;,)} (10)
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A71A, log(E *) = 22 8] T8AF
6 = minimum modulus (& £3k)
a = range of possible value
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B 4-a. 7158 S2iet 25mm+AF-3 (PGB8-22) (B3E gis)

TG & 2% 4% 6%
ARLE | #3FRs El 8 IE| s | IEI s
-10% 0.05 8042.3 7.48 5546 9.95 7788 10.76

0.1 8066 8.72 5658.5 10.36 7920.7 9.7
1 8387.7 6.26 4161.3 4.89 B 9011.7 5.22
10 9672 7.14 6563.5 13.9 B 9114.7 3.41
25 9157.3 7.61 5983.5 0.75 9312.3 3.91
h% 0.05 6698 8.98 4955 12.6 5241 15.91
0.1 5472.3 11.17 5172.5 - 12.6 5629.7 14.31
1 6375 7.14 5864 9.2 6582 10.11
10 6678.3 4.39 6365.5 3.2 7380.3 6.27
25 6335 3.32 6203 3.1 7327 6.43
20% 0.05 2823.3 23.2 2044.5 23.8 2647.3 24.3
0.1 3032.3 21.24 1519.7 23 2992.3 22.9
1 41277 14.43 3030 14.9 4069 12.25
10 49747 10.15 3778.5 12.2 5216.3 9.8
25 45853 13.24 3499 11.8 5596.3 6.7
40% 0.05 829.3 17.1 720.5 17.5 802.3 16.3
0.1 931 17.2 777 18.2 866.7 17.3
1 1294 171 1077.5 17.4 1205.3 17
10 2091 174 1653.5 17.5 1747.7 18
25 2413 17.8 2002 22 2098.3 18.7
5% 0.05 342.3 14.8 332 17.1 327 12.5
0.1 384 15.1 369.5 18.8 333 124
1 522 17.8 527.5 18.4 452.7 17.6
10 781 21.8 756 22.9 660.3 20
25 933 23.4 932 21.8 711 20 o
E 4-b. 7158 S 25mm+AF-3 (PGB8-22) (OIAZE Fhaka})

o} 2B E FH(%) OAC-1% OAC OAC+1%
Ades | azEus £ 3 £ 5 E] 3
-10%= 0.05 7706.0 11.4 5546 9.95 7666.7 114

0.1 7595 10.0 5658.5 10.36 7947.3 10.6

1 8481.0 6.2 4161.3 4.89 8846.0 6.1

10 8383.5 3.9 6563.5 13.9 9522.3 2.7

" 25 9081.5 4.3 5983.5 0.75 8989.3 1.1
5% 0.05 44235 14.2 4955 12.6 4485.0 13.1
0.1 4678.5 11.9 5172.5 12.6 4642.3 11.2
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ol 2R E (%) 0AC-1% OAC OAC+1%
AdRe | stgFdts [E 0 [E] 0 |E| u
1 4842.5 8.5 5864 9.2 5342.3 7.3
10 5941.0 6.6 6365.5 3.2 6071.0 6.9
25 5947.0 6.5 6203 3.1 5849.3 54
20= 0.05 2134.5 22.7 2044.5 23.8 1855.0 24.6
0.1 2357.0 17.9 1519.7 23 2095.0 25.81
1 3177.5 14.0 3030 14.9 3055.0 15.8
10 3964.0 10.7 3778.5 12.2 4022.0 13.1
25 4212.5 7.8 3499 11.8 4285.0 12.3
405 0.05 946.5 20.5 720.5 17.5 794.7 17.2
0.1 1109.0 18.8 777 18.2 846.0 18.2
1 1562.0 17.2 1077.5 174 1192.7 18.6
10 21325 14.7 1653.5 17.5 1840.3 17.6
25 2501.5 6.1 2002 22 2438.0 17.5
bh& 0.05 254.5 15.5 332 17.1 260.0 16.6
0.1 402.5 16.5 369.5 18.8 353.3 12.7
1 558.5 32.2 527.5 184 | 456.7 9.9
10 788.0 18.7 756 22.9 696.3 31.5
25 902.0 19.8 932 21.8 766.7 21.1
E 4-c. 7|58 siztet 26mm+AF-5 (PGB4-22) (B5& uig)
TTE 2% 4% 6%
AdRE | stEFde |E| d |E| 0 {E 9
-10%= 0.05 6707.7 9.23 6522.3 9.96 5900 11.16
0.1 6863.7 9.02 6684.0 9.10 6018.5 10.30
1 7434.3 5.85 7516.3 4.83 6802.5 6.14
10 7710.3 2.27 7672.0 2.33 7300 3.37
25 7641.0 2.25 7581.3 2.48 7048 3.87
5% 0.05 4511.3 11.94 4559.3 13.49 3644 15.29
0.1 4620.3 10.78 4716.7 12.02 3891.5 13.48
1 5233.7 6.5 5463.7 8.81 4685.5 8.88
10 5667.7 5.74 5973.3 6.58 5216 7.38
25 5590.0 5.84 5694.3 6.17 5235 4.65
20= 0.05 2306.7 21.55 2205 23.45 1739.5 26.54
0.1 2545.0 20.47 2476.7 22.39 1929 24.33
1 3468.0 12.65 3495.3 14.81 2867.5 10.13
10 4203.0 8.99 4366.0 9.43 3552.5 12.01
25 4384.0 11.87 4464.0 7.57 3519.5 9.33
40% 0.05 2306.7 21.55 2205 23.45 1739.5 26.54




Fen 2% 4% 6%
NB2L | stFFas |E| d |E| d B 0
0.1 1029.7 18.1 969.7 19.50 798 20.07
1 1489.0 16.33 1382.0 17.76 1133 18.78
10 2175.0 15.13 2107 16.04 1688 18.23
25 2507.7 18.22 2232.7 17.85 1840 16.73
B5E 0.05 326 20.06 359 12.95 290 12.42
0.1 444 14.85 416 17.45 334 15.1
1 559 49.15 600 1.1 4915 15.9
10 950 18.5 833.3 18.6 690.5 17.7
25 1302 27.02 999.3 1592 848 18.49
E 4-d. 7152 siziel 26mm+AP-5 (PG64-22) (OIAZIE Bt} wish)
ol ABE (%) OAC-1% OAC OAC+1%
ANgex | EFHe |E' 6 |E| 0 |E| 0
-10% 0.05 7180 135 6522.3 9.96 7499 3 11.9
0.1 7351.3 11.4 6684.0 9.10 8006.7 1.1
1 8488.3 77 7516.3 4.83 86105 7.0
10 8688.0 4.9 7672.0 2.33 8798.3 8.4
95 8603.0 7.5 7581.3 2.48 8933.0 3.7
5 0.05 4208.7 13.1 4559.3 13.49 4417.0 12.9
0.1 4339.0 12.2 4716.7 12.02 4539.7 1.1
1 5035.7 8.4 5463.7 8.81 5437.3 9.4
10 5444.7 6.1 5973.3 6.58 5801.3 5.8
25 5553.0 6.1 5694.3 6.17 5909.7 7.2
20% 0.05 2109.0 22.7 2205 23.45 1984.0 23.7
0.1 2304.0 21.3 2476.7 22.39 9934.7 23.1
1 3180.0 135 3495.3 14.81 3374.3 15.3
10 4101.0 10.9 4366.0 9.43 4336.3 10.6
% 3980.7 12.0 4464.0 757 4361.3 8.4
40%. 0.05 1003.0 19.3 901.3 17.99 786.7 16.7
01 1095.0 19.4 969.7 19.50 860.7 19.1
1 1507.3 18.9 1382.0 17.76 1239.0 16.6
10 2132.7 15.0 2107 16.04 1788.0 18.3
25 2363.3 16.7 9932.7 17.85 1985.3 20.0
555 0.05 167.3 10.3 359 12.95 264.0 85
0.1 327.7 9.8 416 17.45 399.0 19.3
1 517.3 37.1 600 17.71 305.0 14.8
10 542.3 11.8 833.3 18.6 623.7 405
25 685.7 14.8 999.3 1592 735.0 180 |
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~ AP-3 (PG 58-22, PG 64-22)
ofx¥E
shift factor : Log a(T) Activated Energy (KJ/mol)
T | &= -10 5 20 | 40 55 | <10 [ 5 | 20 | 40 | 55
A2g spe | 43972 | 21471 0 | 2.2645 38670 | 210 | 210 | 210 | 210 | 210
25mm RE 7134 otABE EFEC FAT A A 84
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¥ b-b. Shift Factor %! &4 of|L{X|(AFH W)

AP-3 (PG 58-22)

shift factor : Log a(T) Activated Energy (KJ/mol)
Z A L% -10 5 20 | 40 55 | -10 | 5 20 | 40 | 55
2% -73171 | -2.4276 | 0 | 2.5659 | 4.6774 | 352 | 237 | 210 | 238 | 254
R 4% 5.3853 | 2.5307 | O | 2.6776 | 5.0301 | 257 | 247 | 210 | 248 | 273
g7t 6% 57791 | -2.4830 | 0 | 2.5064 | 4.8945 | 276 | 243 | 210 | 232 | 266
25mm | OAC-1% | -6.3180 | -2.3869 | 0 | 2.4481 | 5.6741 | 302 | 234 | 210 | 227 | 308
OAC+1% | -7.5342 | -2.6241 | 0 | 2.3296 | 4.9120 | 360 | 256 | 210 | 216 | 267

AP-5 (PG 64-22)

ol ~FE
shift factor : Log a(T) Activated Energy (KJ/mol)

Z A = -10 5 20 40 55 -10 5 20 40 55
2% -6.6972 | -2.7755 | 0 | 3.6947 | 6.2489 | 320 | 272 | 210 | 343 | 340

ET 4% 47018 | -4.7820 | 0 | 2.4264 | 4.4183 | 225 | 468 | 210 | 225 | 240
37et 6% -5.2911]-2.4437 | 0 | 3.5354 | 6.3981 | 253 | 240 | 210 | 328 | 348
25mm | OAC-1% | -7.1241 | -2.2747 | 0 | 2.3396 | 5.8433 | 340 | 223 | 210 | 217 | 318
OAC+1% | -6.0956 | -2.4000 0 2.6647 | 5.4405 | 291 235 210 247 295

T 5-¢. Shift Factor ¥ 4 of{X|(AASHTO HH4)

AP-3 (PG 58-22)

G ABE
shift factor : Log a(T) Activated Energy (KJ/mol)

= Al 2 = -10 5 20 40 55 -10 5 20 40 55
2% -5.990 | -3.126 0 2412 | 4.269 286 306 210 222 232
EY 4% -6.983 | -3.644 0 2,798 | 4.977 333 356 210 259 270
kI VAG]S 6% -6.720 | -3.507 0 2692 | 4.789 321 343 210 249 260
25mm OAC-1% -6.729 | -3.512 0 2.696 4.796 321 343 210 250 260
OAC+1% | -7.072 | -3.691 0 2.833 5.046 338 361 210 263 274

AP-5 (PG 64-22)

o}~ BE
shift factor : Log a(T) Activated Energy (KJ/mol)

Z A D -10 5 20 40 55 | -10 | 5 20 | 40 | 55
2% -8.073 | -4.360 | O | 3.335 | 5925 | 386 | 426 | 210 | 309 | 322

P 4% -6.025 | -3.254 | 0 | 2489 | 4.421 | 288 | 318 | 210 | 231 | 240
g7yt 6% -9.012 | -4.867 | 0 | 3.723 | 6.613 | 430 | 476 | 210 | 345 | 359
25mm | oAC-19 | -8.359 | -4.514 | O | 3.454 | 6.134 | 399 | 442 | 210 | 320 | 333
OAC+1% | -7.401 | -3.997 | 0 | 3.058 | 5431 | 353 | 391 | 210 | 283 | 295
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¥ 6-a. AILZ0lE B-E 0|33 oiAE=4 2| mj2folE|(of2| A UH)

AT/ E AP-3 (PG 58-22) AP-5 (PG 64-22)
z A T5E d a i Y 8 a g Y
2% 1.5802 | 2.3521 | -1.5748 | 0.3750 | 2.2342 | 1.7180 | -1.3268 | 0.5535
EXS 4% 2.0821 | 1.8339 | -1.2936 | 0.4466 | 2.3748 | 1.4294 | -1.2290 | 0.6103
374t 6% 1.7214 | 2.2183 | -1.2001 | 0.3617 | 2.2933 | 1.6715 | -1.1964 | 0.5964
25mm OAC-1% 1.8337 | 2.2066 | -1.1297 | 0.2708 | 1.2613 | 2.1237 | -1.4603 | 0.2568
OAC+1% 1.9880 | 1.9435 | -1.3267 | 0.3438 | 1.8804 | 2.1237 | -1.1512 | 0.3224

E 6-b. Al1Z0|g E-E 0|8t BIAE T4 nitolE (HEE W)

oA B E AP-3 (PG 58-22) AP-5 (PG 64-22)
z A I5E 0 a g Y g a B Y
2% 1.4062 | 2.4954 |-1.7435 | 0.32159 | 1.7153 | 2.2898 | -1.5525 | 0.2842
= 4% 1.9880 | 1.9435 | -1.3267 | 0.34386 | 2.0997 | 1.7257 | -1.2152 | 0.4063
Bt 6% 1.8598 | 2.0466 | -1.1851 | 0.3258 | 2.1303 | 1.8914 | -1.2563 | 0.3440
25mm OAC-1% 1.8337 | 2.2066 | -1.1297 | 0.2701 | 1.2613 | 2.745 | -1.4603 | 0.2568
OAC+1% 1.8455 | 2.1388 | -1.1521 | 0.3337 | 1.8804 | 2.1237 | -1.1512 | 0.3224

¥ 6¢. Al120|2 EE 0|88l olAEF42| mtolE (AASHTO W)

b ABE AP-3 (PG 58-22) AP-5 (PG 64-22)
T A T2E ) a B8 Y 0 a 8 4
2% 2.0630 | 1.7762 |-1.6109| 0.4513 | 1.4890 | 2.4367 |-1.7860 | 0.2914
P 4% 1.6154 | 2.2398 |-1.7174| 0.3226 | 2.1604 | 1.6244 | -1.3604 | 0.4438
g7t 6% 1.1024 | 2.7384 |-1.6876| 0.2739 | 1.8463 | 2.0704 | -1.6396 | 0.3144
25mm OAC-1% |-0.5707| 4.5038 |-2.2335| 0.2318 | -2.6227 | 6.5011 | -2.8134 | 0.2043
OAC+1% | 1.0879 | 2.8786 |-1.5473| 0.2700 | 0.8710 | 3.0591 | -1.7437 | 0.2492

EFEAUA ghe oldet JF MR T o] 4% AP-3(PG58-22) % AP-5(PG64-22)
gehe & 2L, ol & & 6 YERAAT EHES HHol2BE FFL o 4.3%°IAM

_:

&

4.5% A= Ao Z2F =AUtk 40mm 3

£ A% A9 WA oyt o]

5. 2E U i £33 A A A H7E ZA7E Hol, A
A¥E & gle AoZ addn

AP-3 @ AP-5Z o] &3} 7|2 & 3G ot~ m Hrtd A|EAHERY sigmoidal functions ©]

ZE Z3E(25mm)9] THAT Ade FHAR £33l wlAE3HS A8t S38 T84

i, AR e dddnz iy g8 22 485 AFE Y HaAsHe ol &ste Aslgl
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s oA A= 7] EE S YEA (25mm)E 3l Sigmoidal function ¥4 AF&E W
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