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Variation of Flexural Strength of Warm-mix Asphalt Concretes Due to Differential

Thermal Contraction at Low Temperatures
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ABSTRACT

PURPOSES : Hot-mix asphalt(HMA) concretes show a trend of strength increase at low temperature due to binder stiffness increase, but
strength decrease below a ceratin low temperature. This is due to the differential thermal contraction(DTC) which is induced by a significant
difference in coefficients of thermal contraction between aggregate and asphalt which is coated around the aggregate. This DTC damage is well
known to occur in HMA concrete, but is not yet investigated in warm-mix asphalt(WMA) concretes.

METHODS : To evaluate DTC damage on WMA in this study, the flexural strength(s,) of WMA concretes, which were produced at
30~40C lower temperature, was evaluated in comparison with that of HMA at -5, -15 and -25°C.

RESULTS : Most of WMA and HMA mixtures showed flexural strength increase down to -15%C and decrease below -15°C. this type of
strength reduction below -15T can e explained as the effect of differential thermal contraction that is a consequence of the large difference in
coefficients of thermal contraction between aggregate and asphalt. the property reduction of WMA is similar the result of previous works dealt
with HMA mixtures.

CONCLUSIONS : Even though there is some differences by materials used, the WMA concretes showed a significantly lower DTC
damage than HMA concrete at low temperature at o =0.05 level.
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1. M2 T Aol B AbgdEokol A o] o AL it
S AR AREY] 7k olAREA(CO,) HAES Holol| A= o]of gt =Blo] dFlog 12 o7

S7HAIA A 28] ZAIE oF7IstaL Qle}, ol @k spdste] A zElE ofATE (Hot—mix asphalti

€ 7% HStE g2 verh AL Qo 2 HE HMA) EFES O HTE £ 9L 250 21204 A

of thsh FEZ Q] o] d3koZ AA A CO, TAY Z3H= ofAZE (Warm mix asphalt : WMA) ZA7]
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T7F AFYE AL ok, 58] WY T L
g At kst Al S0 tigh A
A A AAHCE QIAUHA Al 2
2 A7) Ao A7t e EE ofATE 2o
of WMA A E7}F A2of|A] ojw3t E44& H AR
gt A-+7F B asi),

Ao A ofATE HIRIE = F/4do] w9 AA FZof
o E7] far ofg] 7HA] &A4ko] A Eith(Andorson
and Hahn 1968, Fabb 1974, Hass 1973, Kandhal
1980, Kim 1995). E{F Ao} &3ste] vzl HMA
ZAYEE -15~-20T olatollA AAE =3
(Differential thermal contraction : DTC)o]l 2J3} Wi+
o &(Flaw)o] ¥HAste] =7} oFsfiAl= &A17F St
%, A2ollA DTCol| o AA|A o= EghE Wil v
AletEHairline crack)e] WA= o= d15 Ast Al
g HAYY o] HAY wE XA TE=E AlFshe]
B} FeF A THCGRA 1971, El Hussein and El Halim
1993, Kim and El Hussein, 1995, A3 5 1995).

7k o] Fofe] dF= HMA 3 E ts)A 4=
P Pot dHe g dE 2o AxH WMA
£ o= ALY DTCY FaFs WA of2 A4 Bt
7b Qi &, A2oA &5 dxE ZAel Bl =

Ao Aoz d dxE 4 e 28
ELX

rr

=
WE
ST
=
R

245 S Q). AR WMAL © 7h2E Aol b}
AE7t THE B Ao Br)wst JE7} vop
283 1 WY 4+ = e Aol metd DICY
P2l —15~-20C+ SHIE SR AT 4=
J= exolua ole] Bele s AAK A}
aste},

Heba B olgo] BHe wYw WMA 2 Ee]

e

nE 0

7F=(Flexural strength : S, )& 37F] A-2(=5, —15, —
25C)oll A S48kt

2. NXIE =&

ofAZE FAES A EE -156~-20T A&
Wazd g7z = Ad S71echFig. 1. ol 227
oA ZAET d #FA 4 (Coefficient of
thermal contraction)7t & BRRIEI7} §55H &3t
=9 2d& o] AA shol tigh Aol S8k of
woltt, shARE 27t T HTh B a7 A7) ThA
Aot = d/de Helt, o= ofATESf ZA Y d 4
ZA=7} F 604l #}o|(El Hussein et al, 1998)7} 1t
D2 ZAE S8R e ofATE WEEA
(asphalt—filler mix)7} =% o SA= Ajzo=z
4 FE5EHE ARYE £50TO)LR ) nAldEol

WAYsE7] gizolth(Fig. 2).
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Fig. 1 Typical Tensile Strength and Thermal Stress—
temperature Relationship(CGRA 1971), and
Fracture Toughness—temperatures Relationship
(Kim et al. 2003)
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Fig. 2 Schematics of (a) Tangential Stress o, and
Radial Stress o,, and (b) a Hairline Crack in
an Aggregate—matrix System Associated
with DTC(after E1 Hussein et al. 1998)
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%, OFATE FAEQ A} EE Fig. 13} Zo]
—-15~-20C A=7MA+= F7Fstd 20T olstelA&=
WolAl Yo §55= #5sdo] A EREY o
AR o 2N 227} HAYste] miAldHo] FPH T o]
A3t o]f wjFof 731/ (Fracture toughness)®
A=} Bt oA HHS o]FiL AotE=
AL & 5 Utk A2ol|A DTCY LAY AMdlo] oA
E ZagE9 vt Suf g1 2 Aok dn)g =

= B FEEo RN 7o AE Ykl ¢
%‘H‘}iq(u%-r 1995, Kim and El Hussein 1997,

AHETL EJ—VJ?—J T
1999, Kim et al. 2003).

3. Mz U g
3.1. A Ex=

OFATELE HQIE 60~80(PG64-22, AIA AP5)E
AFEE R, F1123F H7FA(WMA additive) 2
Evotherm(ET)Z+ Wax compound(WC)E, 722+
LVMZ} SBSE A3t} ET+= vl=F Meadwestvaco
Asphalt InnovationsAte] WA FOE ZHE] A vt
o] Flste] AMg-sl= WMA FH7HA|olth, WCe
Paraffin &2 EB 2 (Ethylene bis stearamide)®}
Bio oil& gAdste] =Hloll A st A|Z ot} Paraffin
i & (O 20~36719] Aoyt =97
o] AR Sof AFREHT} Eb A= 1§49 A
AAZA iRl IR Z ARSIt Bio oil
A8 st 22 AEA 7lEeldh EA e 2 A
P AL HEA FE el Ade Eejod
(LDPE: Low—density polyethylene), EVA(Ethylene
vinyl acetate), EPDM(Ethylene propylene diene
393t A SBS(Styrene
butadiene styrene)& AME-5I Lt LDPEE H| w4 118
Htolnd W7} 0.910~0.925g/em’Q] BALZR7} 714
rekgt 2] 9] syt EVAE ARE 24l s
Azt o gl Az HEELH | vy wore U
+ 0.922g/cm’)® MI= 75g/10min, 882 98Colt}.
o|¢} 37 oﬂEleﬂ e} tole A 2233 A7t
243 115.0] EPDMS AR&5Fth EPDMS —40°C7F
A= ﬁ*é% FA8kH BlE2 0.87 AEo|th, 18ER
LDPES} EVA 18]3 EPDME 2% v &2 E3ts}o]

monomer rubber)<

AgBtgon o)F LVMO R §igshict,

SBSE 18] EAS 71 gt BenEA 44
W 5 et Y stiffness FAE §15tel 7H wol
AgEe Aol Fig. 3& 2188 H71A, Fig.

4= NAA G ARlE HoFal 9tk Table 12 £ <
TFol A et 2u2st M7k A JHAA Y| gk A
Hojc},

(a) Paraffin wax

(c) Evotherm (d) Bio—ail

Fig. 3 Photographs Showing

(a) EVA (b) LDPE

(c) EPDM

(d) SBS

Fig. 4 Photographs Showing
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Table 1. Designation of Each Binder and Description

Polymer WMA
Classification| Binder |Base Asphalt| and Additive
Content |and Content
Pen 60-80
y Normal | APO (APS) None None (0)
M LVO Pe?Ai%fO LVM 4.8%| None (0)
Al PMA Pen 60-80
SBO (APS) SBS 4% | None (0)
ape | Pen 6080 1 e | ET 05%
Normal (APS)
Pen 60-80 o
APW (AP5) None WC 1.8%
Pen 60-80 o o
\(Av LVE (AP5) LVM 4.8%| ET 0.5%
A LVW Pe’(‘AE)%fO LVM 4.8%| WC 1.8%
PMA
Pen 60-80 o o
SBE (AP5) SBS 4% | ET 0.5%
Pen 60-80 o o
SBW (AP5) SBS 4% | WC 1.8%

2 Ao AL shdete] A Fe BAet e 2
24 (Screenings)2, A& (Mineral filler)= 4]3]4]
= AHgskant. ZAe =8 JES KS AlEHel
ute} ZA35}0] Table 20 HojFn Fig 5= AMRE
279 P P=oltt,

Table 2. Property of Aggregates

Apparent
Classification Specific | Absorption | Abrasion
Gravity
Specification >2.45 <3.0% <35%
) 13mm 2.849 0.728 19.7
Granite -
Screenings 2.669 1.225 -
Filler 2.75 - -

100 ‘
L - - upper limit .é"

© - - low limit 7{:
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Fig. 5 Gradation Curve of WC-6(13R, ZESHLE 2009)

Az Aol OfATEE 1657 2.9

w3 9 F 2088 A BT EE WOE

A AulEY R oF 38 Ao ARSIt
=

El&

%@E(Kinematic viscosity) AL KS F 23929
off =3Y5koict, Alme NAA7E M7k A9 175,
L3 7R AHSE A 165TolA MY &
&7l Hol FAE S5kt 12 827 A¥Es
34 E 20rpm 2R FASte] Bast A EA
(torque)E 15 7HH 2 2 33] 23T HF A|g &

= 135To|v WMA 359 oy 22 345+
1scoAA = 45t

FHAGG5 A 7] (Dynamic shear rheometer :
DSR)E ©o]&3}o] HllH 9] Stiffness(rutting factor)
ol G'/sind & SIS DSR AlE& ofATE AR
+© 474 25mmE ARESFAoH st 1AL ImmE &
AJstgiet, 2ol whet ofATE A|R7} &5 AL
Aoto] A5 W FAZF st R A|Ro] FAE 1Y &
o] 2% Wsk= 0.1T oW = skqlet, oldf PG 1125
w9 G'/siné 714+ Original HIRIE &= 1.0kPa, T
7]1%=3KRolling thin film oven: RTFO) 2] v}l
+ 2.2kPa oJ/fo] Fojof g},

Bending beam rheometer(BBR) A8-< $lal ©7]
3t AejE ofATEE 24 A7 5 100T oA
pressure aging vessel(PAV)S 0|83} A7]1=3} A
Atk AA A Lo A OfAZE H(beam : 40| 125mm,
Z 12.7Tmm, ¥/ 6.35mm)oll ¥ R=9] | 5
3d ¥ 5 71etal, 2+ WE-E(Methanol)= A
= 2o 97 §A8tH 100gY] sheg 240% <t

o

ol 0 7 ZHE oA WMA EFE A% A o]_/\lﬂ-
= %*é% gﬁoﬂ HMAS} A 9] 7he

7hagih, wEbd WMA HVH
135 C°1W 5AIZE, HRQlE =
9 IA= 45T
k2x]7}»v\l QEo o]

HMASF WMAE 77+ 1
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A|ZVF QA7 ©h7] w3l & oo Wi A3|chA 7|
(Superpave gyratory compactor: SGC)Z U<
5}3lch. Table 32 23HEd A2 2&8f AlZks Hoj

HN

Table 3. Heating and Short-Term Aging Temperature
and Time for Each Mixture

Heating Temp. (C)| Short-Term Aging
Classification . Temp Duration
Binder | Agg. ) (hr)
Normal 165 165 160 1
HMA
PMA 175 175 170 1
Normal 160 135 135 2
WMA
PMA 175 145 145 2

2 AFoNAeE EFEY FHAHotA2TE FF
(Optimum asphalt content: OAC) A4S ¢35t =+
E3FR(2009) A HFYHE(S,), ZA=E(Void

in mineral aggregate: VMA), &=&(Air void: Air)
7} -&E(Voids filled with asphalt: VFA)Z OAC 2
71202 HEolqrt, YRt =28 ofATE Z4o
71ZA & Air=3~5%, VFA=65~80%, S,>3.2MPa,
VMA=13(19mm), 14%(13mm)o|t}, S, = Bq. 1)l <
sko] Eegieh, Lejal o] HE V]SS WSS ofAE
E 3 FoMEe 33E 497 Dol ofATE kS
OAC= ZAsIoitt, 2352 A3t4] 7= 10034 o
A5ttt HMA gulE 28 ofATE iia]E‘— A3
othd 753], F A =R(ESAL>1,000)8-2 1003]¢]
S v WMAE B&9] 7]%0] gict ahAet WMA
£ ot 4o t27] ol & dAollA= B5F 100

R

0.32P

B (10 ++/20y—y*)* M

o7]1A, p=Maximum deformation load(N),

y=Vertical deformation(mm)°]i S, &%= MPa
o[t}

3.3.3. 3™ &A™

A S Sall 24E XA ofATE T
of LB FAAE Aot S HUH
o] T/ 7T0mmE 7]&2.2 305mm X 305mm
HBE A xsto] FAE =ol(W=T0mm)= 3}
60mm X Z2°J(L) 305mme B FAAE th3]

E

ox, M

o]

of
o

&
o]-&
Azt
, =B
Varo 2

D —

ofr
-

>

=

K

ok

Askeh olFA Axd 34 B AEE He Az

(Environmental chamber)ol] €o] -5, 15, 25T
Al 48AIZE Hitk & HEZ Ao Aol AREE T
Fig. 63 Zo] 3% (3-point bending)A| g2 A7+
S=280mm, 7]&A(Kim and El Hussein 1995)2] %
8t AskEE 3.3mm/mine 7Fste] Hoixl FfiskE
I FAA A2 Eq. (25 ©l&sto] B = (Flexural

strength: S,)& ottt
3PS
S, =
= D pwe @)

o714, p=25}5=N), §=A7H280mm), B =42
Z(mm), W=529] Fol(mm)o|H §,=HF=(MPa)o|ct.

2 AFoA HMA 9 WMA 23&E A=
Table 13 Zo] Z} vRIH & Zﬂai Folow Ht
FHE 2AY 2459 PG 532 Table 4, 59 2+
th, YA H5%0o] WMA Normal HFQIE (APE,
APW)9 =X HMA Normal(APO)o| B3]
13.6~25.8% #rastact. 183l WMA PMAE
HMA PMAef vl3f 3H=7}F 9.7~21.5% FAsl% Lt
WMA 741 a3t8 282 $3s4 23 135T
oA B 14.5%Hch= 115CoA 18.6%2 SH=7}
o] Sobr WMA th% RoA o gzt & A
o2 ugytt DSRY 11 YALE(Original®t
RTFO HFQIE7} B stiffness 7|45 E18ls &
E)E= HMA BRelg o] WMA H7HAI7F 0171 Hat
0.2°C wolA A9l wzgrt glo] HMAS 1 S5

AT R & 4 st

i
2 0
NoofN o

It
£ g

O

o
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Table 4. Binder Property Changes by Adding
WMA Additives

CE I ——— nghmanc V|sc:03|ty(cg)h
ation ation ° ange ° ElNefS
115°C (%)* 135C (%)*
Normal| APO 1,392 - 472 -
HMA LVO | 5,644 - 1,758 -
PMA
SBO | 4,683 - 1,519 -
APE 1,083 | —22.2 366 | —225
Normal
APW | 1033 | -25.8 408 | -13.6
LVE | 5,048 | -10.6 1,587 -9.7
WMA
LVW 4517 | -20.0 | 1,458 -17.1
PMA
SBE 4150 | -114 1,417 -6.7
SBW | 3,675 | -215 1,258 | —-17.2
Avg. change —-18.58 —14.47

*Change from corresponding value of HMA binder

Table 5. Binder Property Changes by Adding
WMA Additives

HMAS} WMA 55 OACE 5.6~5.9% A
BoJF L, Table 62 3= &3 OAC
ol A Axet £F=9] 712 E4olt

Table 6. Results of Mix Design

Classifi— [Design—| OAC | Air void | VMA | VFA Sp

cation ation | (%) (%) (%) (%) | (MPa)

H Nor=| apo | 57 | 351 |16.93 | 8015 | 3.74
mal

M LVo | 56 | 365 |17.06 | 79.46 | 4.37
A | PMA

SBO | 5.7 4.01 1751 | 7713 | 4.64

Nor—| APE | 58 | 369 |17.85|79.05| 3.65
mal | APW | 59 | 411 | 1817 | 76.95| 3.59

) . o Low
High Fail
Classific |Desig— lGhlailtieNempAe) Critical PG
—ation | ation . - Temp.
Orig. | RTFO |CriticallChange c)
(N AP0 (677|664 | 664 | - | 14 lpa-22
mal
M
A ’\F;l LVO | 797 | 777 | 777 | - -14 [76-22
A | SBO |805| 782 | 782 | - -14 [76-22
Nor—| APE |658| 65.6 | 65.6 | —0.8 | —13 |64-22
mal | APW | 67.1| 66.8 | 66.8 | 0.4 | —14 |p4-22
‘(AV LVE |79.7|79.0 | 79.0 | 1.3 | -14 [76-22
A ; Lvw 782 773 | 773 | —04 | -14 [76-22
A | SBE |768| 772 | 768 | -14 | -13 [76-22
SBW [80.3| 77.9 | 77.9 | -0.3 | 13 [76-22
Avg. —02
change

*Change from corresponding value of HMA binder

2. 2

2 Aol A= B w2 AW A4 13mme} 9
9] vRRIt| & x3lsto] F 99 i AE S+t
3 (Optimum asphalt
content: OAC)S FEFUFFE(2009) AH-S #-8-3}o]
7 Z5tE HE 38 3~5%, VFA 70~85%, VMA
14% o4, §,+= 8713 HMA 3.2MPa, 7H1& HMA
4.25MPa ol49 215 wEote oA 358
1%E 7102 ARSIt (HFY 5 2006, 2HUE &
2009). 12|31 WMA &3&E2 HMAA OACE 7|&2
2 FFE 410.5%7F QAR ESE 2A4S 53 OACE

XAV LVE | 59 | 384 |1786 | 7861 | 3.83
LVW | 58 | 370 | 17.77 | 7918 | 3.79
A | PMA
SBE | 57 | 393 | 1747 | 7751 | 4.10
SBW | 56 | 361 |16.99 | 7873 | 4.09
43. & L

Table 7> HMAS WMAS] 259 H7=(s,) 4k

EoﬁL Fig. 72 84=E A5d 2= H+

o2 "ot 7MY 2 AlE &2 5T
EMOPEA TMPa OWO]U% -15CAA =2 A
10MPa o0& wj$- =2 Holth, o] XL A
E ZI2EQ T 7|Fo| 4, 5MPa(45kgf/cm?)
At vlaLshH Ao A ofATE FEA 2 EQ 7w}

wh - Ths 21 o 4= 9tk

N
N

2l
rB ré fo 1o |1 o

o g

Table 7. Flexural Strength at 3 Temperatures

i P
Mix Binder Teomp. W B max S,
type (c) (mm) | (mm) (N) (MPa)
_5 68.0 | 555 | 4,394 7.19
679 | 57.7 | 4733 7.47
69.1 | 60.9 | 5912 8.54
APO -15
68.0 | 621 5,076 7.42
5 69.8 | 59.8 | 4,883 7.04
70.2 | 60.5 | 5,067 714
s | 086|548 | 5101 | 831

68.0 | 58.0 | 4,218 6.61

H 682 | 595 | 5174 | 7.85

M LVO -15
A 68.4 | 59.1 | 6,560 7.99
o5 68.0 | 60.0 | 4,861 7.36
68.3 | 60.5 | 5545 8.25
_5 679 | 55.7 | 6,374 10.43
675 | 61.5 | 5,602 8.40
68.5 | 582 | 6,212 9.55
SBO -15
68.7 | 58.0 | 6,450 9.90
69.0 | 60.4 | 5,698 8.32
=25

68.0 | 60.5 | 6,011 9.02
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5 68.0 | 56.1 4,850 7.85
68.0 | 53.0 | 4,651 7.97
APE 15 68.2 | 582 5,411 8.39
68.0 | 60.1 6,754 10.21
o5 676 | 59.0 | 5,208 8.1
68.0 | 58.8 | 5,404 8.35
5 68.0 | 61.0 | 5,487 8.17
68.0 | 53.0 | 4,642 7.96
67.0 | 60.0 | 5937 9.26
APW -15
676 | 55.7 | 5,692 9.39
o5 67.2 | 56.0 | 4,679 7.77
675 | 55.2 5,551 9.27
5 679 | 56.5 | 4,259 6.87
67.5 | 549 | 4,936 8.29
675 | 57.8 | 6,267 9.99
LVE -15
678 | 62.7 5,961 8.69
66.6 | 59.5 | 4,676 7.44
W -25
M 67.0 | 614 5,915 9.01
A _5 672 | 56.1 5,068 8.40
67.3 | 575 5,061 8.16
67.2 | 60.0 | 6,149 9.53
LVW -15
67.0 | 61.2 6,535 9.99
o5 67.0 | 61.0 | 6,035 9.26
67.0 | 61.9 5,924 8.95
_5 675 | 57.0 | 5294 8.56
67.7 | 53.0 | 4,563 7.89
67.0 | 53.2 | 5,768 10.14
SBE -15
67.0 | 59.2 | 6,246 9.87
o5 678 | 57.8 | 5242 8.29
68.0 | 59.9 | 5435 8.24
5 678 | 595 | 6,273 9.63
672 | 572 5,827 9.47
SBW 15 67.0 | 583 | 6,573 10.55
675 | 60.5 | 5925 9.03
o5 675 | 60.0 | 6,145 9.44
66.5 | 57.2 | 5,692 9.45
il
o5
o-15 un
10 5 :;_1.4 98 98 . Gy
g -
. 9
c‘EL“ 3 8382
& 8
7
6 L L
LWV | SBE | SBW
PMA
WMA

Fig. 7 S, Comparison by Temperature

Figs. 8~109] 7= H|(-5TE 7|F2& 3t S ratio)
oA Ho] tfRE E3tEo| -5THY ~15T7H I+ F
7Fslti7t —25C oM = RobAl= 73k Hol —25T ol A
= A £50T0)Y &S W Ao & Ueyt
= 25T A= -15C & T I oS &

AstA] Fotal —15TE AR & Asteldl
25T o)A Q &7t -5T ¢ ETE Yol DTC &4
of i AZFgE Ak QST ol= 7| A tolAlet
FrAReE Ak Bl Aotk F9- 5 1995, Kim and
Hussein 1995, Kim et al. 1998, Hussein et al
1998, Kim et al. 2003).

Aeda B HMA g4k (AP0 -5TollA] -15T
2 257} WolAHA FAFETF O obRthE 10T
o Wef7h -5TujEohe B Wolglrt, WhH WMA ¢
HHAPE, APW) 9A] —15C2 7HAE 4 =7t AR
7F10C H W 7FaA 27t AstE 7= shd -5TH
Hoh= 22 52 A8t HMA LV0 PMAE -
15CE WolA|n] A7 =7t oft S7hsit —25C A=
Aol AtEA] ¢k WMAE & ot} 27744 JAMS

ot -95CoA -5 CEU}— oF 10% 2 =g

st 250l = -5 CEE} 7yetEle FAS Heo
U4 WMA SBS&= —25TolA % -5Tet AR s
A8l AL2 YEY, o]+ Normalo]u PMAA]

< Aojtt,
1.3
Normal
- /ﬂ\
" u/ /.\\‘
]
5 1.0 — 1
@ 09
0.8
—&— HMA APO
07 - WMA APE ||
—{1-WNMA APW
0.6 !
—25 -15 -5

Temp(C)

Fig. 8 S, Change by Temperature Normal Mixes
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1.3 Table 8. Student’s t—Test Results for Various Means

LVM-PMA|
12 e 5, MPa)
ey //D\ Temp | Binder | HMA WMA
_ 0’——/'\& 0 E w
2 1.0 L1
© 7.19 7.85 8.17
@ AP
» 09 7.47 797 7.96
A8 Ly 8.31 6.87 8.4
' —&— HVALVO s 6.61 8.29 8.16
- WMALVE -
0.7 M
O WMA LW B 10.43 8.56 9.63
06 [ 8.40 7.89 9.47
25 ~15 o) avg 8.07 7.91 8.63
Temp(C) ' ' 8.27
8.54 8.39 9.26
Fig. 9 S, Change by Temperature LVM PMA Mixes AP
7.42 10.21 9.39
7.85 9.99 9.53
1.3 LV

T 7.99 8.69 9.99
SBS-PMA 15

12 9.55 10.14 10.55
11 9.9 9.87 9.03

' _/ ;ﬁ 9.55 963
1.0 O avg. 8.54

o 1|
g ? 9.59
& 0.9 AP 7.04 8.1 7.77
08 7.14 8.35 9.27
' -8 HVASRO N 7.36 7.44 9.26
0.7 —#-WMASBE 8.25 9.01 8.95
—{1WMA SBW -25T
06 \ 8.32 8.29 9.44
: SB
o5 5 5 9.02 8.24 9.45
Temp(T) 8.24 9.02
avg. 7.86 8.63

Fig. 10 S, Change by Temperature SBS PMA Mixes
’ *Significantly different at o =0.05
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92 (Significant difference)’} S Yu|st WMA | W [ Ava | wva | EvA T wMA
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T Figs. 8~10014 ¢} o], w4t E 7= W
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