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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. $. customary units of measurement used in this report can be converted

to metric (SI} units as follows:

MULTIPLY ' - BY TO OBTAIN

inches ' 2.54 ' centimeters
feet 0.3048 meters
square inches ' 6.4516 ~ square centimeters
square yards 0.83612736 square meﬁers
knots | 0.5144444 meters pef second .
 pounds o - 0.45359237  kilograms
 kips | © 0.45359237  metric tons
pounds per cubic foot g 16.018489 " kilograms per cubic mefer
pounds | _ | 4.448222 newtons
kips | ‘ | 4.448222 kilonewtons (£N)
~pounds per square inch 6.894757 kilopéséa1s
pounds per cubic inch 2.7144712 kilopascals per-centimeters”
gallons {(U. S. liquid) | 3.785412 cubic de;imeters |

Fahrenheit degrees 5/9 Celsius degrees of Kelvins*

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F-32). To obtain Kelvin (K}
readings, use: K = (5/9)(F-32) + 273.15. ' -
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ARSTRACT

Effects of polyclefins, neoprene, styrene-butadiene-atyrene {5BS)

“block copdlyméré; styrene~butadiene rubber (SBR) latex, and‘hydra:e&.
lime on two &sphalt cements were evaluated. .Physical and’chemical tesés"

-were performed on a total of 16 binder biends. Asﬁhalt concreté mi#es
were prepare& and tesfed with_thése modified'bihders and twﬁ aggregétes” 
(a crushéd limestone and a gravel), each at three #spﬁalt‘contént |
levels. |

Pfoperties evaluated on the modified binders (both original‘and

thin-film oven aged) included: viscosity at 25° c, 60° C and 135° C‘with‘
capillary tube and cone~plate viscometer, penetratiom at 5° C and 25° c,
softening point, force ductility, and elastic recovery at 10° c, o
dropping Ball test, tensile strength, and toughness and tenacity tests
at 25° C. Frpm these the penetration index, the viscosity-temperature'
susceptibility; the penetration-viscosity number,'the cfitical-
low~temperature, long loading-time stiffness, and the cracking
temperature were calculated. 1In addition, the binders were studied with
xvfay diffraction,.reflected fluorescence microscopf, and |

" high~performance liéuid chromatography techniques.

Engineering properties evaluated on the 72 asphalt concrete ﬁixeS'
containing additives included: Marshall stability and flow, Marshall‘
stiffﬁess,'voids properties, resilient mcdulus, indifect_tensile
strength, permanent deformation (creep), #n& éffects of moisture by
vacuum—-saturation and Lottman treatments. Pavement seétions of vafied
asphalt concrete thicknesses and containing different additives weré
compared to control mixes in terms of structural responses and pavement

lives for different subgrades.
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| } Altﬁsﬁgh all of the additives tested improved at least oﬁe aspect of
" the hihdér/mixture properties, no additiVé waé found to improve alllthe
reievanﬁ binﬁer/ﬁikture prbperties at the samé time. On the Sasis of
ovéiéil”coﬁsideratioﬁs, tﬁe optimﬁmjbeneficial effects can be expected

when the additives are used in.conjuﬁctibn with éoftér'grade asphalts. -



1. INTRODUCTION

Because of the inherent properties of;paving asphalts traditioualiy
produced asiwaste products and because of the inadequacy of current
specifications, asphalt paving mixtures-——even those designed and
‘constructed with the best of current technology and knowledge-—~fre-

' quently do not possess all of the desirable characteristics at the same
time. With heavier truck loads and higher traffic volumes as well as
&ecreased regources for timely maintenance, asphalt pavements have
experienced accelerated deterioration.

‘Ig an attempt to improve the performance éf asphalts and ﬁd
increase the service life of asphalt pavements, addizivés have feen
.incorporated to change the characterlstics of ﬁhe'asphalt or the asphalt
mixture. Some of these additives are hydrated lime, sulfur, anti-
oxidants, antistripping agents,.carbon black, asbestos fiber, and a
variety of polymers (11,12,19,22,23,24,26,34,37,40,46,47, and 50).
Righway Research Projiect ﬁR~278 was Initiated in 1985 to study three of
the more promising additives (hydrated lime, Asphadut, and Styrelf) and
to identify théir baneficial effects. A préject progress report
summarizing the results of Phase I (Binder Evaluation) during the first
ﬁear was submitted in August 1986 (25). PhaselII (Mixture Evaluation)
of the project was modified in October 1986 to include four more
polymerized‘asphalt cements (PACs). This Final Report'describes.ali

work conducted and the findings resulting from HR-278.



2. - PROGRAM OF STUDY

Since most of the asphalt pavement problems that can be attributed
to binders afe stripping, thermal cracking, rutting, and hardening of
the-ﬁindera, the study was mainly designed to evaluaté_fhé_effects,
benefits, and mechanisms of additives on these properties.

The research was conducted in three phases. 'PhaSQ I was‘tha
evaluation of the effects of selected additives on the durabi1ity an&
rheological properties of asphalt cement binders and‘their éffeéts on
the rutting and 1oéhtemperature cracking suéceptibility;of'thg asphalt
pavenents. Phase II was an evaluation of the effgcts of these a&ditives
on asphalt concrete nmixtures in terms of'rutting, stripping, stability,
and lowitemperatu¥¢ eracking potential. Phase III was the prediction of

performancé with a pavement design and analysis system, such as DAMA.



3. EFFECTS OF ADDITIVES ON THE PROPERTIES OF ASPHALT CEMENTS--PRASE I
- 3,1, Materials

Two asphalt cements, oﬁe from Bituminous Materials éf Terre Haute)
Indigna, and the other from Fxxon of Baytowﬁ: Te#és,.ﬁere evaluated'in
conjunction with three additives. Two of the additives (Aaphaéur ﬁﬁd
lime) were added to the two asphalt cements at two levels of conqen-.
tration each; the third additive (SBS—-styrgneuhutadiene-styfene) was
incorporated in the these asphalts by the suppiier at one single
"optimﬁm‘ concentration and were received and tested as modified
asphalts (Stygglf). The factorial combination and sample idegtifi—”
cations df the 16 binders are given in'Taﬁle 1. | | |

Styrélf was developed by the French Highway Department and was
introduced in the United States by Group E1f Aquitaine.' Styreif:is a
ugique combination of asphalt cement and the polymer SBS. It involves a
chemical reaction between the polymer and the asphalt. The reaction
gtarts from the small chain polymer and then incre#ses in‘size while
1inking irreversibly to the bituminous matrix. The quantit& of polymer
.and‘reactant have been selected to obtain optimum #erformance (10).
Usually 37 of the polymer 19 gdded. cheﬁical analysis shows that with
this congent:ation the reagtional places of the bitumen have been
blocked by a pol?mer-bituﬁen bond or a bitumen-bitumen bond. Therefore;
no further reaction, such as oxidation, can take placé. Different ﬁests
performed by the manufacturer have shown that the Styrelf will 1mprb§e

the performance of the pavement.



Table i. Sample identification - Phase I,

AC GRADE

s

12

: ! AC-28
1 |3
ADDITIVE CONTENT } i B! L H
'Y 1 ’
ASPHADUR. ! . W ! B 9%
A: PARTIALLY DISSOLVED ! B B 88 %
Bs TOTALLY DISSOLYED. - | .. (4  (6%) ! )68
: 1 ]

HYORATED LINE o 4§ ! 10 I
nlstsnmezeor | (59 (1eg) | (53 (108)
[ ]

STYRELF : 6 [

0:no additlve { contral ).

L : low ievel.

H s high level., . .
A : mixing 3 min. & 400 f.

8 : mixing 3 ain. ! 320 F foilowed by heating in oven & 320 F for 12 brs.



Rydrated lime has been used in paveﬁents as an antistripping agent
for a long time. . Recently, a number of studies have been carried ouﬁ_to
.eﬁaluate-thé performance of lime in asphalt pavements,rnot only as an
antisiripping agent but also an an agent fo improve the other qualities
of aéphalt. +he Na;ional Lime Association’s bulletin (37) has presented
the beneficial effects of lime in asphalt pavements. In addition to
functioning as an antistripping agent, hydrated lime may also act as a
mbdifier in asphalt cement by reducing the rate of hardeﬁing.
Considéring these propgrties, we selected lime for this study, and
its pgrformance was evaluated when it waé added only in the binder.
Highfcalcium_hydrateailime of the Snow-flake brand was used. VThisllime
met the ASTM spécifications €207 (Type NY and C6 (Type N) and Federall
specifications SS-L-351 (Class M). |

Asphadur is a grained, mixed polymer, known as polyoclefin, and.is
manufactured by Schiker and Company of Austria under the t:ade name‘of
‘Asphadur. This material was distributed in the United States by the
Minnesota Mining and Manufacturing Company of Minneapolis, Minn., under
the trade name "Stabilizing Additive 5990" (48). The process_of
preparing asphalt m1x with the additive polyolefin was patentedlin-the
United Statesg By Paul Haberl of Austria in Decembér 1974 (14). The Towa '
Department of Transportation, after using this additive in different
pavements across Iowa, stated that “this additiveiié capab;e of
improviﬁg'the viscosity, stability, flow and strength charaé;eris:ics.cf
asphalt cement concrete, making it less susceptible to rutting and
| shoving” (17). Although Asphadur is generally added to the asphalt mix,

the research on Phase I was done by adding it in the binder.



3.2. Procedures (See flow chart in Fig. 1;)

Thé saﬁﬁles.with Asphadﬁf were frepared with-two differen: mixing
plans,_as'shown in Table 1. Tﬁé samples labelled "a" were mixed for 3
minutes #t 400° F. to. get partially dissolved Asphadgf. The saﬁples
labelled "b" were mixed for 3 minutes at 320° F and then fdllowed by
heating in oven at 320° F for 12 hours to get totally dissolved

Asphadur. WHydrated lime was ﬁixed for 6 minutes at 280° F and

transferred into the cans. In each case, R00 grams of asphalt cement =

were taken and heated to mixing temperature. The additive was mixed in
with 2 motorized stirrer while constant temperature was maintained.
In order to evaluate heat stabilité and the effects of hot plant

mixing on these modi fied binders, the 16 binders were treated Bj -

following the ‘thin film oven test {TFOT) procedure} The sémplesrbefbfe‘”

and after TFNT treatments were identified as O and R samples,

respectively.

In order to determine rheological properties, penetrations at £1° F

(5° C) and 77° F (25° C), the softening point (R & B), and viscosities
at 77° F (25° €), 140° F (60° C) and 275° F (135  C) were determined on
both ofig1§a1 and thihéfilm'oven test rééidﬁeé of'ail biﬁdéf blends.
From ;ﬁesé resdlté, the'peneiration indéx;‘the viscdéity-femperature
spsceptibility, the penetrafion viscoslty number; the critical
low~£em§erature,rlong loédiﬁg-timé.stiffness; and the cracking

temperature were calculated.



HR-278 Phase | Test Program - -~ - G"Sphaﬂ cemeﬂ

¥
Rhaoclogical : ' pec:al physica Chemicai
Y properties properties Proparties
Panetratle cﬁenmg Vuscosny (H’LC) ( 2 S ) ()ﬂ) )
@41&77T F point . 146, 275
i Diﬂractton
pattern J

Correiations

ensile astic Dropping
@:ghnesa Eenaceey) grangt) ecover) ( balij
( Tensile propemes ) -Castic propertae%

COGOCE) 25
( ) () () ( es )(m )

Fig. 1. Binder study flow chart.
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Additiodal nonstandafd physical tests that have been used to
characterize polymer-modified asphalts were also explored.
® Tensile strength: At the E1f Aquitaine Asphalt Laboratory,
.Terre Baute,'lndiaﬁa, tengile stfess at 68° F (20° c) and 800%
elongation (or at fracture) of éll binders were determined, with
an Instron tenmsile testef, at tﬁe rate of pull of 50 cm per min.
This procedure is basically ASTM D412 (Standard _Mechqci for
Rubber Properties in Ténsioﬁ), which is used“routinély by the
rﬁbber 1ndustrj to.;vaiuaté tensile strength. The modified
procedure is given in Appendix A. |
e TForce ductility: The maxiﬁum_force required to pull the
standard ductility speciﬁen.with crogg~sectional area of 1 sgq
~¢m, at rate of pﬁll of 5 cm pér min and at a temperature éfl
10° ¢ (50° F), was determiﬁed by attaching a load celi to one
" end of the ductility mold (2). o
b d Eiastic recovery: The procedure developed by the Elf Mineraloel
Laboratories in Germany (23) was used to measure elastic
recovery of 511 bindgrs {Appendix BY. A standard ductility
sp3cimeﬁ.is stretched to 20 cm at 10° C (50° F) and held for
' five minutes. The specimen is then cut in the middle with a
pair'of scissors and allowed to stand undiéturﬁed; :After one
hour, the combined length of tﬁa:two sections is determined.
'Tﬁe percent recovery is defined as follows:

-L
100
20

20
7 recovery =

where L. = length after one hour.
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s Dropping ball test: A very simﬁle procedure for characterizing
viscoelastic materials under constant stress conditions was
developed in the Elf Aquitaine research labs in Sblaize; France
(éB) (Appendig C}- Fxactly 8.0 grams of asphalt are poured into .
a machined metal cup and a ball of specified size and weight is
embedded to a predetermined depth. The apparatus is 1§verted so
“that the ball is free to fall. The tima‘required for the
embedded portion of the ball to reach the:ﬁoint tangent to the
sufface of the cup is defined as tl. The time fequired'for thé
ball to drop from that tangent pléne to a point 30.0 cm below is
defined as t2 (Fig. 2)f Time tl is closely related to the

”_viscosity of the asphalt.or its initial tensile strength. }ime
t?2 depends somewhat on viscosity, but it is primarily affected
by the ﬁensile strength or elastic flow of the asphalt és it 1s
stretchéd‘by the weight of thé steel ball. The ratio t2/tl.
provideé a rgugh relationship of a material's elasticiﬁy or
tengile stength after elongation to its original v%scosity. The
test was run at ambient‘temperatures.

0‘ Toughness and tenacity: Another constant strain method for
monitéring tensile strength of modified binders is the toughness -
an& tenacity test (40). A metallic hemispherical head is .
embedded in hot molten asphalt to a depth of 7/16 ina The‘héad
and the asphalt are cooled ﬁo 25° ¢ (77° FY. The heéd is then
pulled from the asphalt at the Eate of 20 in. per min, and a

_loadmdeformation curve 1s plotted. Toughness and tenacity are



FORCE, LBS

o
o

50

40

30

20

10

12

= 1 = n
G 1 (+)
El ‘
P
g
o~
g o
y v )
i i -
TIME t = O TIME t = t1 TIME ¢t = t1 + ta

Fig. 2. Dropping ball test, definition of times.

TOUGHNESS = A + B
~ TENACITY = B

TOUGHNESS = 41.8 IN. LBS.
TENACITY = 27.8 IN. LBS.

et |

LTt
3

EXTENSION, IN,

4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 3. Definitions of toughness and tenacity.
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defined by the areas under thé forcEfdéformation curve (Fig. 3).
The areas under the curve were measured by a planimetgr.
Tenacity ié the work performed tn:pullihg ;he binder material

- away from the tension head to its maximum extension. Toughness
is the total work performed in pulling the ten§ion head out of
the sample as well‘as stretching the materlal while it is still
attached to fhe head.

While chemical characterization of asphalt and polymer-modified
asphalts is_difficuit,'since no two asphalﬁs are ¢hemicélly identicél
and no conventional chemical methods are readily adaptéble_to the |
modified asphalts, three special techniqﬁés have been found to show
potential in identifying effects of.theée.additives:‘x?réﬁ diffraction,
ieflected'microscopy, and high-pressure liquid chromatography (HPLC).

e High-pressure liquid chromatogfaphy (HPLC): Samples of all
biﬁder_blends were sent to Montana State Univérsity for
determiﬁation of molecular_si;efdistribution {MSD) by
high~pressure liquid chromatography (HPLC) with a Waters
Associ#tes instrument and &lﬁrastyragel columns (18).

. Reflected fluorescence microscopy: The homogeneit&_of
dispersion fo? microstructure) of the.additivés in aépﬁélt wﬁé
observed by using an Olympus l1ight ﬁicroscope (Modél BﬁM) with

reflected fluorescence attachment under blue excitation (8);'
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¢ X-ray Diffraction: This technique was used to determine ény
change in the structure and composition of asphalt, especially
any chemical change, because of the additives (53). The technique
uses an x~ray beam deflected from the surface of the material
with a certain wavelength.and at a certain angle. The wave-~
length of this deflected ray depends on the spacings between
the blanes‘(d) and angle of incidence (9). The follo&ing

relatiohship governs in this case.

nA = 2d sin 9

where A = wavelength

Samples 1, 2b, 4, 6, 7, 8b, 10 and 12 were selected as
reprasentative samples for the x~ray diffraction. Two different
types of scans, i.e. 6/28 scan and 29 scan with 8 = 5° and 10°,

were used for the above samples (1).

3.3. Results and Discussion

3.3.1. Rheological Properties

For all the samples tested, the penetration values-at 25° C and
5° C, are given'in Table 2. Asphalt cement AC-5 and AC-20 were used in
samples labelled 1-6 and 7-12 respectivély. The results, listed in

Table 2, are for both original and thin film oven test reéidue sambles.

e
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Table 2. Rheological properties.

NATERIAL - SANPLE | vis, 60  ¥iS, 135 . fw,25 n,5 8P ¥15,25
_ Ho. | phise stokes ¢ poise
] .

~AC-5 - 1-0 H 459 1.1 64 10 3 2.38E+05

AC-5+4% ASPHADUR  2b-0 H 1149 3.4 15 2 i 6.38E+05

AC-5+6% ASPHADUR  3b-0 ! 1500 - 9.8 ] 12 49, |.33E+06

AC-5+51 LINE 40 H 1700 1.5 131 8 2 2. AQE+05

STYRELF 1N AC-5 6-0 H 9908 3.8 135 12 i 1.93E+05

) L] . :

-AC-20 1-0 { 2215 1.4 55 z 50 2,38E406

AC~20+441 ASPHADUR 8GO Lo 50000 12,0 35 5 56 5.96E+06

AC-2046% ASPHADUR 9b-0 H 18000 6.0 20 4 58 . 8.48E406

AC-2045% LINE 18- \ 4104 4.4 44 i 51 2. 19E406

STYRELF K AC-2¢ 12-0 { 2812 6.2 15 2 53 31.38E£406

. ' 2

AC-5 I-R H 868 .5 9 3 43 5.02E+05

AC-5+4% ASPHADUR  Zh-R ! ¢ 8.8 35 i (1] 8.53€406

AC~-5¢61 ASPHADUR  3b-R H ¢ c 19 § 59 1, 10E407

‘AC-5451 LINE -8 ! ¢ ¢ EE} 5 57 6.56E+06

STYRELF IN AC-5 - ! 8935 8.2 36 ] 59  1.39E406

. i .

X "

M-20 1-R ! 4264 9.0 35 8 63 1.53E+07

AC-20443 ASPHEADUR 8b-R ! ¢ ¢ 12 { 66 2, 49E+07

AC-20+61 ASPHADUR 9b-R ! ] ¢ it 1. n 2,50E407

AC~-20451 LIME . 10-R ! ¢ ¢ 13 ? 7 2.88E407
STYRELF IN AC-20 12-R ! 11984 18.1 14 { 66 3978407

2 ¢ partially dissolved,
b ¢ totally dissolved.

¢ : could not be determined due to high viscosity andjor nohhouogenelty, ‘

YIS, 60 : wiscosity & 60 €.

¥15,135 : viscosity 9 135 C,

Pa, 25 : penetration B 25 C, 106 g, 5 sec.
Pm, 5 : penetration 8 5 C, (00 g, 5§ sec.
S.P : ® & B softening point.

0 : original.

R & thin film oven test residye.

Y15, 25 & viscosity 8 25 € and shear‘rata of 5 x E~2/sec.
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Note that samples 2a, 3a, 5, 8a, 9a and 11, for both original and thin
film oven test residues; ma§ give erronecus results because of
aonﬁomoéeneity- For all other samples, a general decrease in penetra-
‘tion values is clear. The point to be céngidered is thét samples 3b and
9h (with the higher percentage of Asphadur) and samples & and 12 (SBS)
have Ioﬁer penietration at 25° C but have higher penetration a£:59 c thaﬁ
the ndntreated asphélt. The penetration values are also represeﬁfed és‘
bar diégraﬁs in Figs. 4 and 5. |

Téb;e 2 also lists the values §f figg ahd ball softeninézggingégfdf

all the samples. The samples with additives have higher softening>

boints than the base binder in all the cases. Also the softening point

iﬁcreases with the increase in percentagé of additives (Fig. 6).
Viscosities at 60° C and 135° C were determined by capillary éﬁséé;
Recause of the nonhomogeneity of some samples, a Brookefield visééméééf
wés'used to estimate the viscosities at the above-mentioned
tgmperatures. - The viscosities ave listed in Table 2 and pléﬁted iﬁ-Fig.
7. Becéuse most of the entries for thin film oven test résidue are
missing, only the resulﬁs of the original samples will be discussed
here. The samples with additives-show a substantial-incréase.in
viscogities at both temperatures witﬁ the exception of sa@éle 2a~-0 at
60° C and sample 4-0 at 135° €. This discrepancy may be due to the
nonhomogenelity of the samples. Also tbe:samples with Aspﬁadur-éhow a -

higher viscosity than the samples with lime and SBS.
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Viscosities at 25° C, which were determined with a cone-plate
viscometer, are listed in Table 2 and plotted in Fig. 8. The
‘viscosities were determined for a shear rate of 5 x 10"2 sec >, The
samples with additives showed higher viscosities than the base asphalt,
especially for Asphadur-modified binders.

The effeect of heat, ag determined by viscosiﬁy and penetratidn ﬁf
25° €, on the thin film oven test residues, are shown in Figs. 9 and-io,
respectively.. The hardening of modified agphalts in terms of retained
.pénetration varied from 19% to 307 for AC-5 and ranged from 36% to 557%
for AC=20. These values were considetab1y lower than the réported 54%
to 787 penetratioﬁ-retention for SBS-modified asphalts (24). The
drastic hardening of modified asphalts is also reflécged in -increases in
viscosity. Modified AC~5 asphalts were more sensitiée'to thin film oven
héafing than thosé of modified AC-ZGVasphaIts. The only data on
viscosity rhtios at 60° ¢ for modified binders were those of.Styrelf;
the viscosity ratio was 9.8 for sas_modifiéd AC~5 and 4‘.2 for SBS
modified AC~20. These were much higher than the reported values of.l.Y _
ﬁo 2.9 (24). The asphalt cements without a&ditiveé had a viscosity
ratio at 60° C of 1.9 for both AC~S and AC-20. The normally specified
maximm ratio (e.g. ASTM D3381) is 2 to 5. |

Viscosities‘at 60° © and 135° C, penetrations at 25° C and 5°AC,
and softening points were used to deﬁermine the penetration index {P1),
viscosity*temperatﬁre thceptibility (VTS)Q aﬁdipenetfation~viscosity
nuﬁbef (fVH\ at 60° C.and 135° €. The effécté.ofladditiveé on |

temﬁerature énsceptibility will be discussed 1atér.
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Viscosity @ 25 C
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Data dn'origlnal samples were plotted on the BITUMEN TEST DATA
CHART (BTDC) for comparison and classifcation. Rased on BTDC, Heukglom
 (8) defined three classes of asphalts: Class S (comprisihg straight-run
resiﬁual and cracked asphalts), Class B (blown asphalts), and Class W
(waxy asphalts). TFor Class 8, both penetration and viscoéities fell on
the same straight line, but for Classes B and W, there'was a departure
from this simple relationship (Fig. 11). Also, Heukelom showed that thé
slope of tﬁe line in tﬁé chart indicates temperature susceptibility.

The penetration index can also be obtained by this éhart.
| Samplég 2b, 3b, d,laﬁd 6 were plotted with Sample 1 (Figs. 12a,,
12&,'and‘12c) and Saﬁples-Sb,-Qb, 10, and 12 were plotted with Sample 7
(Figs. 133,' 13b, and 13c‘). Samples 1 (AC-5) and 7 (AC-20) .are-
classified as Class W asphalts. Althoﬁgh it showed an increase in
- viscosity, Sample 2b with 4% Aéphadur éotally dissolved in AC=5 islalgo
a Claés W aéphalt, but_Sample‘Bb with 6% Asphadur totally dissolved in
AC~5:1ndicateé a Cia#s B aspﬁalt. Sﬁhple 4 (5% liﬁe in_AC-S) also falls
in the category of Class B asphalﬁs. ‘Sample 6 (SBS 1# A¢—5), however,
indicates a-CIass W asphalt, because it exhibité a.waxy naturéill
FdrAAé~20, fhe same additives were used in the same quéntity’but
the results were ﬁot Ehe same. At low Asphadgr content_(éaﬁple.gb)_the
. binder behéﬁed as Ciaés.B;lbut at high Asphadur content (Sﬁmﬁie 9b), the
bindér-behaved as Class W. In Sample 10 (5% lime in AC-ZO)_fhe binder
ghanged from Class W to Class S. Sample 12 (SBS in AC-20) béﬁ&véd in

the same manner as Sample 6 and fell in the Class W asphalts..
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These classific;tions indicate that the asphalt matrix changed
nofably with the additives, and in most of”the'cases the.tempera;ure
suaceptibilityrdf thé asphalt vas.imﬁrdVed. The data also indicéﬁed
'ﬁhat the changes in temperature susceﬁtibility depended not only'qﬁ thel
type and amount of additives but also on the base asphalt.

1.3.2. Tensile, Ductility and Elastic Properties

?reviqus'wcrk oﬁ rubber~ and neoprene—modifiéd.asphalts (22;23,24;
and AO)'indicated that tensile properties provide uséful_data_on';he
degree to whith.polymers benefit asphalts. Toughness, tgﬂgdity,’téﬁéilé
stress, and elqngation of modified.aaphalts wefé deﬁermined and.the
results are given in Table 3 and showﬁ-§h Figs. 14 and 15.

Bqth Asphadur aﬁd SBS increasedrtoughneés and tenacity-of.;he,
asphalts, while,lime, as expected, had no affects. Howevef; ogiy S$BS in
AC-20 mét thé suggésted‘speéificationﬁ fof polymeremo¢1f$gd‘aSPhalts 6f

minimum values of ?Shiﬁ}ilha todgﬁness and 350 inoulbs ten#gifyl _Except
for the toughngss of AC-S.bindérs,_the thin film oven heating,decreased
the toughagés and the tenacity of binders. | -

While both Agphadur and SBS 1ncréased‘tensilé streasés'of.asﬁhalta
at 800X elong#;ion, only SBS in AC-20 met the recoﬁmendéd'stress of 4.3
psif ?urtﬁermore,kcﬁe,improvements diminished upon thin film oven test
"~ heating. | |

Reéul;s,of fotce.duttility and elastic récovery of samples_at 10° ¢
are given in Table 4. -Asphadur-increaée& dﬁctile force for‘both
asphalts buﬁ did nothing to improve elastic recovery; SBS, howevér,
reduée& the ductile force but increased the percent.elastic recovery

significantly. Hydrated lime had no significant effects on either
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Table 3. Tensile properties of binders.

WATERIAL  SAMPLE ! TOUGHWESS | TEACITY !  TENSILE  STRESS |
o . Koo 1 in-lb | in-lb |stress, psi { § eiong.|
1 J s ]

AC-5 -0

: 1.3 4.0 0.000 800
AC-5+if ASPHADUR 2b-0 1. 214 60 - 0,000 800
AC-5461 ASPRADUR  3b-0 | 2.8 6.3 0.142 800
AC-5451 LINE 0 1 It 3.2 6.000 800
STYRELF IN AC-5 60 ! 32.9 28.9 1.565 . 800
-
A-20 0 1.6 1.9 0.853 800
© AC-20+43 ASPHADUR 8b-0 . | 70.6 £5.1 2.418 6,
© AC-2046% ASPHADUR 9b-0 | 1004 4.9 0.000 201
AC-2045% LIEE 100 1 T4 126 0.853 800
STYRELF IN AC-20 12-0 {2215 163.8 13,221 §00
AC-S | -k 22.5 5.9 0.000 800
CRC-5HS ASPRADUR  2b-R ¢ 59,9 0.9 0.000 189
AC-5+46% ASPHADUR  3b-R | 65.6 3.4 8.676 ‘
AC-545% LINE - 19.6 43 L1 s
STYRELF 1N ACS . 6-R ! 0.0 0.0 0.8 M
T ™ 68.9 0.0 5,000 261
AC-20441 ASPHADUR Bb~R ! 3.6 0.0 0.000 10
© AC-20461 ASPHADUR 9b-R | 2.9 0.0 0.000 14
AC-2045% LINE  10-R | 21.6 0.5 8.000 190
STYRELF IN AC-20  12-R ! 8.8 8.0 0.900 714

. a ¢ partially dissoived,
b : totaily dissolved,
0 : original,
R : thin film oven test residye,
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Table-d. Dectility and elastic properties.

AATERIAL SANPLE

~ STYRELF IN AC-20 12-R

{ DROPPING BALL IFORCE OUCT. | ELA. RECOV.
No. 1 281 ) dbs. %
z ! z
A5 = 0.227 .45 0.00
AC-5+4% ASPHADUR  2b-0 ! 0.173 A5 ¢
- AC-5+6% ASPHADUR  30-0 | 0.069 2.91 ¢
M-55LLINE 40 0.034 1.50 2.50
STYRELF IN AC-5 6-0 | 0,923 1.21 61.25
: i
-z 1 0.046 17,45 ¢
AC-20+4% ASPHADUR 8b-0 | 0.047 18.90 ¢
AC-2046% ASPHADUR 9b-0 | 0.062 29.30 ¢
AC-2045% LINE  10-0 | 0.047 15.64 ¢
STYRELF N AC-20 12-0 | 0.615 10.00 65.00
AC-5 . R 8.248 3.64 5.00
AC-5441 ASPHADUR  2b-R ! d 17,82 e
AC-5461 ASPHAOUR  30-R | 0.021 13.21 c
AC-54ST LINE 4R 0.048 8.0 - ¢
STYRELF IN AC-S 68 | 0.334 13.64 ¢
1 .
-2 R 4 21.10 c
CAC-2044% ASPHADUR 8b-R | 0.040 23.64 ¢
AC-20+61 ASPHADUR 9b-R | 0.351 2.9 ¢
A-20055 LINE  10-R | d 32.13 ¢
: ¢ ©38.00 ¢

a': partially dissoived.
b : totally dissolved.

¢ ¢ the samples were brokes before reaching 20 ca.

d : no flow,
. 0 ¢t original.
R : thin film oven test residue,
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property. Another measure of the elastic property of modified binders
is the ratio t2/tl obtained from the simple dropping ball test (Table 4,
Fig. 16). The.only significant improvemént resulted from Styrelf. 
However, the benefits_df Styfelf seemed to have diminisghed after thin
film oven heating. | | -

3.3.2. Chenical P:operties

| Righ pressuré liquid chromatogfaphy (HPLC) ié a.:echniqué whereby
the molecules in an asphalt are separatéd according to. relative size, as
in sieve analysis. Although it pefﬁits.the 1argest méiecg;es to.pgssr
packed columns more guickly, it sucgassively retards‘the-ﬁassage of
smaller ones. The arez under the chromatogram is dividéd into three
portions by selécted elution times as the large molecular size (LMS),
medium mdlecular size (MMS), and small molecular size (SMSja"The
dividing elution times‘wéré selected to maximize the differences among
asphalts with respect to LMS which 1s found to cbrrelate with_cfacking
of asphalt pavements (18). Figure 17é shows the cﬁrométdgtam fo: sample
-0 (AC-5). Figure 17b shows the'chrométograms of AC-20 (7-0) and AC-20
modified by SBS (12-0). Potenfially éhis technique cpuld-be usedlto
determine the percent of polymer in‘pgqugr-quﬁfigd_aséhalts_as shown
by the shaded area at short retention time. Figure 18 présents the
percent LMS for the 16 binder blends,uoriginal versug TFOT residues.

Datafindicate that the two grades éf asphalt were very similar in

thelr molecular size distributions and that additives had little effects

on percent LMS, with maximum increase of about 1% for Styrelf. However,
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the increases in percent LMS hecause of thin film oven treatment, ﬁhich
simulates hot plant mixing, were large. Exclud;ng_samples 2a, 3a,'85
~ and 9a becaﬁse the dispersion was nonhomogeneous, the increases in
percent LMS as percent of LMS in original asphalts variéd from 62% for
Asphadur (67) ih AC-20 to 119% for lime {(10Z) in AC~-5. Thg‘incrgases in
IMS fqr AC=5 #nd AC-20 without additives were 34% and 912,‘respe¢t1vely.
The ﬁet increases in percent IMS because of thin film oven treatment |
ranged froﬁ 5.02 for Sample 1 (AC-3) to 16.97 for Sample 5 (10% 1ime_in
AC-5). These increases were unusually large compared to the pqrmaiiy |
" expected increase of 27 to 57 based on data from asphalts extracted f;om
pavements without additives. . | |

| 'On the basis of limited performance data, ﬁhe maximum percent LMS
reccmmended for climatic zone for Iowa was estimated to be about 267
{18). According to this criterion, the only satisfactory binder was
AC-5 without additives. Binders with Asphadur and hydrated lime would
lbe considered marginal and those with Styrelf would be critical with .
respect to cracking. |

However; these remarks must be viewed with caution because of the

_pfohlema of solubility of lime and Asphadur in THF (tétrahy#rofuréni_
so;vent used for ;hg mobile phase in HPLC and because of the
nonhomogeneous dLSpersion of soﬁe of the biﬁder_bleﬁds. Eurthermdre,
the recommended criterion was based on asphalts in pavéments withé#t .‘
additives. It is 1likely that separate HPLC te;hniqueé and/or criterion

must be déveloped for asphalt pavements with additives.
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The reflected microscopf technique was explored as a2 possible means
to better uﬁderétaﬁd the pol&mef Alspersion and the structiure of the
#oiymer~in—asphait s}étem and ultimately-to provide information on the -
Optimization of polvmer modification.

Pure asphalt (AC*S) does not produce observable fluorescence under -
hlue excitation. Likgwise, asphalts with lime additions (Samples &4, 5,
10, aﬁd lifwshbﬁe& no fluorescence. ‘Whiie samples 6 and 12 contained 3%
to 5% SBS polymer, the reflected fluorescence micrographs Indicated no -
fluorescence particles. This result indicates that SBS is not in a-
physical dispersion_but rather forms a new cross-linked homogeneous
reédti§ﬁ'§£odﬁct because of the Elending.techniques‘and‘secOﬁdary
additives used in the manufacturing process. |

‘6f iﬁtérest'are the‘eight blends containing Asphadur (polyolefins).
Figure 1@ shows typical micrographs of 4% and 67 Asphadur in AC=-5.
Continued heating, either during blend preparation (2b and 3b) or thin
film oven treatment (22-R and 2b~R), appeared to hava reduced the
particle size and increased the uniformity of size distribution (2b-0,
7b~R and 3b-0). Higher polymer content is reflected in the higher
partiéléld§ﬁ91t§=(3a~b and 3b-0).. figure 20 shows the ﬁicrographs'of

Asphadﬁr'iﬁ'Aé;éo, 'The same observations made for‘sampleé 2a and 2b

{ Agphadur 1n‘Aé«5} cahube'mﬁde here. prevef,'undissbived large
ASphadﬁfnpartiéles are more evident for high viscosity AC-20 (Samples Ba
and GaS.I'The significéﬁce of pafticle size and size distribution and
“the haiéslsﬁfrohnding larger particles in partially dissolved samples

(Ra and %) need further sfudy.
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3a - 0 ASPHADUR, 6%

19. TFlourescent micrographs

3b -0

of Asphadur in AC-5.
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8 -0 ASPHADUR, 4%

9 -0 - ASPHADUR, 6%

Fig. 20. Flourescent micrographs

'  b - 0

of Asphadur in AC~20.
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Eight samples from the original (O seriesj vere seleéted for x-ray
rdiff?action‘study.- The standard procedure is a 8/28 scan for:the
aﬁélysis bf the materials. But because of some prefefred‘oriéntation of
asphalﬁ mqlecpleé, using only a 8/26 scan may not show the complete :
picture;‘theréfcre, a 28 scan was also done for all the sambles.

In a 6/29 scan, both 6 and 20 vary; and whenever the Bragg equation

is satisfied, it gives a diffraction peak. The Bragg equation is

An ?‘2d sin

where A= waﬁglgngth
d = interplanei spaéing
g = angie of incidence.

In a 29-scan,‘8 is.fixed and 28 varies. Iflthére is any preferfed
Orien;a;iﬁn éf‘molétules, the diffraction peak appears when the Bragg
equaﬁipn-is satisfied, and the orientation can be calculated tl).

Results obtaiﬁed with 6/20 scans are presented in Figures 21-23._

'. Figure 21, Which compares the two asphalts AC-S and AC-20 used in this

.study, indicates that molecules of both asphalts are arranged in the
horiaontal direction with an average separation of 4.7 A. Both peaks

"have a breadth of about 9.8 A at half maximum intensity, which indicates
thg.same gize of miﬁuté clusters of molecules. The main difference
between the two aéphalts is in the height of the shoulder to the iéftrof
the peak; This shoulder is due to 1ow-ang1e scattering of x-rays and is
a measure of the size and abundance of dispersed particles of

asphaltenes dispersed in resinous and oily fractions of asphalts (53)
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lAccording.to Williford (53), the higher the shoulder the better
the asphalt. Effeqts of additives, for exgmple; lime, Asphadur,‘
and.SBS, on AcfS are compared in Figs. 22 ﬁnd 23. As can be seéﬁ from.
.Fig. 22, the ﬁosﬁ sigﬁific#nt effect is demonstraféd by.Scyrglf ip
raising the ldﬁéangle scattering shoulder. The reduced intensity of the
gample céﬁtaining lime is probably due to absorption of the copper |
radiation by calciuﬁ. The cryst#lline peaks observed vith this sample
correspond to lime crystals and indicate that the lime did not
chemically react with the component of_asphalt.‘-Ihe sample containipg'
ASpﬁédﬁr also produced a sharp'crystalline peak (d-spacing of 4.1.35.
Since a diffraction patﬁern of AsPha&ur alone could not be obtaiﬁed'at
the present timé, it is not yet possible to state.whether this peak
- corresponés to Asphadur or to a ;eaction product. |

The 26 scans performed indicated that major alignment of molecules
with about &.7’& séparation occurred in the horizontal direction...when 6
anglerwas fixed at 5, 10, and 15 degrees, the peaks were flattened oﬁt,
peal ihtensities were reduced, and noncrystalline peak positions were
‘ah;fted. These results support the hypothesis that a horizontai
orientation is'preferréd. Figures 24 and 25 show 20 scans fbr‘samples
contaihing‘limé aﬁd Asphadur. .fhe reduction of intensities_and‘ |
brﬁadening of the peaks of not‘only thelaéphalt matrix but‘aisé of_the
crystalline‘peaks suggest that even the crystals of Asphadur-and_limé
'are-also ot1enfed in the matrix, possibly by attaching themselves to-

asphalt molecules. This may explain the observations made in viscosity

studies.
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From the above discussion, we cen‘cbnclude that the introduction of
the additives did change the structure and behavior of the asphalt.
Increasing 1ow—ang1e scattering and preferred orientation of the
particles are to be ngted. We expect that 1dentification of additives
and their effects on eephalts can be rapidly and economically determined
by x-ray diffraction teceniques tesed on low-angle scattering
intensities and the shape of the.emotpuous peaks. |

In the future, we suggest that more comprehensive gtudies bej
undertaken using B scans and especially diffraction in transmission mode
(1) for a complete understanding of molecular mekewup of asphalts and
the effects of additives as related to their engineering performance.

3.3.4, Temperature Susceptibility

| Asphalt cements of high—temperature susceptibility may contribute
te rutting at high pavement temperaturea and cracking at low pavement
tempetaturee. One. ef the often—quoted benefits of polymer additives is
the reduction of temperature gusceptibility of paving asphalts.

Temperaturersuseeptibility of an asphalt can_be evaluated by using
the Shell jsicum“eu Test Data Chatt (BTDC) (15), the Penetration inde_x
(?I) ('sé),’ the"?én—sv;ts Numb'er (PVN) based on 'viscosity at 60° C or.
viseosity at 13§° c (33), the viscosity~temperature sugsceptibility
(VT?), and the Asphalt C1ass Number (CN) {4Y. The basic rheological
data as plotted on BTDC are shown in Figs. 12 and 13°'and the derived
P1, PVN, VTS, and CN of the. binder blends studied are given in Table 5.

The CN'shewﬂ"the difference between measured and predicted
penetration at 25° C. A small negative or positive CN value indicates a

Class S (straight run with a straight line, temperature~-viscosity-

[
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'9445‘

en

-0.221

Tabie 5. TYemperatyre susceptidility.
FATERTAL SAMPLE ¢ CH Pln ¥1s PVN,60 . PVN,135
No. - |}
H
-5 -0 ! 3.28 ~1.33¢ 3.618 -0.832 -1.012
 AC-5+41 ASPHADUR - 2b~0 ! 5.82 ~0.673 3.420 -0.381 -0.321
AC-5+461 ASPHADUR  3b~0 i ~25.97 0.347 3,499 £.829 1.680
AC-545%8 LINE 40 ! ~22.45 -0.9319 4,318 0.281 ~|. 475
STYRELF N AC-5 60 T K1 ] -.286 3.217 ~0.375 $.071
' ]
AC-20 -0 ! §.46 =}, 108 3.675 ~8.854 -1.073
AC-20+4% ASPHADUR 8b-0 H -36.10 ~§.601 3.821 1.415 1.152
AC-204461 ASPHAOUR 9b-9 H 0.4 -1.241 3.089 -.830 -§. 047
AC-20+5% LINE 10-0 H ¢.75 -§.354 3.708 ~0.578 -4,935
"STYRELF 1N AC-20  {2-0 ! 26.63 ~1.24% 3292 -1.244 . ~0.695
 Tog ] i-R ! 13.56  -1.148 3.546 -1.084  -1.034
AC-5+¢4% ASPHAOUR  2b-R H -285.19 8.3%0 S . ¢ -0,24%
AC-5+63 ASPHADUR  3b-R H e ~1.239 ¢ ¢ ¢
AC-5451 LINE 4R ! € -0.516 ¢ ¢ ¢
STYRELF 1N AC-5 - &k . | -1.5% -0.933 3514 -0.13% -0.304
AC«Z& TR 2.1 6.0 3178 C-0.860 -0.222
AC-20+4% ASPHADUR ] ! ¢ -0.695 ' ¢ e
AC-20+61 ASPHADUR Sb-R H ¢ -8.078 ¢ c ¢
AC-2045% LIME 13-R { ¢ ~0,493 ¢ S - e
- STYRELF (W AC-20 12-R H -12.12 -1.116

a t partially dissolved.
- b ¢ totally dissolved.

¢ t could not be determined due to absence of viscosity data.

CN ¢ class nunber,
fla : measured penetratioa index.

¥T5 & Viscusity-telperature suscept bi1ity,
- PYN,60 : Penetration-viscosity number 8 60 C.

PN, 1352 9enetration-vlscositv number @ 135 C.

0 : original.
R ¢ thin flim oven test residue.
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penetration plot) asphalt. High positive CN values indicate Class W
‘(waxy) asphalts, and high negative CN values indicate Class B (tlown)
asphalts. Either case reflects substantially high-and‘1ow~temperature.
susceptibility. On the basis of CN, Asphadur (except 62 in AC-20) aud
lime decreased the temperature susceptibility; end SBS increased the
temperature susceptibility, especially in AC-20. ‘.
According to the PT, all additives decreased the temperature
susceptibility of AC*S but increased the . temperature susceptibility of
AC=-20), except Asphadur at 47 (Fig. 26} In general, temperature~
susceptibility (VTS) at a high—temperature range (60 C to 135 C)
seemed to be decreased because of polymer modification but increased
because of hydrated lime (Fig. 27). . |
On the basis of the PVN, data indicated decreases in teetereture
susceptibility because of additives. fhe exceptions eere the. effécts'of
1ime on AC—S based on PVN from viscosity at 135° C and the effect of
SBS on AC~20, haged on PYN from viscosity at 60° C. Both'ofrtheee -
estimateeleheweu increases in temperature‘susceptibiiity (Fig;rza);'
When all the indices were considered, all the additives‘apueered to
decrease the temperature susceptibility_gﬁﬁthe‘aephalte_etuﬁgedii:_;“
especially for AC-5 and at higher temperature raugee,‘.Ieupereture
susceptibility of asphalts can be reduceu_b§ {e)‘;ncreesingavieeOSity at
high temperatures, (b) decreasing visccsity at 1owlteﬁpereturee,‘eudK(c)
increasing viscosity at high temperatures substentially'more than‘the
viscosity increase at low temperatures.‘-The appareut decrease in
temperature susceptibility of polymer-modified asphalts in this study

resulted from a combination of mechanisms.
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Haas (13) fecently suggestéd a minimum PVN to avoid lbw-temperature
eracking. If we use hié.suggestion and assumé_a minimum design .
temperaturel§f7~23é c («10° F)Afor.iowa, the required minimum PVN wpulé
be ~0.5 and l;h,lfespectiveiy. On the baéis of these criteria, ésﬁhalés
AC~5 ané.AC—ZO, qéed in this study without additives, would be
consideréd susceptible to lowutemperatﬁre cracking; aﬁd AC¥$ with either
Aspﬁadﬁr‘qr 8BS would be crack resistant. | |

3.3.5. Potential for Cracking and Rutting

Other fac:ors being equal, increases in viscosity at thg‘ﬁoo-eﬁfg
135° ¢ range will benefit the rutting regsistance of asphalt pévemeﬁtsn

On the basis of substantial increases in viscosity at 60° C and 135° C

(Table 2) and a decrease in temperature susceptibility (Table 3), we may

infer_that:both Asphadur and SBS should imﬁrove the rutting résistance
of asphalts.

Reducgd temperature'Susqeptibility, for example, Increases in PUN
(Table 5}, would lead one to expect improved loﬁhtémperatﬁre cfacking
resigtance of pol?mefﬂmodified asphalts. Low-temperature ésphalt
. sfiffﬁess has heen corrglated with pavemént cracking associated with
' nbnlqad conditions..'The effects of add}tiv;s on low-temperature
.behafiof of asphalté'cén be avaluated éiﬁher by estim#ting the
temperature at which asphalt reaches a‘cgrtain eritical or 1iﬁiting
stiffness or by cbmﬁaring the stiffness of asphalts at low temperatures

(long loading ﬁimes) {3y, o
. Table 6 presents‘the results of‘estQmated low-temperature cracking

properties of hinders involving two asphalts with three additives. The
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properties include cracking temperature (CT), temperature corresponding
to hsphalt thermal cracking stress cf‘72;5'psi (5 x 10 Pa), based on
pénetrations at 5° C.and 25° ¢, temperature of equivalent‘asphalt

_atiffness of 20,0n0 psi at 10,000 sec loading time (TES), gstiﬁated

stiffness at ~23° C and 10,000 sec loading time, and stiffness at -29° c

and 20,000 sec loading time. The following can be observed:

e Softer grade AC-5 had a lower cracking temperature and reached a

critical stiffness of 20,000 99$ at a lower temperature than
‘harder asphalt AC~20 (Fig. 29).

e Harder asﬁhalt AC=20 benefitﬁeq more from‘additiﬁes than softer
asphalf AC-5. Lowered cracking.temperatures occurred in AC-20
in every case, but in AC-5 lime and Asphadur iné:aased'the
predicted cracking temperature (Fig. 29);

e On the basis of temperatures predigted fo‘reach critical
stiffness of 20,000 pei (TES), only Asphadur at 6% and Styrelf
showed bénefiQial gffects.qn AC-5. | -

* Stiffness at low temperaiureé and loﬁé-loading times increased
in every case vhen additives were used. Ho?evér, on the basis
eritical cracking stiffness of 20,000 psi crife:ién, oniy'
Asphadur and lime in AC-20 will be expecﬁed‘torcfack at -29° ¢
(=20° ).

' Data in Table 6 and the above observations must be viewed with

of

caution because tﬁe limiting stiffness criteria for asphalt cemerits may_'

or may not be satisfactofy for additive—modified'asphalts;
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Table 6. Low-temperature cracking properties.

CT,C  TES,20ksi S5,-23,10Ks §,-29,20Ks

NATERTAL. SAPLE |
: - Ne. ! ¢ ksi ki
: |
AC-S 0 -34.00 <3800  0.508 1890

AC-5+4% ASPHADUR-  26-0
AC-5+6% ASPHAOUR  3b-0
AC-5+53 LIt -0

STYRELF IN AC-5 6-0

|
]
i
1
[}
!
t
]
[}
]
i
. (]
1
]
1
]
1
]
[}
1
1
]

-20.00 -38.00 0.798 . 2.900
-41.60 -43.00 0.725 1.450
-32.00 -38.00 8.725 2.500
-38.06 -42.00 .435 1.450

-21.00 -28.60 6.435 .45
~33.00 -26.00 10.200 21.800
-33.00 -19.00 43,500 12.500
-28.00 -26.00 5.800 13.100
-22.00 ~24.0¢ 17.480 36.600

AC-20 -0
AC-20+4% ASPHADUR 8b-0
AC-20461 ASPHADUR 9b-0
AC-2045% LINE 10-0
STYRELF 1N AC-2¢  12-0

-24.00 -31.00 4.350 11,660
¢ ~31.00 17.400 29.000
-45.00 -18.60 43.500 72,500
=400 -0 16.200 21,800
-30.00 -29.00 5.800 10.200

AC-5 i-R
AC-5+4% ASPHADUR  2b-R
AC-5461 ASPHADUR  3b-R
AC-5451 LINE R
STYRELF IN AC-5 6~k

-0 IR
AC-20441 ASPHADUR 8b-R
AC-20461 ASPHADUR- 9b-R
AC-20455 LINE  10-R
STYRELF [N AC-20  (2-R

-33.00 . 4350 8,700
-16.00 43.500 102.000
-17.00 145,000 174.000
-18,08 43,500 . 72.500
-56.00 29.000 58.000

-t an S mae ek S A hme W e am e

;o 000

a ¢ patially dissooived,

b : totally dissolved,

c : outside nomagraph range, but higher than -20 €.

. CT,C ¢ eracking temperature in €. '

TES, 20ksi,C ¢ temperature of equivaient stiffness # 20 ksi.
5,23,10ks : stiffness 8 ~23 C, 10,000 sec,

§,-29,20ks : stiffness & -29 C, 20,000 sec.

§ : original. _

R : thin Film oven test residue.
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4. EFFECTS OF ADDITIVES ON THE PROPERTIES
OF ASPHALT CONCRETE MIXTURES--PHASE II

4.1. Materials

' Seven series of aaphalt concrete mixtures were prepared with the
two asphalt cements studied in Phase I (AC«B and AC-20) and in
coniunction with five addirives and two aggregates (1imestone aﬁd'
gravel). TIn addition to the additives and polymer-modified asphalt gsed
‘ in Phase I of the study (Asphadur, hydrated lime, and Styrelf), two |
additional types of pclymar—modified,asphalts.(PACs) were included.
These were ?AC—5 and PAC-20 from Koch Asphalt Company of Sﬁ. Paul,
Minnesota, and PAC-5 and PAC-20 from Jebro Inc. of Sioux City, Ioﬁa.,'
These PACs'were 1dent£f1ed by the suppliers as neoprene-modified
asphalts and styrene—sutadienevrubber ;atex-modified asphalts,
containing about‘éz to 3% solids. As deééribed in the previous cﬁaptef,-
qtyrelf-binders as received and used in this study were SBSQmodified ”
AC-S and AC-20 asphalts. Asphadur and lime were added to the ﬁixéé
during mixing. The limestone aggregate (LS) consisted of 60% 3/&-in.
crusﬁed 1imestone'and 407 sand, both from Hardin-County, Towa. The
gravel aggregate (G) consisted of 557 1/2-in. natural gravel 307
1/2-in. crushed gravel and 157 sand all fom Sac County, Iowa. “The

" gradations of the -aggregate blends are shown in Fig. 30.
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4.2. Procedures

Seven series of 72 batches of mixes were prepared'and tested,
including 12 control mixgé contaipiﬁg no additives (Table 7). For each
' aggregate—bindgf cdmbiﬁation, three mixeé were made at 1% binder contenﬁ'
incremenés.bracketing the‘optimum asphalt cohtent gstimated-ﬁy ﬁhe'
Marshall method of.mix design; Thé additives were introduced in;o.the.
mixtures with methods as close to field coﬁditicns as possible. - |

Mixes of 50 1bs each were mixed in a heated twin-shaft pug~mill
mixer.. Mixing procedures for controls (mixes ClL to C12), mixes
containing Styrelf {mixes S1 to 512), mixes containing neopreﬁeQmodifiéd 
. PAC-5 (mixes Kl to K6), mixes containing SBR-modified PAC~5, and mixes
containing hydratéd lime.(mixes LLl to LL12 and LH1 to,LHll) were és.
follows: Place aggrégates at 325 +/~ 10° F in pug-mill mixer and dry
mix for 10 sec. Add. binder at 275 +/- 10° F, mix for 30 sec and |
discharge. lHydfated lime, at 1% (LL series) and 27 fLH series) by
weight:offaggregate;‘waé added to the heated aggregates before the
'addition‘qf asphalt for the wet-mixing cycles.' The same mixing
procedurelwas followed for mixes containing PAC-20 (mixes J7 to J12 and
K7 to K12) exceﬁt that aggregates were heated to 340° F and binders were 
added at 290° ¥. For the AH series, asphalt cements at &00°.F were
.added to aggregates at 450° F. After the wetwmiﬁing of 20 sec,
Asphadur, at 6% iy weigh; of asphalt, was then added to the mixture; and

mixing continued for an additional 30 sec to comple:e the mixing cycle.
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Fighteen Marshall specimens were prepared from each batch.

Compaction was accomplished by a mechanical Marshall compactor with 50

blows per.side at a mix temﬁeratﬁre of 275° ¥ for all mixes except for

. mixes J7 to J12 and X7 to K12, which were compacted at 290° ¥ and mixes '

AH1 to AH12, which were compacted at 375° F.

The foilowing tests were performed on the mixtures and the

6ompacted specimens, as shown in Fig. 31:

e

‘Sample height and bulk specific gravity (ASTM D 2726)

Theoretical maximum specific'gravity (ASTM D 2041)
Marsha1l stability and flow, air and VMA {ASTM D 1559)

Marshall stability and flow after specimens immersed 1n water

'ag-l&ﬂ F for 24 hes (45, 49)

| Indirect (splitfing) tensile strength at'77° F and a loading

rate of 2 in. per minute (21)

Indirect tensile resilient modulus at 77° F and a fre

| h.31. hz. measured with a Retéina Mark IV.resilienﬁ modulus

device (41)

Shell unfaxtal compression creep test at 104° F (40° C) at a

stress level of 14.5 psi (0.1 MPa) for a loading time of

2 hrs (51)

Indiregt tensile strength and resilient modulus after vacuum~
gsaturation (42,&5) and after an accelerated Lottman condition-

ing procedure (27,28).
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4.3. Regults and Discussion

4.3.1. Marshall Properties

MarSﬁall_propefties (stability, flow, voids, and bulk gspecific
gravity) of the 72 mixes are given in Table 8. Marshall stability
reéults are shown in Fig. 32(a), and the results of Marshall stiffness or
Marshall quotient, defined as ratio between gtability and flow, are
shown in Fig. 32(b). As expected, stability values of mixes contéining
AC-20 were higher than corresponding mixes containing AC-5, and
stabili:y values of mixes made with limestone aggregate (LS) were higher
than corresponﬂing mixes made with gravel (G). With the exception of
:Series J (SBR-médified.AC-S) with gravel aggregate, all other mixes at.
optimum asphalt content of about 6% would have ;et design criteria f;r
héavy traffic in_terﬁs of stability (;506 1bs +) and flow (8-16). “There
were signiftcant increﬁses in stability because of the additiénldf'
Asphadﬁf (AH) and'Styrelf {(S) as compafed to control mixes (C), slight
increases in stability for neoprene mixes (X), and no significant
differences because of other additives. One of the reasons for
lincreased sﬁability for AH and S mixes wés'that polymers added tb AC—S
or AC~20 base asphalts resulted Iin a higher viscosity binder. _Howevér,'
PAC-3 and PAC~20 binders used in X and J mixes were polymer—modifiéd
‘binders in the AC-3 and AC-20 viscosity ranges.

Iﬁ is éignificant that Asphadur and Styrelf increased the stability
of AC-5 mixes to that of AC-20 mixealwithgut additives. This makes it
possiblé to use softer AC-5 with these additives for both
low~tempefature cracking resistance and high-temperature stahility

- requirements.
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Marshal} Harshail-lssersion  RHS

' L) ! i
Series | by vt} W& air Gab | stab. flow ~stiffness stab. flow
] - of Nixj (%) (3) Po{Ib) (.01 in.) (i) (.01 is.)
] o 1 § . -
t [ t ’ :
Poopt-1 | S.213 1 16,97 6.84 2.270.1 2058 8.8 2.1 1M 9.9 LIM
€ {toopt | 61030 1646 432 2.306) 1708 115 1485 2128 108 1.246
}ooptel | 6977} 16,68 2,23 2.314% 1888 2.2 1547 B a2 L8
1 ] ] . 1
1 1 t 1
Cobooept-b ) 52131 1606 693 22931 3367 3.7 3482 4930 0.6 1.464
Mot oopt | 6103 169 557 2,293 3825 8.5  450.0 . 6443 9.6  1.684
booptel L 69770 1661 3.9 23240 2615 143 1817 020 152 1129
i ' ; ' i : ' -
Poopt-l § 5.64) 1439 3 e 8 122 13 BT 166 1.08]
b ooept 1 6047 % 1495 LLT0 2,346} 21T LT l8L4 0 7837 162 1340
ooptel | 69121 1604 083 2,338 1567 145 1080 . 167 fL.T O L.198
[} ] . 3 . 1 "
' 1 ] ' T
boopt-t b S.H16 Y 1448 2,99 23364 2658 1.3 2573 2847 181 LOTL
Lt oopt ) 59911 1503 1.4T 2.343 7 1875 1.7 148,00 2595 - 118 134
poopt#l | 68497 16,20 072 2,331 1392 157 88.8 1670 145 1.200
ot bt ym==—- t ' -~
doopt-l 3 52130 1604 6.76  2.296¢ % 2815 9.8 2925 3243 9.7 1.128
5 1oopt } 63037 1692 5.6 23421 2050 5.7 130.8 2650 3.7 1.293
Pooptel | 6877 1626 71 2,333 1T 158 M2 2 140 1282
i i T o o 0 v 0 0 0 2 0 o | “ -
M ' t _ ' ‘ N
. poopt-l 5213 12T 6,90 2,262 ) 1667 8.8 1887 407 1.3 1.444
K toept | 6103) 1579 3.07  2.32470 2083 13,5 1543 2883 U5.0  1.384
foopttl | 6977} 17.64 3.0 2,296 ) 400 11.2  125.3 1708 15.0  l.220
A ] § - t ;
t ' i ¥
poopt-l | S.213 % 1T.18 8,56 2,265 {1 1617 8.2 1919 2020 1.4 1249
§ooboopt b 61031 16,31 544 23100 2142 113 1898 -- - --
booptel | 69771 17.68 488 2.294 7 1333 10 K212 WS 18 1669

- -

-~ 3 Data not available.
AKS : Marshall stability ratic.
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Table 8b. Yix properties, GJAC-5.

-

t i . : H Harshall Harshall-lmmersion RHS
Serfes | bywt] VWA alr§  Gsb | stab. flow stiffness stab.  flow

i of Hixi (1) (1) boey (.01 el (fb) (.01 1n.)

! ] i

t t : ¢

boopt-1 4 52130 20,18 920 .30} 1817 9.0 166.5  ti02 11§ 0.727
C 1 opt | 61037 19.68 6,51 2.286 ) 1750 9.0 1944 1205 9.8 0.694
: Voopt#l | 69771 19.85 434 2308 1333 8.3 160.1 1488 %9 L.ls

: ol Rt '

yoopt-l | S5.164 | 16,36 577 . 2.357% 1583 10.7 1484 1868 102 142
W Joept | 68471 1951 12 2.28% ) 145D 5.0 1611 1613 8.2 1.112

ooptdl | 69121 18.86 434 2,329 1583 3.7 187 1395 9.7  0.881

' } ' O - -

Voopt-l | R2I3 ) 19.66 %42 2268 % 1705 8.5 2088 397 162 0.900
§ et | 1031 1981 658 23057 1475 8.3 171 163 1.7 L7

Poopt¥l | 6977 19019 A6 321 13 143 9L 1118 108 0.846

i : .l : -

{oopt-l | 5213 0 18,80 0 6,94 2.269%1 1833 103 TS a8 133 L2l4
K foopt | 61031 1825 4.4 23260 1783 L0 ezt 1988 147 LIS
C foeptst | 6977 1887 2Tt 23300 1550 M8 NOT 0 2037 14T 1314

L] 1 ] '

) ] 1 i

boopt-l 4 5213 1949 %25 210 1325 150 6883 1240 104 9,936
4 et} 603) 1813 555 23307 13 9.5 1385 11% 0 2.2 1,308

Pooptel } 6,977 1919 462 2321 123 0.5

11.5 1658 10.8  1.344
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Table 8c. Nix properties, LS/AC-20.

- Harshall Marshali-lmaersion RHS

H AC 1 ! _ - !
Series | ‘ by wt! VHA air % Gab | stab. flow stiffness stab. flow
i of Kixi (%) 143 Poub) (.01 in) _ {ib) (.81 in.)
ey | i [
1 + X i .
o oept-l V0 5.2130 16.79 €33 2.115 ) 2550 9.3 213.3 3693 P16,  1.448
€ 1 opt {1 6,103} 17.26 4,83 2.284 1 2483 12,0 206.9 2650 it.g  1.667
b ooptHl 0 69774 16,57 2.60 2,321 1915 18.2  §08.] 3153 205 1.596
] ] ] . ¥ .
[] 1 1 . ]
~oboopt-l 5,213 15,50 - 48B3 2311 ‘3783, 12.7  798.6 §38e 12,1 2.21%
AL oopt ) 6.103 0 16,89 438 22941 5067 12.5  405.4 6130 o 1210
b optel b 69770 16.83 2,29 23T Y 3633 16.2 224,17 7892 H.e 2.172
H } ' H : - -
!oopt-l b B.i64 ) 15.5B 4,47 2,307 1 3892 1.0 281, 2990 16,9 0.967
tL 1 oopt 0 6047 ) 1462 3.38 2.334 1 4284 15.%  276.4 2902 2.5  0.877
boopksl 4 6.912 1 16,15 1.06  2.335 ' 4522 4.3 3155 2 14,6 0.614
-4 ! : H ~ . - e
Yoopt-l b S.HI6 Y 1447 3.32 - 2,331 - 2183 13.8  201.] 3193 107 1.147
L 7 oopt 1 5.990 1 15.18 2,409 2.33%F U 14,0  223.2 3292 1.0 1053
'ooptdt 1 6.849 ) 16,00 102 2.331F 1825 20.3 . 89.8 7888 5.5  1.582
" 4 . | ] . - o
Ty i 4 ; i
b ept-l 1 R213 0 k6O 5.53  2.297) - 1117 1.7 318.5 4208 - K18 1,132
§  VYoept 1 60033 16.58 4,085 2,304 %1 3238 15.2  213.5 1463 12,5 - 0.452
; Vooptdl 1 6,977 16,79 2.25 2319 87 19.5  126.% 3221 6.8 1.308
i : : H : H —————- ' oo
Toopt-t } 5.213 1 15.6% 4.45 2,366 ) 2683 16.8  159.4 3653 12.8  1.138
K 1 opt 1 06,103 15.49 2.29 .331i & 19.5 15,0 2600 171.5  1.160
! opt#l | 6,977 17.96 §.80 2,311} 1658 2.1 6.5 2363 15.6 1,425
i won | ' : - - - ———-
b oopt-t P 52130 11,38 6.97  2.28% ¢ A7 9.5  233.3 2925 9.5 1,320
bV oopt ) 6,183 16.49 3.85 2.3186 ) 2650 13.0  203.8 e -- -
ooptél 4 6,977 17.45 2.86 2,300} 1883 12.T  148.6 3213 147 1.706

-

R
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Table 8d. Hix properties, G/AC-20.

Harshall Harshall-1raz

H LD ! \ ersion  RHS
Serles | bywti VMR  sirf  Gab | stab. flow stiffness stab., flow
' of Hix} (%) {%) io(b L e (16} (.01 in.}
{ ' ! - e
boopt-1 | 52131 14T 7.9 22791 2167 $.§ 0.4 1878 13.4  0.867
C Joopt ) 6003} 1965 648 22877 1700 §4.2  152,2  1850 0.8 L.088
booptel 69771 19,20 3.2 232} N9 123 1463 36T 135 132
i i : i
Voopt-1 | S.064 1 19,18 8.8 2.21T% 2475 (1.3 218.4 = - -
L foopt | 60471 18.65 5.5 2,314 2083 123 18S.2 -= -~ ~-
Pooptsl } 69121 19,03 3.9 23241 2567  12.0 2139 - -- .-
1 I ] §
1 ' ] . 1
Cooooptel 1 52131 15,49 874 2210 2328 12 A3 11 1L2 0.9
§ foopt 1 61031 1946 657 2,294 1925 120 1604 2 127 A2
boopttl 1 69771 18.34 .24 .36 % 281 143 1% 2565 2.0 0.999
' et ' R -
' {oopt-l § 52130 1842 T80 23000 2398 142 1664 2317 IS0 1,008
Kfoopt 1 60031 1832 5.5% 2324 2258 122 1849 6T 133 1.0%
Pooptet | 69771 1836 344 2,345 2183 185 180 2638 18.0  1.208
d me==i { ' -
Voopt-l  5.213 ) 18,55 8.1 Z.296 ) 625 163 1960 2583 13 1.276
4 foopt ] 6103) 1973 oG04 2284 180 1L3 0 Al B 152 L9
{ooptdl | 69771 168.62 464 2,338 1758 165 1066 2260 17,9  1.285
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Marshall stiffness or Marshall quotient has been used in the United
Kingdom én& South Africa as a criterioﬁ iﬁ mix design and has been
correlated to rut depth. For example, in South Africa, a minimﬁm valué
of Marshall stiffness at 140° F (60° C) of 1 to 2 kN/mm (5700 to 11400
1bs/in.) has beeﬁ suggested to ccntro} ekcessive pérmanént deformation
or rutting (6, 30). Marshall stiffness, stabiiity in pounds divided by
flowlin 0.0Ifiﬁ-, of the mixes are shown in Fig. 32(b5. No significant
additive-effecés can be observed excgpﬁ large increases in stiffness
-because of Aéphaduf. 'All_mixes.ekceede& the minimumfstiffness value
needed to prevent excessive rutting;

4.3.2. Resilient Modulus

The results of the resilient modulus tests are giQen in Table 6.

i No significant additive effects are seen except large increases are due
to Asphadur (AH) and somewhat low values are observed in mixes
qontaiﬁing SBR (J)., Their effects as ménifested‘in moisture damage and
structural capécity will ﬁe discussed in the following éectioﬁs.‘

4.%.3, Tensile Strengths

Indireéct tensile strength results are given in Table 9 and plotted
in Fig,_§3. Asphadu:_ing:eased tensile strength significantly; 58S
increased the st;engfh slightly; and SBR decreased the strength
somewhat. Tﬁe;effects of other additives were not ob§1ous.

4.3.4. Moilsture Damage

Resistance to and effects of additives on moisture~induced damage

of asphélt concrate miztures were evaluated by using Marshall immersion
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Tabie 92, ‘ Indirect tensile strength and restlient sodulus, LS/AC-5,

H : ! THRIBECT TEMSILE STRENGTH ' RESILIEAT nODULYS  (°100000}
Rixes 1 § Sat. Weist P} ITSB 17547 & 8L B} BB ARay Ry HRAL ARL
i 4 (esh)  (psi) {pst} i olest)  (psD) tpst)
] 3 1
¥ N t
opt-1 “{ 92.24 8041 132.2 1.4 L3034 N6 8873 3.6 454 L4364 L% 0.4W
€ oopt 1 7347 L8 11201 149.6 13341 1059 o.M b 23T 2.5 L1065} 0.6%6
cptel | 108,46 10921 9.3 188.6 L.126f 1043 L.883% 183 232 14230 114 0.699
1 . i ] N A N
1 + 1] [ ]
ept-l } T8 2871 2.4 2248 08130 1920 64931 18.%0 145 0 0.6831 535 0491
A oopt L 7952 L9391 258.8  266.8 1.3} 2703 L0451 16,30 (3.85  0.850 % 10.01  0.6M4
optsd ) 6599  4.082 ) 199.8 1647 o824 ) 1873 0.937)  6.32 425 0.672 1  5.46  0.864
¢ H 1 . H 3
B [} 3 ] L] i
opt-1 ) 58.91 4807} 1518 HLG 0.7} I6LT L7y 3.30 72 05207 573 L3
LLoopt f 11586 0830 % 0.7 1374 Q977 1510 f0T3Y 0 299 LI LMe 240 0927
eptet | 156,90 e.560 ) 195.8 94,7 0.862% 746 G479} 158 137 4.867 1 109 - 0.690
1 t 1 ] L]
L[] t - L] ] (]
opt-1 | 9555 n.222 ) 1428 1738 L2181} 1564 LG58 ) - 4B A5 L0163 3. .359
iHoopt 1 BILGE 4700 ) 128.6 13S0 G048 1252 &MY M L8 szl 81 1036
optet | 156,81 0.483 7 %41 4.6 LiABL ] 6LT 831} L2 L1 8986 L0 043
3 ] + i [}
" i " ' " i .
opt-1 § 083 L2661 1450 1953 L4} CHATLY O LLBIY Y 354 E L N X7 ) B N O | B R &
§ ot | 5540 005800 nh4 1S4 L33BY 1625 LATY 236 19 0028 M 6882
eptel | 4613 4767 ME.8 215 1023 ) 40,0 - LATY LB 132 208 L8 8.9
P R i N B
opt« | 103.23 3.139) 139.9 120.2  0.909 ) 110.2 6.788 1 242 LSO AST3 Y 176 0.6
£ oot P o10L23 13320 1069 12 R4%6 ) NLS L0321 K26 L0411 1.058
opttl | 10780 1.420% 550 1881 61120 883 89294 1.59 L1 e ¢ 0.63%
1 ' ' ] !
opt-1 | 13.4% T 916 9.6 09127 942 0.585% .18 0,97 0.462 } 8.395
Joept 1 63.49 1499 8T8 1003 R4z d 928 LOSB Y 113 L33 HaTTY Ll 6982
optHl | fooT 836 L6 147 LIss | 9.502

w16y fe 13 0.93%

$ Sst. : § Saturation.

Hoist P : #oisture plckup, § wt..

§158  : Indireet tensile streapth before trestment.

ITSAV  t Indirect tonsile strength after vocuus saturetion.
(TSAL ¢ Indirect tengile strength after Lottman treatsent.
4] : Ratio, 1T5AV/17SB.

fil, 1 Ratlo, ITSAL/1TS8.

0] t Resiliant modulus before treatment.

HRAY 1t Resilient aodulus after vacues saturstion.

BRAL 1 Resilient sodulus after Lottsan treatoent.

[ i Rotlo, NRAV/MRE.

RRL t Ratio, HRAL HRS.
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“Yabie 9h. Indirect tensile strength and resliient sodulus, 6/AC-5.

! o  INDIRECT TENSILE STREWGTH . RESILIENT HODULUS (*100000)
Mxes 1 $Sst. MWolst P} ITSB JTSAV. WY TS RL ) NRB WAV WRY WRAL WAL
: b oSty (psh) tsi) Pl el {ps)
] ] 1
i . [} . ] )
ept-f 1 90.Z3 39950 9N M4 L2} 8T DY LB L5 L10s 1 LT 0.87%
¢ oopt | 0077 28670 88,5 1283 LSO} 1064 R 184 217 a3 Ly LI
optel § 10060 19541 825 9.9 RSBy 1036 LIR Y 2,05 - 227 L0561 LIS . 0.535
] 1 - ] S ] 3
* i 3 3 i 1 H
ept-1 % 5440 1343 ) et 1380 LIS (RS 0084 - Z.66  2.2% - 0.B6E 1 1.5 0.586
Loept | 85.49  2.6610 1124 105.1 0 0,934 688.0  0.782 ) . 1.1 §.346 | . 0.28%
opttt | NLTY Laads | 955 B0 09 eLE 091} L2 a9 o820 LU 0.k88
- 1 . 1 ; 1 ¥ ¢
! H - e t 1 i "
ept-1 | T9.39 36165 1038 1367 ity %L1 eBS3 Y .07 2.3 LWS 126 6.609
S opt 1 82,76 2.3%2 ) 1267 743 &80 1265 999! LG 1,3%  0.933 % L34 0.89%
sptel ! 63,69 1,257 ) 125.6 1513  L.20S ) 121y 0.966 ) 0.7 8.97 Lz 082 .08l
. - \ ! : } }
o epted E 95.12  2.815 % 137.&8 1660  1.204 ; 125.1  4.908 i 1.62 1,98 §.980 | 1.18  4.881
X opt 1 105.68 1880 ) 1249  202,7 L.B3) 1253 1003 f L6 .22 1.308% 152 0.893
optel 1 13360 - 1560 % 1883 13y LUS2) RS L2y LS 1,53 L28s ) LB 0845
] § 1 - ] §
1 ] i 3 1
opt-1 ) 8463 3480 ) 66.6 68.8 1034} 48.6 070 100 0.89 0.887 1 0.4%  £.486
J oot ) 8511 648 .2 Bl LHSY  69.1  0.945 % . .87 08461 0.82  B8.794
optel | BZ.94 1655 |} LAy 850 iz}t O .86 0,928 0.7 1807

.1 s L.
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Table 9¢. Indirect tensile strength and resilient sodulus, LS/AC-20.

; T IRDIRECT TENSILE STRENGTH : RESILIENT HODULUS (#100000)
Maes | At NoistP IS TS B ITL AL WA WM WY WAL MR
{ { (est)  {psh) {psi} tolpat)  lesh) {osi)}
: - |
wt-l | 80 226001 2902 2000 09611 1566 05H 1 1067 B4y 0% SA4 0500
Coopt § 6551 L8B! 2505 2022 LIZY 1668 06031 195 9.5 0061 6.5 0.5
otel | SLT0 GTLE 2361 264 0985 263 09561 585 399 0719 482 0.8
- e} | | |
ot-l | TLEL LS| LG BT LAY 23 0.2 { 1LY W9 0968 98T 8511
Moot f 01 LEI{ LT M08 G661 3030 0871 1.5 2400 L6 1L 0.602
wthl | G108 08081 S8 4222 L0 ! @06 L1091 18.60 125 0605 ¢ 1150 6.6
] ] i £ ; t
R i ] L] ] i
opt-l | M7 LES | ISh.6 00 LMY LA LEG! 100 1000 0N 853 0.6
Woopt f SLT2 GTM D Q0.3 T4 LB B4 LAST 8B 645 IBL 694 008
ool | ULI AL KLT 2666 LAY D54 LIS 150 543 GJu1 LAz 0.999
| e | ' '
wt-l | 531 8839 | LS L6 LTI ULE 661 6.8 650 9P LI 0.8M
Wt | TR 891 254 B9 LSS M0 LNB{ 838 180 0891 684 L0
tel | 9580 G414 1869 2594 LIW{ 2608 LIBLE L2 S 6T 681 0.9
| | o} -} foemmemmeia-
ot AT LS 26T 3.9 L25{ 1LY 0561 885 851 L5 208 0.2
St f M9 LAI9{ 562 LS LI 1960 0027 616 88T LAGE 281 0412
otel | NLED L0 Z535  MB2 LIM{ 290 0.9 42 950 22461 SaT 1364
| | | ' frems
wtel { 1906 LS1 255 200 64 Wl 8807 | Loy 010 169 0T
K oopt  f 9380 09221 1738 1687 0917 1B 1085 % AW .45 09687 3,39 1.251
otéf { AI0 G018 I6S.6 (300 0809} 5.0 0.9 [ Lé L 096 L1 0.9
{ foseens frmnremsenanaasins] |
t-l § BT 26011 IS0 1505 LOM L D06 0641 &2 381 LR LI 051
St 1 BS99 L3P OISLG 189 LN ISLE  G2i 369 340 Q9% 240 0650
ot 1 I3 LD W62 1808 L28LE WS LOI9D 296 B4t 261 222 0804
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Table 3d. Indirect tensite strength and resilient wodulus, 6/AC-20.

: INDIRECY TENSILE STRENGTH RESILIEET MODULUS  (*190000)

[—

! B ‘ H
#ixes 1 1S5st.  Molst P! ITSB 1TS54V RY iTSAL R i #Ra HRAV i MRAL . - KRL
H todpst) . (psl) {psi) 1 odpsi)  (psi) (pst)
! H H :
opt-1 | B2.46 28730 200.7 1448 L2M4 Y 1205 05971 6.2 $.06  1.462 1 684 109
C opt § 99,05 2.961% 1993  165.4 G030 % 1049 0526 ) 5.3 LI L4461} 5.4 D00
opt¢l | 79.69 1.339 ) 220.8 7885 1307 ! 180.5 0818 ! 6.80 8.2 1.282¢% 5.06 9,744
: ! { . ! - ] ]
opt-l 1 9469 3295} 28,2 2037 0,893 ) 115.6 0,566 11.%9 9.6l  0.808 } 5.18  0.43%
L opt VORI LB 26403 2623 0.932 % 2418 0914 9.36 1.5 9.809 | 7.5 0.806
optef | 10705  LBIS Y 225.1  249.8  L.186% 1684 0248 0.5 6.26 0. 7260 &3 0,498
' ! : H . :
opt-1 - 80,96 3,007 ¢ 238 0.8 L285 ) 1569 67T .81 6,43 0.98BF 4T 0T
§ opt ) 75 L6111 362 3095 0,979 ) 1694 6531 L& T30 6938 &% 0.53
optél 1 5000 L2444 3005 . 345.2  L.149 Y 2243 0.T46 L 6,00 6.6 LTI 406 D617
' H ‘ i ' ! -
opt-1 | TN 2488 ¢ 7.7 0.8 13981 146.2. 0.1 1 465 A4 L6 3.4 073
K oopt 1 148 L6 2223 N9.% 6,989 17B.2 G802 %  6.34 5.1 815 338 0.5
optél ) TLIE L9621 1940 LT LG9 G 1959 KB} 389 ' fae 2.9 0.193
H { H : 1 !
ept-1 | 6577 .54 % 149.3 153.3 1027 ¢ 1idd  0.762 ¢ .44 2.9 9.869 ) 1.48  0.430
¢ opt | 62U LINVY 1469 1806 L2291 1350 05200 238 2.5 1076} . 0.853
eptél | 4139 LU0 B2 1282 835} M08 L021) 2.33 LM 9833 1.1 .U
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(24 hrs. at 140° F), retained tensile sfrengtb ratio and retained
resilient mo&u1us ratio after vacuum saturaﬁion and after
Lottman;acceiefated molsture conditioning (vacﬁum saturation followed by
freeziﬁg‘ﬁnd warm?water soaking). (See Fig. 31.) The.thtman
wet—to—ér&fteésile.strength ratios were used in_cohjuncﬁion with the
ACMODAS_(Aaphéit ancrete Moisture Damage Analysis-System) gomputgr
?fogfaﬁ dévelb%ed by Lottman and Leonard (28) to pre&ict éhanges in
fatigﬁénlife because of additives and to predict figid life
benefitfté—cosf pétios for_different additives: | |

‘k;B;A.is Mﬁrshali Immersion

Marshall immersion stability results afe_giveﬁ,in‘Table 8, and the
retained stability expressed as ratios are shown in Fig. 34. Thé.only
asphalt~aggregate cbmbination with additives that showed improved
_staﬁility ratios was gravel with AC-5; here the mixes without additives
(control) would have a problem meeting the usual criterion of minimum
_ratib 6f ﬁ.85.

4.3.4.2., Tensile Strength

Indirect tensile strengths after vacuumwsaturgtion and éfter
Lottm;p;aecelefated conditioning are given in Table %. Also given were
percent iesistance bickuup by welght and degree qf gaturation of
vacuumwsaturéted samples. The degteg qf gsaturation, expressed'aé
perceﬁt,.waé calculated by dividing the volume of moisture pick-up by
the volume of air content. The retained tensile strengths, expressed as

ratios, are shown in Fig. 35.
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With a few exceptions, the tensile stength ratios after Lottman

treatment were lower than those after simple vacuum saturation. The

retained ratios ranged from about 0.50 to l.4. The moisture plek-up

ratios ranged from 0.4% to 4.0%. All except two mixes.had_percent

saturation exceeding the recommended 557 (49). In several samples the

degree of saturation wéa_gfeater than-the theoretical 100% because of

1) small moisture.pick~up values, (2) small air content values, and:(SI

the different nuﬁber-of specimens examined for (1) and-(Z). The

molgture pick-up values were based on an average of 3 to 6 specimens,

but the air content values were determined for an average bf_lS to 18

gpecimens. The fbliowing obgervations can be made}

AC~5/Limestone: Lime, SBS, and SBR seemed to have improved the

molsture resistance determined by the Lottman procedure; bhut no

additives showed Improvements based on vacuum—saturation

treatment.,

AC-S/Gravel:_ No significant efféct.

AC*?QILimestone: Lime, SBS and SBR reduced moisture damagel
while Asph§dgr and neoprene showed improvement only by the .
Lottmaﬁ procedure. =

AC-20/Gravel: Whereas SBS and neoprene showed heﬁeficial
effects, lime and SBR made little difference in retained tensile

strength ratlos.

: & - 3 '&' . 3 ° Resi}.ieﬂt Modulus

Resilient modulus data for mizes before and after moisture

treatments are given in Table 9 and showm {n Fig. 35. In the majority

of the mixes, the resilient modulus ratios were parallel to and were
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lower than those of tensile strength ratios. In other words, they were
most sensitive to moisture.induced damage. Again, as In the temsile
strength ratios, Lottman conditioning resulted in lower retained ratios;
and no additives showed consistent improvements for all
asphalt-agéregate combinatians.aﬁd with all binder contents, although
AC«?O/limeétone ﬁi#eQ seemed to have beﬁgfitted by the additives morel
often than othef mixes. Contrary to previous beliefs, gravel mixes did
not show more moisture susceptibility than corresponding limestone
mixes; an¢ hydrated lime did not improve molsture resistance in all
cases..

4.%.4.4, Life Beﬁefit-to—Cost Ratio

Dry andlwétlaccelerated-conditionad indirect tensile strength data
were used to calculate the fleld dry-wet 1ives and the percent changes
from all~dry design 1ife because of moisture damage. The subroutine LCO
bf the ACMODAS progtﬁm was used for all control (C) mixtures. From dry
- and wet strengths of treated mixes and the bredicted field dry;wet'life
of éqrresponding #oﬁtrol mixes, fie1d dry—wet-1ives and the perceﬂt
changes from the allgary.design iife 6f:édditivé«treated mixturesi&eré
calculated ﬁiﬁh the‘subroutine LBC. By using.fhe séﬁé LBC édbroutine,
the field life benefit;to—cost ratios were calculate#Ifor scenafios
where the costs of the additive-treated mixes were 5%, 10% and 20%
 h1gh§r th;n the correéponding coﬁtfol mixes (cost ratios of
-additivemqreated*mixtﬁres of 1.05, 1.10 ‘and 1.20). The pavement and
environmental data assumed were:
Regional factor: 1 (sev?re)

Field all-dry design 1ife:’ iﬁlyears}
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Percent alloﬁable reduction of ali-dry design lifez _10

Field dry étage time: & years

The pércent changes from all-dry design life and the 1i£e
benefit-tOMcost ratios for additives cost ratios of 1.05, 1.10 and 1.20
were. plotted in Fig. 36a (LS/AC-5), 36b (G/AC“S), 36¢c (LS/AC-ZO)‘éna_BGd
(G/AC~20).= The 6n1y consistent trend tiat_can be déduced from thg-
analysis is the decreased benefitﬂtquOSt ratio as the‘cost of ad&itiﬁe
18 increased. The effects of additiveé in terms of changing the d&sign
life-and benefit~to~cost ratio with respect_tb moisture~induced damaéé

depend on the asphait—aggregate combiﬁation as well as.asphait content.
Wﬁile 1imestone {LS}/AC~20 mixes.sesmed to have benéfitted by all-
additives, no significant differences can be seen for mixes containing
ACfS. Neoprene (K) and SBR (J) improved the moisture resistance of
AC-20 mixes.but not AC~5 mixes. _

At an additivé cost ratio of 1.05, 637 of the Gq mixeé containing
additives had 1ifs benefit-to-cost ratlios of greater than ﬁne. At an
additive cost ratio of 1.20, oniy 377 of the nixes had benef1t~;cho$t
ratios greater than one. Ranking of the additives based on pgrcenthof
mixes containing the reapective addigives with a life benefitutpfgost
ratio exceeding one 1s as follows: high lime (1LH}, 83%;‘SBRP(J), ?5%;
Asphadur (AR), 67%; SBS ($) and neoprene (K), 58%; low lime goﬁteﬁtj‘
(LLY, 50%. |

4.,3,5. Fatipue Resistance

Fatigue resistance of asphalt concrete mixes can be determined
experimentally by repeated flexure, direct tension, or diametral tensile

tests, either at controlled-strain or controlled-stress mode. However,



Percent m. of Depign Life
£3/AC—8, Wiz 3 :

%

: 7 &

Vezzzz
”H o m _._W.;_

g _ \m M‘u

iy

777, \\ 77
e

Y777

77777

=
T S B

T
&R 2 2 e e

Parcent Chenge of Design Life
/M0, b }

el

!:ihnli-!!ﬁl

' Life Banofit to-Cost Batlo

"fife Benefit-to-Coat Ratlo

Ak
. \M\\& o ru _
| \\\H\\\\\ . o &
w2z i
N - E
__\\mm“ww“wwmmw“m-m

i

3
T

m y \\Y\MNMM\,‘.&\&

/r.?\kﬂ..

Well Ll iyl

H

:

m 3

e,

i “ t
. ”.::..a.,ﬁ g B b ;Jbi\..ﬂ.w M

o -

3 33333334 °

N ST TELLT  §
i ;nlmr1mzmzvzn4mmamzwmvupv1a 7
A :
m, LA L AL T g
§ ‘mzwmzmmamzmnzmaamzy-m_
LA T L AT

SSISTRSNSSSSSS

DAL LTI T LTI
Rraresssssssy

............

N3
S e

HALELL LY

FARANR NN
o

N aawmaqumSVLW. 8

u ﬁrgffrgggzﬁf/\;n m
{ AL LTI LT ‘m

8 ‘mazmgzxzzmgznmvuazmmy FE g

g Wi -

§

mmmwmmmwwm 3

& L ) 11 T —; L8 1 ] .\m k\lm m

sz 233333383335 °

ROy PR 0 oleg Wt

. A
Percent change of design 1ife and benefit-_—to-—cost

. ratio, AC-5/LS.

Fig. 36a.



. Percent Change of Dulcﬁ-ﬂh )
/A8, W &

77 T
a .,_\\ \\\ \\.\ \\\.

\z2z

TTI
Y,

v\\\\\\

\A\\.x\ 4

~g

o~
X

‘QYsYﬂﬁf\

A

4

77
/7

7 1
1

Porcent Change of Design Life

L

8]

T T L3
- e % © O

|||||

\\\\\Qmwmv 7
\\ \m\‘__ o \ \.\‘ \\\

" W + N O

-+ :
mw s
L s
. - \..\ \\
N s e \\
_ vy,
T
L .w\ O
- s \\\u o - ‘.\.\.. ‘\\.\
i oo & ,
{ R S uh Nk S S Ttk SN Mainn B S Mt S S
gasgugeccnonrryre

it

Life Benofit-to Cost Batio

90

Aﬂwuawuamammmmmmuwrémm *
L \\\ \\N.\&

e 2,
n%MWUﬂmmmvr AMWV,, oy 2

Lifs Benefit-to-Cost Ratio
. B/AC-B, Wixes &

Ay P

O/Ne-B, W 4

.m TR AT T T,

iy

SUIIIS ST !

Percent change of design life and benefit-to-cost

ratio, AC-5/G.

. Fig. 36b.

Percent Change of Design Life
Q/AR—3, Ubies 2

8
Ll s e m :

J
Y K >y
L)
-~ 3
Lifo Benefit to Cost Ratlo
/A8, Mhae 2 -

\w\\\\\w\\ \\\
V. \\ \:\ 7 A
\ \\W\ L]
t t ¥ # T T L R
* v noq 4 4 tesree 23:"33%5333333°

1
Rt wigeng K-y sluers % SR R ¢ eUsy BT

[



Percent Change of Design Lifa
Ww—m. Mices §

Percent Change of Design Life

Percent Change of Dasign iife

91

i
amuﬂvuﬂwmzmmmﬁy

"t

Fay EE

\\\Q\\\\‘i .
e .w

Ll Ll
ViJNHJdei.;
w\\\\ \m\“.. 3

TS ooy

uwpamuuaq

v

WER
‘Life Benefit-to-Cost Batic
LASAD--20, Miuee 11

AHST
(7] o

AR R AR

|
_w ) T H T T Y T { S | 2 S ki o E\E?}%
8 8 8 R 8 8 ¢ % 8’8 8 ° T23322:5°333333333
v s
s
ﬁV e
L !

o .v\ -8 m om.
vz I
\\\\.\\\\\\\N.\_ mm L-M

777 . : ki
.\\\\_\ l\\\ \\\\ \\ lm . M
v L _AM L 2
vz R
e
’ \.\.l..

\\n.“\\\\& -8
g8an ] g a-e n.m. m a m «
\\& _ 5
Vﬂiwﬂ i 3

Il\fk..\ ‘
\n‘\ \:\ .\U.\ 4 \_\\..\\ “. !U

g \.\ .\.. e \
\! et e L \k\.k.rl.hn.l&

u!.s\m\.!\ s e \.J\mt 3

\ LE e \ LA \n_\

&lkk!tﬁu“ At ;.!\L!.i\.t.tshu

v s . . =3
\f\..,n,x_.. _

ufamu. m-n
_ AN, e T

mmww %M

el il Sttt i

o
L]
Y
s
Life Henefii-to-Cost Ratio

2
N.T\ & m
P .\ u\ e \\NV%YM

j . . 3
WMN{N g g} ,\gw LKLy 0
o ....\\u.\.n. O/ [ B 3 SSRGS . E
L VAT S LIS s Lt gl ad *¢ : (LRI S S
°* 3 ® 2 3 38 3 sg~22r22-33323°

0 UG kgt whumd ¥ ) o 10D W kg Wil

Percent change of design life and benefit~to-cost
- ratio, AC-20/LS. .

Fig. 36c.



O/ AC=20, Albwen 12

Porcent Change of Design lite

2 e

8/AC-20, Wave 10

- Percent Change of Design Life

$/NC-29, Wxwe 8

7 Pa&aﬁi lcﬁn;;o ofrnnlm iife -

ey

77 .
w\\\\.\\\& - m
| i
777 il
L5t
_ v\\w,\wﬁ\w w.u_ &
NN 072 L

! S M

\‘\u\,\\ Tm

A

= ° 2 8 B 3

ol

1...\.\,1 \\\\ \\

L
o \

LA

| S
R

rd e \:.”
x\.\\\\ \\\\\..\.\\..\\H\\HM‘\.H.“W

s S e S s
prays \\k x\k\\\x

e
xS
Life Bonefit-to.-Cost Ratlo
" GfMG-30, Mo 10

e i K

N
N
AN
N\
O RN
N \\:‘\'.. N
PN BN
A
v 55
Life Benefit-to Cost Ratio
9/AC-30, LExse &

\w\\w\ 7|
\%\\\ s

g «-ud_-uqva—4ﬁ,|al.hﬂ
% § % §  n19313:3-2333383333

S U Aty slueud X ORDM WD ©F HRUR BT

o
-10
-20-

Percent change of design and benefit-to-cost
ratio, AC-20/G.

Fig. 36d.



93

fatigue experiments are extremely time-consuming and expensive and
féquire a minimum of 42 specimens per mix (a minimum of 7 specimens pef
each of 3 stress levels at each of 2 temperatures). As an alternative,
three indiréct methods were used to compare the fatigue properties of
the~ﬁixes gtudied. They were based on the fatigue life and allowable
 tens11e strain reiationshipa of existing fatigue data. The fgiigue
re!ationships used wered _ .
# The Shell France methéd (5) 1s based on 150 fatigue curves for
both éénséaﬁt stress and consﬁanﬁ‘sfrain tests. Fatigﬁe life is
a function of the stiffness of the mix, tﬁé penetratiﬁn'index,
‘and the percent by vqlumé ofrbitumen. The stiffness of the mix
is detgrmined from the volumé percent of biﬁumeﬁ, thé‘volume
ﬁefcent of aggregate, and thé stiffness of bitumen that is
obtained . from vaﬁ der Poel nomograph (52) on fherbasis of the
penetration index and softening point of the bitumen; |
temperature, and loading time.
e The Brown (University of Nottingham) method (7)Y 1s based on 50
fatigue curves conducted at 10 C in contrnlledmstress tests.
The fatigue 1ife depends on the softening point and the volume
percent of bitumen. |
e The Maupin metﬁod (32) is based on relationships between
| constant—strain fatigue tests and indirect tensile strength.
The relative fatigue resistance of different mixes were compared on
the basis of calgu]ated allqwable tensile strains‘for a fatigue life of
 one.m111ion cycles. The resultg of fatigue analyses are given in Table

10 and shown in Pig. 37.
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'T-abie 10, Results of fatigue analyses, microstrain,
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K1 310.46  130.86  406.33  181.37
S T R IS 83.66 304,57 144.43
LS/AC-20
S0} 208,45 94,50  418.62  180.81.
Mo 116,30 §5.98  S03.61 204,17
Ll 100,33 49,69 - . 468,09 . 1713.08
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: Strain values determined by the Shell nomograph that is based on

the - controlled-strcss mode and by the Brown (Nottingham) nomograph are
comparable.- Strains determined by the Shell conatantwstrain fatigie

: curves were lower, and: those . caiculatad from the Maupin expressions werej:

consistently higher.

' Nb significant effects . rcaulted because of additives, except that
Asphadur (AH) ‘and neoprene (X) seemcd to have increase& the fatigue:
resistance fcr AB-S mixe9° and Asphadur, lime (LL: and LH), and Styrelf
: _(Q) decteased the fatigue resistance for AC~20 mixes bssed on Shell
methods. Also, higher allowable strains:were obtained for AC~20 mixes
by the ﬁaupin and Brown methods, but 1ower strains were obtained for

AC-20 mixes by Shell nomographs, especially for contolled-strain
fatigue. Types of aggregates made little difference in fatigue
resistance.

4.3, 6. Ktttingcaéaistance

The effect of additives on the resistance to permanent deformation
or rutting of the asphalt concrete mixes studied were evaluated by the
Shell ptocedure (&3) by using the results of uniaxial creep tests. The
creep tests were performed at 40° C and at a stress 1eve1 of 14.5 psi
{100 kPa) for 2 hrs after conditioning or preloading of 1.45. psi (10
kPa) for 2 min. Typical gtrain—-time creep curves are shown in Fig. 38.
The results of creep tests for each mix were plotted in terms of the
stiffness of the mix (Smix) versus the qtiffness;qf the bitumeq (5bit)
curves. The effects of hggregaté'type (LS vs G), asphalt grade (AC-5 vs
AE—?O), asphalt content, and type of ad&itives on the creep curves are

shown in Figures 139, 40, 41, and 42 respectively.
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To compare rutting resistance of various mixes, we calculated rut

depths or permanent deformations occurring in the asphalt cdncrete'

layer. 'To make these éalculations, we followed the Shell procé&ure for

a standard pavemeni'structure of asphalt concrete with a surface ;ourée
130 mm thick (subdivided into three layers of _"40, 40 and 50 mm) on top
of a subgrade of CBR of 2.5 (E3 = 25 mPa). The design life was 20
years. The traffic was assumed to be 100 (18 kip SAL) per 1ane'§er day
withu# gfowth of 32. The ﬁean monthl& air‘témperatures (MMAT) for Iowh
were used and.rgsulted'ih effoctive mean annual air temperatures
(MAATeff) of 19° C (66° F) for AC-5 and -zo°"¢_ (68" F) for AC~20.

The estiﬁgted rut depths occufring in tﬁe 130 mm (5 iﬁ.) asphalt
conerete layeffan& calculated from creep d§£a based on the Shell
procedu;e are'showﬁ in Fig. 43. As we gxpected, raising the binder
content and using softer binders resultéd;in larger rut depths. There -
was little diﬁference in the type of aggregates used. Asphadur appeared
to be the most effective additive in redﬁcing ruﬁting or permanent
deformation in the mix. Other additiveg.ﬁad no significant effects.

" With additives such as Asphadur, and pg;héps hydrated‘lime, thé rut
" depths of‘softer gr#de AC=5 mixes_cén,héﬂreduced to thosé.of AC~20.
without additives. fhese results seemed to confirm data ﬁrovided bf

Marshall stiffness.
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5. STRUCTURAL AND PERFORMANCE EVALUATION~-PHASE II1

In addition to-evalﬁating the effacts of édditives dn the
propgrties"of the asphalt cements (Phase I) and on fhe properties of
asphalt concrete mixtures (Phase II), the effects of addiﬁiveé on
structural.and performance characferistics of the mixtures containing
the additives as surface courses 1in pavements were evaluated. In the
final analysis, it is the effect of these additives oﬂ the mixtures as a
structural layer in the pavement that ultimately determines the benefits
and usefulness of th; additives.

Two pavement design and analysis methods, both based on

elastic~layered theories, were used: the Asphalt Institute method (44)

and the University of Nottingham (Brown) method (7).

5.1. The Asphalt Institute Method

lives for the 2# mixes at optimum binder contents in fuli—depth asﬁﬁélt
pavements of.% and 8 in. on subgrades of CBR of 3% (éubgrade modulﬁs of
4,500lpsi3 and RY (subgfade modulus of 12,000 psi). A mean annual air
© temperature (MAAT) of A0° ¥, appropriate for Towa conditions, was used.
The traffic was assumed to be i,Onﬂ.equivatent 18 kips SAL per month.
'I; was also assuged that the pavements were opened to traffic in Juiy.
~ The fesilient modull of the mixeé determined in Phaéa 1I were used iﬁ :

" the analyses. A total of 96 computer runs were perfcrmedl'
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The resulcs of computer analyses are tabulated in Table 11. A
sample of the computer printout for Hix $3 (Styrelf at the optimum
binder content with AC-5 and limestone) of 4 in. and subgrade modulus of
4500 psi (CBR of 8) 1is given in Appendix ¥.

The rcsults presented‘in Table 1! are given in terms of_surface
deflection (Dz), tensile stfaincin the asphalt layer (Et), compressive
strain in the.subgrade (Ee), nunber of standard. loads to cause fatigue
_failuré (N£Y, and number of standard loads to cause rutting failure
(Nr)Y. The‘strain and deflection value5'are,the-averages'of thelir
respective monthly valueg at the critical response.point {at the center
of one tire of the dual-tire system of an 18 kip single axle load) over
a 12-month period.

To show the additive effects, we compared these five responses to
the respective responses of the corresponding control mixes and
expressed as ratios. Figure 44 shows these ratios at optimum binder
contents (Mixes 3, 4, 9 an 10).

While-increase& ésphalt concrete thickness and subgrade modulus
réduced the strains and.deflections and 1ncreaseé thc numbers of loads
to failure, the relative effects of the additives did not change.. ?cc
the same asphalt, 1jmestone mixes performed better than the gravel
mixess for the same aggregate, AC-20 mies performed better than the
AC-% mixes. Asphadur improved che structural capacities of all mixes.
Hydrated lime Increased the structufal capacities of gravel mixes, while
SBR (J) decreased the structural capacities of all mixes. Styrelf (SBS)
and neoprene (X) improved the behavior of gravel mixes with AC-20, but

had little effect on the other mixes as: compared to the responses of

control mixes with no additives.
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81, /480010, £T,microstrain EC,microstrain

4.5 12 4.5 12 4.5 12

55.80 136 485 1160 1108 g.081
34.20 193 148 558 83 4.149
54. 102 466 1687 1058 0.061
5d. 675 451 1630 1029 0.001
- 85, 131 486 1762 1183 9.001
6d.6 1094 672 2504 1580 0.0¢1
- 64.87 {104 516 2534 1509 .00!
58.30 831 538 1970 i260 g.061
53.39 653 313 1584 13 0.001
.61.80 9T 565 2251 1368 8.001
60,16 904 576 U 1293 8.081
66.88 1195 HiE) 2125 1603 §.001
. 31,13 2 253 189 700 473 93 4.0%
32.40 N 166 {28 492 148 23 0.259
40.38 35 304 223 819 547 . 260 9.628
40.99 58 315 210 §43 563 10 1.025
48.8% 04 391 280 016 668 125 1.812
54.08 16 871 452 1633 1030 26 §.00!
48.93 99 514 356 1285 - 830 534 0.402
45.840 21.70 429 303 10 - 719 1.
"39.72  19.06 291 24 188 528 Q.
41.66 19.91 I 2 881 586 -8
43.98 20,94 383 215 9 458 0
55.68 133 484 1753 1897 0
4“%'1 iﬂﬁﬂig. ET.microstrain £C,picrostrain

33.60 3 229 109 484

19.30 69 51 189 14t

.41 9 219 675 465

32.29 284 211 649 448

33.64 )L 230 710 486

41.09 500 43 1018 160

.28 506 346 1088 105

35.10 62 - 26 806 544

26.76 114 136 422 n

30.60 434 405 954 621

1. 399 . 23 880 581

43.13 557 Y 1186 151

2131 9 16 24 180

18.20 58 # 165 . 123

22.91 ild 92 291 4

23.4 ii8 95 302 25

5.3 51 120 in 2

312.32 284 24t 6508 49

8.53 107 159 491 348

26.40 68 132 410 194

22,50 108 88 i 205

23.1 126 100 316 231

25.17 148 117 166 265

33.56 32 229 106 483




*1s8d 000Gy = DS ‘Ul Y = {H

taanpodoad yRva £q sesdrsue Jeinloniig

“eyy 314

“

[ Ja)

-y

moE =R
bl £l

.

P |

N

i

4

| )

ik

i

i
WwanmEEEEaNBYENNE
@ A

ol 77 I ]
n

wsBusroansREFEEE

b

!
ANTRRENERNNNRY

]
"
¥

F o
e
--IQ'
Fe
E oo
Lo+
o
T

/ST AR = T3 .
sealpey TNV fo elmaey

-t Yelotaw = 0k e = 19

waliewy YHYE 30 nInEey

BT~/ WO = 2T e = TN

=

Yy
%

alPUT THNQ 30 Wineeg

801

=g

: H %

o
R ioows = % e w 1%
SerlprTy YNVG fo mnaey

]s

s E Y )

oo
AN

g wi

215
-

HER  afz xr3

E o
f

n

“t

-~

n

.

et b
e e gy
it

AL A
e e ]
A AP

J ( £ ]
P> i
i il << i
L i e el
ok A ]
4 S
A R A

CetptrTtEtoc.ies

AL L
. NRRARRR
LAA LTI

555

L,
SIoiuity
CLLIA AT
T
TN TR
CRRSLLT LTI,

7 77
") Y
2 7!
-~ A 1
f EUNNTRAY TIEY
7 AL EST

WINAD YOOy = IR A - (4
AsekIwHY YHYQ It Ay

e

ST PO - 06 e . L
ST THYG 3¢ NiTseR

Sl
A L, o
P 7 7
ra viwsaw i "
NN ~
o > /1
PELREEEEE.IEEEER TS
briit ]
AN i
i //’E

»
X,

Y
AN
CHS LIS

o

PG VRO - 2 e = 1
scaiyeny THYY jo MR

- -
E ShNNNNNY
e |




R i

Raaudts of BAMA Analyses
o AR -

AN -
|l A AW

Zrtm et
NN
|l - 2

e i
L S
R WA

AN
WA A S

Rk,
ARNNNNRANRN

& P 2

K/// e
}\ 9

K = = VIt LA

Eesulis of DAMA posiyses

o~ rad

U R L
EESLesesssy
vy

e <////”lé’

AR A )

AL SILLL LTS
AN R
(AL S

T AL LI LSS LAL
e

ZX

M3 v e SO e LIOBODIL, /D

Roaults of DAMA dnakyses

L L

.
SN

5y - I A~

o

2o

w

Rooults of PAMA Anslyssa

v s v i

W

1= dac 0K = ik LA/~ 20
w2

Zau
=5

Eeswits of DAMA Anaiysea

frw E 4

K

s
[a 1

e

u

e #Zie
Results of DANR Abadyaes
T S = LMKk &AL

i
COEREEESE
L

o
3

Zx-33sdILILG”

M{IJI i Pk
L

| - e I

| Vet 7

- Ay

Resalis «f PAML Analysss

WY e B £30Cpek. 14/ R

O R
R TR R T AN,
o ot 3

yg o ed
N 4
L o

L e

I3

| PR
LA R
B 7

jr 1]

.

Revultn of DANA Analysss

et o M B @ Va0t A8

109

N,

TR

373 Eq‘/ . v/

NN RN RN RN

JREREIRARLRERTITIARE"

]

]

o B

Stihcturél_analyses by DAMA procedure,
#1 = 4 in., SGE = 12,000 psi.

ﬂn- Zie
Fig. 44b.

v

e



*yed QOG¢y = ADS ‘cur g = H

‘aanpadold ywva £q sasiyeur TRANIONIIS

‘opy *81d

g

- A

ot

e

-

=g

L]

i}*i]k%iz%g 7!

L]

o P77

F4

-

”gég_. _:J
A
S

séNwabrageRIFE b

PSS O SO SO W T WY A S Y W1

RemwurseruonETRTLIRES
PRI S W TOT M TN T S S B T S

RS

011

S Yotk v TEE g =

Seufyey YRV 19 speeey

W8 YARON - DS M M

6 l1vTY TRV I symeey

BN wigoee = o il = 19

AINRY FNTY jo nTmeE

2eakiny YRV Jo mumy

oEzm wiEw

ngy
=

1. B e

Y

A W
[ ]

AR %\ i
e
] 1
-0/ Wheo v 30k ek = 1
SeulIeTy YHYD 5O SHRIAH

L Fos

o3 g
=

P

LE-S 255 35§ N

[
PRSI

[

n
2

N

LR

el el rmphrrrfirerda
A,
7 3

£iX

A T A
TR
At i)
A
)

et
A TR
it A

T i G L

| v,
AN

TP
o Zl

o
Ll

-

.
" e A e e ey
o L

S/ 00 = TN g AN
SHLIRUY YNTE FO TN

2
A,

3
A,

| T
VAL LTI LA Y

| e L d
TENNERNNERNNN.

A/ WSO+ JOU = et
Seai1nTy YNNG 10 RiReeD

L3 Ly S oy
W, & Z i
e v |
- o N, o
A A A A _i
SEZEEREEEDZ.TECEEELEE
- S ERRST
2 27,
=
. P 5
%l T
5 i
P
REEGS N
DD




Beite af PAMA Lustywes

= g AL Tl 8052

Resulls of DAL Amalywos
1 = fing A v (OGEQRE LA/AE-20

i

Basults of DaMA dnalyess

(LS LA LT LA AL LA
AR R R
il il
AN A A
RN N

a—

i CHLL L LA LS
AANNRNN RN
[l o i 2

ADABEAA:-JISBTSL

L8

LSRR
DRGNS AR S
o pa

e

\ +

KI#I ik
i,
i Vi okl ol

(s s
TR TN A
ol o |

Ve el et et
AR,
i

A A I
AN R AR
VA A

E v g SO = R0k LESAC—E

i

B

]

62w - 3e

Fs §

+

. =
-y
s £23ua SSe

AT

» E g
-]
A

Ela

e

" 1
Zio 89

-
=

b u

Rewalts of DAMA Anaiysee

. e kUG-

Rowwits o2 DaliA Anuiyess

Rasnits sf DAMA sxnsiyses

Y G O 1k AT

111

EEEERENEEEEY L3
Ll s e
a 4 e A e e

N8

E_

-‘§§§§§§R§§&SE§£,

gw

T rprsspsguanay e
[ N N R

i

®

29 - W B o 1ACC0pRE LRS-
1
\
[
e
-

ANARRNRRN TR l: M

v iw

Structuﬁal analyses by DAMA procedure,

Hl = 8 in., SGE = 12,000 psi.

Fig. 44d.



112

5.2. The University of Nottingham (Brown) Method

In this method degign charts were developed (based.on ﬁhé'computer
program-BISAR for the analysis of:ﬁulfilayer elastig baﬁement system)
for a three—iayer.pavement systeﬁ cdnsisting of an asphalt sﬁrf#ce'
‘course Wifh a fixed base course §f Zbolﬁm (s in.j placea on_a'subgréde
of varied subgrade‘modulus (CBRY. The surface courséliS'gharacterized
hy the stiffness_mbdulus of the mix; The Poisson's ratio of the asphalt
layer and that of the gubgrade was agsumed to be 0;4, éﬁ&_:ﬁé:Péisson'é-
ratio of the base was assumed to be 0.3. The elastic modulqs df the
bage layer was agssumed to be twice that of the subgfade.

Critical subgrade strains and critical aspﬁalfltéﬁsile strains were
determined.for all thé mixes for each of four pavemeﬁﬁ.Sections.
Pavement lives in terms of numbers &frsfandard 40 kN wheel loads (18
kips SAL) to cause f#tigue faixure (N£) and ruttingifailure (Nr) were
compute& for the mixes used as surfaée courgses of 100 mm (4 in.) and 200
m (® in.) on suhgrade of 20 MPa /CBR of 2) and 70 MPa (CBR of 7) with a

constant granular base of ZOQ‘mm {8 ih.}. The stiffness moduius of the
mix was caicﬁlated from the stiffness of the bindef {van der Poel
nomograph), binder content by volume, 4nd the volume percent of
agpgregate. A loading time of 0.02/sec. (corresponding ﬁé &'tréffic
speed of 50/100 km/hr) and a temperature of 13° C_(cofréspéndiug to MAAY

of 10° C or 50° F for Iowa) were used in the determination of binder

stiffness.
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Table 12 giveé the results of the structural analyses by the Brown
(Nottinghams method in terms of numbers of standard loads required to

cause fatigue failure (Nf) and rutting failure (Nr). As shown by the

"~ results of DAMA analyses, pavement 1ives increased with increasing

' thickness and subgrade modnlus. Similariy, higher pavement livas'ware
obtained fb; AC?ZO'than.AC-S mixes, and higher lives‘were obtaineﬁ for
limestone than“gfével mixes. | |
The retative pavement livas for the four combinations of asphalt
' grades and aggregate types at optimum binder contents (Hixes 3, 4, 9 and‘
10) are ‘ghown in Fig. 45. Significant improvements were observed in
fatigue resisténbé when Asphadur, hydrated lime and Styfeif (SBS) were
'added-to the'asphalts. These additives also provided moderate
improvemehtszin rutting resistance. Neoprene (K) and SBR (J), in
geﬁeral;-reduced hoth fatigue‘and rutting resistance.gs compared to the
_:conffol ﬁixes. Asphadur, lime, and td'some éxfent Styrélf 1ﬁcreésed ther
navement 3ives of AC*S mixes to equal or exceed those of corresponding

Ac~20 mixes without additives.
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Sunnary of structural analyses by Brown method, LS/AC-5.
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fabie_ i2b. Summary of strugtural analyses by Brown aethod, G/AC-5.

10 #Pa

20 HPa

i3

-

200

-

200

190

10

N

e

Nf

I

xE06

ooooo

‘‘‘‘‘‘

A

ooooo

.....

ooooo

00000

ooooo

.......

oooooo

oooooo

nnnnn

-----

. .

. »

+ .

+ = =




116

Summary of structural analyses by Brown method, LS/AC-20,
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Table 12d. S&nhary of structyral analyses by Broun_nethbd, G/AC-20,
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Results of Brown Analyses
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6. SUMMARY AND CONCLUSIONS

The effects of three additives (Asphadur, S5BS, and hydrated lime)

on two grades of asphalt cements were evaluated in Phase 1 of éhe study.

Thirteen physical and chemical tests were performed on a to;al of 16

biﬂder blends, both before and after thin film oven tests. 1From these
tests, six adﬁitional index properties were calculated.

- In Phase II the éffecta of.five additives (Asphadur,'hydrated line,
88S, neoprene, and SBR) on mixture properties were evaluated in

conjunction with the two asphalt cements studied in Phase I and with two

aggregates (limestone and gravel). Eight engineering tests were

pgrformed on more than 1300 specimens from a total of 72 mi#tures.

Data from Phases I and II were used to perform 384 structural
analyses for elght hypothetical pavement sections by using”the‘DAMA
éomputer program énd the Brown (Nottingham) proéedures. |

Data analysis and interpretation were diffiéult because an enormous
amount of data were obtalned, and because the effects derived from one
fest.qn one binder or mixture sometimes contradicted ﬁhose derived from

another test{ To help show the meaning of the data, we'preparéd Tables

13 and 14, somewhat subjectively, to summarize the effects of additives

on the important binder properties and mixture ptopgrt,ies, respectively.

' Changes due to additives that led to better stability, strength, rutting

resistance, fatigue resistance, durability, low-temperature cracking

registance, resistance‘to‘moisture-iﬁduced damages and strucpﬁral

'capacity in a ﬁavément system were considered improvements.
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Table 13. Summary of effects of additives on binger properties,

Property - . AC Grade AL AH IL s
Retained ?enetratibn - - - -
Viscosity at 60 C S w e
Vicosity Ratio, 25 C . AC-S - - e
' AC-20 oo - -
Pl - AC-5 + + .
' o AC-20 + - - -
vTs I © AC-§ g @ - +
_ : ' AC-20 - + 0 +
PVN | AC-S + + 0 +
I : - AC-20 + + + +
Tensile Strength, O 0 0 0 ++
' ‘ R 0 + + 4
Toughness, 0 : 0 0 0 e
R AC~S + + + +
AC-20 - . - +
Tenacity, O . 0 9 0 4
R - AC-5 - - - -
AC-20 0 g ¢
- Force Ductllity, O + + 0 -
R + + - +
Eiastic Reccvery. g : - - - ++
. R . 0 0 0
- Dropping Bail (t2/t1), 0 - - - ++
e ‘R - 0 0 +
HPLC, XIMS, © . , ) 0 o 0. 0
R ‘ B - - - -
Cracking Température 'AC-S '. .0 + - +
o AC-20 ¢ + + + +
Temp. Equiv. Stiffness AC-§ 0 + 0 +
AC-20 - - 0 o
4+ improves signiflcantly AL Asphadur, 4%
+  improves sllightily AH Asphadur, 6%
0 nd effects : LL hydrated lime, 5%
.~ worsens slightly § 8BS

-~ worsens significantly 0 origlnal
- R TFOT resicdue
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Table 14, Summary of effects of acdditives on mlxture properties,

- o —n———

Property AC AGG Additive

T I
Marshall Stability 5 G 9 6 0 0
. . S L3 +H 0 + + 0 1]
20 G + + + 0
) 20 LS [ -+ + + ¢ 0
Tensti# Strength 5 6 + + + -
5 Ls - + + + [i} -
28 G + [ Q
o 2 B e - 0 @ - -
Noisture Resistance
Marshall imersion ] G + + -+ +
"9 i85 -+ [1] 0 ¢ + +
2 [+ + 4] +] +
20 LS ++ - [} 0 0 [/}
Tensiie strengthe 8 ¢ a0 YRR 7 B
{vac-sat-Lottman) 8 L8 /8 =+ 00 O/ QA0 /4
20 4 0/0 Y T YO V)
20 LS G/7¢  O/7%4 4744 4/ O/¢ 4/
Resilient mocuiua ) § -/ 00 40 -/
{vac-satsLottman; 5 is ~/0 Qs+ =S+ =/% Q0 0/0
20 6 - -f= e =fe R
20 L5 00 B/+ B/ 40 04+ 440
G ratio 5 G ‘a g ¢ 0
- -] LS - 0 0 + 0 ‘e
20 G - - + .
20 LS + e + 0 - Fye
Fatigue Resistance .
Shell-strain 5 « 8 8 9 + 0
Shell-streas 5 + 0 6 ¢ + 0
Mausin 8 . ] ] ] Q -
Brown 5 + 0 8 o [
Shetl-atrain 20 - - . - ¢ o
Shell|-stress 20 - - - - 0 0
Maupin 20 e. 0 0 0 9 4
Brown 20 0 [ 0 0 0 0
Rutting Resistance 5 s+ + + ] ¢ ¢
5 R4 0 i} ] g
2 8 * o + 0 0 g
20 G + 0 ¢ 0
DAMA Analyzls 5 5+ 0 9 0 - -
S [¢] + )] [ -
2 Ls + 0 ] - - -
2 6 " ES + -
Brown (Hottingham) Analysis
Rutting (Nr) 5 15 + + + + - -
§ G +4+ ¢ - ]
20 Ls + + + + 1 -
20 G + + - -
Patigue (Nf) S 13 + . v + - -
- 5 G FY + - [
20 L8 ++ e - " + -
20 G + - -

++  improves signiflcant)y AH Asphalt, 6%
improves allghtly hydrated {lme, i%
no effects hydrated fime, 2%
- worsens allghtly SBS

-~  worsans significantly g;:pre:ie

o .
lal =g
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The following conciuéions; first wi&h‘respect to binder properties
and then with respect to mixtufe propertiés and finally‘witﬁ‘fespect to
| overall evaluation, were drawn from examining the data and these two.
tables. It must be emphasized that the cénclusions. on the bveneficial
Jeffects are app}icable'énly to_the-materiais and material combinations
tested. Because of the enormous #ariety of polymers'availablé and the
fact that each may‘behave'digferently in a different aspﬁ#lt, no claim
will be made that these conclusions will bé_applicgble_to other
additives or th; sémej;dditives in cgmbinétion with different asphalts

and aggregatesf -

Additive Effects on Binder Properties

ASPHADUR

Although adding Asphadur (3 min. at 400° F) and hydrated lime at
high‘concentrations_{10%) were more appropriate for conditions_in the
field.with aggregates, ihey ;esulted in nénhomogeneoas, partially

dissolved/dispersed asphalt binders when they were added to asphalts.

' Therefore, data on these samples (Samples 2a, 3a, 5, 8a, 9a and 11) were

often erroneous gn& Qisleading._‘rheir bereficial effects can only be
evaluated in Phase I1 when asphalt concrete mixes with éggfegates are
exanined. Based on tests of nearly homogéneoﬁs modified binders, the
following coﬂclusions.are drawm. |
e Asphadur significantly increased §he viscosity of asphalt at
high temperatures. This leads ﬁq_the expactation.of improved

resistance to rutting.
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e Asphadur inqreased penetration at 5° ¢ somewhat but decreased _
penetration at 25° €. This is reflected by the decreased
(improved) temperature susceptibility as measured by VTS, PI,

\ and PUN.
¢ Asphadur seemed to have imprpved the low-temperatu;e cracking
- resistance of asphalts as measured by the caleculated cracking
temperatures and critical stiffnesses at low temperaﬁure and
long loading time.
. Asphadur dissolves better in AC~5 than iIn Acflo. |

) 'Aéﬁhadur, a&déd to asphalts, did not result,in‘significant
improvements in toughness, tenacity, and ténsile properties.

® Llarge increases in percent LMS based on HPLC data on TFOT -
residues may suggest increased susceptibility to‘cracking.

e The optimum beneficial effects of adding Asphadut arelexpected

when Asphadur {8 used in conjunction with softer grade asphalts.
RDRATRD LIME |

. Althbugh it has been suggesﬁed that hydrated 1ime.redﬁces the

barﬁening,rate of agphalt and thereby increaées durab;lity or useful
11£e of pavements (39}; the major beneficial effect.qflhydf$ted_iime is
j.in improving thé moisture susceptibility:of asphalt mixes by serving as
an'an;istripping'agent (57,491. This effect can be verified onl& when
aggreéate is introduced in the asphalt concrete mixes. The relative
benefits of adding éggregate as compared with other additives wil% be
discussed later. The effect of lime on asphalt bindéf without aggrepate
will he based on low-concentration blends (57 lime) because of the lack

of'homogeneity in high-concentration blends (10%Z lime).
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Increases in viscosity at high temperatures (60° C to 135° )

hecause of lime suggest improved ‘resistance to rutting.

Temperature susceptihlity, low-témperature cracking_rgé;stance,

toughness, tenacity, tensile and elastic prdpettiés of asphalt

‘are not signficantly affected by lime.

Although there was little increase in percent LMS based on HPLC

‘data on original asphalts, there were significant increases in

STYRFLF

percent LMS in TFNT residues. If current correlations between
percent LMS and ﬁavement cracking hold for asphalts with
&d&itives are assumed, these increases may signal increased
susceptibility to cracking.

(sB8) |

Stjreif appears to bhe a uniform,-homogeneous; pblymerized
asphait-formulaﬁion rather than a dispersion.

Styrelf increased viscosity of‘bése'asphalt_at high temperatures
(60° C and 135° CY; thus 1t is eipedted to increase rutting

resistance of asphalt pavement.

' By most measures, Styrelf feduced the temperature susceptibility

of hase agphalts. Howevér; its‘éffect on cracking temperature
was‘incoﬁclqgive. ‘ -

Although there wéere improvements in the glasﬁic properties of .
asphalt because of Styrelf modificatiom, not all of the benefit#

~were retained when exposed to thin film oven aging.
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”

® There wére significént improvements on toughness, tenacity énd
tengile properties-because.of Sﬁyrelf.modification; However,
gome of these improvements were drastically reduced due to thin
film oven aging. 7 |

e The increase in percent LMS based on EPLC because of Styrelf was
small. However, additional increases in percent LMS after thin
.film oven aging were signifiganﬁ. -

e Resistance to heating and aging‘of-asphalts containing Sﬁyrelf
shéuld be cérefglly'examined. ' . | .

| Adﬁitive'Effects-on-uixture Properties

i
ASPHADUR

_ e Asphadur. significantly increased the HArghali stability,
Marshéll stiffness, and tensile strength values'ﬁf alllmixes.
o The effects of Aspﬁadur on moisture resistanée.were nixed and
noc.significant;
e Asphadur increased tﬁe fatigue resistance_of.AC-S mixeé but
| showed no improvements on the f#tigue Behavior of AC-20
" mixtures. |
. Aéphadur improved the ru:ting tesistanc¢ of the mixes_on:thg
bagis of vesults of creep fésts. This‘is consiatent with ;he
' ohservation of increased PVN, high~temperature viséosity, and
increagsed Marshall stiffness. |
e Asphadur improved the structufal capagitiés Qf mixtufgs comsared

to the control mixes.
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HYDRATED LIME-

e Lime treatments increased the molsture resistance of most mixes

as determined by the Lottman pr@gedurex The effects. on moisture
resistance measured by-wérm witer {mmersion and vacuum—
satugation‘tfeafméﬁﬁs wefé not as clear. Lime treatméﬁts'
improved éhe”bénefitﬁfo-cpst rgﬁios for AC-20/limestone mizes.
Lime'tféétments improved the Maréhall stability féf limestone
mixes and tehsilé strength for AC-5 mixes.

Lime used_at‘low levels had little ;ffect'on fatigue and rutting
resistance; there were some improvements in rutting resistance

when lime was used at high levels.

Lime treatments resulted in impfaved structural capacities,

"especially fbr gravel mixes and by Brown analyses.

SRS (Styrelf)

strength of most mixes.
SBS had little effect on mixture resistance to moisture,

fatigue, and rutting.

' 8BS~modified asphalts improved structural cépacity;of mixtures,

especially when thej were based on the Brown (Nottingham)

method. ‘ . S~

* NFOPRENE (K)

" o There were little differences between neoprene~modified asphalts

and control ﬁixes in terms of stability and tensile'strength.
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e In the majority of the mixes, neoprene 1mprovéd the moistﬁre
resistance and the associated henefit-to-cost fa:ios. |
o Neoprene improved the fatigue resistance of soft grade AC~5
‘mizes. |
e Neoprene had mixed effects on structural capacity.
SBR (1) |
-e SBR-modified asphalts had little.efféct on stabilities of
ﬁixes but reduced the tensile strengths. |
& SBER iﬁproved the moisture resistance,‘eépecially measqred by
Marshall_immersibn, the tensile strength ratio and thé.benefit-
to—~cost ratio. | |
Y Coﬁp#red to the control mixes, there were little other
beneficial effects. '
OVRERALL CONCLUSIONS
t.  Each additivé showed some degrée of'improvemépt in at least
one of the desired properties. However, no additive teéted‘showéd
consisﬁeﬁt improvemenﬁ in every binder as well as mix;ure property.
2?‘ -Ihproveﬁents in binde? properties may or may not he'reflec;ed
in mixture or structural performance. | |
3. Soft grade-AC~5 gseemed to have benefitted more ffom additives
than‘AC~20. | | |
b ” Heat stability of the polymer modifications may be a concern
as reflected in penetration retention, viscosity ratio, and large

increases in percent LMS by HPLC analyses.
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5. .It is difficult andlperhaps inappropriate to .compare or.rank
the additives‘testéd because many polymers are asphalt specific.. . |
Although ASphédur and SBS were added to AC-5 and AC-20 grade aspﬁalts
and made the mddified asphalts at least one grade ﬁore viscous,:SBR« and
neopfeﬁefmodified aéphaiésiwere supplied in the AC-5 and AC-20 viscositf

ranges with different base asphalts.
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7. RECOMMENDATIONS

1. There is sufficlent evidence, both from this study and studieg‘
~ conducted elsewherg'(especially in Japan and Europé), to inéicaté ihgg
polymer additives have enormous potential in imp:oving some aqucts‘oﬁ
asphalt properties. If.is;recommendéd rhat research on_asphélt
aéditives be coﬁtinued, including iaboratory eVglgétionrof new'add;tiveg(_
and fleld tests of promising additives; -

2. Structural,ldistress, and perform#nqe analysis shou;d be an
integral part of mix design and additive or ﬁéﬁlmaterial.évéluatién;
Tﬁe approach taken in this resgearch or similar methodolpgy presented by -
Honismitﬁ et al. (29) 1s recommended.

3. Softe;_asphalt AC-5 seemed to have benefitted most from the
additives studied. WModified softer asphalts can combine the normally
 expected hetter 1§w—temperature cracking resistance'and‘thus the
iﬁprovéd temperature gusceptibility with increaged staBility and rﬁtting
feaiséancé fqr high température and traff;c.condi;;ons for improve& .
overall performance. Fileld trials of ﬁolymer-modified soft gfade
aspﬁalts are récommanded. |

4, It 1s_recommended that the PVN (penetration-viscosity number)
be considered iﬁ studying or épecifying modified asphalts to assure
1ow-temperature_cracking resistance.#hd that Marshalllstiffness be
.‘conéidéred (in liéu of moré time~consuming creep tests) in evaluating

mixesicontaining additives to assure resistance to rutting.
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5. Because none of the additives studied showed consistent -
improvements in every aspect of binder and mix properties, one must
firét“dééide whaﬁ‘épéciffé.iﬁprovéﬁent is'desired befdre chooéiné‘an
add.ir:i\r(; . | |

6. Spécifiéatibns.fdt polymnrwmddified'aspﬁalts'must be

perfofmance based. To ensure the enhanced §erformance properties of

these néw materials, additional tests for heat stability, tensile, and '

elastic properties should be consideréﬂ}' However, to éﬁcourage the

development of competing materiale, the specifications should be generic

and not based on one particular product.
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APPENDIX A: TENSILE s'r_RENGTﬁ TEST
. The tensile strength tests conducted were modiffcations on_ASTM standard
test méthods for rubber properties in tension D412-B0.
Aﬁﬁaratua-#lnstron table model universal testing instrument.
Tempetﬁture Cabinet--High temperature cabinet 1nc1uding'temperature
controller, prohe aﬁd gttachment for liquid eérbon diocxide or liduid
nitrogen cbolant.

Load Cell—-Metric 5 kg capacity;'O.SOO g. lowest range.
Chart Rebcr8e£~+Strip chart recorder standard with‘instruﬁent.

Samplé Size-=3 cm:i 0.3‘cm x 0;3 cm samples are cast in rubber molds.
Testing Conditions;uspecimen is stretched to 800% eiongation at +20° C
at rates of Sﬂﬂ.mm/ﬁin. The temperatqre-shculd be specified, dependiﬁg

upon the end use of the material.

- EXAMPLES: _
MATERIAL TEMPERATURE - LOAD RANGE
Asphalt Cement \ 20° ¢ 5
Emulsion Residue : o o
(Seal Coat) 4 ¢ 10 - 20
Emulsion Residue e | |
{Mixing Grade) =10 ¢ : 0.5
PAC-20 20° ¢ s

PAC-10 e 5
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. APPENNIX B: ELASTIC RECOVERY BY MEANS OF DHCTILOMETER
PROCEDURE—The brass plate, mold, aﬁ@ briquet speéimen_aré'btepared in
accovdance to the ASTM Te;t Method for Ductility of Bituminous
Mateziais, D¥13-79.- After the.ductilometer‘and4specimén'ére cbﬁditioned
at 10° C.(50°7f) for 85 to 95 minutes, tﬁe spécimen is eloﬁgated to 20
om at:; rate oflpull of 5 em/min. After eiongation;lfhe ductilemeter is
~stopped and the sample is held in the stretched position for 5 minutes.
At this time, ﬁhe sample 1s cut in half with a pair df écissors or other
sﬁitable cuﬁting device. The sample_is left undisturbed for one hour,
when the half sample specimen is‘retraqted until the two broken ends
touch. -The.neﬁ‘pointgr reading is recofde&‘iﬁ cm. |
* INTERPRETATION OF RESULTS - The percent elongation recovery is
calculated as follows: |

20 - L

7 Reéovery - x 100

20

where L = Tinal reading in em.
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APPENDIX C: DROPPING BALL TEST PROCEDURE

PROCEDU#E-—The gsample to be tested 1s heated slowly, with frequent
stirring, to approximately 149° C (300°.F). Approximately 8.0 + O.I_g;
of thg sample is poured into the drépping ball container, aveiding
tnclusion of air bubbles. The container is covergd.with‘thé‘ball'
éentering guide and the ball_is placed on the gdidé. The assembly is
cooled for 30 minutes at amblent room temperature.

- After 3N minutgs, the timer is started as the assembly is placed
unside down on its support, a ring stand with a flat notched plate 30 em

above thé base. (Thé plate is notched to hold the assembly while

allowihg the ball to drop‘freely.} When the top of the ball is tangent
to the edge of the céﬁtering guide, the tiﬁe is regorded #t Tl. When
the ball hits the hase of the support, the ;otai tiﬁe, T, is,reqotded.".‘
iNTERPéKTAIIOﬁ oF ﬁESULTS-—TZ_is_obtained by sﬁbttacting T, the\init%ai..
time, f;pm T, the total time. (Tl 1§ the time from start to tahgent, T2
is thé timé from that point to Qhen'ﬁhe bali strikes the'base_aﬁd T is
the total time.} Since-Tl is primarily dependent upén fhe.viécdsity'of
1the'matérial and T2 is a measure of the material’'s tenmsile strength
gftér being stretched the ratio of T2/T1 is a measure of the elasticity
of the sample. A large ratio, therefore, 1ndi§ates'more elastomeric

character.



APPENDIX D: NOMOGRAPH FOR PREDICTING ASPHALT STIFFNESS AFTER VAN DER POEL (52)
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_APPENDIX E: NOMOGRAPH FOR PREDICTING CRACKING TEMPERATURE AFTER HILLS (18).
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APPENDIX F: SAMPLE COMPUTER PRINTOUT FROM DAMA
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SECTION AND MATERIAL PRUPERTIES

LAYER PRISSON'S _ . THICKNESS
MUNBER MUTERTAL RATIO LIN)
1 A. C. 0.35 400
2 SUBGR 0.4 :

CURING CONDITIONS

LAYER CURE TIME MONTH DPENED MONTHS CURED
NUMEER MATERTAL {MONTHS } T TRAFFIC BEFORE OPENING -
T A. €. 6.0 .4 R 5 0

TRAFFIC CONDITION
NUMBER OF REPETITIONS PER MONTH 1000

ENVIRONMENTAL CONDITIONS
(MEAN MONTHLY AIR TEMPERATURES. DEG. FJ¥

JAN. FEB. MARCH | APRIL  MAY JUNE HEY AUG. SEP. - DCT. NOV.
45,0 WO . 43,0 45.0 6.0 70.0 78.0 e1.0 78.0 73.0 58.0

LOAD CONFIGURATION AND COMPUTAYIONAL POINTS

LOAD PER TIRE = 4800. LBS
TIRE PRESSURE = - 0. PSI
RADQIUS OF LOAD » 4.52 N
LOAD SPACING = 13.5 IN

G.0 IN ( CENVER OF ONE TIRE )
4.52 IN {(RIM OF ONE TIRE) - -
&.75 'IN {MIDPDINT OF TwD TIRES)}

COMPUTATIONAL POINT 1 X =
COMPUTATIONAL POINT 2 X =
- COMPUTATIONAL FGINT 3 X =

¢Sl
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MODULY CONDITIONS

ASPHALY STABILIZED LAYERS

LAVER
NUMBER MATERIAL
1 A, C.

TEMPERATURE/MODULUS - (DEG. F/ PSI) . .

PCGINT 1 2. 3 . 4 - T - 7 8 2 10 11 12
TEMPERATURE. 40. 50. 55 60. - 5. - 7T0. 75. 80. 85. 80. 95. 98.
MODULUS £1 873200. 660800. . 554600. 448400. .3T7600. 306800.  236000.  188800.  155760.  122720.  101480. 77880,

+

SUBGRADE LAYER

LAYER  mweememmaeees S T e
NUMBER - MATERIAL - .JAN. .. FEB. .- MARCH  APRIL  MAY JUNE JuLy AUG.  SEP. ocT. NOV . DEC.
2 7T suBGR 48007 116250 18750 2700: - 3150. - 3600. . 4050.  4500. . 4S00. 4500  4500. 4500,
o



DAMAGE MODELS

FATIGUE DAMAGE  NF = (FO) » (F1) > (10°°M) * (ET)**(-F2) * (MOD)**(-F3)
WHERE
NF IS LOAD REPETITIONS TO FAILURE
" 'FO 1S DISTRESS TO PERFORMANCE FACTOR
| 10%eM 15 MIX FACTOR (M= F4*(VB/(VB+WV)-F5)
" WV IS VOLUME OF VOID IN ASPHALT (PERCENT)
: VB IS VOLUME OF BITUMEN IN ASPHALT (PERCENT)
IS TENSILE STRAIN IN ASPHALT -LAYER
oD 15 MODULUS OF ASPHALT

F1, 52 AND F3 ARE COEFFICIENTS OF LAB FATIGUE EQUATION :
GIVEN: BY NF = F1 % ETes(-F2) » HDD'*( F3)

PARAMETERS -OF LAYER 1
FO =.1840E 02 F1 =.4325€-02 F2 =.3291E O1  F3 =.8540F 00

F4 =.4B40E O1 . F5 » 6800t 00 VB = 15.2 W = 3.6

cesss FINAL FATIGUE EQUATION  NF =.2853f 00°(ET)**(-.3291E O1)*MOD**(-.8540€ 0O)

RUTTING DAMAGE NF = DO » EV"(-Dl)
WHERE |
NF IS LOAD REPETITIONS TO FAILURE

DO AND D1 ARE COEFFICIENTS OF RUTTING MODEL
EC IS VERTICAL COMPRESSIVE STRAIN

DO =.13656-08 . Dt =.4477€ O1

LS1
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sevss MONTHLY STRUCTURAL RESPONSE ANO DAMAGE e*v*ss

TYPES. OF STRUCTURKL RESPONSES.

0Z  VERTICAL DEFORMATION AT THE TOP. OF LAYER (TN}
ET . TENSTLE STRAIN AT THE BOTTOM OF LAYER (IN/INY
EC COMPRESSEVE STRAIN AT THE TO# OF LAYERC IR/ INY

STRUGTURAL RESPONSES

eREEs DAMAGE SUM

LAYER 1 Q.

LAYER 2 1.

,!:i-.‘

H - H - ﬂ- - H‘— -
TIZE-CT O.TSHE-OF O THIE-OF . .
t2IE-02 0.-122E-02 O. t19E-~02 [ : 0.01855
2826-02 §.226E-02 0. 1986-02 = . i 2.83665
695E-01 O.709E~0t O.699E-01 ’ ’ :
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129E~02 0. 123€-02 O. 118€E-02 0.08462
683E-0t O.TO8E-OF O, 708BE-O1 : .
\BISE-03 O.649E~03 . 0.63TE-QO3 0. 00567
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0. 00053
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ANALYSIS 1§
LAYER

1

ANALYSIS 2

REQUIRED
Ta{MS~1)

3.71

sesssseses DESIGN LIFE OF PAVEMENT sssssssss
CRITICAL . DESIGN DESIGN

DAMAGE  CUMULATIVE _ _

LAYER TYPE DAMAGE POSITION  LIFE(YEARS) - REPETITIONS
1  _FATIGUE 1.000 1 w2 0.1219E 08

2 RUTTING  2.837 B - 0.1 0. 1000E 04

*sxsxdsa | AYER 2 CONTROLS DESIGN LIFE

. MS5-t FATLURE REPETITION ANALYSIS

MAT ‘L THICK SR - TAE(I)
AL C. 4.00 1.00 4.00 X
TOTAL TAE =  4.00

DESIGN REPETITIONS BY MS-1
. $2943E 04

REPETITION RATIO (DAMA)
{ NF RUTTING/NF FATIGUE )

LAYER 1 ©.008

REPETITION RATIC (MS-1)
( NF DAMA CRITICAL/NF BY MS-1 )

0.713
. MS-1 THICKNESS ANALYSIS{INCH)
ACTUAL DIFFERENCE
TAE(DAMA) {TA-TAE)
4.00 ~0.28

6S1



