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SUMMARY

WMA (Warm Mix Asphalt) reduces the production temperature of asphalt mixtures to be 30-40C
below the 165C of the HMA(Hot Mix Asphalt). The immediate benefit to producing WMA is about
30% reduction of burning fuels compared to the hot mix asphalt (HMA) at the production plant. The
decreased production temperature brings the reduced emissions both from less burning fuels and
evaporation of fumes generated during mixing. In addition, the WMA technology provides a clean
working condition at the production and the construction sites, and also reduces the traffic opening
time due to less temperature cooling time.

This technology could have a significant impact on transportation construction projects in and
around large metropolitan areas that have air quality restrictions. The reduction in fuel usage to
produce the mix would also have considerable cost savings.

However, the past researches indicate that the WMA did not improve the pavement quality at all
and rather it had main drawbacks of causing cracks, potholes and rutting on pavements. Especially,
some WMA creates easy pavement cracks. To resolve these problems, the WMA modifier that
enhances crack resistance is needed. Thus, in this research, WMA preventing various cracks are

developed first time.

WMA is true in reducing production temperature, but it does not improve pavement qualities at



all. Thus, for better pavements, WMA with modifiers is used to improve pavement performance.

This is the third year research to prove such special additives with modifiers together. Through the
first and second-year effort, we have developed several effective WMA. The most difficult case
having the war mix effect is the construction of modified, recycled warm mix pavement. If this case
works, it will be fine for a general, modified, or recycled warm mix case. To prove the developed
warm mix additive, the mix design for modified recycled warm mix asphalt is carried out and then
warm mix asphalt are produced at the temperature of 143°C that is 30 C below the regular modified
hot mix asphalt (175C). The measured physical properties from the samples of the modified
recycled warm mix asphalt produced turns out to be excellent. Also, evolution of harmful gases and
fuel consumption during production are measured and are found to be drastically reduced compared
to the hot mix asphalt. A test pavement constructed at busy traffic jammed road by the produced
modified, recycled warm mix asphalt has shown a good performance after one and a half
observation. This indicates that the special warm mix chosen works fine for a general, a modified,
a recycled or a modified recycled warm mix asphalt pavement construction.

Temperatures of the test pavement right after construction is measured to see the time taken to
cool down the pavement to be below 50C. Less than 2hours is needed compared to 3hours of the
regular asphalt pavement case. Densities of pavement cores drilled has reached about 98%
compaction degree compared to 96% of normal cases, that shows a warm mix additive as a good
compaction aid.
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Overall Summary

Some binders had
trouble coating bottles

PG52 PG58 PG64 PG70 PG76 PGg2 ™'

°C |G*|/sin§ = 1kPa °C |6’|/sing = 2.2kPa
Binder ID Orig| 110 | 130 | 163 | [Owig| 110 | 130 | 163
B6354, Missouri WMA Demo, 70-22 748 | 759 |&08 674|685 |73.2
B-6348, Hawaii Project 70-16 720|725 | 744 | 793 66.2 | 681|729
B5328, Venezuelan 64-22 688 | 70.0 | 748 622 | 634|681
AAM-1, SHRP High Parrafin Wax 671|726 |753 | 778 659|688 |71 4
AAM-2, SHRP High Parrafin Wax 609|640 | 658 | 695 375|591 |63.2
AAG-1, SHRP Calif. Valley Low Aging |55.5| 676 | 682 | 69.0 519|625 633
AAD.1, SHRP Calif. Coastal Hi Aging |605 | 645 | 67.0 | €9.7 579|602 |52.8
B6272, FHWA ALF Control, 7022 730|755 | 770 | 816 658 | 704 | 749
B6272+1.5% Sasobit 784 | 81.3 |825 719|747 | 76.2
B6272+3.0% Sasobhit 849 | 847 | 840 779|780 |78 4

Overall WMA Fatigue Results

« WMA Fatigue without Long Term Aging

— Little differences were seen between HMA and WMA
technologies in the non destructive dynamic modulus |E”|

— Little differences seen in destructive fatigue characterization

— If this were a double blind experiment, one would have a
hard time determining which mixture was the conventional
Hot Mix Asphalt and which was not.

« However, Long Term Aging needs to be investigated
which may show larger differences between HMA vs.
WMA and different WMA technologies
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WMA
Process

Company

F L S v=elA dEstd T271e Als

Additive

Production Temperature
(at plant) °C

Use Reported in

ORGANIC (WAX) ADDITIVES—ADDED TO BINDER OR MIX

Approximate
Total Tonnage
Produced to
Date

promote adhesion

Sasobit Saso| Yes, in Gemmnany Varies, 20-30C° (36-54 Germany and 20 =10 milllen
(Fischer added on average F) drop from HMA: other countrzs tans warldwide
Tropsch wax) at 25% by weight of | German guideline worldwide
binder: lower doses, | recornmends 130-170°C
1.0-1.5%, used (266 10 338 °F),
in LS. depending on binder
stiffness
Asphaltar-B Rernonta Yes, In Germany Varies, 20-30 C° (36-54 Gerrnany Unknawn
(Mantan wax) added on average F%) drop fram HMA.
at 2.5% by weight German-guideline
of binder recommends 130-170°C
(266338 °F), depending
an binder stiffness
Licamatit Clariant Yes, about 3% by Varies, 20-30 Germmany =322 500
BS 100 weight of binder {36-54 F°) drop from square maters
{adlditive) or HMA German guideline since 1994
Stibit (binder) recommends 130-170°C
(fatty acid (266-38 ), depending
armides) an bindar stiffness
3ELTor Colas Yas Varies, 3040 C (54-72 France Unknown
Ecoflex F*) drop from HMA
(proprstary)
Aspha-min Euravia and Yes, about 0.3% by Varies, 2030 C° France, Germany, Abeut 300,000
(zealite) MHI tatal weight of mix {3654 F%) drl:p from and US. tmins
HMA German guideline
recommends 130-170°C
{266-338 °F), depending
an binder stiffness
ECOMALC Screg Yes {unknown typs/ Placed at about 45 *C France Sometrials
(coild mix quantity) (113°F)
warmed
before
[aying)
LEA, also LEACO, Yes,; 0.2-0.5% by <100°C {212°F) France, Spain, Italy, | >100,000 tons
EBE and EBT | Fairco, and weight of binder of and US.
(faarning EIFFAGE a coating and
from portion | Travaux adhesion agent
of aggregate | Publics
fraction)
|LEAR® BAM Yes, added at 0.1% Q0 °C (194 °F) Netherlands Seven
{direct foam by weight of binder commercial
with bindar to stabilize foam, projects
aclditive) aid in coating, and

_23_




% 19 A%

Production Temperature
(at plant) °C

Use Reportad in

Approximats
Total Tonnage
Produced to
Date

FOAMING PROCESSES (continued)

LT Asphalt Nynas Yes, added 0.5-1.0% | 90°C (194 *R Metherlands Lirkeriown
(foamed of a hygroscopic and ltaly
asphaft with filler
addition af
hygroscopic
filler ta
rmairtzin
workabllity
WaM-Foam Kala Mot necessary; a 110120 °C (230-248 °F) France and >60,000 tons
{soft binder Veldekke, surfactant may ke MNarway, alse
coating Shell added to aid in the Canada, Italy,
followsd by Biturmen foaming of certain Luxermbourg,
foamed hard [patent rights | binders and an MNetherlands,
binden) wiorcwide, antistripping agent Sweden,
except LS, may be added to Switzerland, and
and BP the soft binder United Kingdom
(patant rights
Us)

' : EMERGING U.S. TECHNOLOGIES :

Evottierm™ Meadl- Yes 85 115°C (185-239 °F) France, also = 17,000 tans
{hot aggre- Westvaco Canada, China,
gate coated South Africa
with emul- and U.S.
sian)
Doubie- Astec Mot necessary; an 116135 °C (240-2/5.°F) L5 =4,000 tens
Harre! Gresn antistripping agent
may be added
sirmilar to normal
HMA
Advera PC Yes; about 0.25% by  |Varies, 20-30.C°(365-54'F%) | U.5. ~10.000 tons
(zeolit=) Corparation total welght of mix drop from HMA. German "

auldeline rcommends
130170 °C (266-338 °R),
depending on binder
stiffness

Mathy Dilute surfactant 110°C(230°R) W.s. Trial sections

Construction only

7} #AAA AE

F71 4741 9] tEAQ] AELS HUoA JdtE Sasobit #|Eolth Sasobite] & Fischer
& FulE ¥ = A

~Tropsch 34& AX AE g0l Fischer-Tropsch &4 ©]
s TSR %

of g o] 98TOHE 11 BAHAE AR AYE wersnA, e LEeME
frEENT YR ¥n neoAE e 4L 21 Qi o i olaBES EFW
BN dYotn AT oYl YA ERAS, G5 10T el 2. o
2 43}

%57}
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LEA, EBE and EBT =% ZAlo] 4% FRow ofjxzte2 wystl LEA $4L %
BAE o 150C7HA stdsta, 44l 2R JtdE ohamEvUE AT EFY
th ofxZEMRIT S oF 05 TF%e] V& B JHE HHAE £3atr] A drke
ZEAL otABENIYR FBE Fol, Ay 2 AFAY}F B EFEL o|FHomE
A7 o 3%9] FES Fea= Aol mEAet. 1 Ay TIEBLT= 100C o8t
At =3 EFFAAAE AZAL dolaE EATFE Eate] AvbEn AZTAZE U 3
o e, AEAe QRES za:Agz AxA Aol ) oly aFL old ] = A
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PHASE 1 PHASE 2
1207 150°C 1704
b &
28
Hot asphalt
Dry, hot coarse Coarse aggregates are coated by
agarsgates all the asphalt
PHASE 3 PHASE 4 PHASE 5
E‘. ‘:} (__;L O Q Q O 100c i
J_L Q 0 =]

e
o iaET 2P U5

Mueistura fram fine aggregstes Foamed asphalt encapsulates Thermal equilibrium reached:-and
trigaers asphalt foaming fine aggregates all aggregates unfformaly coatad

oF 50%9] dobzio] AT ofmBEMINE o] s W of
At £FAt WB AL Foly] g BF vk 7o) Aol = FAAE of

sgedelde] HaT o bt AU44E kol /Ed 4Be AATE wit
itk o] el oW AFETE A oF 40%9] A @epol, 50% AokxEe £
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Hot bitumen

Cold water —»

Expansion Chamber

Spray Nozzle —>

Foamed bitumen —

Nynas A0} AZE(LT-olARE) 34 H¥XE 93 FAFES FA5a Aofd &
oz 05-1.0% T8y nEHNAE A Algsts 54 GEFTAS Audn FAE
NC7AHA 74E43s &, 54 AYETHE /IR of=FENRIGYE 55 =58 FdA TEY
A,y vy ZAeE A5 vE kA e A £

WAM-#x= 5534l HA7MAY Al57t ofynt, w29 o]oA I or A H =
THOZAN AYAIt F o2 TH9 wlgE FuHlEer st d, stus Ad mpdyelx
2 sube gesk vielgolth. Asta wuet vt E & #ldlA A Hd3s] Eikste] st
g e HE wEr A bideE 60C HE7F 1,500 cSto]ar, wwdk vRelt = 70/100
Ade Sgol sigetth. vk gl FAE oF 130CT7HA 7Fdsta vl dA bkl 9
20-39%<%1 Ag ¥RlY 2 5T gwek vilt= 180Tl A Hwet vilv o] 2-5%¢] 2
FEER HU7ME = el o wrse] EFELHoR EFHET ojdd Ade £3E 1E
g 5%E A= DA vl 0.8 kg Eo] £EdHES 9wtk 20%<] 1,500 ¢St HFS
Heb 80%2 70/100 U= vl o] &3 vl Sw -2 Abstiest ¢F € 70/100 AU = T
woll ettt wehA ol A TS THe uplde @] =st3 9 70/100 F
Y= THET At 2FAS A3 velgR vEsts AL 2FA olAFEFZSE wh
SA717] 918 Aol e oA dugt vt 2 E7Hsehr] wiEolt

3. & d79 59

TEOATENYR #d 532= A F FR7F Aok stve 8 HAVMAE A xSk
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7 o

9 o]
7)ol EEAE H7kstel s2a¥%e ds SAAMNE A7 3D Aoy dAaphd=
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ol WAlE w37l 4 WS wWoluw, de Ar)e 2use Aedd Lx7 9Ee
o] 2o wel AL e AHm AFARs} /2R, APANE Husi=y s HWE,
NF2E 235 He 2 59l 22 ARE HoFY] 98 yxd FA7|S AAs 12
HAoz e AE @ Aol JFa 29 7laE gAY wAY B3 ARl 4744
EAMGE wolFu, oA AE, WAE B2, Ad S5, 493t}
viscosity percent lorque
P 375 sp21} (%60  spa2r
20RPM 135.0 20RPM : -
1509 spindie number

¥

SRE.8
20RPM

SP21
1350¢C

| 55255 5P21
\ 20RPM 1350 C

N

shear rale shear siress molorspeed  lemperalure
(1/sec) {dp‘l‘lﬂﬂ'ﬂm!]

a9 7 3d A=A gAY x4V
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g S3AE £4

135CAAA e e 379 Ae SAZE st Bust 3d AEANA tAE &=
HA30] A= W& centipoise(cP)o|y o H o] B vlely] JFA ol A= Pascal-seconds(Pa
- §)E ARE SR cPol W32 1000cP = 1Pa - s AF&3tth webi Pa-s @99 A& A
7] fAAME PR BAE FE5E= HXo 0001 #stuh oA A5 AAHH AlPE,
235 He, S5 Ag4A8E Rasked dasi) frydlo]He = vy AL E FHU
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A (2)AM Log(n)7k 2tebxed Ak B7F Aol A2
g A=A Bgko]

Aol M= Sholl A drE gk npel o] o4
A TEHIMAY TS T
Hb o AT E o] FHEof Hlulste] A zolA A
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2 AAAE A

= . ex Ea l_i
n_no P R\T To (1)

g3l "t 2 (2QA Logn)E y-Fo2

B
Log(n) = A+¥ )

n=ANAEAYE% To|A2 Alg A=

no = ANAHAY L% Tooll 2o A& HE

Ea = fr5< 913 &A= (Activation Energy for Flow)
R = ¥5 7}2 A4 (Universal Gas Constant)

B = Ea/R = #d29] 7]&7]

L
A = Log(h) %3 A44e 77

9o e dehlY ged At
o W A-gol FR3 Fow
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C | Asphalt A B C D E F G H I J K
145 1,675 | 2,541 | 1,520 | 340 | 1,520 | 1,490 | 2,052 | 1,430 350 350( 1,100 1,135

135 3,110 | 5,666 | 2,656 | 507 | 2,630 | 2,870 | 3,645 | 2,612 560| 552 1,927 1,985
125 6,270 | 9,083 | 5,248 | 862 | 5,320 | 5,300 | 7,870 | 4,741 961| 933| 4,060 4,070
115 11,660 | 22,600|11,940(1,582(12,300/10,580(16,900| 8,633|1,752| 1,737| 9,012 9,525
105 | 21,700 | 61,600 |28,160(3,170|30,200|18,470 (37,050 |17,060| 3,420| 3,337(19,650(22,000
95 | 55,600 [148,600|74,700(6,850(74,700 46,700 82,300 (37,160| 7,540| 7,291|68,400|(74,500

9 FollA A, B, C D EF G H I J K& 7] & HI/IAE vedy #A7stee
AA ] 19%0] 3 99% ol A~TE ot} %éé At of~FES] HALE 7|EOoF sto] o4
TRol~TES HEel vl Bkt 1 A 9] xolA Moz mAS HIMAIE F&F
HAZA ] e el Atk 53] C, H, F $& H7HAZA 9 7hsAdo] o F $-F4=3it)

2l (2)5 ol&3ste % 29 dHolHE ¥A43] wokth 1 Azt ofl 19 8-18o YERL} 9l
=3

500000
1% of A-adiitive
o 50000 4 Log n=-9.620 + 5436/T
g I =0.9946
£
W
=
o
S 5000 A \
£
2
o Base Asphalt
y Log n=-7.730 + 4579/T
< 500 1 ! = 0.9976
50

0.00235 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

a9 8 Wbl AS) FeolaBES AukeliBmEste] v
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Apparent Viscosity, ¢P

Apparent Viscosity, cP

500000

1% of B-additive
Log n= 9406 +5241.T
r = 09968
50000 -
5000 - \
Base Asphalt
Logn=-7.730 +4579T
I =0.9976
500
5'] T T T T T T T
0.00235 0.00240 0.00245 000250 000255 000260 000265 0.00270 0.00275
719 9. F7HAl Bel FeolagEst dutolaREste) ulaL,
500000
Bas e Asphalt
Logn=-7.030 +4579T
50000 I =0.9976
5000 -
300 - 1% of C-additive
Log n=-7.195 + 4045/T
F=09949

0.00235 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

219 10, FH7HA Co] TofABESL Antol AT E SFe] Hal
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Apparent Viscosity, ¢P

Apparent Viscosity, cP

500000

1% of D-additive
Logn=-9519 +3288T
rF=09972
50000 S
5000 -
Base Asphalt
Log n=-7.730 + 4579T
I = 09976
500
50

0.00233 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

o9 11 H7HA Dol F2ot AT ES dnkol At Eete] Wl

500000
30000 - Base Asphalt
Logn=-7.030 +4579T
I’ =0.9976
5000 -
1% of E-additive
Logn=-7.562 + 91T
rr=09974

500

50

0.00235 0.00240 0.00245 000250 000235 000260 0.00265 0.00270 0.00275

a9 12, A7HA E9] T2olAdESE Aol AT E o] Ml
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Apparent Viscosity, ¢P

Apparent Viscosity, ¢P

500000

50000 -

5000 4

500 -

30

1% of F-additive
Log n=-8.670 +5001,T
i =0.9994

Base Asphalt
Log n=-7.730 +4579T
i =0.9976

0.00235 0.00240 0.00243 000250 000255 000260 0.00265 0.00270 0.00275

a9 13, A7HA Fol T2otadESH dtof AT E 9ol Hlal

500000

50000 -

5000 -

500

50

Base Asphalt
Log n=-7.730 +4579/T

I =0.9976

1% of G-additive
Log n=-7.139 + 4303/T
= 0.9995

0.00235 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

9 14, FA7HA GOl T2t ABES dntol AT ESLe] Wl
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Apparent Viscosity, cP

Apparent Viscosity, ¢cP

500000

Base Asphalt
0000 4 Log n=-7.730 + 4579/T
I =0.9976
5000 -
200 7 1% of H-ad ditive
Log w=-7.277 +4092,T
r=0.9971
5'] T T T T T T T
0.00235 0.00240 0.00245 000250 000255 000260 000265 0.00270 0.00275
2% 15, H7HAl HY S2ot=TESL ol AT E ofo] vl
500000
Base Asphalt
0000 Log n=-7.730 + 4579T
r' =0.9976
200 7 1% of Ladyitive
Log n=-7.199 +4058.T
* =0.9969
50

0.00235 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

19 16, FH7HA 18] TRofABESL Untol AT E o} 8] Hal
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Apparent Viscosity, ¢P

Apparent Viscosity, cP

500000

50000

5000

500

a0

Base Asphalt
Log w=-7.730 + 4579/T

I =0.9976

1% of J-additive
Log v =-10.041 + 5443T
r=0992?2

917, A7 J) FeohaBESE Avlol T Eske] wlar,

500000

50000

3000

300

50

9 18 H7HAl Ké] TofATES) dntop AT E of o] Hal

0.00235 0.00240 0.00245 000230 000255 000260 0.00265 0.00270 0.00275

Base Asphalt
Log n=-7.730 + 4579T 0
I =0.9976

\

1% of K-additive
Log v =-10.300 + 5554/T
rF =09926

Aol A (2)9 FFES ol & 3o HEHS
Fdxetd A A FEem T2 H/HAEAS 7hedSs

0.00235 0.00240 0.00245 000250 000255 000260 0.00265 0.00270 0.00275

T
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=



o] AEst =)
g 7 ge - ] K
],
]

=]
“
A o] o = o - o] 7:10 o]./\.vJ—Eg

21423 o] 5 HIMAZF xstE ofA~TE A Ao d HoA MR wzpg
= 2571 =& (A o] g A A= of AFE H]é}O% A L7} ‘%1
257 g2 (At o] )= ALVt =5 wAo] A vk
%o YAFhE A A FeEo HEvt vtEo g ¢S ulEzA g
=4 A5 FrAbsty L A3kl A A vEhv= H7HA -— B, D
@ TZHTMAZA S 7hsAde] g & B¢ -—— C H, 1
(SALLEY BE G of~FEo| vt HE7F vbg; A v =3k
717178 A3 A5 A AlFg2=7F oF 30T 7FEF AAash
AR S BolAgt 1 o] HL HUMAl -— E, G
& 3 FA=dely e 374 Ay
1% — o /}1] o) /51] o) /51 o)
s e e e 71%71%?/1%) éiﬁf wxﬂzﬁm
ol AT E 4579 -7.730 0.9976
8 A7A] A +o} AT E 5436 -9.620 0.9946
9 A 717 B +ofATE 5241 -9.406 0.9968
10 A7MA C +ol2ZE 4045 -7.195 0.9949
11 HA7}A D +o}~ZE 5288 -9.519 0.9972
12 A7MA E +olAZE 4491 -7.562 0.9974
13 74l F +olA~ZE 5001 -8.670 0.9994
14 A7HA G +ot AT E 4303 -7.139 0.9995
15 H7MA H +o}A~ZE 4092 ~7.277 0.9971
16 A7 A 1 +ol2ZE 4058 -7.199 0.9969
17 A7A ] vt ATE 5443 -10.041 0.9922
18 A7HA K +ofA~ZE 5554 -10.300 0.9926

g B4 FeclsBEWAHE Azds Astel C H I BAA} 13
BelFm 93, J9 K A/HIE FLHMEA AR + dov AhaEs

itk 2d e Aol Jok Kol A7td% S/t A4 obsBE AR
of WA= FFe Aol T Aast Yk

O AT EE {3 F2H7HA AE

ofAZE MAAES HrFst FEHAGES7]¢l & E A o] A (Homogenizer) S AH&-3}Fo]
170TCol A 1A 7FE E3ste] N dot~FE(M-Asphalt) & Al ZsHA T 7] 7ot ~B Eo
A7 Al A, B, C, D, EE #A| wily] 379 3%7F =HA H7bsha 303 et dds

m¥
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4 T2/t~ ZE(MA, MB, MC, MD, ME)& AlZ3alth olZEA Az o /Hd F
SolABE NRE MEUS FEAE ASdte] LEE WA 2] ARPEE 54
shelth. 4@ dole ofdl 4ol Fu5o] )
E 4, 6 Aol BEY exel wel Z4F AE oy

C M-Asphalt MA MB MC MD ME

145 1,150 3,210 1,417 1,230 1,188 2,002

135 1,885 5,600 2,416 2,085 1,962 3,965

125 3,440 10,330 4,315 3,720 3,340 6,820

115 6,460 20,350 8,260 6,620 6,570 15,540

105 13,160 41,700 17,720 13,480 14,300 37,950

95 217,250 89,900 38,300 31,500 26,600 105,500

9 E 404 AALABES A% FLUAMAL F5AS AW WAL S wAEA

vh it MCS MD7F 7 /b5 € A3 9lE A0 BEEth o 43 olEe] U7
AFEE 0% FHA A4 U EESE U% gojmd Best Jok A Q8 S B

A A E obe] 1y 19-239] YERY Q)

Apparent Viscosity, cP

Te+h

Te+h S

Te+] S

Te+d S

Modified Asphalt Binder + 3% A-additive
Log (g} = -7.158 + 4262/T
r*=0.9991

\

Bas e Modified Asphalt Binder
Log (q) =-7.158 + 4262/T
r'=0.9991

Te+2

0.00235 000240 0.00245 0.00250 000255 0.00260 0.00265 000270 0.00275

1% 19, H7HA A9

_41_
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Apparent Viscosity, cP

Apparent Viscosity, cP

Te+h

Te+h - 97% Mo dified Asphalt Binder + 3% B-additive
Log ()= 7.451 + 4421T
= 0.9984
Te+d \
1e43 J Bas e Modified Asphalt Binder
Log {n} = -7.158 +4262/T
rF=0.9991
1e+2 T T T T T T T
0.00235 000240 0.00245 0.00250 000255 0.00260 0.00265 000270 0.00275
g 20, A7HA BY T2 JHHEo AT ESL JfHol AT E L] H|al
1e+b
Te+h -
97% Maodified Asphalt Binder + 3% C-additive
Log (n) = -7.186 + 4285/T
it = 0.9970
1e+d ~
fe+3 4 Base Modified Asphalt Binder
Log (n)=-7.158 + 4262/T
r* = 0.9991
1e+2 T T T T T T T

0.00235 0.00240 0.00245 0.00250 0.00255 0.00260 0.00265 0.00270 0.00275

29 21 A C B AdolaBEs AdolaTESte L,
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Apparent Viscosity, ¢cP

Apparent Viscosity, cP

Te+6

Te+h
Base Modified Asphalt Binder
Log (n) =-7.158 + 4262T

r* = 0.9991

- \
\

47% Modified Asphalt Binder + 3% D-aiiditive
Te+3 - Lag in) = -7.096 + 42417
I’ =0.9976

Te+? T T T T T T T
0.00235 0.00240 0.00245 0.00250 0.00255 0.00260 0.00265 000270 0.00275

a9 22, H7HA D] T MEotATES Tl AT ESHS] Bl

1e+6
97% Modified Asphalt Binder + 3% E-adiitive
Te+h Log (v) = - 9.285 + 5245T &
i’ =0.9945
Tle+d -
Base Modified Asphah Binder
le+3 - Log (v} =-7.158 + 4262/T
i’ =0.9991
1a+2 T T T T T T T

0.00235 0.00240 0.00245 0.00250 0.00255 0.00260 0.00265 0.00270 0.00275

29 23 A7 Eel F& AdolamEs dolaEste] waL

71 B FAE AR Aozl 4 (2)¢] FeES ofd E 5ol YERHAH

|
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T 5 NAolAZE HLdolgY 3ARA Ay

A=t — o Al ) A °) A o
WE nrele €] E Jerleam | ad | anAe
Aot~ TE 4262 -7.158 0.9991
19 HI7HA A Ao~ B E 4466 -7.149 0.9996
20 HA7HA B +/|dof~BE 4421 -7.451 0.9984
21 H7MA C + /| Holt 22 E 4285 -7.186 0.9970
22 HA7HA D +/ ol A2 E 4241 =7.096 0.9976
23 HA7HAl E +/| Qo A~TE 5245 -9.285 0.9947

do TYEI E 5% R AD}ABES AT T RN S Toli
AT d, AR AP FAS Folol DA DR BAAA g g
9 AAAZAE Cst Db vk el B
ool gen UL G TN AFE Bt Qe 29 MEALE ool )
244G Aolth o SeE v WA FF| hF 2AF Basth A8 E
eANAZAE A%5e SAF H L J, Kol dlg A77h 2due] 24 s
o NAol~BES A% BAHA S ARse AP F49 ol

o

X H of ok 4>
il
o W N yo ¢

P oox 1o

Y

g, HIMAY o] o AFREAHEY m A= G

of\
-
o
e
[»
ik
[
i
2
BN
_0|L
N
)
rob
_IN
o
_~
N
)
2
SL
o
filo
e
o
3
17
N
(o]
o(t

2k AE s

s AH83kA E} sz.b}xﬂa AEE o] 9= Brf 2o bA A o
b okdto g ks Z A7 2L FIF O Z=AHE 7} ofi
= oln =& HIMAEAe a7t gl
2 TS ZIA7IE o2 #gs) 9l
] 3, 4, 5% E HH7FHA =3l wE
qa, 1 75‘_43 o}ﬂ% a9 240 veha vk 2o A (2 o3 3%
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Apparent Viscosity, ¢P

B-3 714 €]

Te+h

Te+d -

Te+d -

Te+?

2% B-additive: Log {n) = - 7.644 + 4234/T: ' =0.9982
3% B-additive: Log () =-7.570 +4201/T: v =0.9971
4% B-additive: Log (n) =-7.855 +4325T: ' = 09935
5% B-additive: Log {n) =-7.542 +4205T: ' = 0.

Base Asphalt Binder
Log {n) = -7.425 + 4135.T
rr=0.9943

0.00235 l].l]l]21l] 000215 l]l]l]25l] l].l]l]255 l]l]llzﬁl] 000255 [I.IJIJZTIJ 0.00275

19 24, B-A7 A9 S st w2 Aw o] ol sk

P A 26 THE YRR G A gEd,
A

F-A7kA19] 2

E o} 1% 25011

o F-H7HA =

Apparent Viscosity, ¢cP

1e+h

e

1e+4 -

1e+3 -

2% F-additive: Log {n) = - 7.331 + 4141/T: 1* = 0.9966
3% F-additive: Log {n) =- 7.938 + 442T: 1* = 0.9936
4% F-additive: Log {n) = - 7.240 + 418%/T: 1* = 0.9970
5% F-additive: Log {n) = - 6.568 + 3905/T: 1* = 0.9986

Base Asphalt Binder
Log (v} =-7.425 + 4135T
i’ = 0.9943

1e+2

0.00235 0.00240 0.00245 0.00250 0.00255 0.00260 0. 00265 0.00270 0.00275

a9 25 F-A7bAe] gEse] e fAme) 9
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F-H7AA9 4%, 332 FNU5E A5 0% AN Fe58 ¥ & 98 §
g+ Ak web FFgol B Agurks FeAAARA /)5S FRsE WA F
F7h Fa3e B Q7R Bael 2% & Atk

. F H7HAIS B AMAE A AERE B A=

L

HA7HA-Bell B2H7MAE BFote] of~gES] Hes wiEe AT E T3 E} OIHH

HZANAE F A7 Rt §Ho0] e 31328 A

stEtE S Abgstth obel ¥ 260l H7HA BE 2% aA A7
= 03,06, 09% T H7tEs We 2=ste] mE HESAANE BT B3t

Al 7Pl gRFe] ofABEANEES "oy H|, A9 9FE :
R 279 HIHA BE 2%E AAATAL BEHVMA Hre) dEs 03, 06, 0.9%= 3

7HE WE HAFrh BRI 079 @] ofAREAHES Wolme: d, Ao 9%
A7 e B orh ARHow wagd HERANAE F HAsbA 2 JgS =

3k

KR

= =

2=~ [e ) o) A~

T 9SS AT = AAYL

o

Te+h

o
¢ 2% B03% 2k Log (v) = - 7.520 + 4165T: * = 0 9955
gz let 1 2% B0.6% 2k Log (v) = - 7.748 + 4255T:  =0.9936
9 2% B0.9% 2k Log () = - 7.437 + 4130T: * = 0 9966
a
2
)
|
2
S le+d -
-c% Base Asphalt Binder
Log (r) = -7.425 + 4135/T
=09943
Te+?

T T T T
0.00235 000240 0.00245 0.00250 000255 0.00260 0.00265 000270 0.00275
TE 26, HEAHTEA 7E e SRt e Hdke] g
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Te+h

o
© 2% B03%Ck Log (n) = - 7.506 + $165.T: i* = 0.9967
gz et 2% B0 6%Ck Log (n) = - 7.691 + 4233/T: 1* = 0.9940
a 2% B0.9%Ck Log (n) = - 7.543 + $169.T: i = 0.9955
@
=]
=
d
3 le+d 4
-:?:' Base Asphalt Binder
Log (n) = -7.425 + 4135/T
! =0.9943
1e+2 T T T T T T T
0.00235 000240 0.00245 0.00250 000255 0.00260 0.00265 000270 0.00275
9 27 REHIMA ‘o] ek sle] wE Himeo]
b § 33 F2HMAE T F2oABE EA A Y
B oApoA HES G343 FH7MA F He UF 3% %39 F2olABES whET o
o W AYP=e} AHS FAeA o] S VAR oFAFES Hlw HES Ao
otz ¥ 8o YEl gtk 7o) Hi= ofATESL WlweEe] Hel 19 AxE dAA e
o] HQmel Azt AwtolaBERTT oFgF A YEldth o] F o] AJAlEHE WhE A
A=t dAstd e dubol~FERT A9 HE ALY 9% v ARE dAAS WA
Uepgoz At FEEAdE A9 Wyt gloy A AFEE UFEE F2OATE
o 54L& 2 veha dd s
# 6. Ho 7} 85 FLolxZES =4
EA4 Asphalt H-F& -5
145TC 1,675 350 350
A5 7] 135°C 3,110 560 552
Ee R 125TC 6,270 961 933
(P) 115C 11,660 1,752 1,737
¢ 105C 21,700 3,420 3,337
95T 55,600 7,540 7,291
Y= 54 46 49
Astd 35.0 49.5 50.5
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1e+5

1| o o0.0%

1| O 12%

1l v 1.6%

4 O 2.0%
% o 2.4%
> letdd| & 28%
‘» 1| v 4.0%
S 1l = 50%
2 ]
S -
s -
c
(]
1
S 1e+3 4
o 3
< ]

] w1

1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
% 28, T2 7HA W1 HidlolE o A (2)¢] 374,

#E 7. WL SotadES] HAidgelgd e 24 A3
HOMH &2 | Al A A@2A B AlERA | 25, AR | 2EA, A(4)x
W1(O 0%) -8.226 4448 0.9975 125C 0C
W1(1.2%) -6.942 3890 0.9991 120 “ 5C
W1(1.6%) -6.970 3888 0.9998 119 6C
W1(2 0%) -6.905 3863 0.9993 119 ~ 6C
W1(2.4%) -6.566 3718 0.9985 118 ° 7°C
W1(2.8%) —6.722 3769 0.9985 117 ° 8C
W1(4.0%) -6.572 3662 0.9990 112 13°C
W1(5.0%) —6.535 3628 0.9991 110 15C

* 125 Ceol 1] defe] of~BES} FU HAEE HolE FTRoATE 2L
wx ef of~BES] LroA AhE FROPATES] RS W 220
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1e+5

0.0%
1.2%

o

(@)

v
o [m}
o <o
> le+4 4 A
: -
8 b o
o ] v
g ] m
o -
c
o
S
S 1e+3 -
o ]
< ]

J o v
N
- /V/
135°C w2
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

9 29, TR W2ol A& dlelEl el A (2)¢] 3EA.

F 8 W2 T2otaZES] HEdolg tdt 4 Ay

HAA = | A@9] A | 2@ B | A2)9] r2 21(3) =34, A4)

W2(0.0%) -8.226 4448 0.9975 1257T 0TC
W2(1.2%) -7.091 3959 0.9991 121.3TC 3.7C
W2(1.6%) -6.822 3830 0.9987 118.9C 6.1C
W2(2.0%) -6.883 3858 0.9990 11947C 56T
W2(2.4%) -6.682 3765 0.9992 117.9T 7.1TC
W2(2.8%) -6.717 3767 0.9992 116.7C 8.3C
W2(3.0%) -6.917 3816 0.9993 113.7T 11.3C
W2(4.0%) -6.344 3576 0.9975 111.8C 13.2C
W2(5.0%) -6.596 3622 0.9993 106.4C 18.6C
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1e+5 4
] ® 0.0%
] v 12%
i B 1.6%
® 2.0%
S 11 & 24%
> e 28%
2 1etd4d | e 3.0%
8 1| v 40%
2 1 " 50% °
S _ 105°C
E -
e i
©
Q.
Q.
<L 1e+3 4
I I I I
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a9 30. T W39 HE dlolg 9k A (2)9] 3734,
9. W3 F2ot2ZES] Hrdolg ol gt &4 2z}
LM & Al(2)el A | Al(2)al B | Al(2)2 r2 | 2%, Al(3) 2584, 4l
0.0%) -8.226 4448 0.9975 125C
W3(1.2%) -7.042 3921 0.9964 119.4C 5.6C
W3(1.6%) -7.450 4092 0.9977 120.5C 4.5C
3(2.0%) -7.266 4019 0.9989 120.4°C 46T
2.4%) =7.472 4102 0.9983 120.6C 4.4C
3(2.8%) =7.742 4214 0.9978 121.1°C 3.9C
3(3.0%) -7.789 4223 0.9982 120.2°C 4.8C
W3(4.0%) -7.467 4104 0.9989 121.0C 4.0C
W3(5.0%) -7.531 4132 0.9985 121.2°C 3.8C
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Apparent Viscosity, cP

1e+5

0.0%
1.2%
1.6%
2.0%
2.4%

2.8% 95°C

>OOd0e

1e+4

1e+3

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

9 3L =AM W4el H & dlelEl ek 4 (2)¢] 3.

B2 | A2)9 A | Al(2)9 B | Al(2)9 12 | 2%, A(3) | 2EA, Al(4)
0.0%) -8.226 4448 0.9975 125

W4(1.2%) ~7.079 3972 0.9980 123.1°C 1.9°C

W4(1.6%) ~7.153 3997 0.9969 122.6°C 2.4C
2.0%) ~7.281 4048 0.9973 122.7°C 2.3C

WA(2.4%) ~7.103 3975 0.9992 122.4C 2.6

W4(2.8%) ~7.058 3962 0.9972 122.9°C 2.1C
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1e+5

1| e 0.0%
1| v 12%
4 " 1.6%
4 ® 2.0%
% A 249 :
= letd | ® 28% 3
= 1| o 3.0% //
Q ] v 4.0% //
2 i ® 50% / o
> 7 ' 5°C
"E -
e
S 1e+3 3 /7 05°C 16°C
o ] C
< ] /
: 5°c
= e—125°C
135°C W5
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a9 32, T Whel A dolH et 2 (2)9] 374,
E 11 W5 FeolagEe] ol ta 4 Az
EOHH & & Al(2)el A | Al(2)a B | &l(2)d r2 | 25, Al(3) 2Eah, Al4)
W5(0.0%) -8.226 4448 0.9975 125C 0cC
W5(1.2%) -6.977 3919 0.9989 121.8T 3.2C
W5(1.6%) -7.045 3944 0.9987 121.6C 3.4C
W5(2.0%) -6.641 3771 0.9977 120.2°C 4.8C
W5(2.4%) -6.968 3897 0.9987 119.9C 51T
W5(2.8%) -6.844 3839 0.9990 119.0C 6.0C
W5(3.0%) -6.679 3723 0.9990 113.6C 11.4C
W5(4.0%) -6.643 3692 0.9996 111.9C 13.1C
W5(5.0%) -6.576 3645 0.9992 109.6C 15.4C
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1e+5 7
1| ® 0.0%
i v
1 ]
. g
a A
'a'; 1e+4E ®
[z 1| ®
o 1|V
R ]
S i
‘E -
g
g 1e+3
a ]
< ]
1 W6
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
o9 33 =AM W6l A& dHolH ek 4 (2)9] 374,
F 12, W6 F2ok=mEe] frdoleedl hg &4 Az
EOHM & Al(2)el A | Al(2)al B | Al(2)2 r2 | 2%, Al(3) 2c24a, Al(4)
0.0%) -8.226 4448 0.9975 125C
W3(1.2%) -7.007 3924 0.9994 121.1°C 3.9C
W3(1.6%) -6.792 3817 0.9991 118.8C 6.2C
3(2.0%) -6.849 3835 0.9991 118.4°C 6.6C
2.4%) -6.761 3788 0.9993 1171°C 7.9C
3(2.8%) -6.500 3673 0.9989 115.7C 9.3C
3(3.0%) -6.391 3572 0.9989 109.4°C 15.6C
W3(4.0%) -5.686 3268 0.9970 105.4°C 19.6°C
W3(5.0%) -4.794 2881 0.9959 99.0C 26.0C
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1e+5 3
1| e
] v
T [ ]
C
a T L 4
o A
‘é‘ 1e+4-: Py
o ] v
; < ]
‘E’ s
o
S 1e+3 4 o
& ] 135°C 20°C
< ]
] ‘ w7
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
% 34 T2HTEA W7 " ulelH ek 24 (2)9] 334,
# 13 W7 T2ol=ZES] Hrdolgo gk 4 A}
I & Al(2)el A | A(2)a B | Al(2)e r2 | 2%, Al(3) 2524, Al(4)
W7(0.0%) -8.226 4448 0.9975 125C 0T
W7(1.2%) -7.087 3951 0.9980 120.6C 4.4C
W7(1.6%) -6.932 3881 0.9978 119.7C 5.3C
W7(2.0%) -6.715 3783 0.9996 118.4C 6.6C
W7(2.4%) -6.773 3801 0.9995 117.9C 7.17C
W7(2.8%) -6.721 3766 0.9982 116.4C 8.6C
W7(3.0%) -6.620 3675 0.9989 111.0C 14.0C
W7(4.0%) -6.430 3580 0.9981 108.7C 16.3C
W7(5.0%) -6.211 3465 0.9992 105.2C 19.8C
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Apparent Viscosity, cP

1e+5

1e+4 o

1e+3 4

1e+2
0.0024

2% 35, TATEA W8S Ak HolH ek A (2)9 BT,

E 14. W8 F2otxZES Hido|Ed g 4 ZHxf

0.0025

0.0026

0.0027

0.0028

Reciprocal Absolute Temperature, 1/°K

0.0029

B Al(2)9] A | Al(2)2 B | Al(2)2 r2 | 2%, 4(3) &, Al(4)
W8(0.0%) -8.226 4448 0.9975 125C 0cC
W8(0.4%) -6.613 3759 0.9941 120.1°TC 4.9C

1.0%) -6.613 3759 0.9941 120.1°C 49T
W8(2.0%) -6.789 3824 0.9944 119.6TC 5.4C
W8(2.4%) -7.196 3980 0.9975 119.3C 5.7C
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1e+5

1| e 0.0%
: v 1.3%
b B 2.0%
4 ® 2.7%
a A 33%
S 1etda {| © 4.0%
5 1| e 3.0%
3 1| v 40%
2 1| = 50%
> * 6.0%
§ A 7.0%
S 1e+3 4
o ]
< ]
T W9
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
2% 36 T2 WO A dolE et A (2)9 3]7E4.
3 16 W9 T=otadES] Mol gk &4 A
EHOLH & Al(2)e A | Al(2)2 B | Al(2)2 r2 | 25, A(3) 2c24h, Al(4)
W9(0.0%) -8.226 4448 0.9975 125C 0cC
W9(1.3%) -7.253 3999 0.9986 118.9C 6.1C
W9(2.0%) -6.987 3900 0.9973 119.5C 5.5C
W9I(2.7%) -7.251 3998 0.9979 118.9C 6.1C
W9(3.0%) -8.306 4431 0.9913 119.7C 5.3C
W9(3.3%) -7.248 4002 0.9992 119.4°C 5.6C
W9(4.0%) -7.236 3998 0.9988 119.5C 5.5C
W9(5.0%) -7.352 4058 0.9974 119.9C 51C
W9(6.0%) -7.338 4045 0.9984 119.2°C 5.8C
W9(7.0%) -7.161 3981 0.9975 119.7C 5.3C

1] W1, W2, W3, W4, W5, W6, W7, W8 3 W9 F=F7kAlol o3 T8 3 443
L T8 7 s s AR vusiry, ok F 163 27 370 JeEhd HE5A
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37} gojziy,

X 16, T2HIA R g FRoATES A
stk 9 |W1,C | W2,C | W3,C | W4,C | W5,C | W6,C | W7,C | W8,C| W9,C
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.4 4.9
1.0 4.9
1.2 5.0 3.7 5.6 1.9 3.2 3.9 4.4
1.3 6.1
1.6 6.0 6.1 4.5 2.4 3.4 6.2 5.3
2.0 6.0 5.6 4.6 2.3 4.8 6.6 6.6 5.4 5.5
2.4 7.0 7.1 4.9 2.6 5.1 7.9 7.1 5.7
2.7 6.1
2.8 8.0 8.3 3.9 2.1 6.0 9.3 8.6
3.0 11.3 4.8 11.4| 15.6] 14.0 5.3
3.3 5.6
4.0 13.0, 13.2 4.0 13.1] 19.6| 16.3 5.5
5.0 15.0, 18.6 3.8 15.4] 26.0] 19.8 5.1

30

Temperature Reduction, °C

Percentage of Warm Mix Additives, %

a9 37 T=HTA(WI-W9)o] H7bghakel mhe =34 &)

-‘H-‘ﬂ 163 19 378 Fxohd, dAAA 237k AR 1.0% ©ldt, 1.0-3.0%
e 3.0% ol dYor s g Aees & F daL, 3.0%E Ak Aol EEIAR
o ‘?ioﬂ*i bk sty gy gol AASErE U B =4S JHA AN BAlA W
gkl WS st 3.0%E AREShE Aol o] dAolTta AtRHET dE &0, g2
S Z8 oldor @ol] Abgstd HekA ARl Aol Frteke], x£7] el ddle] 2
Atk 71 F=HTHA Foll A AREFHEFo] 3.0%lA FAT =R AE Hole HI7EAI(WI,



of 71e] MstE WolA &= HI7FAI(WS, W4, W8 W)= 2
° A7 AE H7 eekel] wel Ao W E Holx geth uhet
A wke] Hrlwtew FLFyrl 27 JEya g B HUMAES Hkda A o &
TEENE ZIUE] S| EAARl SIS 3%l FAT 2Rgdas Holw A
TS0, o] F HIMAY exEzA E3 £ow ydet, WE>W7>W2>W5>W1e] 2t

= 1
Eoét

W2, W5, W6, W7)7F = Wil
&8 o & oh;} -&X}oﬂ /\g}{_

=1

P

LANAE A£Gl AgHE ATE #f@s}w Sl Lt e A
@3} oleld 2POE WE FLOABEE FAW AudlolEst of dolEEe] RYANE
& walzt & v LA A7l w2sh s 27 e 4ge wYLoR o

1 @stel 1wt

38-39¢F % 17*2801] e ‘/}E]r‘/} Atk

1e+5 7
® Asphalt (100%)
{4 O W2(0.6%)+W5(0.6%)
T W2(1.2%)+W5(1.29
N ] v (1.2%)+W5(1.2%) 85°C
o
>
-7, 1e+4E
o] E
(&) -
2 ]
S ; /
'OE A e o ——— — — — — — —
g -
©
o
Qo
< 1e+3 4
34°C 38°C
1 1 1 1
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a7 38, (W2+WhH)e] A& dlolg el 2 (2)¢] 3]7&4.
E 17 (W2+W5) FotaBEe] Furjoele] figh 24 2}
51| & e Al(2)2 | Al(2)2 | Al(2)e | 2%(TC), | 2&24(T),
A B r2 A1(3) Al(4)
OIAZE 100% -8.226 4448 0.9975 125 0
W2(0.6%)+W5(0.6%) —7.468 4088| 0.9988 119.4 5.6
W2(1.2%)+W5(1.2%) -7.149 3921 0.9981 115.3 9.7
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1e+5 1
]l e Asphalt (100%)
] O W2(0.6%)+W5(0.6%)+W9(2%)
1 v W2(1.2%)+W5(1.2%)+W9(2%)
a j 85°C
o
2
'7’ 1e+4":
o ]
O o
2 ]
> -
y 4
e ]
©
o
Q.
< 1e+3 o
] 9°C 10°C
L) L) L) L)
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
%l 39 (W2+W5+W9)e] A= dlojH el 2 (2)9] 374,
I 18 (W2+W5+W9) F2ol~ZE] HAudo|ed digh 4 A}
Al(2)o] [Al(2)9] | Al(2)2 | 2% (C), | 2E2A(T),
I (@2 [A@| &2 () ()
A B r2 A1(3) Al(4)
OtAZE 100% -8.226| 4448| 0.9975 125 0
W2(0.6%)+W5(0.6%)+W9(2%) -7.124] 3930/ 0.9995 1171 7.9
W2(1.2%)+W5(1.2%)+W9(2%) -6.906| 3828| 0.9984 115.4 9.6
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Apparent Viscosity, cP

1e+5 4

1 e Asphalt (100%)

{ o W2(0.6%)+W6(0.6%)

: v W2(1.2%)+W6(1.2%) 85°C
1e+4
1e+3

] 9°C 10°C

I I I I
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

2% 30. (W2+W6)ol A= dHolE et 2 (2)¢] 3|74,

3E 19, (W2+W6) T ot ~ZES Hito]Elo] thgh 4]

ol w2 AR [ @) [ 2=(c), [ex2x(T),

A B r2 2(3) Al(4)
OLAZE 100% -8.226|  4448| 0.9975 125 0
W2(0.6%)+W6(0.6%) -7.335| 3999 0.9981|  115.8 9.2
W2(1.29%)+W6(1.2%) -7.134] 3902 0.9985]  113.9 1.1
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1e+5 o
® Asphalt (100%)
{ O W2(0.6%)+W6(0.6%)+W9(2%)
1 v W2(1.2%)+W6(1.2%)+W9(2%) °
a i 85°C
o
2 o
.(77 1e+4': 95 C
o] J
O J
2 .
> .
'lE o
e ]
o
o
o
< 1e+3 4
I I I I
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a9l 31, (W2+ W6+ W9)o] A dieolelel 2 (2)9] 3754,
¥ 20, (W2+W6+W9) F&ot=dEe] Axwdolee] hat 24 23}
Al(2)9] | Al(2)2 | A(2)2 | 2%(T), | 2=2&24(T),
SorH B (@2 [Ael] A(2)2] () ()
A B r2 A1(3) Al(4)
OtAZE 100% -8.226| 4448| 0.9975 125
W2(0.6%)+W6(0.6%)+W9(2%) -6.986| 3867 0.9993 116.2 8.8
W2(1.2%)+W6(1.2%)+W9(2%) -6.791 3795/ 0.9993 116.6 8.4
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Apparent Viscosity, cP

] e Asphalt (100%)
1 o W2(0.6%)+W7(0.6%) .
1 v W2(1.2%)+W7(1.2%) 85°C
10000
1000 -
0.0024 0.0025 0.0026 0.0027 0.0028

Reciprocal Absolute Temperature, 1/°K

29 32, (W2+W7)e] A= dlolg el 4 (2)¢] 37124,

0.0029

& 21 (W2+W7) FotaBES] Furolee] g 4 A3}
S AR [A@)S] A@)el | 2£(C), | 2EB2(T)
A B 2 | 2@ 4(4)
OtAZE 100% -8.226| 4448 0.9975 125 0
W2(0.6%)+W7(0.6%) -6.507| 3677| 0.9995 115.8 9.2
W2(1.2%)+W7(1.2%) -6.721 3752| 0.9988 115.0 10.0
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Apparent Viscosity, cP

1e+5

1e+4

1e+3

® Asphalt (100%)
O  W2(0.6%)+W7(0.6%)+W9(2%)
v W2(1.2%)+W7(1.2%)+W9(2%)

85°C

95°C

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K

219 33, (W2+ W7+ W9)el = dlolElsh 4 (2)9] 5984,

2OV B Al(2)e | Al(2)a ] 2l(2)2 | 8=(TC), |22 A(T),

A B r2 £(3) £1(4)
OLAZE 100% -8.226| 4448| 0.9975 125 0
W2(0.6%)+W7(0.6%)+W9(2%) | -7.064] 3923 0.9967 118.8 6.2
W2(1.2%)+W7(1.2%)+W9(2%) | -6.796] 3801 0.9991 117.0 8.0
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Apparent Viscosity, cP

1e+5
® Asphalt (100%)

O W3(0.6%)+W5(0.6%)
v W3(1.2%)+W5(1.2%)

85°C

1e+4

1e+3

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a9 34, (W3+W5)9] A= dloE 9} 2] (2)9] 3|4,
E 23 (W3+W5) F&otaBEe] Frdolele] ng 4 Az
AlR)el [al(@)al | al(2)el | 2% (), [eeZA(T
2010 B2t (2)2] [ Al(2)2l | Al(2)2 () ()
A B re A1(3) Al(4)

OLAZE 100% -8.226| 4448| 0.9975 125 0
W3(0.6%)+W5(0.6%) -7.174] 3963 0.9890 118.4 6.6
W3(1.2%)+W5(1.2%) —-7.090| 3921| 0.9994 117.5 7.5
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1e+5
® Asphalt (100%)

O W3(0.6%)+W5(0.6%)+W9(2%)
v W3(1.2%)+W5(1.2%)+W9(2%)

85°C

1e+4 95°C

Apparent Viscosity, cP

1e+3
135°C

4°C

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K

a9 35, (W3+W5H+W9)2] Hx= dole et 2 (2)9 37E4.

E 24, (W3+W5+W9) F2of~FE] HLdolEe g 4] A

SorH B AR)el Al ] AR)e [ 2=(T), [E=Z4(0),

A B r2 2(3) 2(4)
OLAZE 100% -8.226| 4448| 0.9975 125 0
W3(0.6%)+W5(0.6%)+W9(2%) | -7.214| 4005/ 0.9982]  121.0 4.0
W3(1.2%)+W5(1.2%)+W9(2%) | -7.289| 4003| 0.9973  118.0 7.0
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Apparent Viscosity, cP

1e+5

® Asphalt (100%)
O  W3(0.6%)+W6(0.6%)
v

W3(1.2%)+W6(1.2%) 85°C

1e+4

1e+3

1e+2 T T T T

0.0024 0.0025 0.0026 0.0027 0.0028

Reciprocal Absolute Temperature, 1/°K

29 36 (W3+W6)e] A= dHolg el 4 (2)¢] 37124,

0.0029

F 25, (W3+W6) T2ot~BES] HidolEol ek &4 2}
51| Bt e Al2)2 | Al(2)2 | Al(2)2 | 2%(TC), |2=ZA(T)
A B r2 £1(3) £1(4)
OLAZE 100% -8.226| 4448| 0.9975 125 0
W3(0.6%)+W6(0.6%) -7.099| 3926 0.9990 117.7 7.3
W3(1.2%)+W6(1.2%) -6.996| 3872 0.9990 116.3 8.7
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Apparent Viscosity, cP

1e+5

1e+4

1e+3

1e+2

0.

3 26. (W3+W6+W9) F-&of~FE 9

o
O
v

Asphalt (100%)
W3(0.6%)+W6(0.6%)+W9(2%)
W3(1.2%)+W6(1.2%)+W9(2%)

95°C

0024

0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

a9 37. (W3+W6+W9)2l dx= dole et 2 (2)9 37E4.

o w2 @2 (@] &A@ [ 2%(c), [2=22(T)

A B 2 41(3) £1(4)
OIAZE 100% -8.226)  4448| 0.9975 125 0
W3(0.6%)+W6(0.6%)+W9(2%) | -7.041] 3944 0.0987|  121.8 3.2
W3(1.2%)+W6(1.2%)+W9(2%) | -6.993| 3912| 0.9987 120.4 4.6
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Apparent Viscosity, cP

1e+5 3
] e Asphalt (100%)
1 o W3(0.6%)+W7(0.6%)
1 v W3(1.2%)+W7(1.2%)
1e+4 -
1e+3 E
) 7°C 8°C
1e+2 T T T T

0.0024

0.0025

0.0026

0.0027

0.0028

Reciprocal Absolute Temperature, 1/°K

% 38 (W3+W7)el A= dHolg et 4 (2)¢] 3|74,

0.0029

# 27 (W3+W7) S otadES Hind ool ek &4 2t
SorH B A)el Aol ] AR)e [ =(T), [2=Z4(T)
A B r2 2(3) 2 (4)
OLAZE 100% -8.226| 4448| 0.9975 125 0
W3(0.6%)+W7(0.6%) -7.077| 3920 0.9987|  117.9 7.1
W3(1.2%)+W7(1.2%) -7.043] 3892 0.9992]  116.5 8.5
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5

1e+5 7
1 @ Asphalt(100%)
1 O W3(0.6%)+W7(0.6%)+W9(2%)
1 v W3(1.2%)+W7(1.2%)+W9(2%)
0 .
© o
> letd S 95°C
[ ]
o ]
0 ]
2
S .
‘E -
o
g 1e+3 o
o ]
< ]
1e+2 T T T T
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
Reciprocal Absolute Temperature, 1/°K
a9 39 (W3+W7+W9)¢] = dlelE et 2 (2)¢] 3]+]&4].
3 30. (W3+W7+W9) Tol~HE] Hdo|g o vgh 4 Az}
Al O Al o Al O QE N SEDDI-_JI\_ N ,
A B r2 Al(3) Al(4)
OIAEZEE 100% -8.226| 4448 0.9975 125 0
W3(0.6%)+W7(0.6%)+W9(2%) | -7.096| 3963| 0.9982 121.5 3.5
W3(1.2%)+W7(1.2%)+W9(2%) -7.029| 3927| 0.9985 120.5 4.5

ool FeAAA 23 @ FLEN BAANES Eaeel ofdl ¥ 209 219 409
ST S
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® 29 FAHNA 2Fe] eEPAEH Q0

T=F7HA =% =% a, C
W2(0.6%) + W5(0.6%) 5.6
W2(1.2%) + W5(1.2%) 9.7
W2(0.6%) + W5(0.6%) + W9(2%) 7.9
W2(1.2%) + W5(1.2%) + W9(2%) 9.6
W2(0.6%) + W6(0.6%) 9.2
W2(1.2%) + W6(1.2%) 11.1
W2(0.6%) + W6(0.6%) + W9(2%) 8.8
W2(1.2%) + W6(1.2%) + WI9(2%) 8.4
W2(0.6%) + W7(0.6%) 9.2
W2(1.2%) + W7(1.2%) 10.0
W2(0.6%) + W7(0.6%) + W9(2%) 6.2
W2(1.2%) + W7(1.2%) + WI9(2%) 8.0
W3(0.6%) + W5(0.6%) 6.6
W3(1.2%) + W5(1.2%) 7.5
W3(0.6%) + W5(0.6%) + WI(2%) 4.0
W3(1.2%) + W5(1.2%) + W9(2%) 7.0
W3(0.6%) + W6(0.6%) 7.3
W3(1.2%) + W6(1.2%) 8.7
W3(0.6%) + W6(0.6%) + W9(2%) 3.2
W3(1.2%) + W6(1.2%) + WI(2%) 4.6
W3(0.6%) + W7(0.6%) 7.1
W3(1.2%) + W7(1.2%) 8.5
W3(0.6%) + W7(0.6%) + W9(2%) 3.5
W3(1.2%) + W7(1.2%) + W9(2%) 4.5

16

B WX(0.6%)+WY(0.6%); (X=2,3)

14 - EEE WX(1.2%)+WY(1.2%); (Y=5,6,7)
B WX(0.6%)+WY/(0.6%)+W9(2%)
12 4 0 WX(1.2%)+WY (1.2%)+W9(2%)

Temperature Reduction, °C

0 L L L L L L
W2+W5 W2+W6 W2+W7 W3+W5 W3+W6 W3+W7

Combination of Warm Mix Additives

2 40, LA 2Fe LEpaF e W

3209 1% 40s Ay, W2ek (W5, W6 3 W7)o] xgho] W3gk (W5 W6 3 W7)
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of 2¥dHY ¥ F2 T2E2W AUeS
W2+W6>W2+W7>W2+Whe] A ZE T3 , A
A FRE ek dAZE 1.2%7F sl Z3e] 2 s2adt des & At T
7S FFEFol 12%% A5 wdetd, 9 379 94 T2 T S2EAE 2
WI1(G3T)¥  W3G6T)SH  Hulste] Eow, W2(0.6%)+W6(0.6%) 2 9.2TC¢e}k
W2(0.6%)+W7(0.6%)¢] 92T Hlad 4 Sla, T=7H a7t g5 8s &4
Atk TH7EA kel 24%% B nHdlE, 29 379 94 T2 7HA= W67t 7.
9Celar W27k 7.1°TC<Q1 Aol whate], T2 74l 28el W2(1.22%)+W6(1.2%)°] 4+ 11
1TCela W2(0.6%)+W7(0.6%)= 100CRo=, T=2H7H4 =2Fa37 ¥ 58S % T
Atk W2+W6e] 8¢ 2zt H7HAl e 0.6%0lA 12%=2 F w2 sdvua g F
T 2ufE —75—7}3};<] goko, 4 S AT olH @ A= I 37004 AN T
A7bhel W7 1-3%2] el 7] "] Ao ARdn. 4] 23elH WI(2%) 9
F7he TEAE 9y "Wolmge Z3E UHAgte I ofr= £HAl Fv T3t
3 7

Ae =2F2 o o3 T2HMAE AFESHA Bes Fofsjof & Aot

2t T2HIMA Y FFo] B FT2oABEY F28F

obel 71 4% E 3090 AA WAL FeoliBEFTS 8% 5% AAtE 3
of e FeasE zANAL FLAAA FYol F4E LEgaE FAddt 1 F
ANAE W2(5%)+W6(3%)° FT=&37t 7P Z31(2027T), oS W2(5%)+W10(3%) o] ™
(18.6T), 1 &2 13.2T<1 W2(5%)+W8(3%)7F =FA| 8k, o] o
vk e} FLaIE $4svn sl TaA wygdta & £ gt A LR T

5TColst= We7te=

=7 5 &
et e Aol Fouh, TFFELEAAE AR/ FEatelol e 34 J5e 3
FAF 5 Ak FELEFAANE HE/t oW £YRY LS BAT T & 9]
2 RAL E 5 QSR FEUAAY AA A FEEEAARE R HolAA BES =

Ashelof g,
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Apparent Viscosity, cP

1e+5

1e+4

1e+3

1e+2

Asphalt (100%)
W2(5%) + W10(3%)
W2(5%) + W6(3%)
W2(5%) + W8(3%)
W10(5%)

W8(5%)

Lt 2l
¢ mJS 40

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

S99 4L B FeAHAIS AR dolEsh 4 ()9 3784,

5Ol H| Be Al(2)2 | Al(2)2 | Al(2)2 | 2&(T), | 2&24A(T)
A B r2 £(3) £1(4)

OAZE 100% -8.226| 4448| 0.9975 125 0
W2(5%)+W10(3%) -6.051 3415 0.9991 106.4 18.6
W2(5%)+W6(3%) -5.996| 3380| 0.9994 104.8 20.2
W2(5%)+W8(3%) -6.149| 3501| 0.9990 111.8 13.2
W10(5%) -6.410| 3612| 0.9984 112.9 12.1
W8(5%) -6.258| 3640| 0.9945 122.3 2.7
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3d A ol 2BESL T2HIMA AT
1. A FLol2RE A AAZF

A £dste] MfHetAZES A xS AV MEABES] =S 2

gsta 4 (25 ol&ste]l BT #e ek A=-8527¢ B=499%6E ¢

423 3 33 Fx). 135CT(T=408°K)oll A o 7] 7fdot~dES] M FHe F8hd 5284PaS

olth. o] g2 ofATESL] A Algs ffsiA AT A= #hel 30PaSEUE 2.284Pa.S
=

4996
Log(n) =-8.527 + 208 - 3,723 5 m=15284cP ®)

4 (3% ol g3te] 3Pasel HEel AYsH: AdotrBES LR Tah,

4
_ 996 _273=1432°C
Log(3000) + 8.527 9)
1432TCE A=t} o] B2 dhl 7tEedtES A A /oA AiEE 10T =
& 175CoH, MAolATE HIEf Ak ol A~ZERT 10T & 145ToNAY H=7}

3Pa.S HojoF Fth= efmjo 2 E o A~FE 175-30=145T oA A4balof shar

v/
rlr =
I
2 odd

N, ==

o] 93] MAATEY HEE 145-30=115TC A 3.0Pa.S7t HE2 FLAHAAY EFH

staks A eoF st} o] e fHolATES] V|F S 135TE A3uhH, 135-115=20C

o] FLHIA 93 LEFFAVF o F& A AES 145T A ABAEE Aol s
A=)

A} wAGE LEE G Boldow

- [ I I
w2 @ HHdE Asugdes Hod AAFe aUE 0T 5 9

= h=i
ofATES] g AXTVE B mgom ugEe T2 Aol Hastt T2 JHEo}
2Ze Axsty] ekl A4AF T2HTHA S o] AriIAES detr = Ao Fasty
UM AHT miel o] JfHotATES] MU 13T AL 7IEo® o] Aolx= 20T o]
G AERE YE T e TAVHE HRE L
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2. N2 F2ol2BEY HX THolg £

7h, T2HVMA 5 TEFXE UE JNE FT2OETEY HAEEA

WA 7 FLAAL AutolaBES AdotiBES] Fo] o9 BaA AgsE s
g dopiy] st FLAM FEE A FLoABE T 5% ASAL W LE
g AT AdokadE 95%0l 27] dlFsls FRA/A(WL, W2, W5, W6, W7)
53 % S A7bstm 145CAN BASA EFetel AW FoolrBES AW Azt

SUE HEAS A SRS WA 7 Lol FEES 57

T

s, olg Al el delgE 4 (F o3l FFRAS MASET 1 Avh= 1¥
a2t E 310 ERRATh LEPAE AT A% JFORA AuolrBEY Feoh
g2 15T N AdolatEe] HEGWIPIE Eo ATk T S, E 33904
WIG%) A Feol B35 3

ZES HE dolgo tiste] A (2)of o] Aozl
21 (3)el] tHdstd A7k 5284cPel d S

- 4128 ~273=117.8°C
Log(5284) + 6.844 (10)
W1(5%) T==7FAd ot /A F2olAxBES 274 E 135-117.8=172T7F F3sx

1

oh ole @ ghEol 7 FeATbAel olF LEARA E 230 FEuo] Stk 19 429 ®

Bl mEo] B ATN AT 4T FLANA 56RAL VT LEALE AL F

9ee @& 4 Atk T o W F AAEFE 2T BU0EA sh5Ael U WA
o]

7 =
ZE W6(19.47C), W2(17.5C) 183 W1(17.2C 9

)

%

d

A=

NS ¢ 7 Utk
TAde F2HA 5%E AFEIS Agol, dut FRopATES] 2t (3 16 FX)
NA T~ BES] 2EAA(E 3DE AZ Hluste] 1 2ol HE A7 98l ofg &
329 19 430 F AS$ES 3/ ST 19 438 Fxed W19 A$E Asta, o
W FRof~BES Ao JfF FRofATES Hlusle] =AY ¥ F AOE UEY
o S5 o 22 FqFo F2HIAE AEeHdE F2HIMAE b5 T3F%E HME Al
MA olABES] 2= AE I A A yEldt s AR o] #SHT
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1e+6 3
i @ Asphalt Binder
1 v Modified Asphalt
{ = M-W1(5%)
0 le+5 - * M-W2(5%)
o i A& M-W5(5%)
2 1 o M-W6(5%) /
3 1 o M-w7(5%) // 85°C
® - = 95°C
S let+d 3
o ] 3Pa.S
[ s = s —_ = A4 __ _ e |
©
Q_ -
Q -
< 1e+3 §
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028
Reciprocal Absolute Temperature, 1/°K
% 42 THIHA 5% 2 WA FRotATES] HEEA.
3 3l T=ATHAI7E 5%91 A FotATES Loy 4
EHOLM &2 | Al(2)2 A | A(2)al B | Al(2)a r2 | 25, AI(3) | 2&2 A, 4l(4)
OtAEE -8.226 4448 0.9975 99.4 35.6
JHE OtAZE -8.527 4996 0.9954 135.0 0.0
M-W1(5%) -6.844 4128 0.9992 117.8 17.2
M-W2(5%) —-7.435 4355 0.9997 117.5 17.5
M-W5(5%) —-8.267 4726 0.9979 121.3 13.7
M-W6(5%) =7.761 4461 0.9981 115.6 19.4
M-W7(5%) -8.068 4654 0.9977 121.9 13.1
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W32 FRATMATE 5% At AR FeolaBES] REA WAL
=o x st SROIAZEQ| HE S20tAZEQ
SE B ;CJD% C ;CLDD% o
W1(5%) 15.0 17.2
W2(5%) 18.6 17.5
W5(5%) 15.4 13.7
W6(5%) 26.0 19.4
W7(5%) 19.8 13.1
40
HEEE Straight Asphalt
1 Modified Asphalt
O
°_ 30 -
| =
2
©
=}
°
[})
X 20 _
o _
5 _
o
[«}] ] —
£
& 10 -
[
0 1 1 T T T
w1 w2 W5 W6 W7
5 Wt. % Warm Mix Additives
% 43, T2FTHAZE 5% At ANE F2otATES] kA
U, T2FHA FF mE dutd NE FoATEY HEFA

W29t W6 F237HA7F Aot ~TES] A of9A 2EFAd 7|t 7HE dotr
7] kel H (12345 TH%)I 2%(135, 125, 115, 105, 95, 85C)S WAl A 7},
e o3 ExgAE FAEAT. 1 AdE W29 Aol ¥ 433 % 33, W69
ol 19 449k F 340 ZHZ JElW It ¥ 433 44 Z18lal B 339F 3404 B S 9l
%ol HANAF ] SIS FE
0 FEHAA ey

%71 BEgE U 2}8}741 #Z3sta, Aty A FRoPATVES] FLFNE H P

=g g It Srrekl e, W67k Waell wjste] 1 & 37}



3 350 YEbAT. 27 459 F 3Bl B G o] ARk F2otABES Ag TFHT}
Al kol AS AF Plud W SRR AEHE BolAvt HIHA| ko]l Frketd it
2EE FEAAA SAFE B 5 ik oo fxdew AR FeoaBEe A FL
HIMA ggo] A8 Aol FUHoz w2 2u7AE Holu, H7MAl ko] F7hstH
eEga AIE AEH S Ak FeolaBEs} vwsy gwd 4o welth 9
o2 W6 A7Hilel o8 exgamsst Woel Hidte] $5ge 2 5 v
1e+6 3
J e Asphalt Binder
1 v Modified Asphalt
]l = M-W2(1%)
1os5 - *  M-W2(2%)
% 1 & M-W2(3%)
> ] & M-W2(4%)
'g 1 ® M-W2(5%)
g 1e+4-5 /QV
3 ] 3Pa.S
< 11— m— & | e & | 9rE9]
Q -
o
< 1e+3 4
] 35°C ———=¢
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028
Reciprocal Absolute Temperature, 1/°K
7 43, M-W29o] HE dolg e 2 (2)9] 3]+4%4.
¥ 33 M-W2 /M2 T2olxdE9 Ardolgd dg 24 Ay
Il &€ Al(2)2) A | Al(2)2 B | Al(2) r2 | 25, A(3) | 2524, Al4)
OLAZE -8.226 4448 0.9975 99.4 35.6
ME OIAZEE -8.527 4996 0.9954 135.0 0.0
M-W2(1%) -8.911 5071 0.9997 128.5 6.5
M-W2(2%) -8.601 4903 0.9990 125.0 10.0
M-W2(3%) -8.707 4901 0.9992 121.4 13.6
M-W2(4%) -8.717 4883 0.9987 119.7 15.3
M-W2(5%) -7.435 4355 0.9997 117.5 17.5
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Apparent Viscosity, cP

1e+6

Asphalt Binder

Modified Asphalt
M-W6(1%)
M-W6(2%)
M-W6(3%)
M-W6(4%)
M-W6(5%)

] e

1 v

- | ]
1e+5 o ¢

i A

1 e

] @
1e+4
1e+3 4
1e+2

0.0024

0.0025

Reciprocal Absolute Temperature, 1/°K

19 44 M-W6el A= dHeolg ek A (2)¢] 374,

0.0028

% 34. M-W6 71& 2TE

OHN & Al(2)2 A (22 B . Al(4)

OtAEE -8.226 4448 35.6
HE OtAEE -8.527 4996 0.0
M-W6(1%) -9.289 5194 8.7
M-W6(2%) -8.303 4773 10.9
M-W6(3%) -8.656 4863 15.0
M-W6(4%) —7.654 4453 16.4
M-W6(5%) —-7.761 4461 19.4
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Temperature Reduction, °C

30

0 L L L L]
0 1 2 3 4 5
Content of Warm Mix Additives, %
a9 45 FEHIMA R duk 2 N E SR ES] 2EqMA
% 35, T2HIMA el mE At d Jfd FRopATES RLTFA
W20l 28t weol 2ist | M-W20ll 28t | M-W6B0 28t
=omIH B % ol < oll ol < ol <
2&dA, T | 2L, T | 2L, T | 2&2A, T
1 6.5 8.7
1.2 3.7 3.9
2 5.6 6.6 10.0 10.9
3 11.3 15.6 13.6 15.0
4 13.2 19.6 15.3 16.4
5 18.6 26.0 17.5 19.4

_83_




O F2AHMA Y 279 FFe] BE AE F2oEBEY HER

J
=

FEAMAL 2L ofF Fasith FLAM Fo oW FRE grEHYon §HE
ZHA AL oA FRlolstal = nAA Y ddelA HEE wolw W oW Fi= §30|
flol A &R AA AEE WSV shal, o' Fi s WASe] ofAFE el 7
EE FAsE vk mEbd aall S2HMAE AdAs] flste] ol thE Jlwe 7h
A FeANASE Ads] x@el] dett eREAS 2w & Be) v
obefol M-W2E 3%= 1AGAR Fol M-W6e| H7Hg&S 123% s7HA171a 28 W
sta7ie AEE Skl o gls A Q= IATAS daE 17 459k & 360 HER9l
oh R Ad7lek bR M-W6E 3%2 nAAZl Sl M-W2e] H7IgHgES 3, 4, 5% 57t
Al71aL 2=E wEsiZie HEE S48 7 gs A Q= A st ' 469 E 37
of ettt dAl T2 bl 7%0ldE Aol xR FAIE 20T o) deo] yE
s Aos d5dn. As SEFLRNE USAYAT 8T ofste] AN Ad T
eolngEe] HrEgso] A Holth oM He FEdse Iy BAS s sE
TAE o] AlE g 9le] A ¥
1e+6 3
] @ Asphalt Binder
] v Modified Asphalt
{ ® M-W2(3%)+W6(0%)
o 1e+s4 ¢ M-W2(3%)+W6(1%)
© 1 4 M-W2(3%)+W6(2%)
2 1 ¢ M-W2(3%)+W6(3%)
9 ]
O
S tevd 5
= 1
g . % | e T
©
Q -
Qo
<L 1e+3 3
] 35°C ——
1e+2 T T T

0.0024 0.0025 0.0026 0.0027 0.0028

Reciprocal Absolute Temperature, 1/°K

19 45 M-(W2(3%)+W6)e] A= Holg sk 24 (2)¢] 37124,
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F 36. M-(W2(3%)+W6) 7Nd F2ofmBES] Hidolgol et &4 23}
EHOHH & Al(2)e AAlI(2)2 B Al(2)2 r2 | 2%, Al(3) | 224, Al(4)
OtAZE -8.226 4448 0.9975 99.4 35.6
HE OtAZE -8.527 4996 0.9954 135.0 0.0
M-W2(3%)+W6(0%) -8.707 4901 0.9992 121.4 13.6
M-W2(3%)+W6(1%) -7.310 4365 0.9993 122.8 12.2
M-W2(3%)+W6(2%) -7.673 4478 0.9983 120.1 14.9
M-W2(3%)+W6(3%) -7.000 4176 0.9997 116.6 18.4
1e+6 3
i ® Asphalt Binder
1 v Modified Asphalt
{ ® M-W2(0%)+W6(3%)
o tessd ¢ M-W2(3%)+W6(3%)
o i & M-W2(4%)+W6(3%) 95°C
2 1 & M-W2(5%)+W6(3%)
8 ]
(3]
= Te+d 3
S ] 3Pa.S
- 4" 135°c. & — ——" % = | L - ]
©
Q -
Q
<L 1e+3 3
< 25°C ——=
1 <~ 35°C
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028

Reciprocal Absolute Temperature, 1/°K

% 46, M-(W2+W6(3%))e] A= dlolg <t 4 (2)9] 3.

F 37. M-(W2+W6(3%)) I F2ot~ZES] H=dolgo 3t &4 43}

IHH ¢ Al(2)el A|AlI(2)a B Al(2)2 r2 | 2%, Al(3) |22, 4l(4)
OtAEE -8.226 4448 0.9975 99.4 35.6

HE OtAZE -8.527 4996 0.9954 135.0 0.0
M-W2(0%)+W6(3%) -8.656 4863 0.9985 120.0 15.0
M-W2(3%)+W6(3%) -7.000 4176 0.9997 116.6 18.4
M-W2(4%)+W6(3%) -6.565 3975 0.9990 113.6 21.4
M-W2(5%)+W6(3%) -5.504 3534 0.9971 110.2 24.8
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A7) 29 453} 46 el ¥ 363 379 AnE Egste] 18 473 ¥ 38

i % of ANt
ol A= W2 52 W6 T o= shvE 2AGA7]a & HIHA e 3& WA 7= A
2, W29} W6 & 5 stuUE Addsta 14 <k & & F2H7HA9 d5EFS AS5EH AE
Z7IIE AT e wavh Aee AT Atk & F A7k F oW Ak nAA
e gRglel FeA A AA AhgFe] FHRGE LEPLARE FFS B & 9
ATt

26
——a——  M-W2(3%)+M-W6(x%); (x=1,2,3%) /l
21 | — - —  M-W6(3%)+M-W2(y%); (y=3,4,5%) //
S, -
~
‘g 20 - //
k= ~
[}
X 484
el
2
© 16 -
[}
Q.
€ 14-
|_
12 4
10 T T T
4 5 6 7 8
Content of Warm Mix Additives, %
a9 47, FEHTHAl 23] o3k fHot AR ESY] 2t A
3 38 TRHIMA x27ell Yt MHEATESY 274 HolH
21T B S=28IHM &
x=1 x=2 Xx=3 y=3 y=4 y=5
M-W2(3%)+M-W6(x%) 12.2 14.9 18.4
M-W6(3%)+M-W2(y%) 18.4 21.4 24.8
2. F2HA T W8F W9l &3 ME F2oA2ZES HEFEH

W8 W9o g W& Jid Fot=BES] F2a3E 1% 48 49 % 507 i 39, 40
4101] 242 et ol 2" ol & ko] ols HIMAC A7 FEE A=
T s AERE vug Aow yeiwt W83 W92 JfHolATES] Hgo 74
ekl ¢ e Aow ddHE

o2 -1 w2

oo >,
to



1e+6

® Asphalt Binder
] v Modified Asphalt
1 ® M-W8(0.5%)
o lets4 € M-W8(1.0%)
© 1 A& M-W8(1.5%)
= 1 & M-W8(2.0%)
n 85°C
o 4
o
< le+d 3
= ]
o ]
©
Q -
o
<L 1e+3 3
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028
Reciprocal Absolute Temperature, 1/°K
19 48 M-W8e] H = dlolE e} 2 (2)9] 3724,
F 39. M-W8 /A FolxTES Hidoled ha B4 Az
ESIHH &€ Al(2)el A|AI(2)2 B Al(2)2 r2 | 2%, Al(3) |22, 4l(4)
OtAEE -8.226 4448 0.9975 99.4 35.6
HE OLAEE -8.527 4996 0.9954 135.0 0.0
M-W8(0.5%) -9.323 5286 0.9981 132.3 2.7
M-W8(1.0%) -9.490 5353 0.9987 132.3 2.7
M-W8(1.5%) -9.402 5316 0.9971 132.2 2.8
M-W8(2.0%) -9.629 5382 0.9994 130.2 4.8
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1e+6 3
1 e Asphalt Binder
] v Modified Asphalt
1 = M-W9(2%)
o fersd &  M-W9(4%)
; 1 & M-W9(6%)
= 1 & M-W9(8%) 0
@ ] 85°C
o 0
g e 95°C
& ] | 3PaS |
2 1=
Q -
Q
< 1e+3 4
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028
Reciprocal Absolute Temperature, 1/°K
a9 49, M-W9e] "= dlo]g et 2 (2)9] 374,
¥ 40. M-W9 ME F2olx~ZES] Ad o] that &4 A
HIOLM & Al(2)2] A|&l(2)e B| &l(2)2 r2 | 2%, A(3)|2&24, Al
OtAEE -8.226 4448 0.9975 99.4
MHE OtAEZEE -8.527 4996 0.9954 135.0
M-W9(2%) -8.966 5161 0.9971 133.9
M-W9(4%) -10.070 5592 0.9985 132.6
M-W9(6%) —8.886 5124 0.9974 133.5
M-W9(8%) -10.000 5554 0.9979 131.9
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1e+6

i ® Asphalt Binder
] v Modified Asphalt
1® M-W2(3%)+W6(2%)
1€ M-W2(3%)+W6(2%)+W8(1%)
o le+54 & M-W2(3%)+W6(2%)+W9(8%)
© 1 & M-W2(3%)+W6(3%)+W8(1%)+W9(8%)
:'? J
7] 7 85°C
8 -
s 95°C
3 5 | 3PaS_
©
Q -
o
< 1e+3 3
] 35°C —t
1e+2 T T T
0.0024 0.0025 0.0026 0.0027 0.0028

Reciprocal Absolute Temperature, 1/°K

29 50. T=H7HA 5ol 93 fE TRolAdES] 2EZA

E 4L FAH EF) % ANA FeolaBEe] FEuoly B4 A
Ao [ A9 [a@E)e]| 2, [222,
ol se BERRIAEREIRE
A B 2 | A@) | A
OtAEE -8.226 4448| 0.9975 99.4 35.6
HE OtAEE -8.527 4996| 0.9954| 135.0 0.0
M-W2(3%)+W6(2%) —-7.673 4478| 0.9983| 120.1 14.9
M-W2(3%)+W6(2%)+W8(1%) -6.545 4011| 0.9983| 117.8 17.2
M-W2(3%)+W6(2%)+W9(8%) -7.321 4345| 0.9996| 120.6 14.4
M-W2(3%)+W6(3%)+W8(1%)+W9(8%)| -7.518 4420 0.9971| 120.4 14.6
o FeAAA el A7tE AA FLolAWES LEFA 1%
obel 71 513 & 42004 & F elFol BEelul £Feld ko] WA FL UM ol
7%0]gel 7} Zio} geo] LEPA 2TEA 0T o4 wEAT) o= A
A LA FFol 10%9 Aol FeolrBEY FES BHF Aotk W8I W9l F
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Apparent Viscosity, cP

o FLAAS A BE Lxrhasl 20T oAl oA A
b Welbe Feolagee AEFL SR %ol Gemel
92 7Sk gk

Enths JE7 ¥4 s, AdolagERs 24Wd AgHel 27
Ton 29A £@ bl Atk o mHse FLAAAE AT

1e+6 7

1 @ Asphalt

1 O M-Asphalt

1 v M-W2(5%)+W6(3%)+W10(2%)

1 v M-W2(5%)+W6(3%)+W8(2%)
1e+5 4 B M-W2(5%)+W6(5%)

1 0 M-W2(5%)+W10(5%)

1 &  M-W2(5%)+W8(6%)

1 ¢ M-W6(5%)+W10(5% 75°C

A M-W10(5%)+ %)

1e+4 85°C

] 95°C 3Pa.S
1e+3 3
1e+2 T T T T

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Reciprocal Absolute Temperature, 1/°K

a9 51 el TS JNE FRotATEES 2R

X 42, FHTMA o] HUE A FRolATE

lo,
o,
=8
fn)
o,
a
4T
1%

B} Al(2)9 | Al(2)2 | Al(2)2 | 2%, 8%
SIHM &<

A B r2 Al(8) | A
OtAZE -8.226 4448| 0.9975 99.4
HE OtAZEE -8.527 4996| 0.9954| 135.0
M-W2(5%)+W6(3%)+W10(2%) -6.987 4049| 0.9989| 105.2
M-W2(5%)+W6(3%)+W8(2%) -5.669 3570 0.9932| 107.3
M-W2(5%)+W6(5%) —6.996 4028| 0.9995| 103.0
M-W2(5%)+W10(5%) =7.207 4183| 0.9995| 109.9
M-W2(5%)+W8(6%) -6.152 3861| 0.9958| 118.2
M-W6(5%)+W10(5%) -6.612 3911] 0.9969| 105.6
M-W10(5%)+W8(5%) -8.185 4687| 0.9979| 120.8
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Selected Additives

P

o
\Si'.‘: —

» Paraffin Waxes:
« Microcrystalline
« Astra 3816 Refined Paraffin
» Non-Paraffin Waxes:
Modified Natural
« Romonta Normal - Montan
« Romonta Asphaltan A
« Romonta Asphaltan B
« Partial Synthetic
« Clariant Licomont BS100 — N,N'-ethylenebisstearamide
= Luxco Pitch — stearie acid pitch
« Ester Wax - TBD
« Synthetic
= Sasobit — Fischer-Tropsch
« Allied - Polyethylene

(1) 349 d4H 54X (Dynamic Shear Rheometer, DSR)

OfATE ZFE ASHAFY o oESy] wfitel ofATE uHiIT o] o] Al A&
T AE B argstolof gty DSR2 ofAFERRRIY Al Al FIFEECA a2 7HA]
o] W34 EA(rheological characteristics; &St A4, IAzHS =A 3o}

¥ ¢l7o] AL&F DSR 9= ANTON Parr 8Ake] Zujojn] gulA9le thga 2o},
2 5[, 252
1% =499 1 (05x10° ~ 85x10°) Pa
-SASE 719 0 (=150 T 1000) T

& ] - (0.000017100) Hz

N
N

29 545 Fxs7] mbgtd ARl e o] SAAGA e s ) o] B gl
et BE7HA 22tk #e] FAAe BHOoRRE A HEolean AXRS Tl CH
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Viscous Behavior

'

both viscous and
i elastic behavior

O
- / G3

/ 2
81 ‘lﬁz
E

1 E2 e
Elastic Behavior
19 55 A'Ad AE
(2) AlBFEH|

Alg2 DSRE AT 22 AAS 713 g ol ~2FE ARE AES 3| d %y
ARG Apole] ol 2TE FAE ZAEYHA SFojol ) A8 FA= T 3 Aold 1H4
< xAste] gtk DSRolA = A5 FAC mek 7 i tE A4S 7H FJAdaE ALS
b AREEE I AAI AR FAE AEste of2TES w3t Aol weE tEv. o o}
2ZE vl el RTFO =3} v+ 25mm 2749 #¥ Immel FH o2 Alg ), E3t
PAV =3} vlolti= 8mm 2749 &3 2mme| Ao A|gstth A|55 AXstA] ol 7t
AL 27 #FH(mm, 2mm)oll AFE 507 AES Gt ZAHSTH AlY AlRE 0] 9
A= of2TE vt E FAZE 2 wi7bA Jhdstar ol wEl N EAA L} #HI AR
Az S8 A= olw s of~ZE widlt = v Jhd wikltEY ¥ & 227 2
QAR £EFE 163CE 273 4 itk

AE5E FHE dl= 7 ol otk A MAREE AEe FAE VMRS g3 of
2FES A3 Fo Y WUeln, F HAZE EEE o|§ste I of~TFEE A X3}
I 2AEY 2GR Aold AlRE AAshe WHolth oW WS AEEEA ol AFEE
AR & A2 Fol7l HEFE ARE Fol vhEil o 50 FAES AxAste] A4S
QT go=m AgstA wErh oW Az 1% 563 o] 97k WATTE o} AT E HElL
EA4L 2xd wgt ey Wi DSREA = As2is Adsts Add 2=FAE 7t
Zof &t} o] AL =3 Z(circulating fluid bath)v} A3 7] 2 E(forced air oven)S Al&
sto] 258 dAHSA 3o dutd o Fxe AsE EYAE O B2E AHESt B2 2

_94_



Ry
Mo
e

,,AI._o E
el RS
® %W%auwmwmo#_ﬁﬂbnl
2 ] — N ok < do o o) © m e oo T
o o M = Lﬂ_oﬂ_sduo L oo W =
~ £ %%uwx;_@ﬂ@@% D@ﬂ%aﬁ S
Ho 5 %@ﬂD%HaiAkﬂ R X W
.o o B ®r o T e T o o o o :i ‘W_I o LE bo_l fesel
N £ = J.Ll,_fo? ,O]&IA —~ = CCY Jmu7‘w.._
— b o7 — —
N 58 E%%%m_mannwﬁlé ST L ¢ 5K
I 8 < T =P IED ® A T oL
oS £ - rE A .@ﬁowﬁ%ﬁ A N

% oF &) <0 o T o R ET P Ko _ 5 = % )
. o %0 —_ o, o) o) i o =) A = o o} A}
Mo — T mpowe o) O S 9T — o T = Mo ol o B
~ o 7 T % T X o) "o o i o ~ By
Eg_d@ 2o W Aar%c;ﬂa,_ueu1§. mrqmiiﬂﬂ o g ~
W o X @ < frﬂﬂl_}éx%kﬂ_odu = B ool ol . E 4l

7%“.” w o ‘Ll_/#ox 0 1_|wAL 7‘@! q
T W] o BN O 7 N NE Lo T .
o L el L o i BT
N Eil _ XK N Ty C g 3w oo =
h 3 T o o W o LG
o M= ~ o T W ooy © w0 HoX " " © ™ e W
LiJ_A 0 L.Ea R1r LI]AN.E E nmE]ﬂ,Ll [
— I o XO o VI VL o T > N Nr o K E]E .= mw
o E o) 7o o) o \in A X ﬂﬁﬂlﬂﬁﬂo_e oY ﬂﬁ_vuﬂq,u S o ri_ﬂu
N z S _uoﬁ_ﬂm%i%% o X F L < < T
_ T Ny B E = 5
ﬂﬂr% = ﬂxim;% ﬁﬁHmedo aeo#oﬂsﬂlmﬂ mo_o?_
& o % u%eﬂm:a1Aél 3 N T W o X
oy T O A Mo F S = m Xl = 5o z
" e o o) o = dl o S my) oy X o o A oy = T o
N 2 s o dr.EL_ T w B = mo T do ® T
O ~ o E ) il S o W JJ) o
R - Py Ak Mo ® ) v
= W S %sl% xmaqﬂ_omﬂ ﬂﬂﬁoﬂ o
s o o ! o o PR P o m O
) —_— el )| X ' = ]_0 v T ﬂAl )
A s 4___1@@&%% 22 O T
R phy = 0 KX o3 T o P ~ oI T o o~ B
ol 5 2 o = X R T e 2l w2 ~ -~

i 0 o ﬂuﬂnaﬁa JAﬂ o il = o x ® .5
- Ok = o Nw oW O IR - é_ombt
4o <N BN S B o ®& 7 PN w =T
o = < BauﬂﬂiA 0w Tl mﬂ%%m@%% o & E
WO Amoﬁogﬂﬂimﬂ ol 1_ongLﬂrm %ﬁ_ur
< MR E:_é%aacﬁﬂa@ R m Y
N al olo o iy ~a o
A ~ TNW# %J%ﬂ‘-% _ B e XJ_;M#
t+ Mo - oI & o N ,LE =o T .= N o)
ey pis ﬂiu#dﬁl]x. dﬁ_q_i g
MRS xm:m:oo@ﬂG AT@@QHDM s W oT

) ; ~ T
oio_ei_gellhlﬁoﬁ o W = T T

oA © o = i ol ay = mr = T
NOW ) i ol S R KO ny o~ o~ o

rUIC: oH .121_.1%071_5 N S oo

Mo o< %%ﬂrA@_z AN

< A N N
1EE dawoa 7 W
0 dl fi%e) ﬂAl..__r
Mo oW
ﬂmo_o

- 95 -

=]
=]

o

[}

A

R

Eol 93

3 74
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a9 612 19 607 U Hebd ] Yet e, e g m e HrbelFo] wel @A
o] Adnlt} Zrlels 72 BHoFEU ol ARE A|E L) 7hAFRe] whel okzhe] el A
o] EAETE & F Uttt 2y BAARE HIE ofA~FREVE O8A & FET £
Aol A velgS Hoso AR 05%, 1.0% 18] 3.0%=2 H7Fsk Fo] &
40Coll A oFzkel ol & Holl s A9 M3 ghe UEHHIL &S Fod de

= 05%RbE ARt HUbel = '@ Ho] Ade] TS B ¢ dues A2 =2
g}, ol A~ ENJIY TS sind #hol oF 0982 Hol Hlsle] e AR} of~2FES] 05% H
7hE mQle o] k2 oF 0.962.% wdgko]l el S HolW, ol g A Aot

A/ o B L DR N
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S FrAA e o EFFEE AL @Agtow oAy AR He
FAAG] 2 AFE = F DS 5w Yok
1.00 ® i O
] N e )
] ° ¢
0.95
w ]
£ 0.90
w -
1 ® 0% R +100% Asphalt
0.85 - O  0.5% R +99.5% Asphalt
] v 1%R +99% Asphalt
v 3% R+ 97% Asphalt
0.80 T T T T
30 40 50 60 70 80
T, °C

a9 6l A8 Ad T @AddFe =27,

7HAE 04,

el ATARE EE BAARE 3% AR she W, G2ue) e
S Aol Ug &

0.8, 1.2, 2.0, 3.0, 4.0 ¥ 50%Z 7t7} 338k o} ~FE A|HS A Z3}aL o]
BAA RS T L A 19 620 Ve Sl

ob#l 19 628 AHEW, SAARE 3% THMA 3% dHEH T2olATEV He
AT gl A Mg e FeolaERT gkt F2HIMA Tl 4%9F 5%7F 3%
B} o8 2 gs Bolxl aAvt BRI AR G AU F7hR 7bAe] A
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Qe FxAW Bzl o SHIFS & 5 Atk o FFe LEA RolA s
s g% Fassl 2 Aeld nd o BYHth U B ATNE AH4LERA A

N A0EAAT S35

140
® 0%R+0.0%CM + 100% AP
120 O 3%R+0.0%CM + 97.0% AP
<‘> v 3%R+0.4% CM + 96.6% AP
100 v  3%R+0.8% CM + 96.2% AP
* m  3%R+1.2%CM + 95.8% AP
S g = O 3%R+2.0%CM +95.0% AP
x ¢ 3%R+3.0%CM + 94.0% AP
< § & 3%R+4.0% CM + 93.0% AP
2L 60 - A 3%R+5.0%CM +92.0% AP
(O]
40 §
8
20 - ) a
0 ) ) ° ) ‘ ’ ‘
30 40 50 60 70 80
Temperature, °C
a9 62. AAAE 3% 3 T2H7AY I
1.00 5 3 8 P

0.98 ° §

096 7 ; 0% R + 0.0% CM + 100% AP
3% R + 0.0% CM + 97.0% AP
3% R + 0.4% CM + 96.6% AP
3% R + 0.8% CM + 96.2% AP
3% R + 1.2% CM + 95.8% AP
3% R +2.0% CM + 95.0% AP
3% R + 3.0% CM + 94.0% AP
3% R + 4.0% CM + 93.0% AP
3% R + 5.0% CM + 92.0% AP

0.90 T T T T
30 40 50 60 70 80

sind

0.94

0.92

| RONR JNulN EECEE BNONY J

Temperature, °C

a9 63 AR 3%k T A st whe e 9

19 629 639= 3% B RS =4 dtolA @l TV T2adet G R IE
Aokt ot 19 649 656+ 3% BAA RS EA StellA F F2HIAE A ARSI

=
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140

0% R + 0.0% CM +100% AP

3% R +0.0% CM +97.0% AP

3% R + 0.2% CM +0.2%HCO + 96.6% AP
3% R + 0.6% CM +0.2%HCO + 96.2% AP
3% R + 0.8% CM +0.4%HCO + 95.8% AP
3% R +1.4% CM +0.6%HCO + 95.0% AP
3% R +2.2% CM +0.8%HCO + 94.0% AP
3% R + 3.0% CM +1.0%HCO + 93.0% AP
3% R + 3.8% CM +1.2%HCO + 92.0% AP

120 A

100

80 4

>Po e BJI 4080

60 -

*

G /sing, KPa

® O m#®d <

40

© O«

20 -

30 40 50 60 70 80 20

Temperature, °C

29 64 BAHAE 3%ANAM F F2HIMAE ARE He FaA A

1.00
g o v Y
s § 7
0.98 - ° g v
A [m]
¢ v
0.96 - 8
o ® 0%R+0.0% CM +100% AP
£ v O  3%R+0.0% CM +97.0% AP
v  3%R +0.2% CM +0.2%HCO + 96.6% AP
0.94 1 v 3%R +0.6% CM +0.2%HCO + 96.2% AP
®m  3%R +0.8% CM +0.4%HCO + 95.8% AP
0  3%R +1.4% CM +0.6%HCO + 95.0% AP
0.92 - & 3%R+2.2% CM +0.8%HCO + 94.0% AP
& 3%R+3.0% CM +1.0%HCO + 93.0% AP
A  3%R+3.8% CM +1.2%HCO + 92.0% AP
090 1 1 1 1 1
30 40 50 60 70 80 20

Temperature, °C

I3 65. BAAE 3% A F T2HMAE AJS de @8 aF
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180 5
160 J ® 0% R + 2%Sasobit + 98% Asphalt
] v O 3% R + 2%Sasobit + 95% Asphalt
140 3 v 0% R + 3%Sasobit + 97% Asphalt
120 ] v 3% R + 3%Sasobit + 94% Asphalt
g 1 J
X 100 J ©
bO“ E
c ]
E 80 [ J
s :
60
40 J %
E [ J
] v
20 ®
: 4 ¥
0 . ) ) ) Y Q g )
30 40 50 60 70 80 90
T, °C

a¥ 66. EHAR oA AMAHE FT2otA2TES HEd 3

1.00
] o 8 g v
] hd o
] d ]
° v
1 v ©
0.95
1 9
o -
£ 0.90
® i
. ® 0% R + 2%Sasobit + 98% Asphalt
1 O 3% R + 2%Sasobit + 95% Asphalt
085 1 v 0% R + 3%Sasobit + 97% Asphalt
J v 3% R + 3%Sasobit + 94% Asphalt
0.80 y T T T T
30 40 50 60 70 80 90

T, °C

a9 67. EAAE oA MAHE FATES] SR,
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100

80 4

60

40 4

Passing Percentage, %

20 4

-

0.1

Particle Size, mm
29 68 EFgEA Y ALE3E FyHo]H
A=(HHAYE==27]=19mm).

AlAA z Ak vhe i 2o

D 7519(165C) 3 A 992.25-1 3 (165C)E 165
TdsHAl E3e & &7)o ol 2A17F 7}Y] thE 2E] 229
77y 84, 101, 118, 145, 168C = A®E3FF o™, 2A7F Fol Ao

2
W 508 S AAEkth e Eek AEeA Azl § 9y
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FTEH7A 361 (WB(SJHJHWZ(O313”)+W6(0.31%4))?Jr
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A Sl A gE exel ool wol T eresi 247
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ofAZES HlwE o] eELE(HHALE)E WA A" olfs FT2olA4e A vHe
aeletr] fgtolth. dRbol AT ES Ao T39S 165TolA HAAS oY F2of AT E]
BFoll= 135TelA AAste] v AL2E=S uefsidvr. L3 dntel AT E 2359 7
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ABE FHEE 0CAAE WEsh ditolsBEs) gEsht 1 o Fel: #2435 dejgo
2 AR Fobd thel FREA gee vt & 5
A= BAA ] ohde molE

2.50
DS = 2.344 + 7.237x10™*CT
r’ = 0.8685

2.45 -

@ 2.40 4

£ A

© / DS = 2.315 + 6.628x10™°CT
> 2.35- \\ r’ = 0.4228

2 5

c (]

2 DS =2.219 + 1.519x10°CT

2.30 - r? = 0.9239

® Asphalt Mixture (mixed at 165°C)

2.25 A
B WB8(5%)+W2(0.5%)+W6(0.5%) (mixed at 135°C)
A W2(3.5%)+W10(2%)+W6(0.5%) (Mixed at 135°C)
2.20 T T T T T T
40 60 80 100 120 140 160 180
Compaction Temperature, °C
% 69, YWt FRolATE EFE 2w Wk Hal

=
O})ATE BTIEL BHE u}@%_‘z OﬂOdoM owo}A»E :mwau} ca %ao o) = (e
0.04g/cm® AE =92 Hogx Z2gart =83 Ygus Zoz dydr,

@ whEedE 53

rﬂ

AEES 60T FeF
ooobel ' 7000 TR o] wWE v R SRS BolErh At JpdetAdE
She A2 AR vHEAE R e vehl i JIH165T el A oF 12,000N 7 &),
TEH7MA 3617 (W8BZ#)+W2(0.3713)+W6(0.3713))o] F7he F2op~dE &5
=& TRt FEEA Heke] B2k gastel] met v R g F4 8] st
= Ads xdsta ok ol Ay a9 6994 ASHE HESd A w9 A
SRA REErE 9ol u, HEVF F43] fastal o]® Qe gl AReR xYH=
Aoty wELd Hor SUkd g MRS stEe Ve T8 e A}
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14000
MS = - 1802 + 97.02CT; r*=0.8710 ———=
12000 A
MS = 3731 + 54.67CT
r’ = 0.7432
= 10000 4
>
S 8000 -
S
(7]
= 6000 4 MS = 4982 + 46.89CT
< r’ = 0.9648
©
= 4000 A
@® Asphalt Mixture (mixed at 165°C)
2000 - W8(5%)+W2(0.5%)+W6(0.5%) (mixed at 135°C)
A W2(3.5%)+W10(2%)+W6(0.5%) (Mixed at 135°C)
0 L) L) L] L] L] L]
40 60 80 100 120 140 160 180
Compaction Temperature, °C
a9 70, 7MY FRolATE S EY upARIAE g
st o2 F2H7MA 332 (W2(1.815)+W10(1.229)+W6(0.3238))e] H7te F=o}
2FE S9EY v LE e R A dod AdAH dut JtholAZE 23E 9
3 A9 Hl=E A ot 4% Ao R vERETE (130Tel A 11000N9). ol ¢ &k o 3hA
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NAEAS 98 2AE PR 9 (PPN 44 ekt 4] FHape
dolrgA Aol FHes QAN AREFL AT AAAAF LA e AT 5 9
W, ANBAGH AgA AREAT. MEAAS 9% ARG A=

/ﬂ,
in) ¥ 13mme]3t= &

0dHE & tdrt
(o3

13-20mm=A] (3Bin), 5-13mm =#] (2Bin), k= Al (bmm ©]3}) (1
At == AE 7+ 20kg, A FAE Skg, 1L 0}*%2 (AP-5) 2
Z A7bEst ths 343, 44, 45, 46, 473 22 YEEEE

3 43. 13-20mm (3 Bin)¢] 747
3

WC-3 ¥%-8 Hot Bin (3Bin, 13-25mm)

AA7] (mm) T T &%) | &94&(5)
25 0.0 5728.4 0 100
20 0.0 5728.4 0 100
13 3631.8 2096.6 63 37
10 1460.7 635.9 89 11

5 452.5 183.3 97 3
2.5 143.2 40.1 99 1
0.6
Pan 40.1 0.0 100 0

Al 5728.4

# 44. 5-13mm (2 Bin)e] 4%

WC-3 ¥=8 Hot Bin (2Bin, 5-13mm)

AA7] (mm) T T &%) | &94&(05)
25 0.0 2536.2 0 100
20 0.0 2536.2 0 100
13 0.0 2536.2 0 100
10 606.2 1930.0 24 76

5 1265.6 664.5 74 26
2.5 621.4 43.1 98 2
0.6
Pan 43.1 0.0 100 0
Al 2536.2
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¥ 45. bmm ©]3} (1 Bin)¢] 2%

WC-3 =€ Hot Bin (1Bin, 5mm ©]3})

A=A7] (mm) i T | AHE%) | FHE05)
25 0.0 582.2 0 100
20 0.0 582.2 0 100
13 0.0 582.2 0 100
10 0.0 582.2 0 100
5 49.5 532.7 8 92
2.5 80.9 451.8 22 78
0.6 196.8 255.0 56 44
0.3 117.0 138.0 76 24

0.15 41.9 96.1 83 17
0.08 60.0 36.1 94 6
Pan 36.1 0.0 100 0
A 582.2
46, A A A5
WC-3 =& A2

A27] (mm) i T | IHE%) | BHE05)
25 0.0 55.1 0 100
20 0.0 55.1 0 100
13 0.0 55.1 0 100
10 0.0 55.1 0 100
5 0.0 55.1 0 100
2.5 0.0 55.1 0 100
0.6 0.0 55.1 0 100
0.3 0.3 54.8 1 99

0.15 4.0 50.8 8 92
0.08 7.0 43.8 20 80
Pan 43.8 0.0 100 0
Al 55.1
T@EA e A= HolxES st EF 13mm ol3tE WHE A S ARE
X 47 3= A e 49
WC-3 258 ¢8=4

A27] (mm) ZHi-=F T | Z5E%R) | THE05)
25 0.0 2587.9 0 100
20 0.0 2587.9 0 100
13 0.0 2587.9 0 100
10 344.2 2243.7 13 87
5 323.5 1920.2 26 74
2.5 460.6 1459.6 44 56
0.6 615.9 843.7 67 33
0.3 437.4 406.3 84 16

0.15 157.9 248.4 90 10

0.08 119.0 129.4 95 5

Pan 129.4 0.0 100 0
Al 2587.9
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3 43, 44, 45, 46 2 479 A3}

= =
=

[}

Gl ol ¥ 4

o0
o,
it
i)
il
e
rlr
v

3E 48, 7 Ao A=V B WES
=23 =7 A A7)
= e o5 20 13 10 5 2.5 0.6 0.3 | 0.15 | 0.08
3 Bin 100 100 37 11 3 1
2 Bin 100 100 100 76 26 2
1 Bin 100 100 100 100 92 78 44 24 17 6
A2 A 100 100 100 100 100 100 100 99 92 80
=2k A 100 100 100 87 74 56 33 16 10 5
el AdE 7 A Fy MRLERE FHAYEE 24T £ vk AFTFS A
T O g AALE P4 BT Astel 24uYel AF BAE AdYorn
ofof theh Wetow FHAZL ARG B om FolARE A WFEAE L 1
A ole] ® 499 £2rh 1Y 8% BAWMFAAES 1z gdstn ol
I 49 Y= HF
e | TE A A7
=7
R 25 20 13 10 5 2.5 0.6 0.3 10.15]0.08
3 Bin 28.0] 28.0 28.0 10.4 3.1 0.8 0.3
2 Bin 23.0] 23.0 23.0 23.0 17.5 6.0 4.6
1 Bin 17.0 17.0 17.0 17.0 17.0] 15.6 13.3 7.5 4.1 29 1.0
A & A 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0/ 1.8 1.6
T2k 30.0] 30.0 30.0 30.0 26.1| 22.2| 16.8 9.9 4.8/ 3.0/ 1.5
REchips 100.0f 100.0 82.4 65.7] 46.6| 37.0] 19.4] 9.1 777 4.1
WC-39] A% 100| 90-100| 72-90| 56-80| 36-85| 23-49| 10-28| 5-19| 3-13| 2-8
100 <
] P O:"'
] —e— Selected Gradation /,
80 - ++O-+ WC-3, Lower Limit P
A —w¥— WC-3, Upper Limit // O
S
g
7]
©
o
2lo 25

Sieve Size, mm

oF WC-3 A%,

g s
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W At ot2ZERRIN O UM A4

SHITA(Hol=2)E 30% A& A, AffolaBE W pgEe oy Ao At
_ (100° —r-P, )P, (100-r)P,,
" 100(100-P,) 100-P,, (11)

A 0ol A 7 REe] ojuli= ofelsl Pt

Pop = ABolAZ Aite] Ao g AFolade FF (%)

P, = AAotAZe F& o}~TE T (%)

Py = &A1 F& of=FE FF (%)

ro= AA A AE FA T AFA WEE (%)

2712 (D)o A, r=70% Y W, Pp=4.9%, Py,=4.0%2} 3, Pp=3.7%S A=t} wgia A
7] ZAWETA A wE ofAZAabe] HIE AjfolAFEIHLE 37%2 HAATY T o)A
A A7} BEXE AlgfolAadE stk A 2 dEATA FT2HIA BFE AAEHA
=3

7N & A A3 ol 15 AAtel Z a3tk 7t Az =FE AAbetd ofdl % 503 .

¥ 50. MAAAY Tt~ 1+ Aite] ok 7 A 5o ujghsr

ANE TH i et (%) | Wi gtk (kg/=) | WSS 93 AL

3 Bin 28.00 264.5 | (1000-49-6.5) = (28/100)

2 Bin 23.00 217 | (1000-49-6.5) = (23/100)

1 Bin 17.00 161 | (1000-49-6.5) * (17/100)

A 8- Al 2.00 19 | (1000-49-6.5) * (2/100)

S8 A 30.00 295 | (1000-49-6.5) * (30/100)/(1-4/100)

Aol ATE 3.70 37

MARE F2H7HA 0.65 6.5 | dAAIAT &Y A7 A Eg

gt Al 1000

* MANYFLZolnTE Fo MAANA T of~FE FF2 (4.9+0.65)%;

T AT of~FESEL 4 0%2 A

71 #5094 ARES A AN F2=HIMAl= T2 A 2 (W2+W6)oll B A5 &

F7Vetal A EF] FATES A AYMAAE E3star
o mFdEAAE ME AN T2 EFEY E4FA

¥ 509 == v A wet 2 ARE Fete] ok Al|E T 110015 o] Al Al =)o
Zy &7]o @Al 140TC 9] 89 2A17F o Fu7t AW & FA EF7]dd @i 383 4
dalA £ & & Y SR ES v B Yu 3 HE 753, W BT g s A
AleE 3 EAANTES 9% EFEAHY ARE dRIAUY. e AHS FF Fo A9
Ao AstAzl & g3l & updobAd = 7FEY, FHJG(TSR), YA HHA|, 55
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0.5048

- 4.483x10™* Marshall Stability
2
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b 2N AFY T RFe o Ze] T BAYS T 9l
a9 799 AFEE E3Ee] dig AYEES dste] S FYqUAE A (13)E H2AdHE
S d=stgiom 1 AnkE ofe) 27 80o el
2.0
hy1260 cycles = 4.988 - 1.230 Log(A)
E r’ = 0.9542
q"’; 1.5 4
o
oy
(=]
&
T 1.0 -
[+
<
s
o
A 0.5
s
o
0.0 T —— T T
1e+2 1e+3 1e+4
Dissipated Energy (A)
% 80. AW o]} E9HE ] oy x| te] g,
ad 80 T A UA7E WPz olE Bt A ge)

l

A AEFS welFu, R
(MS) BhAle] 5o A (A) i*éé%ﬂ 24NY L Acl g s e )
o gleh A7) Bel A g 799 809) AR A2 oldl 4 (5% (16)F LA, E 29
of wpaketgEst st A dloleo] o s Ay WS At obel ¥ 523 2k

Bisgoesees = 1.756 - 4.483x10~ -MS ;5 r? = 0.5048 15)
B sgpercs = 4-988-1.230-log(A) ; r*=0.9542 06

¥ 52. N=1260 cyclesol| A1 2] At} /AN AT ofA~2FEETSES LMY= 7L

an ?a‘tg 1o}~ E | AAYT2 oFABE
E3=(WC-3) 3= (WC-3)
wpAkobd = (MS, kgf) 1050 1950
24 oS g (24) 1.285 mm 0.882 mm
gl o Y #| (A, kgf.mm) 1300 2760
AW S g (25) 1.158 mm 0.756 mm
¥ B0 E vpAER o33 AW EZ ol gyduA R oS3 ghEu ot A
e ok 28 a AT o ~BE EFE] URE AqfolAZE E3EHET AW

Fol7k 1 AA e 3l
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A 72 MAAQA FLolA2Zo] A&l
1. A2 AR FL& ol2Z A&

7h A AR T of2E A

A 44 011*1 Az A ARAAN GAARS} 2dE FLANAS EFshaL, 1€ ofaT
A ake] = g3k 65kg”’“ ZF vld Wof xAsle] JE A TR ofAE S ALl o] -34S A

o] (F)R PG ukslgt. A d 2 fL71e 7hAb

o]
MHEA AR 62k =29 3, 4, 5abdolth A EF2 35 E, FA= 6em® A EH Ao,
AA o2 @2 0= ARtEAT. ofd 19 8lol ANIEFd FLE MR %A
& At

y,

:
4
3
HAS @ :
A -

7g o~ AMNZEE JNHFAF(170-175T)0] dRkolAF(160-165T) B 10T =+

o FjdolazZ Bt 30T e 140-145C 2 A A A

4 AY Fe AAAE WAG S0 FYTAA ) wAEd Q¥oE Fsgih obaE

AT Ao Arde] AolAd EAE sta Aitel BRe Wl AelA EFe Aas

of Q0E Yio] WLF ARATFL A=Atk ofnTol MAs o] YLE
]_

=
e ofad A2 m Fste] AAAREE SASAT. HEx ofAF A== 14349

93, 9171 &= 206TOIATh W 1049] A AFste] W 11Ae] AFARe] EHais
poz Asa WA olsw e T 53 TAH WA B Adast. -
S2AE AolaTe 13mmolstE BAT AL ASSARL, ATFEAG AeAE BB
FAL e Agsa. & WA 28 ohxEe AU AZF A ohE Gz
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KX

T

H7HA &

WA o} S0kgE ABE A FFTAMPBBAN AT AN 1l
2kt 1 A% Qolrl Z4gEe okl E 56l FE¥o} glvh

Hl-

3 56. AakE A A T ol BEAAAY
Al g 9 A # KS 7+4
e i N 18,198 KSF 2446: 2000
3E # 0.1mm 33 KSF 2449: 2010
ARG (A=) MPa 1.223 KSF 2382: 2008
HRAAME (F8) MPa 1.027 KSF 2382: 2008
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Evaluation of Potential Processes for Use in Warm Mix
Asphalr

Graham C. Hurlev' and Brian D. Prowell”
Abstract

Several new processes have been developed to reduce the
mixing and compaction temperatures of hot nux asphalt without
sacrificig the quality of the resuliung pavement. Three potential
warm max asphalt processes were evaluated mn this study. They
were Aspha-min® Sasobit® and Evotherm®E A laboratory study
was conducted to determune the applicability of these processes to
tvpical paving operations and environmental conditions commonly
found 1n the Umted States. including the performance of the mixes
wn quick traffic tum-over situanons and high temperamre
conditions.

All three processes were shown to umprove the
compactability of mixtures in both the SGC and vibratory
compactor. Stanstice mdicarad an overall reduction in air voids,
Improved compaction was noted at temperatures as low as 190°F
(88°C). Superpave gvratory compactor results indicated that
Aspha-muin®, Sasobit®. and Evotherm® mav lower the optimum
asphalt content. The addition of Aspha-nun®, SasobitE. or
Eveotherm®E did not affect the resilient modulus of an asphalt oux
nor did they merease the ruthng potential of an asphalt mix as
measured by the Asphalt Pavement Analvzer. The rutang potential
did increase with decreasing mixing and compaction temperatires,
which mav be related to the decreased aging of the binder resuling
from the lower temperatures. There was no evidence of differing
strength gain with fime for the mixes containing the three
processes as compared to the control nuxes indicating that a
prolonged cure tims before opeming to traffic 15 not an 1ssue. The
lower compaction temperature used when produring warm asphalt
may increase the potential for mosture damage. Owverall, Aspha-
min'E | SasobitE and Evotherm® appear to be viable tools for
reducing nuxing and compaction temperatures that can be readily
added to hor mix asphalt. Reductions in nuxing and compaction
temperatures are expected to reduce fuel costs, reduce emissions,

'Research Engineer and “Assistant Director. National Center for Asphalt
Technaology
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widen the winter paving window and facilitate niche applicanons
such as atrport runway constouction where rapid open to traffic 1s
essental.

Introduction

A number of new processes and products have become
avatlable that have the capability of reducing the temperature at
which hot mix asphalt (HMA) 1s mixed and compacted without
compromising the performance of the pavement. These new
products can reduce production temperatures by as much as 40
percent. North Amernican asphalt mixes are generally heated fo
200°F (149°C) or greater. depending mamnly on the grade of binder
used; muxes produced with these new products are being produced
at temperatures of about 250°F (121°C) or lower. Lower plant
mixing temperamures mean fuel cost savings to the contractor and
findings have shown that lower plant temperatires can lead to a 30
percent reduction 1n fuel energy consumiption (). Lower
temperatures alse mean that anv emissions. either visible or non-
visible: that may contribute to health. odor problems. or
greenhouse gas emussions, will also be reduced (). The decrease
i1 enussions represents a significant cost savings, considering that
30-30 percent of overhead costs at an asphalt plant can be
attributed to snussion control (/). Lower emissions mav allow
asphalt plants to be sited in non-attainment areas. where there are
strict air pollution regulations. Having an asphalt plant located in a
non-attainment area and producing hot mix with a product that
allows for a lower operating temperatre will allow shorter haul
distances which will improve production and shorten the
construction period, thus reducing the possible headache of traffic
congestion. Wanm asphalt mixes will also allow longer haul
distances and a longer construction season 1f the mixes are
produced at more normal operating temperatures. There 1s another
potential added advantage 1o that oxidative hardening of the
asphalt will be munimized with the lower aperating temperatires
and this may result in changes in pavement performance such as
reduced thermial eracking, block cracking. and preventing the mix
from being tender when placed.

Of the current processes. this report concentrated on three
i particular. The first process 1s known as Aspha-mun®. Aspha-
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min® 1s a product of Eurovia Services GmbH, based 1n Bottrop.
Germany. Aspha-min® 15 a manufacrured svothetic sodmm
aluminum silicate, or better known as zeolite. This zeolite has been
hvdro-thermallv erystallized. Zeolites are framiework silicates with
large empty spaces in their structures that allow the presence of
large cattons, such as sodium and calcium. They also allow the
presence of large cation groups. such as water molecules. Maost
zeolites are characterized by their ability to lose and absorb water
without damaging their crystal structure. Heat can dnive oif the
water containad in the zeolite. which can then act as a delivery
system for the new flud (3).

Eurovia s Aspha-min® contains approximately 21 percent
water by mass and 1s released in the temperature range of 183-
360°F (85-182°C"). When Aspha-min® 15 added to the mix at the
same nme as the binder. water 15 released. This water release
creates a volume expansion of the binder that results i asphalt
foam and allows increased workability and aggregate coating at
lower temperatures.

During the production of HMA . Furovia recomimends thar
Aspha-mun® be added at a rate of 0.3 percent by mass of the mux,
which in previous research has shown a potennial 54°F (30°C)
reduction m typical HMA production temperatures (3). Eurovia
also states that all commounly known asphalt and polymer-modified
binders can be used. as well as recycled asphalt (RAP). All types
of aggregates used in the hot mux mdustry can also be used. so no
changes to a normal mux design process are needed when using
zeolite. Aspha-nun® zeolite 1s approximately a 50 mesh matenal
which may be added directly to the pugmill of a batch plant,
through the RAP collar. or pneumatically fed into a drum plant
using a specially bmlt feeder. To date. four projects have been
constructed 1n the Umted States as well as a number of projects i
Europe.

The second process 1s branded Sasobit®, whichi1s a
product of Sasol Wax_ It 1s a fine crystalline, long-cham aliphane
polymethyvlene hvdrocarbon produced from the gasificanon of coal
or natural gas feedstocks nsing the Fischer-Tropsch (FT) process
(). It 1s also known as FT hard wax_

In summary. in the Fischer-Tropsch svathesis. coal or
natural gas (methane) 1s partially oxidized to carbon monoxide
(CO) which 13 subsequently reacted with ivdrogen (H) under
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catalytic conditions producing a mixture of hvdrocarbons having
molecular chain lengths of C3 to C100 plus carbon atoms. The
process begins with synthesis gas. which 1s a combination of
carbon monoxide (from coal gasification) and hyvdrogen (from air
separation), then reacted with either an 1ron or cobalt catalyst to
form products such as synthetic naphtha, kerosene, gasoil and
waxes. The liquid products are separated and the FT waxes are
recovered or hydrocracked into transportation fuels or chemical
feedstocks. The Sasobit recovered 1s in the carbon chain length
range of C45 to C100 plus. (4-0). By comparison, macrocrvstallin
bituminous paraffin waxes have carbon chain lengths ranging fror
C23 to C30 (7). The longer carbon chains in the FT wax lead to a
higher melting point. The smaller crystalline structure of the FT
wax reduces brittleness at low temperatures as compared to
bitumen paraffin waxes.

Sasobit® 15 described as an “asphalt flow improver . both
during the asphalt mixing process and during laydown operations,
due to 1ts ability to lower the viscosity of the asphalt binder ().
This decrease 1n viscosity allows working temperatures to be
decreased by 32-97°F (18-34°C). Sasobit has a melting
temperature of about 216°F (102°C) and 1s completely soluble 1n
asphalt binder at temperatures higher than 248°F (120°C). At
temperatures below 1ts melting point, Sasobit® reportedly forms ¢
crystalline network structure in the binder that leads to the added
stability (4, 7).

During the production of HMA | Sasol recommends that
Sasobit® be added at a rate of 0.8 percent or more by mass of the
binder. but not to exceed 3 percent. Sasobit® can be blended into
hot binder at the blending plant without the need for high shear
mixing. In commercial applications 1n Asia, Europe. South Africa
and the United States, Sasobit® has been added directly onto the
aggregate mix as solid prills (small pellets) or as molten liquid viz
a dosing meter. Marshall tests performed on mixes produced in
this manner indicated no difference in Stability or Flow values as
compared to prenmuxing with the binder (§).

Since 1997 over 142 projects were paved using Sasobit®
totaling more than 2.716,254 square vards (2.271.499 square
meters) of pavement (9). Projects were constructed 1n Austria,
Belgium, Chuna, Czech Republic, Denmark, France, Germany,
Hungarv, Italy. Macau, Malavsia, Netherlands. New Zealand.
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Ruszia. South Africa. Sweden. Switzerland, the United Kingdom.
and the United States. The projects included a wide range of
aggregate types and mix types, mcluding: dense graded muxes,
stone mastic asphalt and Gussaphalt. Sasobit®E addition rates
ranged from 0 8 to 4 percent by mass of ander.

Evotherm® 15 a non-propnetary technology based en a
chemustry package that includes additives to improve coating and
workability, adhesion promoters, and emulsification agents. The
total Evotherm package 1s typically 0.3 percent by weight of
emulsion, as was the case for this study. The chemistry 1s delivered
in an emulsion with a relatively lugh asphalt residus
(approximately 70 percent). Unlike traditional asphalt binders,
Evotherm® 15 stored at 176°F (80°C). The water in the emulsion
15 liberated from the Evotherm® 1n the form of steam when 1t 15
muxad with the heataed aggregate. The resulting warm nux appears
like hot mux in terms of coating and color.

Two Evotherm field trials have been constructed 1n South
Africa and one 1n the Umted States with additional trials planned.
The South African trials vsed dense-graded 125 mm NMAS
siliceous aggregates and viscosity-graded AC20 and AC10 binders.
Parallel-flow drams plants were used to produce dense-graded mix
at temperatures as low as 160°F (71°C): and in the field, laydown
and compaction temperatures as low as 140°F (60°C) were
aclneved. The United States trial was constructed near
Indianapolis, Indiana. The Indiana mix was a 12.3 mm NMAS
Superpave design produced with a dolonutic limestone aggregate.
The emulsion was produced from a PG 64-22 base.

Objective

The chjective of this study was to perform a laboratory
study to determine the applicability of several different processes
m warm mux asphalt applications including tvpical paving
operations and environmental conditions commonly found in the
United States. The processes were evaluated with respect to
compactability. quick turnover to traffic. stiffness. mitting
potential. and to moisture susceptibility.
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Research Approach

Table 1 shows the expenimental design for the laboratory
evaluation of the three warm mix additrves. The followmng sections
describe the individual tests that are included 1 the sxperimental
design.

Table 1. Experimental Design for Evaluating the Influence of
Warm Asphalt Processes on Mixture Volumetrics and

Performance
Iumwber of Sample: Tasted
Crarte Lime=tone
Conool  Zeoltte Sasobnt® Evotherm Comtrol . Zzolitz Sazobit®  Evotham
AEx Design 9 ] & 3 o £ g o
Valumestnes g B b g 8 E g g
Dlenificanion s M 24 M4 4 14 24 24
Rezlient 4 .l M M s | | 34 M
Modulo
AP Bnsing M 24 X P 24 24 | M
Moishims & ] & & 6 & fi &
Strenzth 10 14 10 1] 10 1 [ 10
Chanze with
Times
Mix Design

Two aggregate types (granite and limestone) and ones
asphalt binder grade (PG 64-22) were used to evaluate the
processes. However, to achieve the PG 64-22 binder nsed with the
Sasohit®), 2 3 percent Sasobit® was added to a base PG 58-28
binder to produce the PG 64-22 bindar. The nux design replicates a
12 5mm nonnnal maximum aggregate s1ze Superpave coarse-
graded crushed granite nux produced by Hubbard Construction,
Orlando. Flonda The nux design gradanon and optimmm asphalt
contents are shown 1 Table 2. The same target gradation was used
for the limestone aggregate.
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Tahle 2. Target Gradations and Asphalt Contents

% Passing

Sieve Size| JMF'  Granite | LMST
190 1000 590 100.0
125 90.0 87.9 90 9
95 830 79.9 835
475 520 495 527
236 34.0 122 326
118 250 236 237
0.600 19.0 18.6 I7 5
0.300 13.0 14.7 123

0.150 50 53 6.0

0.075 24 29 3.1

AC. % 3 51 48

1: Job Mix Formula; 2: Limestone

The job mix formula asphalt content was venfied for the
granite aggregate using a design gyration level of 123 gyrations.
For the limestone aggregate, the nux design was conducted using
the same design gyraton level to defermine an eptumum asphalt
content. Once the mix designs were venfied at 300°F (149°C),
each combination was then compacted at three lower temperatures
(263, 230, and 190°F (129. 110, 88°C)). Volumetric properties for
each of the 32 mux design combinations (one binder grade, two
aggregates. three processes and one control mix type. and four
compaction temperatures ) are presented i Tables 3 and 4. The
data for both aggregates with Sasobit® compacted ar 190°F (88°C)
were not obtained due to lack of material These data points will be
obtained when more matenial 1s available. Each result represents
the average of two samples. From the results of the mux design
venficanons using the control mixtures, asphalt contents of 3.1 and
4 8 percent were determuned for the granite and limestone
aggregate. respectively. These asphalt contents were used
throughout the remainder of the study, whenever test specumens
were made.
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Table 3. Volumetric Mix Design Data for Granite Agoregate

Additive Temperature, F JAC %] &, | WG, a0 N | G, |QirVoesds, b | VA4 | VFA
Contral 300 51| 1487 &80 1363 41 136 | 605
Control 35 Il | 1447 283 1371 39 133 | 710
Copiral 30 £l ] raaT ] 1383 44 134 | #3=
Controd tan 51 [ 125 1336 45 136 | &78
Zzolir 3 I i3 1376 i3 136 | 754
Zezalite 245 31 ] 13582 ER] 136 | 7iF
Zzali= 30 £1 587 1378 312 131 | 7355
Zzalite 120 31 883 1388 3id 135 | B2
Spsobit L 51 [ E] 3375 35 138 | 748
Sasobit 143 il 50 3377 34 1385 | 753
Spzohit 230 51 280 1380 41 144 | 717
Sasohit 130 51 IEEN A A HA NA

Evolharm 300 3.1 BR7 1383 il 137 | 753

Exvothann 55 ¥l [ 1357 33 154 | 753

vt 230 51 352 2133 33 125 | 723

Evmihar 130 31 ] 1aas i 1304 ER] 117 | 780

Table 4. Volumetric Mix Design Data for Limestone Aggregate

i — el
Addifive Teompernture, F |AC W] G | MG a X Ajr Voeds, Be | VALL | VFA
Contral 3 48 | 1344 B34 44 150 | 728
Contrl B 48 |15 E5l 45 151 | 723
Contral 130 48 |18 833 43 148 | 713
Conmnd 130 4F | 1342 53 4] 148 | 721
T=zolize 33 4% | 1542 [ 41 147 | TiE
Zzalize 143 48 | 1542 3.3 37 144 | =2
Tzolizz 330 45 | 1542 5.7 ] 136 | 732
Zzolne 130 45 | 1345 ] 49 55 | 83
S maoli 300 43 | 1548 Bl 34 141 | 7481
Spsoba 355 45 | 1548 63 332 140 | 767
Sasobit 230 4.8 | 1548 BE.3 31 138 | 772
Spgobit 190 48 | 1548 HA NA A HA
Evotharm 39 4.8 | 1547 60 38 136 | TE4
Evothan M5 48 | 1547 £5:8 3i 141 | 75z
Evotkarm 135 48 | 1547 8613 18 135 | ™8
Evothann 190 4% | 1347 §33 3% 144 | 738

Observations from Tables 3 and 4 indicate that the different
processes had hittle effect on the maximum specific gravity (Gom)
of the muxture. Previous research has mdicated that the Superpave
gyratory compactor (SGC) was insensifive to compaction
temperature ({0, /7). In Tables 3 and 4 there are very slight trends
of increasmg air voids with decreasing temperature for some of the
combinanons. Out of the 22 combinations that data was
determined for. only one had a lugher air void level than its
corrasponding control muxture. An Analysis of Variance
(ANOVA) test was conducted on the gvratory data to confirm the
belief that the gyratory compactor is not sensitive to compachion
temperature. The results are shown m Table 5. From these results,
the gyratorv compactor 15 statistically insensitive to the change in
compacton temperature. It can also be seen from the data that the
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different additives are sigmificant in the densificanon of hot nux
asphalt. Consequently, the addition of the Aspha-min® zeolite
appears to reduce the design asphalt content by approximarely 0.1
to 0.4 percent, while the addition of Sasobit® or Evotherm®
appear to reduce the design asphalt content by approximately 0.1
to 0.3, Smular reductions were noted 1 previous research on
Sasobit®(4). However, as stated previously, the asphalt contents
presented 1 Table 2 were used for the production of the remaimng
test samples to reduce the number of variables.

Table 5. ANOVA Resulis for Gyratary Data

Source DE Adj. F-stat  p-value Significant

M5

Temperanire 2 o014 014 0872 Mo

Additive 3 13526 1216 0.000 Yes

Aggregate 1 00704 043 0437 Mo

Error 17 |l

Total 23

Densificarion

Once the optimum asphalt contents and volumetne
properiies for each aggregate/binder combination were deternuned,
test samples were then produced to evaluate the mixes” ability to
be compacted over a range of temperatres. These test samples
were prepared using oven dniad aggregate. Before test samiples
were made, the anticipated number of test specimiens were batched
and then randomized for each of the different sets to reduce the
vanability. This was achieved by compacnng a set of six samples
per nux at the three lower temperatures mennonad previously (263,
230, and 190°F (129, 110, B8°C)), as well as a set compacted at
F00°F (149°C). The nuxing temperanire was approximately 35°F
(14°C) above the compaction temperature. Each sample was aged
for two hours at 1ts corresponding compaction temperature prior to
compaction. [No coating problems were observed for any of the
Warml mix processes. 1 est samples wers compacted using a
vibratory compactor. as seen in Figure 1. The vibratory compactor
was selected for several reasons. One reason was that the literature
suggested that the Superpave gyvratory compactor was insensiive
to temperature changes. A second reason was that 1t was found to
be sasier to produce samples for the Asphalt Pavement Analyzer
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(APA) with the vibratory compactor than with a Marshall hammer
(the Marshall hammer 15 known to be sensitive o compaction
temperature). A third reason was that the vibratory compactor
applies a vertical load, frequency, and amplitude that 15
comparable to those found in a typical vibratory roadway
compactor.

Test samples. 6 inches 1 diameter and 3.73 mches tall
were compacted i the vibratorv compactor for a ime peniod of 30
seconds. This was the length of nme that produced an air void
content of 7 percent 1in preliminary testing using the PG 64-22
control nuxture with the granite aggregate at 300°F (149°C). Once
the air vord content was determuned. these same samples were then
used to determune the resilient modulus and APA rut resistance of
each mix at the vanious compaction temperatures.

Figure 1. Vibratory Compactor used for Compaction of Test
Samples

Resilient Modulns
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Resilient modulus 1s a measure of the stiffness of the hot
mix asphalt. The indirect resilient modiolus was determined
according to ASTM D 4123, Indirect Tension Test for Resilient
Modulus of Bittminous Mixtures. The testing was conducted at
737F (23°C) as recommended by Lottman (/7). Since resilient
modulus 15 a pon-destmuctive test. additional testing was conducted
on the same set of test samples for sach nux combination

APA Rutring

Once the resilient modulus testing was completed. each
muxturs set was placed mn the APA to determine the rut resistance
of each aggregate/binder combination for the different compaction
temperatures. All testing was conducted at 147°F (64°C). Tesung
was conducted usimg a hose pressure of 120 psi and a vertical load
of 120 pounds.

Strength Gain

An evaluation of strength change with time was also
conductad bacanse of the possible changes 1n the stuffness of the
asphalt due to the lower production temperatures when usmg the
warm asphalt additives. If thev improve the workability of a
mixture. there may be concern that the workability would not
disstpate pnior to being opened to tratfic, thus creating the potential
for rutting. Ten samples of sach mix were prepared for short-term
and long-term mix aging per AASHTO PP2, using both the granite
and limestone aggregates. Mixture strength was evaluated basad
on indirect tensile strength at 77°F (25 °C). The mndirect tensile
strength of the muxture 15 sensittve to binder (or mastic) saffness.
Indirect tensile strength testing was performed on samples after the
aging periods shown in Table 6.

Table 6. Strength Gain Experiment Aging Periods

Set Short Term Aging (hours)  Long Term Aging (days)
at 250°F (121 °C) of Compacted Samples at
(prior to compaction) 185°F (85°C)

| 2 0
2 4 0
3 2 |
4 2 3
2 2 3

Moisture Sensirivity

- 142 -



If the moisture contained in the aggregate does not
completely evaporate dunng mixing due to the low mix
temperatures. water may be retained in the aggregate which could
i1 turm lead ro increased susceptibility to moisture damage.
Therefors, additional test samples were produced and testad
according to ASTM D 4867, Effect of Moisture on Asphalr
Conerate Paving Mixtures_ to assess the potential for moisture
susceptibility of each muxture combination. The ASTM procedure
15 sumilar to the AASHTO T283 procedure except for the agmng
times. Several agencies have already eliminated the 72-96 hour
room temperature cure period found in the AASHTO procedurs.

To sumulate the actual mpang process of a tvpical dmum
plant, a bucket mixer and a propans torch were used to heat the
ageregate and nux the samples for making the TSR test samples,
This was selected based on a methodology developed o study the
effects of residual moisture on compaction (fender mixes) ([3).
The bucket mixer used can be seen m Figure 2. Before the
aggregate was combined with the binder. 3 percent water mn
addition to the abserption value of sach aggregate was added to the
mux before it was heated. For example, the granite aggregate had
an absorption value of 1.1 percent, so a total of 4.1 percent water
bv agsregate weight was added to the oven drv matenial before the
binder was added.

The addition of the aggregate to the bucket muxer took
place 11 two steps because 1t was found that when the ennre
gradation was added at once, by the time the aggregate was heated
to the intended mixing temperature. which was 273°F (135°C)_all
of the fine matenal had segregated to the bottom of the bucket. So
when the binder was added to the ageregate, the fine matenial was
not fully coated. This was alleviated by adding the coarse and fine
aggregate separately. The appropniate percentage of moisture was
added to the fine aggregate portion. then set asude. The coarse
aggregare was added to the bucket, and appropriate percentage of
meoisture was introduced to the coarse aggregate (Figure 2) and
then 1t was heated to 230°F (121°C) (Figure 3). Then the fine
aggregate portion was added to the bucket and the aggregate was
heated back to the intended mixing temperature. When reached,
the dust proportion of the blend and the binder was added to the
bucket and allowed to thoroughly coat the agegregate. Each bucket

mix produced three test samples. During the mixing process_ the
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mux temperature decreased. so each test sample was placed 1nan
oven until the compaction temperature (230°F (121°C)) was
reached. usually about 10-13 munutes. This process 15 shown m
Figures 24

.l
o L] . L : .
Figure 2. Intreduction of Moisture to Agegregate for TSR
Samples

.I g r ¥ ': s =1
s 3 ,

Figure 3. HE_III:II]_g of "E‘i-r"et Aggregate to Mixing Temperature
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TEST RESULTS AND DISCUSSION

Densificarion

As mentioned sarlier. samples wers compacted 1n the
vibratorv compactor over a range of temperatures. The
densificarion results for both the granite and Limestones mixss
are shown m Fizures 3 and 6. The data for the replicatss are
provided in the Appendix. Tables Al through A8 From
observation of the resulis in Figures 5 and 6, the addition of
zeolite, Sazobit®, and Evotherm improves compaction over the
control muxture for all binder, aggregate, and temperature
combinations. Observation of Figures 5 and 6 also show that the
air void content for the control nuxmires increased from 300°F
(149°C) to 265°F (129°C), but did not increase ar the lower
compaction temperatures. This 1s probably due to less aging of the
binder or possibly from the coarse nature of the nmux. To venify if
the coarse nature of the nux had an influence on the densification
of the mixtures. a fine gradation was evaluated in the vibratory
compactor at the different compaction temperatures, and their bulk
specific gravities was determined. The results indicated a gradual
mcrease 1 the air vord content with the decrease 1n compaction
temperature. co the coarse nature of the nux 15 believed ro have
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some mfluence in the fluctuation ef the densification at the lower
compaction femperatures.

‘BQ

T

0.0

285F 24F 150F

I LT T T e i PR R A R

Figure 5, Densification Results over Range of Compaction
Temperatures — Granite Mix
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Figure 6. Densification Results over Range of Compaction
Temperatures — Limestone Mix
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Analysis of Vanance (ANOVA) was used 1o analyze the
densification data with air voids as the response vanable and
aggregate type, presence of additive, and compaction temperature
as factors. The results from the ANOVA are presented i Table 7.
From the results. all factors along with all possible interactions are
statistically sigmificant.

Table 7. ANOVA Densification Rezults

Source DF  Ad Fstat p-value Sigmficant*
S

Temp 3 BBl13 3133 0000 Yes
Additve 3 1B8782 &713 0000 Yes
Agg 1 283208 10142 Q.000 Yes
Temp™Additive o 2236 79 0:000 Yes
Temp™Agg 3 13168 448 0.004 Yes
Addinve™Agg 30 14257 57 0.002 Yes
Temp*Additive*Agg 0  (.5641 201 G042 Yes
Ertor 160 0.2812

Toral 191

* = Significant at the 95 percent confidence mterval

A Tukey's post-ANOVA test was then conducted on the
data for several reasons. One was to compare the different
additives to the control and to each other. to see if any additive was
statistically different from another additive. A second reason was
to determune how much each additive lowered the air void content,
based on the fact that the optimmm asphalt content might be altersd
by the addition of a warm asphalt additive, discussed earlier 1n the
report. Based on the results from the Tukey s test. Evotherm
lowered the air void content the most, with SasobitE next, and
zeolite lowenng the air void confent the least. Stansncally
speaking. all additives significantly lowered the air void content,
compared to the control However, Evotherm was stgmficantly
dafferent than the Sasobit® and zeohite. while the Sasobit® and
zeolite wers statistically different than the control; they were not
statistically different than one another.

Interaction plots for the densification data are shown in
Figure 7. Interaction plots are just another way to graphically
visualize the data. From these plots, a couple of conclusions can be
made, One. the granite aggregate consistently produced lower air
void contents_ based on both compaction temperature and the
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presence of any additive. And two. Evotherm produced lower air
void contents over the range of compaction temperatures.
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Figure 7. Interaction Plots for Densification Data

Numencally spealing, Evotherm lowered the awr void
content by an average of 1.5 percent. with a 93 percent confidence
interval of 1.2 to 1.8 percent. For the Sasobit®, 1t lowered the air
void content by 0.9 percent. with a 95 percent confidence mnterval
of 0.6 to 1.2 percent. Zeolite lowerad the air void content by an
average of 0.8 percent, with a 95 percent confidence mterval of 0.5
to 1.1 percent. All results were comparad to the control nuxtures
data compacted at 300°F (149°C). It 1s ultimately believed that the
addition of any additive will sase the field compaction of hot mix
asphalt. based upon the statistical findings from the densification
data.

Resilient Modulus

The data for the resilient modulus tests are provided 1o the
Appendix Tables Al through A8 An ANOVA was performed to
determine which factors (aggregate type. additive. and compacnion
temperature) significantly affect the measured resihient modulus.
These results are presented 1n Table 8. Based on the results. only
two factors (compaction temperaturs and additive) and two
mteractions (between compaction temperature and additive and
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hetween additive and aggregate tvpe) had a significant effect on
the resilient modulus.

Tahle §. ANOVA Resulis for Resilient Modunlus

Source DF  AdiMS F-stat pvalue Sigmficant™®
Temp 3 S68E+10 531 0001 Yes.
Addinve 3 296E+10 287 0038 Yes
Ago | 23EHI0 216 014%F No
Temp® Additive 0 JO0F+10 281 0004 Yes
Temp* Aoz 3 TOXE+De 077 0314 No
Addinve*Agg 3 408E+10 396  0.009 Yes
Temp*Additive*Agy 0 LISE+I0 114 0336 No
FError 160 103E+10
Toral 191

* = Symnificant ar the 95 percent confidence mierval

Tukey s post-ANOVA test was conducted on the resilient
modulus data to compare the different additives to the control and
to each otlier. as was done for the densification data. From these
results, it was concluded that Evotherm increased the measured
resilient modulus the most. with zeolite next. Sasobit® actually
decreased the measured resilient modulus, according to the data,
However, none of the additives sigmficantly affected the mesasured
resihient modulus values. one wav or the other. based on the
Tukeyv's rankings.

Interaction plots for the measured resilient modulus data
are shown in Figure 8. Interaction plots are just another way to
graphically visualize the data. From these plots, a couple of
conclusions can be made_ First. the limestone aggregate
consistently produced higher resilient modulus values for two of
the three additives and over the range of compacnon temparanires.
And second. Evotherm produced hugher resilient modulus values
over the range of compaction temperatures. except for the 300°F
(149°C) compaction temperamra. but an oultier may possibly be
skewing the zeolite test redulis.
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Figure 8. Interaction Plots for Resilient Modulus

APA Rutring

Once each set of test camples were tested to determine its
resilient modulus value. they were placed 11 an oven at 147°F
(64°C) for a mumnmmum of six hours to ensure that they were
equilibrated to the APA test temperamire. They were then placed in
the Asphalt Pavement Analyzer to determine their matting potential
at a temperature of 147°F (64°C). The ruthing results for the granite
and limestone aggregates are shown in Figures 9 and 10 wath the
supporting data for the replicates shown in the Appendix. Tables
Al through A8
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Figure 9. APA Rutting Results for Granite Aggrezate
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Figure 10. APA Rutting Results for Limestone Aggregate

Analvsis of vanance results from the mitting data are
presented 1n Table 9. Based on these results all factors and
mnteractions except for the one three-way interaction between
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compaciion temperature, additive, and aggregate tvpe were found
to be significant

Tahle 2, ANOVA Results for APA Rntﬁ.ng

Source DF Ady  F-sar  p-valoe Sipmificant™
MS

Temp 3 48330 3664 0000 Yes
Addinve 3 3767 285 0039 Yes
Apg 1 391.93 4485  0.000 Yes
Temp™Additive & 3223 244 0012 Yes
Temp*Agg 3 4073 309 DO Yes
Additrve®Agg 3 6488 492 0003 Yes
Temp~Additive*Age O 2482 188 0.058 No
Emor 160 1320

Total 181

* = Sygnificant at the 25 percent confidence mterval

A Tukey's post-ANOVA test was performed on the mutting
results to compare the different additives. The results from the
Tukev s suggested that the Evotherm lowered the mut depths the
most (by an average of 1.8 mm); Sasobit® decreased the rut depths
by 14 mm while the zeolite decreasad the rutting potential by an
average of 0.2 mm However, none of the additives sigmificantly
wncreased or decreasad the mutting poteniial compared to the hot
mux asphalt control samiples, based on Tukey s rankings.

Interaction plots for the measured rutting dara are shown 1n
Figure 11. From these plots. a couple of conclusions can be made.
First, the limestone ageregate consistently produced lower rutting
wvalues for the control and all additives and over the range of
compacton temperatures. And second. the additives produced
lower tutting values over the range of compaction temperatures,
except for the zeolite at the 265°F (129°C) compaction
temperatire, but this may be caused by variabality i the test data.
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Figure 11. Interaction Plots for APA Rutting

Strength Gain

The strength zain experiment was conducted to
evaluate the mitting potential immediately atrer construction. The
results from the sirength gamn expeniment for both aggrecates are
presented m Figures 12 and 13 The results indicated that although
the strength vaned over the different aging times. there was no
change 1n strength for esther the control mux or for the warm mux at
a particular age nme. This means thart there 15 no evidence o
support the need for a cure time before traffic can be allowed on
the asphalt nuxture contamning Aspha-min® . The data for the
Sacobit® generally mdicated reduced aging of the binder. except
for the long term aging samples for the limestone aggregate.
Previous research conducted at 41°F (53°C) on a Stone Matnix
Asphalt (SMA) mixture containing Sasobit’® indicated no
difference in tensile strength between the control and warm mixes
{14} Also. based on the rutting data discussed earhier. there 1s no
evidence to support the need for a cure time before traffic can be
allowed on the asphalt mixture containing Sasobit® This 1s
consistent with the reported congealing pomnr (212°F (100°C)) for
sasobit® (). Schumann Sasol (now Sasol Wax) reports that a
project in Ttaly was opened to traffic five hours after paving began
(15). Sasobit® 1s-also being used m the repaving of Frankfort
airport. Twenty-four inches of HMA 1= placed ina 7.5 hour
window. The ronway is then reopened to jet awrcraft at a
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temperature of 183 °F (853°C). Evotherm® chows evidence of
strength gamn with time. but the strengths at all but one aging
pertod for the granite aggregate are numencally supener to that of
the control nuxture; for the limestone aggregate. the Evotherm®
resulted on lower, but comparable values to the control nuxture.
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Figure 12. Strength Gain Results — Granite
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Figure 13. Strength Gain Results - Limestone
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Critical Compaction Temperature

In order to accurately evaluate the warm asphalt additives.
a comparison was made between the test results for each of the
different addinives and the test results for the control nux ata
normal compaction temperature. this bemng at 300°F (149°C) for
this particular study.

The reasen for this companson was te deternune a critical
COMPACTIOn femperatire, a MmN compaction temperatrs fo
where warm mux laid at any temperature below this compaction
temperature. the performance of in-place asphalt wall not be as
good as hot mix asphalt laid at normal compaction temperaturss.
The test results for theze comparisons can be seen in Table 10 In
Table 10, the row labeled "none” refers to hot mix asphalt without
anv warm mux additrves added. It does not mean hot nux that was
mixed and compacted at normal temperatures and let cooled to the
particular compaction temperamire, but rather nuxed and
compacted at the two different temperatures evaluated. these being
263°F (129°C) and 230°F (110°C).

Observation of the results for the densification data
inchicated, all processes were either statistically the same. or
significantly improved the compaction of the samples, down to
230°F (110°C). All equal signs seen in Table 10 mdicate that there
15 no statistical difference between the process in question and hot
mux asphaltat 300°F (149°C). The less than (<) sign means the
performance 15 not as good as tvpical hot mux asphalt, where the
greater than (—) sign mdicates performance that 1s better than
HMA The values m parentheses indicate the p-value of each
comparison, to illustrate the significance of the comparnison. For
example, at the 230°F (110°C) compacton temperature. all process
sigmificantly improved the densification, but based on the
mdividual p-values, Evotherm® improved the densification the
Mmost.

Regarding resilient modulus. all processes neither
sigmficantly increased nor decreased the measured resihient
modulus values. down to 230°F (110°C). This holds true for the
mix type with no additive as well This suggests that no additive
will affect the suffness of an asphalt muxturs.

Basad on the results for the APA rotting tests, Sasobit®
neither mecreased nor decreased the rutting potential. down fo
230°F (110°C). For the zeohite, there was a significant increase i
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the ruthing results for both compaction temperatures. Observation
of the p-values suggests that the mitting was more significant ar the
2635°F (129°C) compaction temperature; however, this may be due
to some testing vanability from the APA device. The test results
for the Evotherm suggest that there may be an increased potennal
for matting at the 230°F (110°C) compaction temperature.

Table 10. Results of Comparison of Additives to Hot Mix

Alr Voids Eesilient Modulos APA Rutting
165 230 165 230 265 230

None = = = = = ;
(0.8803) (01161) (0960533 (09969 (03071) (D.0002)

Zeolite = = = = = =
(02230) (0.0123) (09068} (0.0321) (00023 (00420

Sasohit = : = = ) =
(0.0006y (0.0059) (1.0000% (0D.8911) (00028 (0.5752)

Evotherm = = =

(0.0000) (0.0001) (09801) (D.O98T) (0.9833) (D.DOST)

Moisture Sensitivity

As was mentioned before, ASTM D 4867 was used to
determune the moisture sensitivity test results. A compaction
temperature of 230°F (121°C) was selected based on compaction,
modulus, and mutting results to be an acceptable temperature for all
three processes. The results for both aggregates are shown in Table
11 Alse mncluded 1n Table 11 are test results from TSE samples
that were prepared from oven dry aggregate 1n the gyratorv
compactor after being aged at 300°F (149°C) for two hours. except
for the SasobitE . which was aged at 250°F (121°C). as stated 1n
ASTM D 4867 This testmng was conducted to see what kind of
behavior the additives exlubited in the mixture. From the test
results for samples prepared with oven dry aggregate 1n Table 11,
the presence of zeolite decreased the TSR value. but stll resulted
in an acceptable value, while the Sasobit® lowered the TSR value
to an unacceptable value,
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Table 11. Tensile Sn'ength Results for Granite and Limestone
Aggregate  MixType  Indivect Tensile Strength TSR
Unsaturated. Saturated. %

pei psi
Gramite Comntzol 126.6 1234 Fa7*
Grame Feolie 1350 1263 81"
Gramse SasobirE 05 0.6 {.68**
Granie Zeolitz 672 404 (.5
(Granite Control 750 883 118
Granie Feoliz T35 ] 087
Graniie SasobitE 532 380 o7
Gramie Evotherm 70.8 67.7 0945
Limestons Control 1085 712 .43
Limestons Zeolitz 6.6 442 031
Limestone Sazsohu® 335 a1 091
Limestone Evotherm 5.0 46.8 .62

Note: * Indicates Samples were prepared m SGC followmg ASTM D 4867
Note: ** Indicates Samples were prepared in SGC following ASTH D 4867
with 230°F compaction temperature

Once this testing was concluded. TSR samples were then
produced at a lower compaction temperature (230°F (121°C))
using the bucket mixer, as previously discussed mn this report.
[minially. testing was performed without the presence of any type of
anti-stripping agent. Results from this testing showed that the
zeolite lowered the TSE value as compared to the control mixture
{Table &); the resulting TSR value does not satisfy the
recommended mummum value for Superpave mixes (mummum of
(0.80). The test results also exhibited some vanability 1n the data
from one aggregate type to the next. For example. the SasobitE
mcreased the resistance to motsture for the limestone, but
decreased the resistance for the gramie. compared to their
corresponding control mixes, whereas the Evotherm® did the
opposite, increasmng the TSE with the granite aggragate and
decreasing the TSR with the limestone aggregate compared to the
corrasponding control. It 1s believed that the testing precision 1s
decreased when the tensile strength values are low. which 1s
apparent i this casé.

Figure 14 presents a sample contamning Aspha-nun®
exhibiting a cohesive failure. It 15 believed that the binder was
somewhat emulsified due to the moisture released from the Aspha-
min® causing the cohesive failure. It 1s possible that a cure time
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would dissipate the motsture i the binder. eliminating the
potential of a cohesive falure.

In Figure 15. the conditioned control sample exhibited an
adhesive failure. But the uncenditioned control samples also
exhibited visual stnpping resulting from adhesive failures. It1s
expected that the adhesive failure resulted from moisture
remaiung in the aggregate from the lower mixing and compaction
temperature. However. the cohasive fatlure m the samples
contaiming the Aspha-min® resulted i lower tensile strengths.

Figure 14. Example of Cohesive Stripping Failure — Granite

Figure 15. Example of Adhesive Stripping Failure — Granite

Tt'1s believed that the farling TSR values were possibly due
to several factors, those being moisture retammed i the aggregate.
or due to residual moisture left behind by the nucroscopic foaming
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process of the zeolite. To evaluate these hypotheses. additional
TSR tests wers conducted with the granite aggregate as shown in
Table 12. To determune if the lower TSR values were caused by
moisture 1n the aggregate. TSR testing was conducted using oven
dry aggregate. The aggregate was placed i a 250°F (121°C) oven
prior to mixing to make sure there was no internal moisture
present. Test results from the oven drv aggregate also resulted m
failing TSR wvalues; therefore the decrease in tensile strength 15 not
believed to be solely due to internal agoregate moisture.

To determune if the mossture resistance could be mcreased.
anu-stnpping agents were then evaluated. First, one tvpe of hiqguad
anfi-stmpping agent, ARMAY LOF 6300_ was used with the
control and zeolite muxturss. This additive 15 routinely used with
the granit= ageregate source. For the control mixture. the liquud
anti-strip visually reduced the adhesive failure, increassd the
unsaturated tensile sirangths while the sarurated tensile strengths
remained the same as the control nuxture without hguid anti-strip.
For the muxture with zeolite. the hiqud anti-stop increased the
unsaturated tensile strengths, but 1t decreasad the samrated tensile
strengths, thus resulting i a low TSR value (0.38). The decrease
111 the saturated tensile strength may possibly be due to a reduction
in binder viscosity from the hquid anti-stnpping agent.

Table 12. Additional Tensile Strength Results for Granite

Agaregate

Ann-Stippmg Mix Type Indirect Tensile Smrength.  TSE.

Additive Unsamursred,  Sahurated,

pa Dt
0.75% LOF 6300 Comtral 1047 803 0585
0.75% LOF 6300 Zeolite 860 362 0.38
1% Lime Zeolite 110.6 833 077
1.5% Lime Feolite; Two-stage 5 603 087
addition

1.5% Lime Zechite; ATl Added Dry 94.2 67.3 Q.75
0.4%5 Magpaboend Sazobit 173 16.5 084

Hydrated lime was then evaluated. Hydrated hime was usad
1 two dufferent percentages (1 and 1.5 percent), while for the 1.5
percent added hydrated lime. 1t was evaluated in two methods — all
added dry and 1n a two stage addition (0.3 percent added to wet
agoregate and the remaming percent added to the dry aggregate).
For the addition of just the one percent hydrated lime, 1t was addsd
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to the dry aggregate. From the results in Table 12, the hydrated
lime increased the TSE value to just below the mimmum
requiremient for Superpave mixes.

As was mentioned before. the use of 1.5 percent hvdrated
lime was evaluated 1in two methods. First, 0.3 percent was addad o
the wet aggregate. This was performed to trv and improve the
adhesive failurs exhibited 1n the previous tnals. The remaining
percent was added to the dry aggregate to possibly solve the
cohesive failure seen in the previeus trial as well From the test
results, this added amount of hydrated lime produced an acceptable
TSR value. But the split addition process may possibly add
unnecessary cost, so the 1.3 percent hvdrated lime was evaluated
again, but added all at once to the dev aggregare. Besults indicated
a decrease 1 TSR value to an unacceptable value.

Regarding the Sasobit®, Sasol recommendad adding a
liquad anti-stripping agent that has been commonly used 1n
commercial paving applications. Kling Beta 2912 is manufacturad
by AKZ0 Nobel and 15 more commonly known as Magnabond.
Additional TSR testing was conducted using Magnabond at a
percentage of 0.4 by weizht of binder. These test results are also
included in Table 12 The results indicated a substantial increase in
the TSR value. compared to the test results from the PG 64-22
binder with only Sasobit® added. The additional TSR testing using
the higuud anti-stripping agent resulted 1n an acceptable value.
based on Superpave requurements. However, the individual rensile
strengths (both unsaturated and saturated) were substannally lower
than the other strengths obtamnesd.

Mead Westvaco developed an alternate formulation with
different adhesion promoters for the limestone aggregate. The
TSE tests were repeated using the bucket mixer as descnibed
previously using this alternate formulation. The unsaturated
strength of the samples produced with the new formmlation were
83.6 ps1, and the samrated strength was 933 psi resulting in a TSR
of 1.09 From the results. the resistance to moisture increased by
approximately 30 percent compared to the ongmal formulation
The conditioned samples exhibited no visible stnippmg. netther
adhesive nor cohesive.

- 160 -



Hamburg Wheel-Tracking Device

To validate the TSE results. test samples were prepared and
tested i the Hamburg wheel-tracking device. This device 15 used
to predict mowsture damage of hot max asphalt. Ivalso has been
found to be sensitive to several factors, mcluding asphalt cemsnt
stiffness_ length of short-term aging, compaction temperatures, and
anti-stnpping treatments (/o). All these factors have previously
been observed as possible problem areas 1n the evaluation of warm
asphalt mixes. so the test results from the Hamburg wheel-tracking
device may be vital in accurately establishing a pood performing
warm asphalt mux

Test results from the Hamburg wheel-tracking device are
presented 1 Table 12 Also mcluded are the corresponding TSR
values for each of the mix types. From these test results, the
Hamburg test results vanied in relation to the test results from the
TSR testing. In some cases. the Hamburg confirmed the data
deternuned from the TSE test (Evotherm). while i other cazes the
Hamburg data showed a decrease m the moisture resistance of a
particular max. This 1s mainly true for the nuxes containing
SasobirE. The Hamburg test results also confirmed the conclusion
that the mixture containing zeolite had a lower resistance to
moisture than the control mixture. This 15 basaed on the stnpping
wnflection pomt. When describing the stripping inflection point, 1t
15 the number of passes at which the deformation of the sampls 15
the result of moisture damage and not rmutting alone. [lustranon of
the stnpping inflection pomt 1s shown in Figure 16. It 15 related to
the resistance of the mux to moisture damage. The lower the
stripping inflection pomt 1s an indication of a decrease 1 the
resistance to moisture for an asphalt mix. Strippang inflection
points aver 10,000 cycles, in a general sense, represent good
nuxes.
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Tahle 13. H'lmhurg Wheel Tr :Jr:kmg Device Resulis

Awmmremate Az Type Treatment Simipping  Ruitmg TER
Inftection Eate
Point. cvclen  mmhr

Crrartise Commo! Home E500% 1.5 ST
Crranite R Home 3075 2461 071
Granie Faolit Hlome 3450 5130 0.47
rranizs Evotiem Hone KA L7GE (3.0
{Franirs Faclif 159 Hydmeed Lome 2 500+ 1012 .57
Sraee Additton
{rranira Zaolife 155 Eydmred Lons A1 A 0.887 a.7s
Agded Dry
Crranice Sasolir 4% Maznnbond MA 0164 o8
Linsesinpa Commot Mome 1500 4724 (L85
Limssstons Taolite Fome 1730 2335 051
Limssmna Sasgir Tiome i) 3076 91
Limsazsons Evothiemm ooe 1550 317E g2

Iose ® mudrvidnel ssmpie did not heve o soipmns miffec ton point reported value is sveragzof 10,000 cyclas

sndd recorded smippme inflacnon poinr of setond sample; WA =o' smpping infiection pomt
detErmined

The mtting rate determuned from the Hamburg test rezults
comrelated well with the stnpping inflection point; that as the
inflection point increased. indicating an imncrease in moisture
resistance. the mitting rate decreased. Rutting rate 1s defined as the
slope of the secondary consolidation tangent, as seenin Figure 16
The addition of Sasobit® improved the muthng rat= 1n all cases as
compared to the control mixes. except for the granite aggregate
using PG 64-22. This corresponds to the findings with the APA
The test results indicated that the addition of liquid anti-stmipping
agent i combmation with Sasobit® produced the lowest rutung
rate, which mn turn will result 1n an added benefit of decreased
rutting potential of asphalt mixes produced at lower operating
temperatures.

The Hamburg results also indicated the split addition of 1.5
percent hydrated lime improved both the stripping inflection point
and the rurting rate. when compared to the results with just zeolite
added. In terms of rutting rate_ this was an improvement of 63
percent. The addition of 1.3 percent dry lime resulted in no
occurrence of a stripping mflection point 10,000 cyeles and further
improvement 1n the rutting rate.

The results from the Hamburg wheel-tracking device
correlated well with the TSR values, validating the earlier claim
that the addition of zechite increased the potential for moisture
damage. The Hamburg results for the addition of 1.5 percent dry
lime indicate a mixture resistant to moisture susceptibility while
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the TSR results were margmal, Generally. the Hamburg wheel-
tracking test 15 considered to be the miore accurate predictor of
moisture damage as compared to the TSR test. Lime will also
stiffen the bander (1 7). thus also providing a benefir tn the rutting
potential of warm nuxtures that are compacted at a lower

temperature (less than 230°F (121°C)).

1ol ety foncm
=
B &

=

o 1000 000 3600 C e 5080 &
Cyles

Figure 16. Hamburg Test Results, Defining Rutting Rate and
Stripping Inflection Point

Canclusions

Based on the results from the lab resting using all three
warm asphalt additives. the following conclusions were made:

¢ The gyratory compactor was not sensitive to the reduction
1 compaction temperature. Therefore all test samples to
simulate field compactability were compacted in the
vibratory compactor.

¢ The addition of anv warm mix processes lowers the
measured air voids 1 the gvratory compacior. While this
may indicate a reduction m the optimum asphalt content, at
this tume 1t 15 behieved thar additional research 15 requured

- 163 -



and that the optimmum asphalt content of the nuxture
determiined without any additives included should be used.
It should be noted that the optimum asphalt content of the
nuxture without the addinon of any additive was used for
all of the testung completed mn this study.

All processes improved the compactability of the mixtures
i1 both the SGC and wibratorv cempactor. Statistics
indicated an averaze reduction m air vouds up to 0.77
percent for the Aspha-min® zeolite. (0 89 percent for the
Sasobit®. and up to 1 33 percent for the Evotherm n the
vibratorv compactor. Improved compaction was noted at
temperatures as low as 190°F (88°C) for all three additives.
The additton of anv warm nux process evaluated m thus
stidy does not affect the resilient modulus of an asphalt
mix comparad to nuxtures having the same PG binder.
Improved density improves the measurad resilient modulus.
Therefore, there would not be any =ffect on pavement
thickness design when using warm asphalt mixes.

The addition of Sazobit® zeolite, or Evotherm does not
increase the mutting potential of an asphalt mux. The mutting
potential increased with decreasing mixing and compaction
temperatures and this may be related more to the decreased
aging of the binder. However, the mixes contaimng
Sasobit® were less sensitrve (1o terms of rutting) to the
decreased production temperatures than the control mixes
were.

The indirect tensile strengths for mixes containing
Sasobit®E were lower, 11 some cases, as comparad to the
control mixes. This reduction in tensile strength 1s belisved
to be related to the anti-aging properties of Sasobit®
observad 1 the binder testing. Other laboratory tests (APA
and Hamburg) mdicated good rutting resistance for the
nnxes contamning Sasobit®.

There was no evidence of differing strength gam with nime
for the mixes contaiming any additives as compared to the
control nuxes. The addition of Aspha-nun® or Evotherm
may not require a cure ttme for the asphalt mixture prior to
opening to traffic. Field data from Europe supports the fact
that the addition of Sasobit® does not requirs a cure time
for the asphalt muxture prior to opemng to traffic, as well.
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The lower compaction temperature used when producing
warm asphalt with any such warm mix additive may
increase the potential for moisture damage. The lower
mixing and compaction temperatires can result
mcomplete drying of the ageregate. The resulting water
trapped i the coated aggregate may cause moisture
damage. Reduced tensile strength and visual stripping
were observed in both the control and warm asphalt mixes
produced at 230°F (121°C).

Various anti-stripping agents were evaluated to mutigate the
potential for moisture damage. Hydrated lime used with
zeolite appeared to be effective with the gramite aggregate.
The addition of 1.3 percent hvdeated lime resulted m
improved cobesion and moisture resistance over the warm
muxtures without hydrated lime. The addition of AKZ0
MNobel Magnabond (Kling Beta 2912) improved the TSR
values to acceptable levels for the Sasobit® . An alternate
Evotherm formulaton provided good moisture rasistance
for the hmestone aggregate.

Hamburg wheel-tracking tests indicated good performance
in tenns of mosture suscepnbility and rutting for the
mixtures contamming Sasobit® and Magnabond. Hamburg
results also suggested the lime will also assist in the rutting
resistance of warm mixtures with Aspha-min® compactad
at lower temperatures due to the lime stiffening the asphalt
binder.

Recommendations

Based on the research conducted to date, the following is

recommended when using any warm 1= additive to reduce hot
rmuix asphalt production temperatures:

The modified binder including Sasabit® needs to he
engineerad to meet the desired Performance Grade. Asan
example i this study. a PG 38-28 was used as the base
asphalr with the addinon of 2.3 percent Sasolnt® to
produce a PG 64-22
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¢ The optimum asphalt content should be deternuned without
the addition of any warm nux additive. Additional samples
should then be producad so the tield target density can be
adjusted (e.z. If the laboratory air void content with any
additive included was decreased in the lab by 0.5 percent,
then the field target density should be increased by 0.3
percent).

e Based on the compaction and ruthing results. a mimmum
field mixing temperature of 275°F (135°C) and a mummum
field compaction temperature of 230°F (121°C) 15
recommended If the mixing temperature 1s below 275°F
(135°C), then the gh temperature grade should be
bumped by one grade. Performance testing can be
conducted to predict field performance Field compaction
will dictate the true nnmimum compacnon temparanise
depending on a number of factors.

e Tensile strength rato testing should be conducted at the
anticipated field production temperatures. If test results
determined are not favorable, anti-stripping agents should
be added to the mix as an anti-stripping agent to increase
the tensile strength rahio.

o  More rezearch 15 needed to further evaluate field
performance. the selection of the optimum asphalt content.
and the selection of binder grades for lower production
femperamres.
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Appendix

Table Al. Test Resulis for Granite HAA

Compact. AVC Resilient APA Rut
Temp. °F  AwrVoids, Modulns.  Depth mm

% psi
300 75 467171 104
300 6.0 204 065 81
300 63 372998 9.2
300 53 420863 16
300 6.1 215163 7.0
300 - 218,717 41
Average 62 364830 1.7
Std Dev. 0.7 145 569 2.2
263 59 272,632 134
265 5.5 239237 125
265 97 289367 20
263 7.1 377.023 121
265 7.0 281952 134
265 6.6 366632 10.9
Average 7.0 337.811 119
Std Dev. ) 124 486 1.7
230 43 315579 189
230 53 310433 108
230 53 426.761 18.1
230 54 3491350 13.9
230 49 485 897 19.5
230 3.3 276,334 11.6
Average 52 360692 15.8
Std Dev. 0.5 79.815 3.8
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Table A2, Test Results for Granite WMALA with Zeolite

Compact. AVC Resilient APA Rut
Temp. °F  Air Voids. Modulus.  Depth. mm

‘o psi
300 2D 687,767 10.1
300 3.6 682,167 117
300 38 487 386 13§
300 532 433 168 155
300 4.7 529.635 104
300 4.4 477 301 39
Average 31 349371 112
Std Dev. S 109 286 33
263 37 309.673 106
263 52 272691 151
265 5.7 343,764 143
263 6.2 280,185 129
263 71 290417 22.0
265 7.2 254,065 158
Average 6.2 358 466 151
Std Dev, 0.8 131,313 3.9
230 6.8 401.439 12.8
230 6.5 169512 0.8
230 6.2 320211 14.1
230 30 596 461 89
230 39 300014 139
230 5.6 458273 17.8
Average 6.0 374318 129
Std Dev. 0.6 146.646 3.2
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Tahble A3. Test Results for Granite WMLA with Sasobit

Compact. ANVC Resilient APA Rut
Temp. °F  AwrVods, Modulus.  Depth mm

] psl
300 53 256,341 6.7
300 33 345,309 22
300 34 216,508 71
300 49 206.066 5.4
300 42 408.657 28
300 53 291,797 4.5
Average 51 302 446 48
Std Dev. 05 67,503 20
265 St 204 986 4.4
263 6.0 220,396 102
265 6.0 199 955 10.0
263 335 459 184 10.4
263 50 376.923 6.2
265 49 232,128 5.0
Average 54 297 295 17
Std Dev, 0.5 102,136 2.8
230 52 245023 113
230 6.0 400,953 114
230 38 230,897 6.0
230 5.6 196.361 84
230 6.0 288.890 8.6
230 2.5 270,607 10.3
Average 3.7 272,122 a4
Std Dev. 03 70,788 21
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Tahle A4, Test Results for Granite WALA with Evotherm

Compact. AVC Resilient APA Rut
Temp. °F  Air Vouds. Modulus,  Depth. mm

Yo pel
300 40 494925 6.4
300 41 255832 7.0
300 41 325,132 8.4
300 3.2 398841 6.7
300 41 423 122 8.6
300 41 471.223 7.7
Average 39 394 683 1.5
$td Dev. 04 90.320 0.9
263 5.0 396105 6.4
265 5.8 721.394 7.0
2635 5.1 302279 48
263 51 252836 86
265 36 264.369 8.3
263 5.5 502.908 9.3
Average 5.4 406.652 7.4
Std Dev. 03 180,682 L7
230 57 3035.878 10.1
230 6.9 256.110 123
230 53 286165 14.7
230 45 364,771 10.1
230 45 360,688 16.6
230 45 230,165 136
Average a2 300,630 129
Std Dev. 1.0 34599 26
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Tahle AS. Test Results for Limestone HVMA

Compact. AVC Resilient APA But
Temp. °F  Air Voids. Modulus.  Depth, mm

Da ps1
300 5.0 298.143 54
300 71 327,152 78
300 6.6 497.695 7.8
300 77 295254 6.8
300 82 396.668 104
300 84 420900 59
Average 7.7 372735 T3
Std Dev. 0.7 80.123 18
265 73 337.083 537
265 7.3 435035 41
265 T4 287,729 6.3
265 73 337.065 10.1
265 7.3 338496 106
265 72 303339 57
Average T4 339 795 71
Std Dev. 0.1 51,236 26
230 7.7 308 7OR 76
230 73 222463 5.0
230 T7 302232 09
230 7.5 316.623 87
230 7.1 4534 714 161
230 T4 380.027 14 4
Average T3 347476 103
Std Dev. 0.2 83.153 42
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Tahle A6, Test Results for Limestone WMA with Zeolit

Compact. ANVC Resilient APA Rut
Temp. °F  Awr Vouds. Medulus.  Depth. mm

[T

b psi
300 6.1 475491 4.4
300 8.3 350,333 38
300 5.7 473.634 83
300 3.7 666,245 74
300 2 322710 29
300 33 604,166 Z2.1

Average 38 482 930 4.8

5td Dev. 0.3 1353372 25
263 1.2 418.459 6.7
263 39 309849 b
265 6.9 329377 4.5
263 6.3 315,048 9.8
265 6.0 378.661 73
263 6.3 324 986 12.5

Average 6.4 346,063 1.3

Std Dev. 0.5 43127 29
230 6.1 434.645 1409
230 6.3 282 399 13.0
230 59 2T8.984 7.8
230 6.6 378.760 32
230 6.3 205,147 96
230 6.4 206.560 74

Average .3 207749 9.0

Std Dev. 0.2 D2.5300 2.8
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Table A7. Test Results for Limestane WMA with Sasabit

Compact. AVC Resilient APA Rut
Temp °F AwrVoids, Modulus,  Depth mm

9

o ps1
300 34 337358 54
300 e 297320 14.7
300 56 471.217 48
300 33 233,892 79
300 34 181 684 90
300 31 200 677 159
Average 34 202,191 10.1
Std Dev. 02 104.360 4.3
265 62 636,016 84
263 35 446,225 69
265 64 233,693 58
265 57 332.667 il
2635 33 342,245 80
265 6.4 434 460 71
Average 28 440 884 6.3
Std Dev. 0.5 137,965 19
230 71 208.667 5.2
230 3.9 333,557 72
230 6.7 444113 g1
230 6.6 600,905 83
230 6.5 330,688 33
230 6.0 317.233 83
Average 6.5 387,327 71
Std Dev. 0.5 116,373 15
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Tahle AS. Test Results for Limestone WMA with Evothen

Compact. ANVC Resilient APA Rut
Temp. °F  AwrVouds, Modulus.  Depth. mm

% psi
300 4.8 347 682 24
300 48 363,202 o
300 47 271.011 32
300 45 337.561 43
300 432 375.629 43
300 43 337 883 5:1
Average 4.6 405.495 41
Std Dev: 0.3 117.647 1.1
263 37 310.068 9.0
263 52 279.233 6.9
263 54 410,908 44
263 33 338.5371 46
263 54 430,399 6.7
263 a7 336.231 B.2
Average 55 384,272 6.6
Std Dev. 0.2 05404 19
230 6.3 435817 140
230 6.0 453308 22
230 6.4 716,368 6.1
230 6.0 379249 11.3
230 539 352414 115
230 6.6 424 074 6.9
Average 6.2 4p0.238 10.3
Std Dev. 03 130,048 31

Tahle A9, Indirect Tensile Strength (psi) as a Function of

_Aging Time
Granite 2 4 2Hours+ 2Hours+ 2 Hours+
Hours Hours 1 Day 3 Davs 3 Days
Control 1026 121.5 674 098.6 943
Zeolite 1164 1182 722 103.0 87.0
Sasobit 475 398 633 34.7 91.0
Evotherm 1044 1363 605 102.6 1303
Limestone 2 4 2 Hours+ 2Hours+ 2 Hours+
Hours Hours 1 Dav 3 Days 3 Days
Control 1321 1105 832 829 749
Zeolite 1156 1115 77.6 897 80.5
Sasobit 1138 1117 37.7 573 1004
Evotherm 769 1031 72.2 714 910
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PO

PO-0 | Pm-1 | Po-2 | PO-3 | PO-4 | PO-5 | PI-6 | PH-7 | PI-8 | PI-9 | PI-10
135 - 434 424 428 414 412 402 392 381 376 376
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PII

PM-0 | Pm-1 | Pm-2 | Pm-3 | Pm-4 | Pm-5 | Pm-6 | Pm-7 | Pm-8 | PH-9 | PI-10
135 - 415 - 373 - 363 - 340 - 325 -
125 - 694 - 622 - 601 - 563 - 529 -
1us| - 1267 - 1087 - 1065 - 97| - 907 | -
105 - 2,390 - 2,067 - 2,020 - 1,855 - 1,687 -
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PV

pv-o | pv-1 | pv2 | pv3 | pva | Pvs | pv-s | Pv7 | Pv-s | PV-9 | PV-10
135 - 408 - 390 - 366 - 354 - 332 -
125 - 664 - 650 - 607 - 586 - 531 -
115 - 1227 - 1,127 - 1,082 - 1,047 - 947 -
105 - 2,370 - 2,235 - 1,982 - 1932 - 1,780 -
95 - 4,960 - 4,610 - 4,190 - 3975 - 3470 -
85 - 11,620 - 10,820 - 10,670 - 8940 - 8220 -
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WI-0O| WI-1| WI-2| WI-3| WI4]| WI-5]|] WI6]|WI-7| WI-8| WI-9|WI-10
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75 - 28,700 26,450 25,250 - 22,650 - 37,750 -
Wl -
40,000
=\\/ | _
35,000 —_
=\\ | -
30,000
=W | -
25,000 —
Wl -
20,000 -
Wl -
15,000
10,000 Wi -
5,000 W -
Wl -
75

- 182 -

=W | —10|




wi

wiI-o | wo-1 | wo-2 | wo-3 | wo-4 | wo-5 | wio-6 | wo-7 | WII-8 | WII-9 | WII-10
135 - 418 - 376 - 381 - 358 - 335 -
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105 - 2,460 - 2,085 - 2,145 - 1,930 - 1,807 -
95 - 5,370 - 4,220 - 4,480 - 3,925 - 3,715 -
85 - 12,250 - 9,775 - 10,270 - 9,275 - 8,275 -
80 - 20,850 -1 15,520 - 16,200 - 14,020 - 12870 -
75 - 33,050 - 25,350 - 26,050 - 22,850 - 21,050 -
35,000 Wil
30,000
25,000 =wil-3
20,000
W Il-5
15,000
10,000
WIl-7
5,000
L] L] T T T W ” -9

135
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HO H1 H2 H3 H4 H5 H6 H7 H8 H9 H10
135 519 520 523 505 474 470 461 480 492 502 506
125 871 905 886 843 806 786 771 787 814 857 841
115 1,625 1,655 1,642 1,515 1467 1,437 1417 1427 1,485 1,550 1512
105 3,230 3,285 3,245 3,355 2,875 2,825 2760 2,805 2915 3,065 3,080
95 74301 7,600 7130 6,812 6,200 6,180 5950 5940 6410 6,720 7130
85| 16,720 | 17370 17,500 | 16,070 | 14920 | 15270 | 14120 | 14770 | 15570 17520 | 16620
20,000 Ho
18,000 =H1
16,000 =H2
14,000 =H3
12,000 =H4
10,000 aH5
8,000 —HE
6,000
H7
4,000
// -H8
2,000
»H9
135 125 115 105 95 85 H10
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1 2 3 4 5 6 7 8 9 10
7
135 370 294 305 279 320 306 381 392 394 392
125 623 484 514 461 531 499 635 661 665 667
115 1132 90| 85| 806| 952| 87| 1092 1202| 1212| 1217
105 2175 | 1597 1707| 1502 1642 1642| 2232 2455 2380 2465
95 4530 32651 3575] 3,065 3,685 4240 4760 | 6,620 5340] 5,310
85 | 11170 7340| 7980| 6860| 8270 7820 11620 14,020 12770 | 13,020
16,000 1
14,000 — =2
12,000 4 =3
10,000 =4
=5
8,000
6
6,000
7
4,000
8
2,000
9
135 125 115 105 95 85 10
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11 12 13 14 15 16 17 18 19 20
7
135 399 353 337 341 320 349 319 363 386 363
125 676 590 566 577 525 575 534 607 624 617
115 1272 1072| 1,022| 1,020 957 | 1,047 952 | 1107| 1122 1,085
105 2,625 2,075 1,945 1,987 1,797 2,007 1822 2,170 2,205 2,195
95 5490 4360 4,610 4,240 3,765 4130 3,745 4,570 4,710 4,700
85 13,720 10870 | 11,100 9,975 8,825 10,050 90251 10,970 | 11,170 14,020
16,000 1
14,000 /— =12
12,000 =13
10,000 / =14
=15
8,000
-16
6,000
17
4,000
18
2,000 15
- 20
135 125 115 105 95 85
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21 22 23 24 25 26 27 28 29 30
7
135 371 374 327 305 316 330 370 339 411 411
125 633 627 557 508 524 547 598 557 696 665
115 1,142 1,142 992 877 947 962 1,072 987 1,237 1,262
105 2,230 2,235 1,905 1,705 1,775 1,805 2,140 1,855 2,485 2,465
95 4750 4,730 3,990 3,550 3,680 3,730 4,360 3,750 5,170 5,210
85 11,120 | 11,100 | 10,720 7,825 8,775 8550 | 10620 8425 | 12,170 | 12,420
14,000 2
12,000 =22
=23
10,000
w24
8,000
m25
6,000 26
4,000 27
28
2,000
29
) 30
135 125 115 105 95 85
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31 32 33 34
7
135 432 405 424 405
125 722 664 714 670
115 1297 | 1217| 1262 1,207
105 2525 | 2315| 2515| 2345
95 5200 | 4890 | 5.280| 4930
85 | 12470 | 11220 12,520 | 11,620
14,000
12,000 / 31
10,000
=32
8,000
6,000
=33
4,000
2,000 o4
135 125 115 105 95 85
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W2

Ww2-1 W2-2 W2-3
135 277 272 188
125 466 425 328
115 810 724 547
105 1537 1,347 962
95 3195 2,805 1,865
85 7,210 5,950 4,330

w3

W3-1 W3-2 W3-3
135 377 401 404
125 641 680 699
115 1217 1272 1,267
105 2485 2,505 2,585
95 5360 5470 5690
85| 16150 | 13,270 | 15120

8,000
7,000 /
/1 w
6,000 / / 1
5,000 W2
// ;
/
4,000 —2-
)/ |
3,000 // /
2,000 /
1,000
135 125 115 105 95 85
16,000 3
W3-1
14,000
12,000 =W3-2
10,000
=\W3-3
8,000
6,000
4,000
2,000
135 125 115 105 95 85
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P2

P21 | P2 | P23
8,000
135 232 257 285 7,000 /
P2-1
6,000 //
125 375 427 467 5 000 // pra
4,000
115 647 732 808 // -p2-3
3,000
105 1185 | 1347 1,512 2,000
1,000
95| 2530 | 268 | 3125
135 125 115 105 95 85
85| s470| 5940 7,030
P3
P3-1 P32 | P33
5,000 /
. 4,500
135 127 236 217 //
4,000 //
125 279 376 324 3,500 /I/
3,000
P3-1
115 450 641 529 2,500 ®P3-2
2,000 / -P3.3
105 652 | 1167 935 1,500
1,000
95| 1967 | 2285| 1822 500 -
35 4415 4910 3820 135 125 115 105 95 85
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P5

P5-1 P5-2 P5-3
i3 5 250 227 194
125 404 353 307
115 699 617 514
105 1,295 1117 915
95 2,615 2,087 1,765
85 5670 4,730 3,710
H
H-1 H-2 H-3

1!35 374 465 438

125 600 641 620

115 1,065 1117 1,075

105 2,115 2185 2,125

95 4,410 4770 4,930

85| 10300 | 13920| 14870

6,000

5,500
5,000

4,500
4,000

3,500
3,000

2,500

2,000

1,500

1,000
500 -

135

125

115

105

95

85

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

135
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125

115

105

95

85

P5-1
=P5-2
=P5-3

H-1
=H-2
=H-3



HI

HI-1 HI-2 HI-3
135 376 367 375
125 638 630 637
115 1,160 1157 1,180
105 2,345 2315 2,285
95 4,950 4870 4,950
8| 1L.870| 12470 | 17,870
wWI
wl-1 wl-2 wl-3
135 295 258 232
125 486 419 374
115 912 718 642
105 4,800 1332 1,177
95| 11,250 2,745 2,405
85| 26,350 6,230 5,060

20,000

18,000

16,000

14,000

12,000

10,000

8,000
6,000

4,000

2,000

135 125 115 105

30,000

95

85

25,000

20,000

15,000

10,000

5,000 /

135 125 115 105
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95

85

HI-

HI-

|

Wl-1
Wl -2
=W | -3




13 14 15 16 17
14,000
135 383 390 405 388 406 12,000 /4
10,000
125 639 665 685 649 677 / 3
8,000 / "
=|5
115 1197| 1225 1222 1195| 1,202 6000 -
-7
105 2805 2375 2510 2365 2425 4000
2,000
95| 5220 s5090]| 5310 5070 5,29
135 125 115 105 95 85
85| 12920 12420 13,570 | 13570| 13,070
TR
85 m ml m2 m3 m4 mb5 mé6 m7 m8 m9 ml0
135 5,560 3,360 2680 2072 1,842 1,760 2860 | 25560 1,895 1,820 1,540
125 9,980 6,637 5062 3925 3,415 3,160 5600 4780 3,485 3,420 2,690
115] 21,320| 14320| 10620 8300 7,287 6120| 12120 9440 7,430 6,600 5,320
105 sues0| 32400| 23970| 18470| 16220 | 12320| 29250 21880| 16520 13400| 11,270
95| 144000 | 84370| 66120] 46250| 40550 | 25920 78s00| s4700| 40950 | 31,80 24,500
85| 487500 | 269,500| 192000] 139700| 117,500 | 65120 263000| 168000| 119700 86700 | 66,300
600,000 m
=ml
500,000 2
/ =m3
400,000
/ =m4
300,000 s
/ / =m6
200,000
/ m7
100,000 =m8
/
— =m9
i — L] T T
135 125 115 105 95 85 m10

- 198 -




m mll ml2 ml3 ml4 ml5 ml6 ml7 ml8 ml9 m20
135 5,560 4,480 4400 4480 3,710 5,040 4445 4920 4,225 2,140 2,280
125 9,980 8,700 8820 8540 7,687 9,640 9212 9320 8,670 3,940 4,040
115 21,320 19,360 19,560 19240 16,920 20,480 20920 19960 19,370 7,820 8,250
105 51,680 47,500 48300 48000 41,450 50,9%0 54520 48720 51,100 17,840 18,170
95| 144,000 124,000 127000 131,000] 123,000 | 139,000 156200 136000 144,700 44,900 41,950
85| 487,500 | 412,000| 454000| 453000| 392,000 | 470,000] 535000| 453000| 505000 126,000 129,500
mll
600,000
=m12
500,000 — om13
400,000 =ml4
=m15
300,000
m16
200,000
/ ml7
100,000 / m18
| —— ; . . m19
135 125 115 105 95 85
m20
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m m21 m22 m23 m26 m27 m28
135 5,560 1,920 3735 2500 1540 1430 1,950
125 9,980 3,300 7,740 4450 2560 22445 3,285
115 21,320 6,140 17,770 8560 4,760 3815 6,430
105 51,680 12,160 44100 17,620 9,040 7150 11,470
95| 144,000 26,840 | 123200 44,200 19280 14750 30,700
85| 487,500 72,900 | 404000| 117000 48,700 33750 78,900
m21
450,000
=m22
400,000 }
/ =m23
350,000
300,000 / =m24
250,000 / =m25
200,000 / —m26
150,000
=m27
100,000
=m28
50,000
R =m29
135 125 115 105 95 85
=m30
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HE

sk 1 itk 2 gk 3 gk 4 etk 5

1;5 212 197 275 284 483

125 332 308 438 450 742

115 553 514 731 775 1267

105 977 892 1322 1427 2465

95 1742 1057 2595 2855 5290

85 3805 3325 5570 6250 12450

75 9220 7780 14750 15770 36250
W

M6 HE 7 N 8 ME9 7N 10 A1l | AR 12

155 585 1265 540 1120 2480 980 2080
125 1502 1925 1350 2020 3000 156 3780
115 2745 3215 2460 3660 5880 2880 7540
105 5420 6280 4500 7360 12040 5580 16980
95 11220 13570 9480 15420 28400 11900 48700
85 26100 32450 21960 42800 75200 29640 290800
75 67900 87800 56200 121000 268000 84000 589000
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d = ]_)\:ﬂ. S ;}U u]t:g_ ]_)J:o o ] ] 1
A 28 F2oAZE ST3E LX) v AHE HolE
J ]_}\B‘J-E—.' z‘%g-ﬂ ]r_o,] ]‘H)H E
MEOAZE 235 A|H AFEEA = E
(1) L& (g/om ) KSF 2446 : 2000
= = AH O (g 290 H1& ol2 B B
ol o m | OPAE [ otAE
== | H o) e e
AxTY >3y | FARY | =T |SFUHZ| (g eEz(g SR Lumor | gor )
Naws /em)
1-1 1100.10 641.46 1116.04 2.31805 2.311095 #DIV/O! | #DIV/0! -
1-2 1093.09 636.04 111268 | 229332 2.286444 #DIV/0! | #DIV/0! -
1-3 1093.80 637.78 1109.09 232077 2.313803 #DIV/0! | #DIV/0!
1-4 1093.67 639.57 1099.63 237723 2.370102 #DIV/0! | #DIV/0!
1-5 1095.21 639.78 1100.01 237970 2.372562 #DIV/O! | #DIV/0!
2.33781 2.33080 #DIV/O!
: 2.33 ’
(2) 4E T (N) KS F 2349 : 2010
B AZE | SAX of S| <
= rm e —14 e
IS =] = SEa=E | S5 =27
< g g = S 2BA| 4 | HE2 o | @ |2=280
NEEE (%) (cm?) N) - =
1-1 - 474.58 9153.9 1.04 9520.056 - #DIV/0! | #DIV/O!| #DIV/O!
1-2 476.64 101933 1.00 10193.3 - #DIV/0! | #DIV/O!| #DIV/O!
1-3 - 471.31 129999 1.04 13519.896 - #DIV/0! | #DIV/O!| #DIV/O!
1-4 - 460.06 147384 1.09 16064.856 - #DIV/0! | #DIV/O!| #DIV/O!
1-5 - 460.23 190384 1.14 21703.776 - #DIV/0! | #DIV/O!| #DIV/O!
o7t #DIV/O! #DIV/0!
11078 ’ ’
[m] 2 & _Ks F 2353 : 2000, SHHI-KSF 2367 : 2006
Sre = = 2 | a=yg = Al ELEPIEEES .
stz [ Iss | == | _ ES<ER -
18 | 28 33| a8 | m 2| ° =% o (g/cm?)
B 2 (%) S Az |+5EY B
1-1 16184 | 61.56 |61.74| 61.68 |61.7050 3.36 - - - - -
1-2 | 62.81 | 63.20 | 62.92 | 63.15 |63.0200 411 - - - -
1-3 1 62.06 | 62.58 | 62.15| 62.33 |62.2800 3.24 - - - - :
1-4 1 59.74 | 59.65 | 59.59 | 59.69 |59.6675 1.30 - - - - -
1-5 | 59.11 | 59.33 | 59.21 | 59.26 |59.2275 1.04 - - - - -
(3) 52t (1/100cm) KSF 2349:2010
1-1 1-2 1-3 14 1-5 ==, SSat
61.92 43.26 25.26 38.28 22.2 38.18 38
(4) B3E (%) KSF 2349 :2010
| #oivor | #piv/o! |
(5) oty (%) KOF 4349 . ZU1U
[ #Div/or | #pIv/o! |
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(1) L X (gfem) KS F 2446 : 2000
= — - — =
o - S <
axay | +zay | Zazy | szz |szawe| @) 2766 MR x| g
N m’)
2-1 1106.29 645.06 1108.64 | 238641 2.379247| - #DIv/0! | #DIV/0! -
2-2 1109.78 647.64 111165 | 239172 2.384541| - #DIv/0! | #DIV/0! -
2-3 111450 634.17 110345 | 237491 236779 #DIv/0! | #DIV/0!
2-4 1103.01 64226 110602 | 237841 2.371272 #DIv/0! [ #DIV/0!
2-5 1102.16 646.11 110362 | 2.40904 2.401813 #DIv/0! [ #DIV/0!
2.38810 2.38093 #DIV/0!
’ 2.38 ‘
orA
(2) HE = (N) KS F2349 : 2010
F= [OIRZE[ SAA oF B ¢ (N
g oglF O EEpT 7 &2k =58 gi«% ;fiH
N L =BT e | (%) (om) |22 (%)
NEBS (%) (em?) - gz
2-1 - 46358 | 11046.0 | 1.14 | 12592.44 - #DIV/0! | #DIV/0!| #DIV/O!
2-2 - 46401 | 13338.9 | 1.14 | 15206.346 - #DIV/0! | #DIV/0!| #DIV/O!
2-3 - 469.28 | 12295.3 | 1.09 | 13401.877 - #DIV/0! | #DIV/0!| #DIV/O!
2-4 - 463.76 | 14580.6 | 1.09 | 15892.854 - #DIV/0! | #DIV/0!| #DIV/O!
2-5 - 45751 | 14140.1 | 1.19 | 16826.719 - #DIV/0! | #DIV/0!| #DIV/O!
13733.554
#DIV/0! #DIV/0!
13734
(W] 2L KSF2353:2000, FH-KS F 2367 : 2006
&= = % 2t (mm) FEE = Al H 2 Z(g) DI oo
SHA2F — — = =
_ _ - _ _ =] S H X 25 25 _ =X 2Dk
G| 18 | 28 |38 |aa| =2 |, o & OE | US| =xg S (g/cm?)
4o O | =mer | oixmer |szme o o
2-1 5894 | 58.83 |58.99|58.85| 58.9025 | 051 - - - - -
2-2 5872 | 58.78 |58.73|58.85| 58.7700 | 0.40 - - - - -
2-3|60.61 |60.83 |60.72]60.78| 60.7350 | -2.35 - - - - - -
2-4 6047 | 60.04 |60.36|60.28| 60.2875 | 0.65 - - - - - -
2-5 [58.01 | 58.00 |58.05|58.15| 58.0525 | 0.32 - - - - - -
s=
(3) £S48t (1/100cm) KS F2349: 2010
2-1 2-2 23 -2 2-5 =k S St
56.23 49.56 40.16 39.8 48.16 46.78 47
(4) =8 (%) KS k2349 : 2010
[ #owvor 1 #owjor |
(5) 23t % (%) KS k2349 : 2010

/o | sowvjor |
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o= ]_/\sﬂ-E SLE ]-r‘q ] B E
7]’E° ———-a_-g'uﬁ}“lq ]\dt‘ﬁ—u_
KSF 2446 : 2000
= 28] Ij_lfa}t_1 = OIE%H’EI ormE|ojamE O}ﬁ%é
= 7 = S8a8 = = 5 =L
AxEY +zzy | maEy | =32 St UV P I L LT I
1097.17 639.98 1101.57 | 2.37694 2.369805 - #DIv/o! | #piv/o! -
1091.01 635.62 1097.48 | 2.36221 2355123 - #DIv/o! | #Div/o! -
1093.30 64481 1094.20 | 2.43285 2425555 #DIv/o! | #Div/o!
1090.38 638.69 1094.09 | 2.39433 2387152 #DIv/o! | #piv/o!
1090.35 642.66 1091.36 | 2.43002 2.42273 #DIv/o! | #DIv/o!
2.39927 2.39207 #DIV/0!
: 2.39 ’
KSF 2349 :2010
OtAZE SAI oF & == ao= | na= o
E = = SN eRAA| Aoz Al ehgt =28 ofﬁg jl,iEH
Lo () — 0, or= 0
(%) e N) M ~ = ) ( =0
- 46159 64033 | 114 7300 - #DIv/0! | #DIV/O! | #DIV/O!
- 46186 84283 | 1.09 9187 - #DIV/0! | #DIV/O! | #DIV/O!
- 44939 95854 | 1.19 11407 - #oIv/ol | #pDIv/or | #DIv/0!
- 45540 95363 | 1.09 10395 - #piv/ol | #pDiv/or | #DIv/0!
- 44870 10330.6| 1.19 12293 - #DIv/o! | #pDIv/or | #DIV/O!
9297.745
#DIV/0! #DIV/0!
9298
(m] 2 &£ KS F2353:2000, S M-KSF 2367 : 2006
= R = Al ELEPIEES ol =
stz | A =z [ i=s =33t ==
= = = T — = 3
23 33 43| g o %) = xme|azme =8 m (g/cm?)
5908 | 5912 | 59.11 |59.1175] 0.95 - - - - -
6015 | 6018 | 60.13 |60.1425] 1.40 - - - - -
5700 | 5666 | 56.49 |56.6350| 0.20 - - - - -
5958 | 5960 | 59.63 |59.6050] 0.81 - - - - - =
5721 | 5733 | 57.42 [57.3750] 0.23 - - - - - -
KSF 2349:2010
3-1 3-2 33 3-4 3-5 g sSat
57 45.22 45.28 49.74 48.44 49.22 49
KSF 2349 :2010
[ #dbivor | #Div/or |
KSF 2349 :2010
[ #ivo | #piv/or |
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= = = —
(1) L < (g/om) KS F 2446 : 2000
B Z A HE Z (g EEDIES - _ o Jorzs
HXZEl 2k AZ=Xl2f THAS =Xf =gt (g/E _‘_3 %?lzi(;lcﬂﬂ g;ﬂi (;:I;Zm‘_) 2=
=L T TR T = o) o h (&/°m)
4-1 1096.11 639.03 1106.82 | 2.34317 2.336137 - #DIV/0! | #DIV/O! -
4-2 1084.48 629.47 1094.32 | 2.33297 2.325969 - #DIV/0! | #DIV/O! -
4-3 1101.11 63857 1104.79 | 2.36178 2.354697 #DIV/0! | #DIV/0!
4-4 1106.02 648.05 1106.94 2.41021 2.402977 #DIV/0! | #DIV/0!
4-5 1093.45 645.64 1094.82 2.43432 2.427022 #DIV/0! | #DIV/0!
237649 236936 #DIV/0!
2.37
(2) HE = (N) KS F 2349 : 2010
= O:Lﬁ%f f,“f“ _ oF H T (N) s2s | 228 ;%HE
NERE i (%)O I:mil)| éﬁ)a( s At g&g G| J;)g(
4-1 - 46779 | 40107 | 1.09 |4371.663 - #Iv/0! | #DIv/o! | #DIV/0!
4-2 - 46485 | 63837 | 1.14 |7277.418 - #Iv/0! | #DIv/o! | #DIV/O!
4-3 - 46622 | 62415 | 1.09 |6803.235 - #Iv/0! | #DIv/0! | #DIV/O!
4-4 - 45889 | 73839 | 1.14 |8417.646 - #DIv/0! | #DIv/0! | #DIV/0!
4-5 - 44918 |10286.5| 1.19 |1224094 - #Iv/0! | #DIv/o! | #DIV/0!
6150.772
5151 #DIV/0! #DIV/0!
W) 2 -KS F 2353 : 2000, S JM-KS F 2367 : 2006
= = gt (mm) E=1= S AH 2 E( EEPIETES ol =
_ _ _ _ | - sgaz | Az | W=s | =2 _ E=F =
N i e e I N T e T P B e  |®
4-1 160.41| 60.53 | 60.48 | 60.43 | 60.4625 2.29 - - - - -
4-2 [58.88[ 59.28 | 58.91 | 59.13 |59.0500 | 2.12 - - - - -
4-3 160.09| 60.77 | 60.35 | 60.48 | 60.4225 0.79 - - - - - -
4-4 [57.94 58.28 | 58.11 | 58.19 [ 58.1300 | 0.20 - - - - - -
4-5 [56.47| 56.76 | 56.52 | 56.63 |56.5950 | 0.31 - - - - - =
(3) 53t (1/100cm) KS F2349: 2010
4-1 4-2 4-3 4-4 4-5 g SSat
71.68 62.4 48.24 56.88 47.52 5734 57
(4) B3E (%) KS F2349: 2010
[ #Divo! | #piv/o! |
(5) £3t= (%) KS F2349: 2010

[ #Divo! | #piv/o! |
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Fo olATRE THE AR APEY wE

ax
(1) 2 & (g/om) KSF 2446 :2000
S22 n T Xl 2F el =] = _ 1
52 = A Al 2 Z(g) 220] U= gz | 0220 [ game[oame|tERE
_ , EXFi] s leseer| e | 25
AEED HER *3dY | BAIZ [ =32 [ 7| (gem) ) MIZ- [ H = (o) (/")
5-1 1090.61 636.78 1092.72 2.39200 2.384827 - #DIV/0! #DIV/0! -
5-2 1102.54 64756 1103.40 2.41870 2.411443 - #DIV/0! #DIV/0! -
5-3 1042.52 61233 1042.94 2.42103 2.413768 #DIV/0! #DIV/0!
5-4 1079.96 636.73 1080.46 2.43382 2.426521 #DIV/0! #DIV/0!
5-5 1009.42 59735 1009.83 2.44720 2.439856 #DIV/0! #DIV/0!
2.42255 241528 #DIV/0!
' 2.42 ’
(2) HEE (N) KSF 2349:2010
g [OIAEE[ 2AA EEEE
R R T STIET z38 [ =38 | 2N
== SeR(lamyal yag [ 15 (%) (@M |25
NEEE (%) (cm?) N) g =
5-1 - 455.94 7255.3 1.14 8271 - #DIV/0! #DIV/0! | #DIV/0!
5-2 - 455.84 7299.2 1.19 8686 - #DIV/0! #DIV/0! #DIV/0!
5-3 - 430.61 | 6955.3 1.32 9181 - #DIV/0! | #DIV/0! | #DIV/O!
5-4 - 443,73 8587.2 1.25 10734 - #DIV/0! #DIV/0! | #DIV/0!
5-5 - 412.48 7554.4 1.47 11105 - #DIV/0! #DIV/0! | #DIV/0!
§722.69° #DIV/O! #DIV/O!
8713 ’ '
m L E_KSF 2353 :2000, FH-KS F 2367 : 2006
e = X 3t (mm) JEE = Al A2 Z(g) EZEBINES o
grzg [ 2 [I== | 052 EF<FR -
3 3 3 3 o 7 =X D} 3
b 12238 |32l |43 | B (%) B BT P - (g/cm’)
5-1 |58.39]58.36 | 58.41 | 58.44 |58.4000 0.46 - - - - -
5-2 |58.29|57.66 | 57.78 | 57.91 |57.9100 0.19 - - - - -
5-3 |54.81|54.29 | 54.63 | 54.74 |54.6175 0.10 - - - - - _
5-4 |55.94 | 55.81 | 55.85 | 55.89 |55.8725 0.11 - - - - - _
5-5 |51.45]51.41 | 51.48 | 51.52 |51.4650 0.10 - - - - - :
s=23gt
(3) =St (1/100cm) KS F 2349 : 2010
5-1 5-2 5-3 5-4 5-5 Ho S
45.3 61.2 77.36 86.4 40.5 62.15 62
(4) B=E (%) KSF 2349:2010
[ #Div/ol | #DIv/0! |
(5) =< (%) KSF 2349 :2010

[ #oiv/or | #piv/o! |
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=
A 38 F2 ofA2ZEHIRIYHS DSR HolH
A Phase angle (¢), ° Complex modulus (G*), k&
oY | = ¢ P ol
= 40°C | 46°C | 52°C | 58C | 64C | 70CC | 76°C | 40°C | 46C | 52C | 58T | 64C | 70C | 76C
1]178.0|81.0|83.5|855|87.0] 88.1 X 499 (118.8|7.45|3.15]1.43|0.682| X 64
2173.8|77.4|80.6|83.1|84.9]|86.0 X 60.4 | 24.3 1 10.1 | 4.38 | 2.02 |0.979| X 64
sHo|e 3|74.7|78.4|81.5|83.9|85.8]|87.2 X 6451246 |19.85|4.2211.93|0.929| X 64
417511788 |81.8|84.2|859|87.2 X 65.5 1246 |9.75|4.1311.89 [0.904| X 64
(HRE3A)
51749|78.5|81.6|84.0|85.8]|87.1 X 68.5 1259 |10.3|4.32|1.94 |0.925| X 64
6|74.0|77.7|81.0|83.5|85.4(86.8|87.9181.8|30.9|12.1]5.10]2.28|1.07|0.539|70
S JWEAP| 7| 73.6 | 77.3 |1 80.6 |83.3|85.3|86.8|87.9]92.3|34.3]13.5|5.59|2.47|1.16(0.579(70
8| 743 |77.8|81.0|83.5|855|86.9|88.0[102.0| 36.8|14.1|5.76 |2.53|1.19(0.581|70
(2011.11) 91732 |76.7|80.1|82.8|84.9|86.5|87.6[108.0| 40.6 | 15.7 |6.49 | 2.86| 1.34|0.659|70
) 3A| 721|753 |78.6 |81.6|84.0|857|87.1]84.5|355|15.0(6.39|2.8411.34/|0.668|70
4A 72.3 | 75.4 | 78.6 | 81.5 | 83.6 | 85.0 | 85.7194.7 | 39.1 | 16.2 | 6.93 | 3.13 | 1.47 |0.723| 70
b5A| 749 | 77.8|80.783.2|850|86.3|87.1]168.5(27.9|11.5|4.72|2.11]1.01 |0.521|70
6A| 73.4 | 76.5]79.8 |82.8|84.9|86.3|87.3|72.7|30.2|12.5|5.05|2.241.09 |0.557|70
7A|1 76.0 | 79.0 | 81.9 | 84.5 | 86.3 | 87.6 X 73.8129.3|11.6|4.59|2.00 [{0.935| X 64
8A| 75.6 | 78.8 | 81.8 | 84.4 | 86.3 | 87.5 X 81.8132.3|12.7|4.92]2.03 0.957| X 64
9A| 77.0 | 79.9 | 82.7 | 85.1 | 87.0 | 88.0 X 80.8 | 31.0 | 11.7 | 4.44 | 1.71 |0.802| X 64
AH| 74.2 | 77.5 | 80.7 | 83.3|85.2|86.7|87.8]73.1|29.6|11.9|5.02|2.24|1.07 |0.538|70
Ot| 73.0| 76.5| 80.1 | 83.3 | 85.8 | 87.8 X 67.027.5(110.9|4.17|1.52 ]0.549| X 64
- Al Phase angle (¢), ° Complex modulus (G"), ka H|
AHAAMH = ol
40°C |46 | 52°C |58%C [64°C | 70T | 76°C | 82°C [40T | 46°C |52C | 58°C |64C |70 | 76°C | 82°C
1 |74.2|77.4|80.6(83.2(85.2(86.7|87.8| X |65.4(27.3|11.5[4.96|2.27|1.07|0.532| X 70
0.97
L |75.1|78.3/81.2|83.6/85.5|87.0| X X 161.2125.3110.6|4.56|2.05 0 X X 64
C |73.8(/76.9(80.0(82.7[84.8/86.4|87.5| X |68.2(28.5[12.0/5.19]2.38|1.13|0.567| X 70
= Ho| = 2 |73.5|76.6|79.8(82.5(84.7(86.3|87.5| X |76.4|31.6(13.2(5.67(2.55[1.20]0.594| X 70
i =
(D) o |75.1(78.1/81.0[83.5(85.4|86.9(88.0| X |71.4128.9/11.9(4.98|2.23|1.06(0.530| X 70
H |74.7|77.6/80.5[83.1(85.2|86.8{87.9| X |75.2]130.3|12.4(5.23]12.34|1.09(0.535| X 70
=2 JHEAP A |74.4177.3180.2|82.8|84.7|86.1|87.0] X |86.7134.8|14.2|5.98|2.65|1.25|0.624| X 70
A |74.4|77.1(79.9|82.3|/84.2(85.7|86.7| X |77.4|31.4(12.7/5.38|2.40[1.14|0.582| X 70
(2011.11) B |70.8|73.6|76.7|79.5|81.8|83.7(85.2| X ]99.8(/43.2118.7|8.25|3.79(1.81(0.904| X 70
C |73.1|75.4|77.5|79.5(81.2(182.8[84.1| X 109 |46.6(20.0(8.84|4.08(1.94|0.954| X 70
D |70.1|73.0|76.1|78.8(81.1(82.9/84.3/84.1]1143|61.3/26.4|11.6[5.29[2.51|1.24(0.712| 76
E |75.1(78.0(80.8{83.3{85.2/86.7|87.9| X |98.2(38.7[15.4|6.40|2.80|1.27|0.603| X 70
F |75.2(78.0(80.8{83.3{85.2/86.8|87.9| X |81.5(32.6[13.2]5.49(2.43|1.13|0.547| X 70
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Date Time

2012-09-01
2012-09-01
2012-09-01
2012-09-01
2012-09-01
2012-09-01
2012-09-01

0:00
0:10
0:57
1:07
1:11
1:13
2:06

Date Time
2012-09-01 2:28
2012-09-01 2:28
2012-09-01 2:29
2012-09-01 2:34
2012-09-01 2:35
2012-09-01 2:36
2012-09-01 2:37
2012-09-01 2:38
2012-09-01 2:39
2012-09-01 2:40
2012-09-01 2:41
2012-09-01 2:42
2012-09-01 2:43
2012-09-01 2:44
2012-09-01 2:45
2012-09-01 2:46
2012-09-01 2:47
2012-09-01 2:48
2012-09-01 2:49
2012-09-01 2:50
2012-09-01 2:51
2012-09-01 2:52
2012-09-01 2:53
2012-09-01 2:54
2012-09-01 2:55
2012-09-01 2:56
2012-09-01 2:57
2012-09-01 2:58
2012-09-01 2:59
2012-09-01 3:00
2012-09-01 3:01
2012-09-01 3:02
2012-09-01 3:03
2012-09-01 3:04
2012-09-01 3:05

T

ecNoNoNoNolNoNolNe)

T
95.5
94.9
93.7
87.7
86.6
85.5
84.4
83.4
82.5
81.5
80.5
79.6
78.8
78
77.2
76.4
75.5
74.8
741
73.3
72.7
72
71.3
70.6
70
69.4
68.7
68
67.3
66.7
66.2
65.6
65.1
64.3
64

T2

EE IR S
*kkhkkkkKk k%)

EE I S

68.6
69.4
69.2
68.7
68.6
68.4
68.6
69.4
69.2
69.3
69.7
69.8
70.1
69.7
69.8
69.4
69.2
69

68.8
68.5
68.4
68.6
68.4
68.2
67.7
67.4
67

66.7
66.3
66.1
65.8
65.4
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3:117
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3:20
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2012-09-01

3:56
3:57
3:58
3:59
4:00
4:01
4:02
4:03
4:04
4:05
4:06

48.2
48 .1
47.9
47.7
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47 1
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A e T3 | Ngzs Nagd |
A= N 1 18 198 K& F 2548 = 2010
e 1/100 1 33 KS F 2849 : 2010 |
g o I 5 KS F 2349 : 2010 |
ZTHE G 1 71 KS F 2349 : 2010 |
AN 2 % 1 1.22 KS F 2382 : 2008
o773 0] (TSR = 1 0,84 KS F 29398 © 2005
FAGHEE Z|/mm 1 6 342 KS F 2874 : 2000
..... o] 3 of W .
i e
3 4l Tg s3x A ;"*"%zs S A

Sl 1 ol AME SEAT A% AR @ AR WeR AHE dass AT ge Tak Eaads Fouc
2 o] Yaaks T M3l T S ASRoT E 5 elon, S ofslel ALRS Sqiick

FEALARERAN DA T L

AAAF A @ 405-240 9 H YEF LR 1011-1
Azl : A7) Y W032)472-9001
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=~
ol H2 Al E
AldEAMLE E
(1) OFARQFE E (N) KS F 2446 : 2000
a5 S Al M H Q) ZE27] :I% o O| 2 Z|CH otrm| opame ofamE
Eb S PA NI ol
- x| 2f PNESNET HTHX 2 ES P oo = = X (em’ o| *
N AR TIETS HAMYE =SS 2 (g/cms) (q/cma) EMA] HH(m) E L (g/am’)
1 1153.99 670.99 1160.46 | 2.35763 235056 - 11.32| 55420 -
2 1150.25 662.78 1150.71 | 2.35741 235034 - 11.32| 55241 -
3 115333 671.15 1161.23 | 2.35334 234628 11.30| 55389
2.34906
2.35613 2465 | 11.32 1.038
2.349
) OHEE (N) KS F 2349 : 2010
B OfATHE ZAIH| oF ™ Z (N) noaz| ma=
= 2| 2 oo | 5™ s | Az 2| Abgk o(;))g o((})g =M UHFE%)
AEgs %) €m?) (N) b e I B
1 - 489.47 |188855| 0.96 18130.08 - 464 | 22724 15.965
2 - 487.93 |192223| 0.96 18453.41 - 465 | 22.697 15973
3 - 490.08 |187601| 0.96 18009.70 - 482 | 23.604 16118
5.00 1819773 470 16.02
) 18 198 ’ )
m 2U=-KS F 2353 : 2000, £7|-KS F 2367 : 2006
&= = 3w (mm) W E==s S AN H () 227 HE oz
_ ShA 2k H = oes s EPSF
. . . . 4 85T o () =T =T KTk = O BA 3
po\| P2 )N BEF ) en | mer |wzmer|amme| FPE | ow o (orem’y
1 | 6587|6586 | 6587 | 6581 |65.8525 - - - - -
2 | 6551 |65.50 | 65.51 | 6559 |65.5275 - - - R -
3 | 6561 |6569 | 6563 | 6562 |65.6375 - - - 1 - -
(2) 323 (1/100cm) KS F 2349 : 2010
1 2 3 H SE
31.64 34.10 33.82 33.19 33
3B) IFE (%) KS F 2349 : 2010
| 470 |5 1]
(4) Z3IE (%) KS F 2349 : 2010
[ 72064 1 712 1
(5) ZHHQIEtZt = (MPa) KS F 2382 :2008
AZXAEE FAA
RELE 1 2 3
2] 73 (mm) D 1016 1016 ] 1016 J1016] 1016 101.6 1016 | 101.6 101.6
. 13] | 23] | 33] | 43] 13] 23] 33 | 43 14] 23] 33 | 43
F7(mm) 65.96 165.85] 65.85 | 6590 | 65.96 | 65.18 | 65.06 | 65.08 | 6598 | 65.93 | 65.97 | 65.05
A 65.89 6532 65.73
2} 885 N 12705.0 12775.0 12930.0
(6) Q1 &= Z = H|(TSR) KS 2398 : 2005
AX A -8 FAA
Al ZWE 4 5 6
%) 7J(mm) p | 1016 [ 100.7] 1016 | 1016] 1016] 1016 10l6] 1007 1016
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(6)AFZ=H[(TSR)

KS F2398:2005

» A5 A S 70+ 1kg(686+£10N). M

Frd7e :23+1cn/3]

> NAAE

s
= 5cm, A7 20cm. B FAIAGA AU 18A1%F, Al F 2 6AZF

ARG FE BAIA
A EHS 4 5 6
%] 7 (mm) D' 101.6 | 10L7| 1016 | 101.6] 101.6 101.6 101.6 | 101.7 101.6
o 13) |28 | 338 | 43 | 18 | 28 | 38 | 48 | 18 | 28 | 39 | 49
F7(mm) 65.86 |65.08] 65.08 [ 6597 | 65.44 | 6544 | 65.46 | 65.75 | 6571 | 65.72 | 65.72 | 65.77
PR 65.50 65.52 65.73
2851 = N 10705.0 10775.0 10830.0
ks
AZDE 2P/(tD) Si 1.21 1.23 123 1223
HFHAE 2PY(ntD) S 1.02 1.03 1.03
QA=) S, /84 0.85 0.84 0.84 0.842
A EYE @ KS F 2398 : 2005 (=& X2l ZAHE (a) =AM Cet AIEE)
FH T (28]/mm) KS F 2374 : 2000
z o] (mm) W45 (mm/min) AN E (3/mm)
45 2 60 = =A%k Pt =A%k 3t
1 1.990 2.100 0.007333 - 5727.27 -
2 1.860 1.960 0.006667 - 6300.00 -
0.006667 6342.42
3 1.470 1.560 0.006000 7000.00
0.0067 6342
 ALEH 23742010, 2366 : 2010, 2446 : 2000
AT AN S P25 1 140 T, o] EUE 1 2,465 g/anE A F 3 Ao,
e R el
» A2 1 60£0.5C. » HEHN AIFAZE 1 60F. P A& T S5 42+13]/%

Ay
re
-1
HT

oF
r
4o

=3 4% 21t
1 |1 gt KS F 2349 : 2010 N 18 198
2 |1 SEU KS F 2349:2010]  1/100cm 33
3 11 38 KS F 2349 : 2010 % 5
4 |1 Z3E KS F 2349 : 2010 % 71
5 |1 HHIFEE KS F 2382:2008]  MPa 1.22
6 |1 IZ AL H|(TSR) KS F 2398 : 2005 - 0.84
7 |1 SHOHE KS F 2374:2010]  &lymm 6342
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N8 ENEE

(1) LE(g/m) KS F 2446 : 2000
ZAIH B
SAIH 24 (9) Aeopy | 2 =
A=E | 5% | BHE 5 (g/cm’)
2 2 Ci
2.290840
#=| 1 |105829] 61087 107145 2297733
2.291
2.255868
#=| 2 |116167| 664.85 |117826 2262656
2.256
2277231
= 3 117226 673.01 |1186.24 2.284083
2.277
2.335355
"#=| 4 |114327]665.15 115323 2342382
2.335
2337148
#=| 5 |1280.04] 739.28 128533 2344181
2.337
2.260568
#=| 6 |1083.78) 623.11 [110110 2267370
2.261
(2) FH(mm) KS F 2367 : 2006
x| 1 L 2 3 4 EER
65.91 64.25 64.92 65.62 65175 | 65.18
_ 1 2 3 4 o =
HZ| 2
72.38 70.12 69.22 71.35 70768 | 70.77
a=| 3 1 2 3 4 B2 | =7
© 70.01 7121 71.53 69.17 70480 | 70.48
2= 4 1 2 3 4 g |
© 67.52 67.90 68.03 67.36 67703 | 67.70
2=/ s 1 2 3 4 o =
© 75.56 73.54 74.82 74.57 74623 | 74.62
= 6 1 2 3 4 o =
66.71 65.54 66.13 65.77 66.038 | 66.04
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