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

U. S. 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
squafe jnches ' 6.4516 square centimeters
square yards 0.83612736 square meters
knots 0.5144444 meters pef second
| pounds o o 0.45359237 kilograms
 kips ©© 0.45359237  metric tons .
pounds per cubic foot . 16.018489 " kilograms per cubic mefer
pounds | _ | 4.448222 newtons
kips ‘ | 4.448222 | kilonewtons (#N)
pounds per square inch 6.894757 | kilopésca1s
pounds per cubic inch _ 2.714472 kilopascais per centimeters”
galions {U. S. liquid) | 3.785412 cubic decimeters

~ 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

Effecta of polyolefins, neoprene, styrene—butadiene—gtyrene (SBS)
block cbpdlymeré; styrene-butadiene rubber (SBR) latex, and.hydrated .

lime on two asphalt cements were evaluated. Physical and chemical tests

-were performed on a total of 16 binder blends. Asﬁhalt concreté'mi#es
were prepared and tested with these modified binders and twn aggregates
_(a crushed limestone and a gravel), each at three aaphalt content
levels.

Properties 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, penetration at 5° ¢ and 25° C,
softening point, force ductility, and elastic recovery at 10° c, |
dropping 5&11 teét, tensile gtrength, and toughness and tenacity tests
at 25° €. From these the penetration index, the viscosity-temperature‘
susceptibility; the penetration-viscosity number, the cfitical
low~temperature, long loading-time stiffness, an& the cracking
temperature were calculated. 1In addition, the binders were studied with
xmfay diffraction,‘reflectad fluorescence miéroscop&, and |

" high-performance 1liquid chromatography techniques.

Engineering properties evaluated on the 72 asphalt concrete mixes
containing additives included: Marshall stability and flow, Marshall
atiffness, voids properties, resilient modulus, indirect tensile
strength, permanent deformation (creep), %nd éffects of moisture by
vacuum—satdration 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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| B AlthSﬁgh all of the additives teste& improved at least oﬁe és?eét of
the.bihdér/mixturé pfbperties, no ad&itive was.fOund to improve all‘the
relevanﬁ binder/ﬁixture prdpertigs at the samé time. On the Sasis of
ovéiéil'céﬁsiderétions, tﬁe optimum:beneficial effects can be expected

when the additives are used in conjuﬁctién with softer grade asphalts.



1. INTRODUCTION

Because of the inherent properties of.paving asphalts tréditionaliy
produced as waste products and because of the ipadequacy of current
‘specifications, asﬁhalt paving mixtures-—even those deéignea 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 resources for timely maintenance, asphalt pavements have
experienéed accelerated deterioration.

.Ia an attempt to improve the performance ﬁf asphalts'and to
increase the service life of asphalt pavements, addi;ivés have Seen
incorporataed to change the characteristics of :ﬁe asphalt or the asphalt
pixture. Some 6f_thesé additives are hydrated lime, sulfur, anti-
oxidants, antistrippiﬁg agents,‘carbon black, asbestos fiber, and a
variety of polymers (11,12,19,22,23,24,26,34,37,40,46,47, and 50).
Rigﬁway Research Proiect ﬁR~278 was initiated in 1985 to study.thrge of
the ﬁore pronising additivgs {hydrated lime, Asphadut, and Styrelf) and

to identify thelr beneficial effects. A prﬁject progress re?ort
_summarizing the results of Phase I (Binder Evaluation) during the first
year was submitted in Aggust 1986 (25). Phase‘II (Mixture Evaluatiqn)
of the project was modified in October 1986 to include four more
polymarized'asphalt cements (PACs). This Final Report describes ali

work conducted and the findings resulting from HR-278.



2. - PROGRAM OF STUDY

Since mast of :he asphalt pavement problems that can be attributed
to binders afe atripﬁing; thermal cracking, rutting, and hardening'of
the-ﬁinders, the study was mainly designed to evaluate_éhé,effects,
bénefits, and mechanisms of additives on these properties.

The research was conducted in three phases; Phase I was the
evaluation of the effects of selected additives.on the durability and
rheological properties of asphalt cement binders and‘their éffects on

the rutting and low-temperature cracking suéceptibility;of-the asphalt
| pavements. Phase II was an evaluation of the effects of these a&ditives
on asphalt concrete mixtures in terms of'rutting, stripping, stability,
and iow-temperatu¥a'cracking potential. Phagse III was the prediction of -

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



3. EFFECTS OF ADDITIVES ON THE PROPERTIES OF ASPHALT CEMENTS--PHASE I
3.1. Materials |

Two asphalt cements, oﬁe from Bituminous Materials 6f Terre Haﬁte}
Indiana, and the other from Fxxon of Baytowﬁ: Te#és, were evaiuateﬁ in
conjunction wiﬁh three additives. Two of the additives (Asphadur éﬁd
1ime) were added to the two asphalt §ements at two levels of concen~
tration each; the third additive (SBS—-styrgneuhutadiene-styrene) was
incorporated in the these asphalts by the suppiier at one single
‘optimﬁm“ concentration énd were received and tested as modified
asphalts (Stngif).. The factorial combination and sample ideqtifi—*
cations éf the 16 binders are given in'Taﬁle }.' | |

Styrélf_was developed by the French Highway Department and was
introduced in the United States by Group E1f Aquitaine. Styrgif‘is a
unique combination of agphalt cement and the polymer SBS. It involves a
chemical reaction between the polymer and the asphalt. The rgaction |
starts from the small chain polymer and then increéses in.size while
11nk1ng irreversibly to the bituminous matrix. The quantity of polymer
and.reac;ant have been selected to obtain optimum performance (10).
Usually 37 of the polymer 15 gdded. cheﬁical analysis shows that with
this concentpation the reactional places of the bitumen have been
- blocked by a polymer-bitumen bond or a bitumen~bitumen hond. Therefore;
no further reagtion, guch 4s oxidation, can take plagé. Different tests
performed by the manufacturer have shown that the Styrelf will improve

the performance of the pavement.



Table 1. Sawple identification - Phase .

AC GRADE

A28

] !
: ' !
AODETIVE CONTENT : L "I L H
] ! )
ASPHABUR. H T BA 9A
A: PARTIALLY DISSOLVED § 1 S S 88 98
B: TOTALLY DISSOLYED. 3 T VRN (S S (43)  (6%)
] [}
HYORATED LiNE . o A5 ) i0 THS
nlxlus GNINR28OF ! (58)  {16%) ! (59)  (i0%)
i 4 :
STYRELF ! 6 4

12

0 : no additive { control ).
Lt lov ievel,
ﬂ high level,

: nixing 3 min. & 400 f.

B aixing 3 mia, § 320 F followed by heating in oven & 320 F for 12 hrs,



Hydrated lime has been used in pavements as an antistripping agent
for a long time. .Recently, a number of studies have been carried out to
evaluate the performance of lime in asphalt pavements,rnot only as an
antisfripping agent hut also an an agent fo improve the other qualities
of aéphalt. +he Na;ional Lime Association’s bulletin {37) has presented
the beneficilal effects of lime in asphalt pavements. In addition to
functioning as an antistripping agent, hydrated lime may also act as a
mﬁdifier in asphalt cement by reducing the rate of hardeﬁing.
COnsidéring these properties, we selected lime for this study,_and
its pgrformance was evaluated when it waé added only in the binder.
Highfcalcium_hydratea iime of the Snow-flake brand was used. rThis 1ime

met the ASTH spécifications €207 (Type WY and C6 (Type N) and Federall
| specifications SS-L-351 (Class M).

Asphadur'is a grained, mixed polymer, known as polyolefin, and‘is
manufactured by Schiker and Company of Austria under the trade naﬁe‘of
IAsphadur. This material was distributed in the United States by the
Minnesotﬁ Mining and Manufacturing Company of Minneapolis, Minn., under
the trade name “"Stabilizing Additive 5990" (48). The précess of
prepéring aspha1t m1x with the additive polyolefin was patented‘in the
Hnited States By'Paul Haberl of Austria in December 1974 (14). The Towa
Departmént of Transportation, after using this additive in different
pavements across Iowa, gtated that "this additive:ié capable of
1mproviﬁg‘the viscosity, stability, flow and strength charaéteristics.oﬁ
asphalt cement concrete, makiﬁg 1t 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.



2.2. Procedures (See flow chart in Fig. 1.)

Thé saﬁples.with Asphadﬁt were ﬁrepared ﬁith-two different mixing
plans, as shown iﬁ Table 1. Thé samples labelled "a" were mixed for 3
minutes at 400° ¥ to get partially dissolved Asphadgf. The samples
labelled "b" were mixzed for 3 minutes at 320° F and then followed by
heating in oven at 320° F for 12 hours to get totally dissolved

Asphadur. Hydrated lime was‘mixed for 6 minutes at 280° F and

transferred into the cans. In each case, 800 grams of asphalt cement

were taken and'heatéd to mixing temperature. The additive was mixéd'in
with a motorized stirrer while constant temperature was maintained.
In order_to evaluate heat stabilit& and the effects.df'hot plant

wixing on these modified binders, the 16 binders were treated by -

following the thin film oven test (TFOT) §rocedute. The samplesrﬁefbre"

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

respectively.

In order to determine rheologlcal properties, penetrations at 41°.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 origi#ai aﬁd thiﬁ-film‘oven test residues of‘ail binder hlends.
From thesé resuité, the penetration index, the visédsity-temperature
spsceptibility, the penetraﬁion viscosity number; the critical
1ow~£emperétufe,rlong 1o§dihg-timé.stiffness; and the cracking

temperature were calculated.
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Additional nonstandafd physical tests that have been used to

characterize‘polymermmddified asphalts were also explored.

e Tensile strength: At the E1f Aquitaine Asphalt Laboratory,
Terre Haute,‘Indiaﬁa, tensile stfess at 68° F (20° C) and 800%
elongation (or at fracture) of all binders were determined, with
an Instron tensile testef, at tﬁe rate of pull of 50 cm per min.
This pfoéedurg‘is basically ASTM D412 (Standard Method for
Rubber Properties in Ténsion); which is used routinelylby the
rubber industrj tonévaiuaté tensile strength. The modified
procedure is given”in Appendix A.

e Force ductility: The maxiﬁum_force required to pull the
standard ductility speciﬁen with cross-sectional area of 1 sq

" cm, at rate of pull of 5 cm pér min and at a temperature of
10° € (50° F), was determiﬁed by attaching a loﬁd cell to one

" end of the ductility mold (2). o

L4 Eiastic"reco§ery= The procedure developed by the Elf Mineraloel
Laboratoriés in Germany (23) was used to measure elastie
recoveri of 511 binders (Appendix B). A aténdard ductility

| épecimeﬁ‘is'stratched to ZOIcmlat 10° ¢ (50° F) and held for
five minutes., The specimen is“then cﬁt in the middle with a
pair of scissors and allowed to stand undisturbed; :After one
hour, the combined length of theftwo gsections is determined.

The percent recovery is defined as follows:
0~-1L

% recovery = 2 x 100

where 1. = length after one hour.
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» ﬁropping ball test: A very simple procedure for characterizing
viscoelagtic materials under.constant stress conditions was
developed in the E1f Aquitaine research labs in Sblaize, France
'(53) (Appendix C). Exactly 8.0 grams of asphalt are poured into .
a machined metal cup and a ball of specified size and weight is
embédded to a predetermined depth. .The apparatus is iﬁverted so
'that the ball is free to fall. The time‘required for the
embedded portion of the ball to reach tﬁe:point 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 ié
defined as t2 (Fig. 2). Time tl is closely related to the

”_viscosity of the asphalt or its initial tensile strength. }ime
t? depends somewhat on viscosity, but it is primarily affectéd
by the tensile strength or elastic flow of the asphalt as it 1s
stretched by the weight of the steel ball. The rati§ t2/tl
providgs a rough relationship'of a matérial's elasticiﬁy or
tenaile stength after elongation to its 6r1ginal viscosify. The
test was run at ambient‘temperatures.

0' Toughness and tenacity: Another constant strain methed for
monitéring tensile strength of modified binders is the toughness-
and tenaclty 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 to 25° C (77° F). The head is then
pulled from the asphalt at the Eate of 20 in. per min, and a

_load—deformation curve is plotted. Toughness and ténacity are



FORCE, LBS

12

300 mm

TIMEt =0 TIME t = tl TIME t = t+t

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

60

50

40

TOUGHNESS = A + B
 TENACITY = 8

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

Tttty |

4 5 6 7 8 9 10 11 12 13 144 15 16
EXTENSION, IN,

Fig. 3. Definitions of toughness and tenacity.

S
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defined by the areas under the forcefdéformation curve (Fig. 3).
The areas under the curve were measured by a planimeter.
Tenacity is the work performed in‘pullihg ghe binder matgrial
away from the tension head to its maximum extension. Toughness
is the total work performed in pulling the tenQion head out of
the sample as weil‘as_étretching the material while itris still
attached to ﬁhe head.

While chemical characterization of asphalt and pblymer-mddified

~asphalts is difficuit,‘since no two asphalts are chemically identical

and no conventional chemical methods are readily adaptable to the

- modified asphalts, three special techniques have been found to show

potential in identifying effects of.theée additives:‘x?rai diffraction,

reflected microscopy, and high-pressure ligquid chromatography (HPLC).

" HighvpreSSufa'liquid chromatography (BPLC): 'Sémples'of all

binder blends were sent to Montana State Univéréity‘for
determination of molecular‘sizemdistribution.(MSD) by
high~pressure liquid chromatography (HPLC) with a Waters
Associétes instrument and ulirastyragél columns (18).
.Reflected fluorescence microscdpy: The homogeneit& of
dispersion fot microstructure) of tﬁe:additives in aéphélt &és
obsérved by'usiﬁg an'Olympus light ﬁicroscope'(Modél_BﬁM) with

reflected fluorescence attachment under blue excitation (8);'
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e X-ray Diffraction: This technique was used to determine any
éhénge in the structure and compbéition 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-~
Iength of this deflected ray depends on the spacings between
the plénes‘(d) and angle of incidence (8). 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
representative samples for the x~ray diffraction. Two different
types of scans,i.e. 8/20 scan and 20 scan with 6 = 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° € 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 £ilm oven test reéidue sambles.

PR —

[S—



Table 2. Rheologlical properties.

15

NATEREAL - SANPLE | vis, 60 VIS, (35 fa,25 fa,5 5.7 V15,25
. ‘No. ! poise stokes ¢ poise
[] . .

~AC-5 - 10 : 459 1.1 164 1] 3% 2.38£405

AC-5+4% ASPHADUR  Z2b-0 ! 1149 3.4 115 2 M 6.38E+05

AC-5463 ASPHADUR  3b-0 H 11500 3.5 9% 12 4%, {.33E+06

AC-5¢5% LINE 4-0 ! {700 1.5 131 8 42 2.40E405

STYRELF 1N AC-5 6-0 H 908 3.8 135 12 44 2.93E+05

‘ ! _

AC-20 1-0 ! 2248 3.4 58 2 50 2.38E406

AC-20+4% ASPHADUR 8b-0 ! 50008 12.0 35 5 13 5.96E+06

AC-20+61 ASPHADUR 9b-0 ! 14066 16.0 26 4 58 §.48E406

AC-2045% LIME 18-0 H 4100 4.4 44 Y 5 2.19E+406

STYRELY [N AC-20 12-0 { 28ie 6.2 35 2 53 3,3B8E+06

‘ H

AC-5 I-R i 868 2.5 90 3 4 5.02E+05

AC-5+4% ASPHABUR  Zh-R ! ¢ 8.8 35 | (] 8.53E+86

AC-546% ASPHADUR  3b-R H ¢ c 1% 6 59 1,10E+07

'AC-545% L1NE 4-R ! ¢ c 33 5 ) 6.56£406

STYRELF IN AC-5 6-R H 8935 8.2 38 4 59 T1.39E406

. 1 .
: _

AC-20 1-R H §264 3.0 15 ] 83 1.53E+07

AC-2044% ASPHADUR 6b-R -1 e ' 12 { 11 -2 49E+07

AC-20+6% ASPHADUR 9b-R H ¢t c- 1 i I 2.50E407
AC-20451 LIME . 10-R ! c ¢ t3 ? 67 2.88E+87

STYRELF IN AC-20 12-R | 11914 i8.1 14 1 66 3,976+07

~a ¢ partially dissolved.
b ¢ totally dissolved,

¢ : could not be determined due to high viscosity and/or nonhomogeneity.

YIS, 60 : viscosity 8 66 €.
V15,135 : viscosity # 135 C,

Pa, 25 : penetration 8 25 C, 100 g, 5 sec.
Pmy, 5 : penetration @ 5 C, 100 g, § sec.

S.P 1 ] & 8 softening point.
0 : original,
R i thin film oven test residye.

¥1S, 25 : viscosity @ 25 C and shear'rate of 5 x E~2/sac.
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Note that samples 2a, 3a, 5, 8a, %9a and 11, for both original and thin
£1i1lm oven test residues; may.give erroneous results bécause of
nonhomogéneity. For all other samples, a general decrease in penetra-
‘tion values is clear. The point to be considered is thét_samples 3b and
9b (with the:higher percentage of Asphadur) and samples 6 and 12 (SBS) .
_ﬁave lower penetration at 25° C but have higher penetration'a£l5° c fhah
the néﬁtreated aéphélt. The penetration.values are also represehfed és‘
bar diéQQaés in ?1g§. 4 and 5.

Téb}e 2 also lists the values of ri@g and ball softeﬁiné’;éingéifdf
ali the saﬁples. The samples with additives have higher softeﬁing .
#oints than the base biﬁder in all the cases. Also the softening point

iﬁcreasés with the increase in percentagé of additives (Fig. 6)..

Viscosities at 60° C and 135° C were determined by capiilary ﬁﬁbes;_

Recause of the nonhoﬁogeneity of some samples, a Brookefield visééméféf
wés'used to estimate the viscosities at the above-mentioned
tempera;ures. The viscosities are listed in Table 2 and plﬁﬁted iﬁ-Fié.
7. Bec;use most of the entries for thin film oven test résidue are |
missing, only the results of the original samples will be discussed
here. The samples with adqitives-show a substantial‘incréaée in
viscogities at both temperatures with the exception of saméla.zano at
60° C and sample 4~0 at 135° €. This discrepancy may be due to the
nonhoﬁogeneity of the samples. Also the:samples Qith ASpﬁadur éhow a

higher viscosity than the samples with lime and SBS.
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Viscosities at 25° ¢, which were determined with a cone-plate
viscometer,_are listed in Table 2 and plotted in Fig. B. The
\viécosities were determined for a shear rate of 5 x 10_2 sec“l. The
gamples with additives showed higher viscosities than the base asphalt,
especially for Asphadur-modified binders. '

The effect of hegt; as determined by viscosiﬁy and penetratién af
25° €, on the thin film‘oven test residues, are shown in Figs. 9 and-io,
respectively. The hardening of modified asphalts in terms of retained
Apénetratibn varied from 197 to 3dz for AC-5 and ranged from 36% to 557
for AC~20. These vaiues were considerab1y lower than the réported 54%
to 78Z penetrafioﬁ‘retention for SBSfmodifiéd agphalts (24). The
drastic hardening of modified asphalts is also refléctéd in increases in
viscosity. Modified AC-5 asphalts were more se;sitiﬁe'to thin film oven
héafing than those of modified ACwZGIasphalts. The only data on
viscosit? ratios at 60° C for modified binders were those of.Styrelf;
the viscosity ratio was 9.8 for SBS modified AC~5 and A.z for SBS
modified AC=20. These were much higher than.the reported values of 1.7
ﬁo 2.9 (24%. The asphalt cements without a&ditives had a viscosity
ratio at 60° C of 1;9 for both AC-S and AC-20. The normally specified
maximum ratio (e.g. ASTM D3281) is 2 to 5.

Visccsitieg‘at 60° ¢ and 135° C, penetrations at 25° C and 5° C,
and softening points were ﬁsed to deﬁermine the peﬁet:ation iﬁdex (PI),
viscosity*tempefa;tre Qﬁsceptibility {VTQ); aﬁd’penetfation~viscosity
nuﬁbéf (ﬁVN\.at,60° ¢.and 135° ¢. The efféct§ of.additives.on

temperature éusceptibility will be discussed later.
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Nata 6n‘driginal samples were plotted on the BITUMEN TEST DATA

CHART (BTDC) for comparison and c¢lassifcation. Rased on BTDC, ngkglom
(]) defined three classes of. asphalts: Class S (comprisihg straight-run
residual and cracked asphalts), Class B (blown asphalts), and Class W
{waxy asphaits). Fﬁr Class 8, both penetration and viscosities 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 Iine‘ih tﬁé chart indicates temperature susceptibility.
The penetration indeg can also be obtained by this éhart.

| Samplés 2b, 3b, 4, and 6 were plotted with Sample 1 (Figs. 12a,,
125,‘and‘12c) and Samples 8b, 9b, 10, and 12 were plotted with Sample 7
(Figs. 138,‘13b, agd_lsé). Samples 1 (AC-5) and 7 (AC-20) are
cléssified ag Class W asphalts. Although it showed an increase in
- wiscosity, Sample 2b with 42X Asphadur totally dissolved in AC=5 - is also
a Class W asphalt, but Sample 3b with 6% Asphadur totally dissolved in
AC-5- indicates a Class B asphalt. §éﬁp1e 4 (5% 1ime in AC-3) also falls
in the category of Class B asphalts.-‘Sample 6 (SBS'iﬁ AC~5); however,
indicates a Class W asphalt, because it exhibité a waxy naturé;n

For AC-20 the same additives were used in the same quantity buf
the results were nththe game. At low Asphadur content (Sampie 8b) the
~binder behéved.as_ciaSBIB;‘but at high Asphadur content (Sample 9b), the
bindér behaved as Class W. In Sample 10 (5% lime in AC-20) the binder
changed from Class W to Class S. Sample 12 (SBS in AC-Zb) behéved in

the same manner as Sample 6 and fell in the Class W asphéits.
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These classifications indicate that the asphalt matrix chahgéd
nofahly with the additives, and ig most of the ;ases the.temperature
sgsceptibility:of thé asphalt.was.imprOVed. The data also 1ndicé£e§
'ﬁhat the changes in temperature susce#tibility dependéd not only'oﬁ the‘

type and amount of additives but also'bn the base asphalt.

| 1.3.2. Tenaile, Ductility and Blastic Properties.

o Previqus'work oﬁ rubber~ and neoprene-modifiéd.asphalts (22}23,24;
and AO)‘indicated that tensile propérties provide uséful_data:on'gﬁe
degree to which polymers benefit asphalts. Toughnéss, tgnacity,'ténsilé
stress, aﬁﬁ elqngation of modified.asphalts weté deﬁermined_andlthe
results are given in Table 3 and shown ;h Figs. l4 and'lﬁ.

Bqth Asphadur and SBS 1ncreased-;oughness and.ten&cicy of‘the:

" asphalts, whiie.lime, as expected, had no effects.. Howevéf; only $BS in
AC=20 mét thé-suggésged:specificatidng foi polymef—ﬁod@f;ed asyﬁalts of

ninimun values-of ?SHiﬁ.flbs tougﬁness-and 50 in.~lbs tenﬁcify; _Except
for the toughngss of.AC~5 bindérs, the thin film oven hedting,&ecreased
the toughngéé and the tenacity of binders. |

Wﬁile.b§th Asphadur aﬁd SBS increasedltensile-streaéés'of aséhalts
at soni elongé;ion, only SBS in AC~20 met the recommendédiétress éf 4.3
psi. ?urtﬁerﬁore,‘tﬁe,improvgments diminished upon thin f£film oven test
"~ heating.

Reéul;s_of force ductility and elastic recovery of samples’at 10° ¢
éfe given in Table 4. -Asphadur‘increaée& dﬁctile fofce for‘both
‘asphalts bu£ did nothing to improve elastic recovery; SBS, howevér,
reduéed the ductile force but increased the percent elasfic recovery

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

WATERIAL  SAMPLE | TOUGHNESS { TENACITY !  TENSILE  STRESS |
R ' Ro. | - in-ib | in-lb {stress, psi | § eiong.{
] 3 O 1]

AC-5 -0

; il.3 4.0 0,000 800
AC-544% ASPHADUR  2b-0 | 2.4 61 - 0,000 860
AC-546% ASPHADUR  3p-0 | 4.8 6.3 0.142 8os
AC-5451 LIME -0 ! Sl 3.2 8.000 800
STYRELF INAC-5  6-0 ! 32.9 28.9 1565 . 800
. i
AC-20 1-0 ! 13.6 11,9 0.853 80
AC-20+4% ASPHADUR 0B-0 ! 70.6 15,1 2.418 6.
- AC-2046% ASPHADUR 9b-0 | 100.4 4.9 8.000 201
AC-2045% LINE - 10-0 ! 734 12.6 0.853 - 800
STYRELF I AC-20 12-0 . ¢ 221.5 163.8 13.227 800
S ‘ -8 22.5 5.9 0.008 800
- AC-5+4% ASPHADUR  2b-R | 59,9 0.9 0,600 189
AC-546% ASPHADUR  3b-R ! 65.6 3.4 8.676 4
AC-545% LINE R 19.6 4.3 1,038 800
STYRELF IN AC-5 . &R | 0.9 0.0 9.883 MM
, . _
-2, . 1R 68.9 6.0 0.006 267
AC-20441 ASPHADUR 8b-R ' 32.6 0.0 0.0060 10
. AC-2046% ASPHADUR 9b-R | 2.9 8.0 9.000 T
AC-2045% LINE -8} 21.6 R 0.008 196
CSTYRELF IN AC-20 12-R : 168.8 0.0 0.000 714

a : partially dissolved.

b : totally dissolved.

0 ¢ original,

R 5 thin fiim oven test residye.
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Tabie 4. OBuctility and efastic properties.

NATERIAL SANPLE

DROPPING BALL !FORCE DUCT.

ELA. RECOV.

~ STYRELF 1N AC-20  12-R

[} 1
] ]
fo. ! tyel L ds. )%
: : :
M-S B 0.221 .45 0.00
AC-5+4y ASPHADUR  20-0 ! 0.173 3.45 ¢
. AC-5+6% ASPHADUR. 3b-0 ! 0.069 2.91 ¢
AC-545% LINE - 0.034 .50 2.50
STYRELF IN AC-5 60 ! 0,923 1.21 61.25
: i
3 .

AC-20 B > R 0.046 17.45 ¢
AC-20+4% ASPHADUR 8b-0 ! 0.047 18.90 ¢
AC-2046% ASPHADUR 96-0 | 0.062 29.30 :
AC-20+5% LINE 100 ! 2.047 15.64 ¢
STYRELF 1N AC-20 120 ! 0.615 10.00 65.00
s R 0.248 1.64 5,00
AC-5041 ASPHADUR  2b-R | ¢ 17,82 e
AC-5+61 ASPHADUR  36-R ! 0.021 13.21 c
AC-5451 LINE . 4R | 0.048 B0 e
STYRELF 1M AC-S  6-R | 0.334 13.64 ¢

i
20 R " d 21.10 e
AC-20+4% ASPHADUR 8b-R | 0.040 23.64 ¢
AC-20461 ASPHADUR 9b-R ! 0.351 26.91 ¢
AC-20458 LINE 1R d 32.13 ¢

! ¢ 38.00 c

a's partially dissotved.
b ¢ totally dissolved.

¢ ¢ the samples were broken before reaching 20 ca.

d t no flow.
. 0 ¢ original.
& : thin fila oven test residue.
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property. Another measure of the elastic property of modified binders
is the ratio t2/tl obta;ned from the simple dropping'ball test (Table 4,
Fig. 16). The only significant_improveménﬁ resulted from Styrelf.
However, the benefits_of Styrelf seemed to have diminished after thin

film oven heating.

31.3.13. _Chemical'?ﬁopetties |
Righ press#ré 11quid chromatography (HPLC) ié a technique wherehy
the molecules in.an asphalt are segaxatéd according to relative size, aé
in sieve analysis. Althdugh it permits the largest mdiecg}es to.péssr
packed columns more quickly, it successively rgtards‘fhe:passaée of
smaller ones. The area under the chromatogram is divided into three
portions by seléeted elutipn times as the large molecular size (LMS),
medium mﬁlecular glze (MMS), and smail wolecular size (SMS). The
dividing elution times‘weré selected to maximize the differencés'aﬁong
asphalts with reépect to LMS which is found to cdrfélate with cfacking
of asphalt pavements (18). Figuré'17a shows the chromatogram for sample
1=0 (AC-5). Figure 17b ghow,s the chromatograms of AC-20 (7f-0)'énd AC-20
.modified by 8BS (12-0). Potentially éhis technique could be used‘to
determine the percent of polymer 1g.poi&q¢r~quiﬁied_a?éh@l;g_as“shown
by the shaded area at short retention time. Figure 18 présents the
percent LMS for the 16 binder blends,koriginal versug TFOT residues.
Data indicate that the two grades éf asphalt were very similar in
their molecular size distributions and that additives had little effeﬁts

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
similates hot plant mixing, were large. Exclud;ng_samples Za,.3a,'85.
~and % becaﬁse the dispersion was nonhomogeneous, the increases in
percent LMS as percent of LMS in original asphalts variéd from 62% for
Asphadur (6%) in AC-20 to 119%Ifor lime (10%) in AC-~5. The increases in
iMS for AC-5 énd AC~20 without additives were 347 and 912,‘pespectively.
The ﬁet increases in percent IMS because of thin film oven treatment |
rangéd froﬁ 5.0% for Sample 1 (AC~3) to 15.9% for Sample 5.(10% lime in |
AC-5). These increases were unusually large compared to the gormaily |
" expected increase of 2% to 57 based on data from asphalts extrécted from
pavements without addfitives. | B “ |

| On the basis of limited performance data, the.maximum percent 1LMS
recommended for climatic zone for Towa was estimated to be about 267
(18). According to this critérion, the oply satisfaggory binder was.
AC-5 without additives. Rinders with Aspﬁadur and-hydrateﬂ“lime woﬁld‘_;
be considered marginal and those.with'Styrelf would Ee critiéal with
regspect to craéking. | |

However; these remarks must be viewga with caution becauqe of the

_pfohlema of solubili;j of lime and Asphadur in THF (tétrahy&rofqréns_
‘solvent used: for the mobile phase in HPLC and because of the o
nonhomogeneous dispersion of soﬁe of the biﬁdgr_blends. Eutthermére,
the recommended criterion was based on asphalts in pavéments withb#t |
additives. It is likely that separate:HPLC techniques and/or criterion

must be déveloped for asphalt pavements with additives.
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The reflected microscopf technique was explored as a possible means
to better uﬁdérétaﬁd tﬁe pplymef Aispersion and the structure of the
éolymef—in—ﬁsphait s}étem'and ul;imately to provide information on the -
optimization of’pﬁivmer‘modification.

-fﬁré.éé§hait (AC~5)'does not produce observable fluorescence under -
hlue excitation. Likewise, asphalts with iime additions (Samples 4, 5, -
10, aﬁ& lif“shbwe&.ho flubtescence. While samples 6 and 12 contained 3%
to 57 sﬁs ﬂolymer; the reflected fluorescence microgfaphS‘indicatedlno.
f1ﬁ¢féécén¢é ﬁérfiéles. This-féSult indicates that §8S 1s not in a - -
bhjsiéal disbefsﬁ§n but rather forms a new cross-linked homogeneous
reédtiéﬁ“pfddﬁct'becéusé of the blendingftechﬁiques-and_Becoﬂdaty
additives used in the manufacturing process. _

‘6f iﬁ£érest-ére the‘éight blends containing Asphadur (polyolefins}).
Figuré‘iq shoﬁs Eypicél micrographs of 4% and 67 Asphadur in AC=5.
Contiﬁﬁedihéééiﬁé;;éither during blend preparation (2b and 3b) or thin
£11m oven treatment (2a-R and 2b-R), appeared to have reduced the
partiﬁié sikéwéﬁd tnereased the uniformity of size distribution (2b=0,
?b-R and 3b~0). Higher polymer éontent is reflected in the higher
partiélé"déﬁéitﬁ (3a~b and 3b-0). figure'zo shows.;he ﬁicrogfaphS'of
Asnhaé;rliﬁ AC-20. The séme observations maﬁe for‘samp1e912a and 2b

(Agphadur 1n:A6~5} caﬁuﬁe'méde here. Hoﬁevef; undissolved large
Asphadufuparﬁiéles are more evident for high viscosity AC~20 (Samples 8a
and 9&5- The significénce of paftiéle size and size distribution and
’th; ﬁaiés‘sﬁfrounding‘lafgér particles in partially dissolved samples

(Ra and 9a) need further study.
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2a - 0 ASPHADUR, 4 % -0

3a - 0 ASPHADUR, 6% 3b -0

Fig. 19. Flourescent micrographs of Asphadur in AC-5.
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% -0 ~ ASPHADWR, 6% 9 -0

Fig. 20. Flourescent micrographs of Asphadur in AC-20.
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Eight samples from'the original (O seriesj were selected for x-ray
_&iff?action_study. The standard procedure 1s a 8/28 scan for. the
aﬁélysis'ﬁf the materials. But because of some prefefred.orientation of
asphalf'molecgles; using only a 8/28 scan may not show the complete
picture; therefore, a 20 scan was also done for all the samples.

In a 6126 scan, both € and 26 vary; and whenever the Bragg equatioﬁ

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

An e"zd sin

where A= waﬁglength
d = interplanef spaéing
6 = angle of incidence.

In a 29‘scan,.e is fixed and 26 varies. If‘there is anﬁ preferfeﬁ
orien;atibh_@flmole@ules. the diffraction peak appears when the Bragg
equaﬁipnlis satisfied, and the orientation can be calculated kl).

Results obtaiﬁed with 08/26 scans are presented in Figures 21-23,
Figure 21, which compares the two asphalts AC-5 and AC-20 used in this

study, indicates that mélecules of both-és?hal;s are arranged in the
hori#ontal directi&n with an average.seégratiéﬁ.of A.?_R. ‘Both'peaks
'have.a breadth of about 9.8 & at half ﬁaximnmlintensity, which indicates
thg same size of miﬁute clusters of mblecules. The main difference.
betweén‘the ;wolaéphalts is in the height of the shoulder to the iéftnof
the peak; 'This Shbélder is due to IQWfaﬂgle scattering of #frayglaﬁd is
a measﬁre of.the_size and abundance of diéperseé_par;icles qf”;

asphaltenes dispersed in resinous and oily fractions of asphaits‘(SS).
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:According.tc Williford (53), the higher the shoulder the better
the asphalt. Effeqts qf additives, for example; lime, Asphadur,l
and‘SBS, on Ach_arg compared in Figs. 22 énd_23. As can be seéﬁ from
Fig. 22, the ﬁosf sigﬁific#nt effect 18 demonatratéd by.Styrglf ip o
raising the loﬁéangle-scattering shoulder. The reducéd intensity of the
sample coﬁtaining lime is probably due to absorption of the copper
radiation by calcium. The crystalline peaks observed vith this sample'
correspdnd to lime crystals and indicate ghat the 1imé did not
chemically réact with the component of_asphalt.‘-Ihe sample containipg
Asphédﬁr also produced a sharp crystalline peak (d-spacing of A.I_Rﬁ.
Since a diffraction pattern of Asphadur alone could not be obtaiﬁed'at
the present time, it i3 not yet possible to state. whether this peak
corresnonds to Asphadur or to 8 reaction product.

The 26 scans performed indicated that major aliggment of molecules
with a&out 4.7_3 séparation occurred in the horizontal directidn. .ﬁhen 8
anglerwas fized at 5, 10, and 15 degrees, the peaks were fiattened out,
peak iﬁtensities were reduced, and noncrystalline peak_positions were
‘ah;fted. These results support the hypothesis that a horizontal
orientation is'preferréd. Figures 24 and 25 show 20 scans fbr”samples
containing 1ime and Asphadur. The reduction of intensities and |
broadening of the peaks of not only the asphalt matrix but also of the
crystalline peaks suggest that even the crystals of Asphadur and 1ime
'are‘alsororienfed 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 cenlcOnclude 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 noted. We expect that identification of additives
and their effects on eeohalts can be rapidly and economically determined
hy x=-ray diffraction tecﬁniedes hesed on low-angle scattering
intensities and the shape of the eeo:poous peaks.

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

3.3.4. Temperature Susceptibility

B Asphalt cements of high~temperatute“eusceptioiiity may concribnte
to retting et highrpavement temoeratures'and craeking‘et'low'bavement
tempefatores. One.. of the often—quoted henefits of polymer additives is .
the reduction of temperature susceptibility of paving asphalts.

Temperature:susceptibiiity of an asphalt can be evaluecee by using
the Shell Bitumen Test Data Chert (BTDC) (15), the Penetration Index
(?I) (Sé),ithe'feh—Vis Number (PVN) based on'viscosity at~60°.c or.
viscosity at 13§° c (33), the viscosity~temperature susceptibility
(VT%), and the Asphalt C1ass Number (CN) (4). The basic rheological
data as plotted on BTDC are shown in Figs. 12 and 13-'and the derived
PT, PVN, VIS and CN of the binder blends studied are given in Table 5.

The CN'shdﬁe"the'difference between”measureﬂ 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-

[P
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-0.454

.en

~1.116

Table 5. Temperature Susceptibility.
NATERTAL SANPLE | ¥ Pla V15 PVN,60 PYN, 135
. Mo, o} o
:

-5 -0 ! 9.28  -~1.136 .818 - -0.832 ~1.012
AC-5+441 ASPHADUR - 2b~0 ! 5.82 ~0.673 3.420 -0.381 -0.321
AC-5¢6% ASPHADUR  3b-0 . | -25.91 0.347 3.499 f.829 1.080
AC-545% LINE 4-0 : ~22.45 ~0.93% 4,318 4.281 -1.475
STYRELF IN AC-5 §-0 ! © 10.50 -0.286 3.217 -0.375 3.071

' ]

_hC-20 -4 ' 6.45 =1.105 3.675 -0.854 -1.073
AC-20+41 ASPHAOUR 8b~0 ! ~36.14 ~0.601 3.821 1,415 0.152
AC-20+46% ASPHAOUR 9b-0 H 30.24 -1.241 3.089 -§.830 ~3,047
AC-2045% LINE - 10-0 H 8.75 -1.354 3.708 ~0.578 ~0.935
STYRELF 1N AC-20 12-0 H 26.63 ~1.245 3.292 ~1.248 . -0.695
ACS - 13.5¢ . -1.748 3,546 -1.084 © -1.034
AC-5+4% ASPHADUR  2b-R 1 -265.19 0.398 ¢ ¢ -0.249
‘AC-546% ASPHADUR  3b-R ! ¢ 1,239 ¢ ¢ ¢
AC-5+5% LINE 4-R | ¢ ~0.516 ¢ ¢ ¢
STYRELF {N AC-5 - 6-R - |} -1.58 -0.033 3.514 -0.13% ~0.304

. _ v L g
AC-ZG N & 2.1t 6.84 3,178 U-0.860  -0.222
AC-20+4%, ASPHADUR '8b-R ! ¢ -0.695 ¢ ¢ e
AC-20461 ASPHADUR 9b-R | ¢ -8.078 ¢ ¢ ¢
AC-20458 LINE 18-R ' c -0.493 ¢ c .~
STYRELF [N AC-20 12-R H -12.12 -0.221

a : partially dissolved.
h s totally dissolved.

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

CN : class number.
fla : measured penetration index,

V1§ : Viscosity-temperature susceptibiiity.
~PYN,60 : Penetration-viscosity number 8 68 C.

Pvu 135 Penetration—viscosity number § %35 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 {ndicate Class B'(tlown)
asphalts. Either case reflects substantially high-aneelow»temeeratute
suseeptibility._ On the basis of CHN, Asphadur (exeept 6% in AC-20) aed
lime decreased the temperature susceptibility, and 8BS increased the
temperature susceptibility, especially in AC=20.

According to the PI, all additives decreased the teﬁperature
susceptibility of AC~5 but increased the temperature susceptibility of
AC~-20, except Asphadur at 4% (Fig. 26). In general, temperature
susceptibility (VTS) at a high—tempereture range (60 C to 135 C)
seemed to be decreased because of polyner modification but-increased
becausge of hydrated lime (Fig. 27) | |

On the basis of the PVN, data indicated decreases 1n temperature
Busceptibility because of additives. The exceptions Were the effects of
lime on AC—B based on PVN from viscosity at 135° C and the effect of
SBS on AC~20, hased on PYN from viscesity at 60° C. Both'eftthese s
estimates'shewec increases in temeefature‘susceptibility (Fiél:2$)a‘

When all the indices were.considered, all the addittyes”eppeered.to
decrease the temperature susceptibility gf)the:ssphalts ?tﬁ¢iﬁdé;t .
especially for AC-5 and at higher temperature raeges:' Iempefetcre

" susceptibility of asphalts can be reducea_ﬁi_(a)'incteesingiviseOsity at
high temperatures, {b) decreasing visccsity at 1ow‘temperetutes,”en&*(c)
increasing viscosity at high temperatures substantially'more'thae the
viscosity increase at low temperatures.' The apparent decrease in
temperature susceptibility of polymer-modified asphalts in this study

resulted from a combination of mechanisms.
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Haas (13) fecentl} suggested a minimmm PYN to aveid low~temperature
eracking. .If,wé‘use hié,suggestion an& assume a minimum design .
temperature‘df'#2$° C (~10° F) for iowa; the required minimum PYR wgui&
be -0.5 and 1.4;'respe§tiveiy. On the baéis of these criteria, ésﬁhalés
AC-5 and AC-20, used in this study without additives, would be
considered susceptible to lowutemperatﬁre cracking; aﬁd AC;S‘with either
Asphadur or SBS would be crack resistant. | | .

3.3.5. Potential for Cracking and Rutting

Other factors being equal, increases in viscosity at the-60°icf€3
135° € range will benefit the rutting resistance of asphalt paveméntsn

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

(Table 2) and. a decrease in temperature susceptibility (Table 53}, we may

infer that‘bdth Asphadur and SRS should imﬁrove the rutting rgsistance
of asﬁhalts;' h
| Reducgd temperature‘Susgeptibility, for example, increases In PUN
(Table 5), would lead one to expect improved loﬁ—témperatgre cfacking
rgsistance of polymefamodified asphalts. Low~temperature ésphalt
. stiffﬁess haé-been’correlated with pavemént cracking associated with
' nonload cbndit;ons."The effects of add;tiv;s on low-temperature
behaviof of asphalté can be evaluated éiﬁher by estimﬁting the
temperature at which asphalt reaches a‘cqrtain eritical or 1iﬁiting
stiffness or by_cbmﬁaring the stiffnesé of asphalts at low temperatures
(long.loading.times) (3).

. Table 6 presents.the results ofkestgmated low-temperature ¢racking

properties of hinders involving two asphalts with three additives. The
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properties j.ncii.ude cracking temperature (CT), tempefatgre corresponding
to hsphalt thermal cracking stress ofﬁ72;5‘psi (510 ?a), based on
péne£rations at 5° C,and.25° ¢, temperature of equivalent:asphalt
stiffness of 20;00Q psi at 10,000 séc loading time (TES), eétimafed
stiffnégs at -23° C and 10,000 sec logdiﬁg timg,_and stiffness at -29° ¢
and_zﬁ,oﬁo sec loading time. The folldwing can be oﬁserved:
: ; Softer grade AC-5 had a lower cracking temperéture'and reached a
critical stiffﬁess of 2d,000 ps£ at a lower temperature than
' harder asphalt AC~20 (Fig. 29). | |
‘e Harder asﬁhalt AC-~20 benefitied more from additiﬁes than softer
asphalﬁ AC~5. Lowered cracking temperatures occurred in AC-~20
in.eVgry case, but in AC-5 lime and Asphadur iné:gased'the
predicted cracking temperature (Figs 29);

* On the_basis of temperatures predigtgd io.reach eritical
stiffness of 20,000 psi (TES), only Asphadur at 6% and Styrelf
showed beneficial effects on AC-3. |

¢ Stiffness at low temperatureé and 1oﬁé-loading timés,increased
in evefy_pase Wheﬁ additives were used. However, on the basis‘of
critical cracking stiffness of 20,000 psi crite:ién, oniy'_"
Asphadur,and 1ime in AC—ZO will be expectedltorcrack at -29c C

(=20° ).
 Data in Table 6 and the above.observations must be viewed wiﬁh
caution hécausé tﬁe limiting stiffness criteria for asphqlt.cemedts nay

or may not be satisfactofy for additive—modified'asphaltsQ
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Table 6. Lou-teupgrature cracking properties.

CT.C  TES,20ksi §,-23,10Ks S,-29,20Ks

NATERIAL SAMPLE !
No. ! ¢ ksi ki
! _
AC-S -0 -34.00  -38.00  0.508 £.890

AC-5+4% ASPHADUR  2b<0
AC-5461 ASPHADUR  3b-0
AC-5458 LINE 40

STYRELF N AC-5 6~

~20.00 -38.90 8.798 . 2,900
~41.80 -43.00 8.725 1.450
-32.00 -38.00 8.725 2.900
-38.08 -42.90 0.435 1.450

-21.0¢ -28.00 0.435  ° f.480
-33.08 -26.00 10.200 21.800
-33.00 -19.00 43.500 12.500
-28.00 ~26.00 5.800 13.100
~22.00 -24.08 17.400 36.600

AC-20 1-0
AC-20+4% ASPHADUR 8b-0
AC-20463 ASPHADUR 9b-0
AC-2045% LINE 10-0
STYRELF 18 AC-20 12-0

AC-5 i-R
AC-5+41 ASPHADUR  2b-R
AC-546% ASPHADUR  3b-R
AC-545% LINE R
STIRELF IN AC-5 &R

-24.00 -31.00 4.330 11.600

¢ -31.00 17.400  29.000
-45.00 -18.00 43.500 712.500
«34.06  -27.00 16.200 21.800
~30.00 ~29.00 5.800 16.200

a2 R
AC-20+41 ASPHADUR 8b-R
AC-2046% ASPHADUR: 9b-R
AC-2045% LIE - 10-R
STIRELF X AC-20  12-R

3300 4350 8.700
-16.00  43.506  102.000
-17.00  145.006  [74.000
18,00  43.500 . 72.500
-56.00  29.000  58.000 -

.-t-'- — v a wpan Erdh sl S e mm e e
anooon

a : patially dissooived.

b : totally dissolved.

¢ : outside nomograph range, but higher than -20 €.

CT,C ¢ cracking temperature in C.

TES,Z0ksf,C : temperature of equivaient stiffness # 20 ksi.
84-23,10ks : stiffness 8 -23 C, 6,000 sec.

§4~29,20ks : stiffness 8 -29 C, 20,000 sec.

0 : original,

R : thin film oven test residue.
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4. EFFECTS OF ADDITIVES ON THE PROPERTIES
OF ASPRALT 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~5 and AC-20) and in
con junction with five additives and :wo_aggregates (limestone apd
gravel). In addltion to the additives and polymer-modified asphalt géed
~ in Phase I of the study (Asphadur, hydfated lime, and Styrelf), two
additional types of polymerwmo&ified_asphalts (PACS) wefé included. -
These ware PAC-S and PAC-20 from Koch Asphalt Company of st. Paul,
Minnesota, and PAC-5 and PAC-20 from Jebro Inc. of Sioux City, Iowa.,‘
These PACs'were idenfified by the suppliers as neoprane—modified_.
asphalts and s;yrene«ﬁutadienewrubber Jatex-modified asphalts,
respectively. Both PACs were prepared at respective plants and
containing about.éz to 3% solids. As described in the previous chapter,-
Styrélf'hindars as recelved and used in this study were SBS—modified ”
AC;S and AC-20 asphaigs. Asphadur and lime were a&ded to the ﬁixés,‘
dﬁring mixing. The limestone aggregace (iS}.¢0ns;sted of 6O%H3/&;i#,
c:ushed 1imestoﬁe'and 407 sand, both from Hardin Céunty, Iowa. The
gravel aggregate (G) consisted of 55% 1/2-in. natural gravel, 30%
1/2=-in. crushed gravel and 157 sand all fom Sac County, Towa. 'Thé

' 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 qonftol mixeé containiﬁg no additives (Table 7). For e#ch
' aggregate—bindef cdmbiﬁation, three mixés wéfe made at 1% binder content
.incremenﬁs'bracketing the.optimum asphalt content éstimgted~ﬁy the
Marshall method of miz design. The additives were introduced into the.
mixtures with methods as close to field conditions és possible. - |

Mixes of 50 1be each were mixed in a heated twin-shaft éug-mill
mixer.‘ Mixing procedures for controls (mixes Cl to Cl12), mixes
containing Styrelf (mixes S1 to $12), mixes containing neoprene—modified 
. PAC-5 (mixes RL to K6), mixes containing SBR-modified PAC-5, and mixes
éontaining hydrated lime (mixes LL1 to LL12 and LH]1 to LH1l) were as
follows: Place aggrégates at 325 +/- 10° F in pug-mill mixer and dry
mix for 10 sec. A&dfbinde: at 275 +/- 10° F, mix for 30 sec and
discharge. _ﬁydfated lime, at 1% (LL series) and 2Z (LH series) by
weight offagg§egate;‘waé added to the heated aggregates before the
'addition.of asphalt for the wet~mixing cycles.'.Tﬁe same mixing
procedure‘was foilowed‘fér mixes éontaining PAC-20 (mixes J7 to J12 and
K7 t6'K12) exceﬁt that aggregates were heated to 340° F and binders were
added at 290° ¥. For.the AH serlies, asphalt cements at &00°‘F were
" added £o aggregates at 450° F. After the wet~mi#ing of 20 sec,
. Asphadur, at A2 ﬁy weigh; of'asphalt, was then added to the mixture; and

mixing continued for an additional 30 sec to complete the mixing cycle.



64

#ix identification - Phase II.

Table 7.

)

-

AC-5

. A GRAﬁi_

-

0PI

0PT-1

0T

-

oPT-1

AC CONTENT

SERLES

-

- o

Ls

LS

L

——

s

-

LS -

AGG. TYPE

-

LS

-

-

| R I V4

T

o

CONTROL

£

-~

P

Py

i

———

|

ASPHADUR-61

M

-

”~-

i2

1"
i

— ——

19

. ———

s s

-

LINE-1%
Ling-2%

L
iH

- -

STYRELF (SBS)

i 12

io‘

-

1
t

5 "

apma

i

HEOPRENE

K

-

-

12

11

10

-

S8R

Total sumber of batches : 12,
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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 temperature of 275° F for all mixes except for

~ mixzes J7 to J12 and K7 to K12, which were compacted at 290° F and mixes .

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

The following tests were performed on the mixtures and the

compacted specimens, as shown in Fig. 31.

8

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

| Theoretical maximum specific'gravity (ASTM D 2041)

Marshall stability and flow, air and VMA (ASTM D. 1559)
Marshall stability and flow after Specimens immersed in water

at 140° P for 2& hrs (45, 49)

. Indirect (splitting) tensile strength at 77° F and a loading
_rate‘of 2 in. per minute (21)
Indirect tensile_resilient‘modulus at 77° F and a frequency of
' h.33.‘hz. measured with a Re#éina Mark IV‘resilient médulus

device (41)

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

stress level of 14.5 psi (0.1 MPa) for a loading time 6f

2 hrs (51%
Indirect tensile strength and resilient modulus after vacuum~
gsaturation (42,45) and after an accelerated Lottman condition=-

ing procedure (27,28).



Air voids
& VMA _

Mix & compact |
18 Specimens‘

Rice max..

sp. gr.

Sulk sp. gr.|-¥
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{ Marshall )
EARY
\{1,2,3) /

Mir@ 25 C)

- 0.1 sec
A\ {4-8) )
( Indirect

| tensile
3

Vacuum
Saturation

~{ strength
@25¢C

: {4-5) :
| lndiréct_

(MR @ 25 C)

0.1 se¢

tensile 1

Lotiman )
treatment ¢
\_ (6-8)

{_strength

Indirect
tensile
Strength

HR-278 Phase !l Test Program

Fig. 31. Mixture e\ialugtion flow chart.

ACMODAS
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4.3. Regults and Discussion

4.3.1. Marshall Properties

| Maréﬁali propefties (stabllity, flow, voids, ahd bulk specific
gravity) of the 72 mixea are given in Table 8. Marshall stability
reéults are shown in Fig. 32(a), and the results of Marshall stiffﬁess or
Marghall quotieﬁt, defined as ratio between stability and flow, are
shown iﬁ 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 correspoqding mixes made.with gravel (G). With the exception of
Series J (SﬁR-m@dified AC-5) with gravel aggregate, all othe; mixes at.
6p£imuﬁ aéphalt content of about 67 would have ;et design-criteria f;r
héavy traffic in_terﬁs of stability (1506 1bs +).and flow (8-16). 'ihere
were signiftcgnt inereases in stability because of the addition 6f
Asphaduf (AH) anqutyrelf CS) as compafed ﬁo control miigs (C), slight
increases in stability for neoprene mixes (X), and no significant
differences because of other additives. One of the reasons for
.increased stability for AH and S mixes was that polymers added tb AC~5
or AC-20 base asphalts resulted in a higher viscosity binder. Howevé:,
PAC-5 and PAC~20 binders used in X and J mixes were polymermmodifiéd
‘binders in the AC-5 and AC~20 viscosity ranges.

Ig is éignificant that Asphadur and Styrelf increased the stability.
of AC~5 mixzes to that of AC~20 mixeslwithout additives. This makes it
possible to use softer AC-5 with these additives for both
Iowmtempefature cracking resistance and high-temperature stability

requirements.
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Table 8b. Hix proverties, GfAL-5.

AC 3 H

: . | 1t Harshall farshal l-lemersion  RHS
Sertes | bywt] VHA  alr§  Geb | setab. flow stiffness stab.  floy
i of Hixt (1) (1) 1 () (0L in.) () (.01 in))
; ‘ ===y - -
poopt-1 %2131 20,18 9.20  2.850 ) 1807 9.0 188.5  fi02  1L§  0.727
C {oopt | 61037 19.68 651 2.286 | 1750 9.0 1944 1215 9.8 0.8%4
: Pooptdl L 6917 1965 4.3 2308 133 8.3 180.1 1488 9.9  L.ls
B M i | -
poopt-l 1 5 064 | 16,36 5,97 0 2,387 % 1583 16,7 1484 1808 102 L2
W oest ] 6047 1351 n2l 2,208 7 148D 9.0 t6l.l 1613 8.2 .12
booptel | 6912 ) 18.86 434 2,329 1583 8.7 1637 13% 9.7  0.881
' : ; fom o -
Coboeet-l | 52130 1966 9,42 2,265 1 1TTS 8.5 208.8 1597 1.2 0.900
S fooept | G103 1 1981 655 2305 ) 1475 8.3 DT 1833 137 LT
Poopttl § 6977 1913 461 23211 1382 143 9.1 1178 10.8  0.846
g ' -1 ' -
poopt-l 8,213 17 1880 0 6,94 2,209 1 1833 0.3 1775 2225 133 G214
K bept ) 6,103 0 1825 4.4 2,326 1783 110 f62.1 1988 B4 LL1NS
o foptdl | 69771 189 . 2.330 1550 n.0 1107 2837 14T 1314
i i i ! -
_ poopt-l b 5213 % 1949 %25 22707 1325 15.4 #R.3 1240 104 9,936
A4 foept ) 6003} 183 585 2330} 1325 8.5 1385 17T 1.7 1309
' PoeeTT L 1%e 482 231 128 WS 1S 1658 108 1344
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Table 8c. Wiy properties, LS/AC-26.

H AC % ! ! Narshall Marshali-lnmersion RS
Series | : by wt! VNA air § Gab } stab, flow stiffness stab. flow
! of Rixi (%) 4] (b} (.01 in.) {tb} (.G in.)
-1 frme | -
o poopt-l b 5.3 % 16079 6.33  2.215 ) 158 9.3 73.3 3693 it.6, 1.448
C § opt | 6,103 17.26 4,83  2.784 0 UM i2.0 206.9 2659 1.8 1,667
C o ooptdl | 6,977 16,57 2.00 23251 1975 i8.2  108.7 3153 20.5  1.596
! d i ‘ | S - e m——————
4oopt-l ) 5.3 1550 483 2311 3183 12,7 798.6 8380 12,7 .25
Mo} ooept | 6.103 | 16.89 4,38 2,294 ) 5067 12.5  405.4 6130 110 1.210
Co ) optel b 6,977 ¢ 1683 2,29 2.7 363 16.2  224.7 7892 0.8 2.172
H { i | : o
oopt-l V5,184 ) 15,58 4,47 2,307 1 3092 .0 2811 2990 10.9  9.967
tL ! oopt b 6.04T 1 14.62 3.38 2,334 ) 4284 15.%  216.4 2902 i2.5  0.671
{ooptdl § 69121 16,15 1.06 2.335 | 4522 4.3 15,5 2177 14.¢ 1.614
bl ot ' H ~ . - A
tooptel | S.H16 F 14,47 3.32 0 2,331 0 83 13.8  201.3 3193 0.7 1,147
L# § oopt | 5.991 1 ({5.18 2.9  2.319f UL 14,0 2232 3292 13,8 1.0%3
1 oopt4l |} 6.849 | 16.00 102 2,331 1825 20.3 8%.8 2888 15.5  1.582
i ] Iy | ] ko 0 4 o o 1 . A . S B . A S Y P D D Y-
| [ Iy i 1
Pooept-l ) 5.213 1 1601 5.53 .91 - 3 1.7 318.5 4208 1.0, 1.132
§  boept 4 6003 16,55 4,05 2,304 1 3238 152 2435 1463 12,5 0.452
- ioopt#l | 69771 16,79 2.285 2,319 487 19.5  126.5 3221 16.8  1.308
- e ' i H aad . : -
Poopt-l 4 5,213 % 15,65 4.45 2,306 ) 2683 16.8  159.4 3053 12.8 1,138
KV oopt 1 6103!Y 15.49 .29 .33 na 19.5 115,40 2600 17.5 1,160
Loopt#l ! 6,917 ) 11.06 f.81 2,311} 1658 21.1 76.5 2363 15,6 1.42%
i ! | Rl i - - -
b ept-t b 5,213 0 11,39 6.97 2,259 ¢ 2 9.5  233.3 2925 3.5  1.320
b Lot} 6103 ) 16.49 3.85  Z.310 % 2650 13.0  203.8 e -- -
: Uogptél ) 6,977 1745 2.8¢ 2,300 1 1883 12.1

148.6 3213 4.7 1.706




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

-

! AC § | ! Harshall Harshali-lpaersion RHS
Series | by Wkl VHA sir 4 Gab | stab. flow stiffneas  stab, flow
! of fixi (%) (%) V(i (L0 ia) (s} (.9 in}
! | H
Uoept-t {52130 1.7 1.96 2,279} 2167 9.6  220.4 1878 0.867
C ¢ opt ) 6.103} 19.85 $.48  2.287 % 1700 1.2 152.2 1850 . 1.068
i opt4l 1 6,977 % 19.28 .92 2.3 1792 12,3 1453 2367 13.5 1.3
i { d |
! opt-t | 5.164 1  19.18 .18 2.217T%F UM 1.3 218.4 - - .-
L} oopt  } 6.04T ¢  18.65 5.54 2.3t4 ! 7283 i7.3  185.2 - - .-
booptél ! 6,912 ) 19.83 3.9 2,324t %67 2.0 3.9 - - .-
H ! ! jm- s
o oopt-l 5,213 19.49 8.14 2.276) 2525 18.2  248.13 32n 0.902
S 1ooept 1 A003 1 19.40 6.57  2.294 ) 192% 12.6  160.4 241 2. 1.1217
! optet ) 6977 ! 16.34 3.2 2,346 2567 14,3 1194 2565 12.6 . 0,999
! frrmm 1 H mvan '
Voopt-l ) 5,213 ) 18.42 7.9 2,300 2358 14.2  166.4 2311 15.6  1.008
K} oopt ) 6,103 18.32 5.55 2,324} 2258 12.2  184.9 2467 13.3  t.096
Pooptel | 6977 18.36 .44 23480 AU83 18.5  118.0 2638 ig.0  1.208
! ! ! . } : - ws
toopt-l ) 5,213 % 18,55 8.81  2.2¢6 ) 2025 196.0 2583 13,8 1.27%
d  boopt ) 6103} 13.M3 8.04 2,284 % 1950 . 112.1 2338 15.2 1.9
! ooptel ! 6,977 1 1B.62 4.64 2,338 % 1758 16.5  104.6 2260 17.9  1.285
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Marshall stability.
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Marshall stiffness or Marshall quotient has been used in the United
Kingdom égd Soﬁ:h Africa as a criterioﬁ in mix design aﬁd has been
correlatéd‘to rut depth. For examble, in South Africa, a minimﬁm valué
of Mérshall.stiffness at 140° F (60° C) of 1 to 2 kN/um tS?OO to 11400
1bs/in.) has beeﬁ suggested to control ekcessive pérmanént deformation
or rutting (6, 30). Marshall stiffness, stability in péunds divided by
flow‘in 0.01 iﬁ., of the mixes are shown in Fig..Bébe. No significant
additive effecfs can be observed excqpﬁ large increases in stiffness
_because of Aéphadur- ‘Al) mixes exceeded the minimumﬂstiffness value
needed to prevent excessive rutting;

4,3,2. Resilient Modulus

The results of the resilient modulus testé are giﬁen in Table 9.
Ne significan; additive effects are seen except large increases are due
to Asphadur (AH) and somewhat low values are observed in mixes
contaiﬁing SBR (J). Their effects as ménifested.in moisture damage and
structufal gapacity will ge discussed in the following éectioﬁs°

4,3.3., Tensile Strenpgths

Indirectltensile strength results are given in Table 9 and plotted
in Fig. 33. Asphadur increased temsile strength significantly; SBS
increased the st;engfh slightly; and SBR decreased the-strength
somewhat. Tﬁeieffec#s of other additives were not §bvious.

4.3.4. Moisture Damage

Resistance to and effects of additives on moisture~induced damage

of aaphélt concrate mixtures were evaluated by using Marshall immersion
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- Koist P : Woisture pickup, 1 wt..

1188
ERETA
IT5AL
RY

B
fRE
HRAY
RRAML
HRY
RRL

t jndirect tensile strenpth bafore trestment.

t Indirect tensile strenath after vecuus saturation,
¢ Indirect teasile strenpth after Lottman treatment.
t Ratio, 1TSAY¥/ITSB.

1 Ratlo, TTSAL/ITSE.

t Reailfent sodulys before treatment.

+ Resiliont moduius after vacuum sstyration.

: Restlient soduius after Lottsan treatoent.

1 Ratlo, WRAN/NRB.

t Batio, HRAL RS,

Tabte %a. Indirect tensile strength and restlient modutus, L5/AC-5.
! ! THDIBECT TEHSILE STRENGTH ' * RESILIENT BODULYS (°100000)
Rixes | 9 Sat. Wolst P} [VSB  1TSAY @Y msae W} oaap ARy 0y HRAL HaL
! { tpal) lesh) (psl) iolesth  (psh) (psh}
* : !
opt-1 a 9.0 28000 1322 1724 L3030 N6 68T L 06 454 436 ) 2.9 069
C oopt } 34T L3031 M2 1456 13340 1059 B4} 237 L8 LS | 85 0656
optel | 108,46 11927 963 88,6 L1281 1043 1083 183 232 423 L4 0.8H9
i i ! i :
opt-1 ; w0 2.8 % o4 2246 08131 1920 G455 1090 L6 08831 535 9.481
Moopt 1 7952 1939} 2588 266.8  1.031 ) 2003 L04S ) 16,38 1305 g.850  10.0F  C.604
~ optal 1 65.99  0.882) 199.8 1847 6824} 1873 0837 632 425 0672 546 0.B84
== ! [ frmmmem i .
opt-1 | 58.91 0.807 1 1510 118 4.MS | I6LT  LOm ) 330 L2 g0 T3 LN
LLoopt § 11586 4.330 0 MO 1374 49770 15L0 ROTIY 0 259 4T M6l 2.4 0907
- oeptel | 156,90 0.560 ) 1098 947 0.BE2% VA6 06130 LB 13T 08671 109 - 0.690
] t 1 ] ] .
] t ] L] ]
opt-f | 9555 L2z L6 TR0 L21B ) IS0.4 0 LS9 Y - 448 A5 L6} L 6.859
i oept ) BILEE 67600 1208 1360 048 1252 e9my M a8 caadr ) LBL L036
optél | 15681 0.483 ] %4l 86 LD OLT BS3 | 23 B9 0966 % L. 9.833
] ] ¥ ] ]
e i ' " i "
opt-1 § TLE3 %61 1450 1953 L34S Y MR BTt 354 A9 naen 03451
S opt 1 5540 0.053 ) 13h4 1750 1338 ) (625 L3y 236 .19 0928 2.0 6.832
optél | 66.13 8767 1188 1205 10430 M4T.0 0 L2IT) 459 L2 L0 ) A8 993
i - ' i | - t -
ept-l | 103.23 3189 1399 {201 9.9G9 ) 10,2 0 G088 2.2 LS00 A5TR Y LLT6 0.6T2
K oopt | 10623 13320 1069 T2 LS NLS O L3 ) L2 26 1,041 7 128 "1.0%8
opttl | 10081 §.4200 951 1887 LLHZY 883 69294 59 LM e 8l 9.639
i i i ! !
opt-1 | W46 2761 918 890 Q921 9.2 0865 L 8,97 Bds2 LS 059
J ept | 83.49 1499 @78 1003 L4zl %28 Le88) L L3 LI L 6982
oottl | TRTZ 621} 826 173 8.936 ) 0 T8 8.946 . 141 1185} J5 0 0.602
§ Sat. ¢ 1 Ssturation,
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‘Table %b. indirect tensile strength and resliient motulus, 6/AC-5.

' * INDIRECT TENSILE STRENGTH

¢ : RESILIENT NODULUS {*100000)
Mxes | %Sst. folstP ITS8  ITSAY RV ITSAL  RL ) KRB MRV MRV WAL WAL
i iolesiy  (ps) (psi) { tpsi) Apsh) {psi)
t [] ¥ .
N 1] . [] ¥
wt-l | .23 3995 .6 N4 LZDY 67 DT 2.8 225 LISY L7 0.8%
Coopt § 10077 2.867! 985 128.3 L4SED M4 LAY LS 201 L4 207 LI
optet ] MRG0 19560 925 918 LASB L 103.6 1200 245 220 LAS6 L LIS . 0.535
wemi | ! ‘ H }
opt- | 5440 133} HO 1RO LSS [0S G081 L.66  2.29 08611 156 0.58
Woept § 85.49 26611 N2 1050 093¢ 884 0J82% S5 LB 0341 141 0,285
optel | TS L4l 955 L8 0.9% 1 8.0 09111 L2 L9 047121 LIl 0.888
— 1 . 1 . 1 3 ]
1] N ¥ . t . 1 i .
et-1 | 7939 36160 103.8 1367 L3N0 9% 08830 200 231 LUSD 126 0.609
S opt | 8206 2357 1267 1263 09811 1265 0981 1.9 139 09331 LM 0.899
aptsl | 6369 12571 5.6 1513 LS| 1203 0.96 ! 0.6 6.97 1280} 0.82 .08
' H ! H : H H
opt-d | 9512 2.815% 1308  166.0 12841 1251 G.908¢ 262 1.9 0.980 0 178  0.881
Koot ! W05.68 LGB0 ! 1269 2027 1.631 1253 L0031 110 222 LI  L52  0.893
attl | 13360 1560 1083 1260 LAS2Y 1225 LIZY LIS L) L286 % LA 0.845
] § 1 - E) 5
. ] B ] + ] 1
opt-l | 8661 .50 0 66.6  66.8  1.0341 486 00300 1.00  0.89  0.8871 .49 0.4
Joot L 601 Le®! 1.2 8L LS 9.2 09651 1.3 0.8 08461 0.82  0.79
wtél | 894  1.655 | 1010 850 L0210 066 0.5 ¢ 0.7 1,007

moRs L
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Table 9, lM%rm tensile strength and resiltiont modulus, LS/AC-20.

-

ITHBIRECY TEMSILE STREMGTR RESILIEWT HODULUS (®100008)

1 5at, feist P

l. § ]
Biaes | §OITSB ITSAY BY ITSAL  GL ! WRB  HRAY RV MRAL AL
{ ! (st (pst) (pst) ! oloi)  (psi) {osi)
' { I
Ceetel | 8188 22821 2502 2197 09611 156.6 5380 10.67 B9 Q.19 1 Sk 0510
E oot ] E5.51 LA 2515 2822 50221 166.8  0.663 1 10,35 9.59  B.845 ¢  6.65  0.586
sl 1 SLT0 8411 2367 260 09551 226.3  0.95 1 5.5 3.9 07191 482 0.8
F 3 _ [ [] 1 1 '
] i 1 [ [
ool | TLEL 14951 3608 387 LOI3 D 3423 B.082 0 1130 1493 0.863 1 9.8  6.57)
Moot ! G001 L6 N7 348 66671 30 07871 19.90 20.00  1.206 ¢ .98  0.502
opthl | BLI0 08081 5.8 42.2 1095 426 LAOS ! 18.60 1075 0.605% 11,50  0.618
i [ ] § ‘ i
spt-l | 921 1851 566 300.0 LM ! IS8 Le6 ! 13.00 (0.0 00171 8.3 0.656
et b SLI2 e 0. 1.4 LISEL 241 LIS 885 645 091 694 084
optt | IOL36  .487 0 2611 2646 LOLEG 2954 L1281 L0 5.43 G20 T4z 0.999
H et { H i -
ost-l | 5931 .83 0 2.5 LS RAT{ ATLE 0.626 1 866 659 09927 T5T  0.614
oot | TLIL 08090 5.4 369 12590 3208 LME! 8.8 150 0.841 B8 1.05
Wil | 95.88  0.4171 1888 2504 L3 628 LB L1 S.66 GTE 6.8 . 0.937
H - H et el . H .
optel | .47 16351 2160 3.9 L25¢ 1SLY 0.5  8.85  9.50  L.01S ! 2.08  0.235
S ot | .98 L4191 2562 0.5 L194% 186.0 07321 606 . B8 LA0D 2.9  0.472
otel { 102.88 1.0801 253.9 MB.2 LAT 2496 0.9801 423 950 22461 5.1 364
' { H - H H {
Cestel 4 1806 L5211 255 2210 0.983 % 182, 0.807 1 4.9 4.00 0.010% .69 0.747
K oopt f 9.8 0920 113.8 1697 0910 1885 L.085% 7 .45 05041 339 1251
ot { 18616 6.818 1 (65.6 (340 0.8091 155.0 4.9%6] L4439 0.95! 139 0.965
{ TH— { § s
oot-l | BLIB 2,621 1560 1565  LOM ! 1306 0.8480 3.2 8T  LAR! LI 0.505
Joot ! BSIS 143 I6T.6 1829 LM ST .21 3.69 - 3.60 .87 240 0.650
wtél {1208 LSO 1462 1848 L264Y 149.0  LOIO [ 276 L4k a6t 2.2 0.904
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Indirect tensile strength and resiiient wodulus, 6/AC-20.
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Koist @

INDIRECT TENSILE STRENGTH

RESILIEKT MODULUS  (*180000)

: ! H . }
Rixes 1 1 Sat. ! 1158 1TSAY RY JT5Al, RL { KRB KRAY By AL KRL
H tolpsi) o (pst) {psi) t {psh)  (psi) {psi)
I ! i
opt-t | B2.46 Z2.813 ) 2017 2448 L2040 1205 05970 6.26 9.16  1.462 | A4 1L
€ cept b 9145 2,761 1993 163%.4 G030 0 1049 - 0.526 ! 5.38 T L4461 S.4L 1806
opt#l | T79.69 1,339 ! 2208 288.5 1.307 ! 1805 0618 ! 6.8 .72 a8} L6 6,744
: H ! ; §=-- . i ;
opt-l | 9489 3,395 ) 8.2 2037 0893 156 05663 11,90 9.61  0.808 } 5.08  0.43%
LLoopt )} T LB4T D 2643 2623 0.9%2 ) 2416 0.M4 ) 9.38 1.5 0.809 ¢ 56 0,806
opt+ét | 10705 LBIS ) 225.1 2490 L.106 % i6B.4  0.04B ) B.6S 6.6 0,724 432 0,498
{ ' : 3 i
opt~1 ) 80,96 3007 ¢ 2318 1.8 L85 1569 06774 B.5E. 643 D.9BB J40 T8
S opt ) 5 LIET) 3162 3085 0,979 684 0531 .82 T30 69351 415 0.531
optet '} 5000  L.244{ 3005 .345.2 LM9} 2243 0.6 6.0 .46 L0717} g6 0.6
{ H ‘ H \ !
ept-f | 13N 2480 ¢ 1LY 408 1398 146.2 0.851 ! £,63 5.8 L2561 3.4 0738
£ opt 3 T8 L6 222.3 N9.% 6989 (78.2  §.802 %  6.34 5.7 4815 ¢ 3.1 0.59%
opt#l ) 7236 1,062 1 1940 2MELY 1090 P 195.9  1.0t6 ! 3,89 L8 el 293 079
g | i H . H 1
ept-1 | 65,77 254 ¢ 1493 153.3 L0E Y #1137 0.162 ) 3.44 .9% 4,869 ; .48 0,43
d oept )} 6.4 2119} 1469 0.6 1229 13S0 009200 238 2.5 10761 2,03 0.853
optel |1 81,39 LU0 132 1282 A3 MO L2t 233 LW %8331 1% .8U
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(24 hrs. at 1&0° ), retained tensile_sfrangth ratio and retained
resilieng:modélué ratio after vacuum saturation aﬁd after
Lottman;accelefated moisture conditioning (vacdum saturation followed by
freezingiénd warm:water soaking). (See Fig. 31.) :The'thtman
wet-tOméry'teﬁsilefstréngth ratios were used in conjunction with the
ACMODAS (Asphalt Concrete Molsture Damage Analysis System) computer
program developed by Lottman and Leonard (28) to prediet changes in
fatigue 1ife because of additives and to predict. field life

benefit~to—cost ratios for different additives.

‘4s3.4.1.‘ Marshgll Immersion

Mg:shall immérsion stabi;ity results aré-given,iﬁ Table 8, and the
retained stability expressed as raties are sghown 1in Fig. 34. Thé.only
asphalt-aggregate cbmbination with additives that showed improved
stability ratios waé gravel with AC~5; here the mixes without additives

fcontrol) would have a problem meeting the usual criterion of minimum

ratio of N.85,

4.3.&.2. Tensile Strength
Indirect tensile sttengths after vacuum—-saturation and éfter
Lottmén?accelefated conditioning are glven in Téble 9. Also given were
_percent feSistance ﬁick-up by weight and degree of saturation of
vacuum~saturated gsamples. The deg;eg qf saturation, expressed aé
percent; waé calculated by dividing the volume of moisture pick-up by
the volume of alr content. The retained tensile strengths, expressed as

ratios, are shown in'Fig. 35.
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Fig. 35a.

Moisture damage, ITS, and resilient modulus, AC-5/LS.
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ﬁith a few exceptions; the tensile atength ratiqs after L&ttgan'
treatment were 1ower_than those after simple vacuum saturation.- The
retained ratios.ranged from about 0.50 to l.4. The‘moiéﬁuie plck-up
ratiﬁs ranged from 0.4% to 4.0%. All except two mixes had percent
| saturation exceeding the reéommgnded 55% (49). In several samples the
degree‘of.saturétion vgs.gfeater than" the theoretical.looszég#use 6f
1) small moisture pick~up values, (2) small air coﬁtent'valuéa; and (3)
the different ﬁuﬁbén-of specimens examined for (1) and (2). The
moigture pick*u§ values were based on an average of 3 to 6 specimens,
but the air-coﬁtent values were determined for an'avetage of IS‘to 18
specimens. The_following obéefvatidﬁs can be made. ”

. ACwS/Limestone; Lime, SRS, &nd,SBR seemgd.to'haﬁe improved_the
molsture resistance determined by thé Lottman procedure; bﬁt ﬁo
addi;ives showed Improvements based on vacuumnséfurAtipn
treatméﬁt. |

& AC-5/Gravel: " No significant effect.

s AC*?QILimestone: Lime, $BS and SBR reduced moisture ﬁamage 
while Asphadur and neoprene showed improvement only by.the___P
Lottmaﬁ pfoéeddre. |

¢ AC-20/Gravel: Whereas SBS and neoprene showed béneficial
effects, iime and SBR made little difference in retained tensile
strength r#tios. |

4.3.4.3. Resilient Modulus

Resilient modulus data for mizes before and after moisture
treatments are given in Table 9 and shovm 1n Fig. 35. In the majority

of the mizes, the resilient modulus ratiocs were parallel to and were
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lower than those of temsile strength ratios. In other words, they were

most senéitive to moisture.induced damage. Again, as in.the tensile
strength ratios, Lottman conditioning resulted in lower retained ratios;
and no additives showed consistent improvements for all
asphalt-aggregate eombinations and with all binder contents, although
'ACwZO/Iimestone mixes seemed to have benefitted by the additives more
often than other mixes. Contrary to previous beliefs, gravel mixes did
not show more moistgre_suacepcibility than corresponding limestone
mixes; and hydrated lime did not improve moisture resistance in all

cases.

4.%.4.4, Life Benefit-to-Cost Ratio

nry_and’wét‘accelerated«conditioned indirect tensile strength data
were used to calculate the field dry-wetllives and the percent changes
from all-dry design life becausé'of.moisturé damage. The subroutine LCO
ﬁf the ACﬁODAS program was used for all control (C) mixtures. From dry
- and wet strengths of treated mixes and the predicted field dry;wet‘life
of.éorreeponding éontrol mixes, fleld dry—wetrlives and:the percent
changés~from-thé all;dry design 1ife of.éddifive—treﬁted mixtures:ﬁere
calculated with the‘subfoutine'LBC.“'By using the same LBC éubrouting,
ﬁhe field life benafit;toucost ratios were calculated for scenafios
where the costs of the additive~treated mixes were 5%, 107 and 20%
lhigher than the corresponding control mixes (cost ratios of
‘additive—qreated mixtures of 1.05, 1.10 ‘and 1.20). The pavement‘and
environmental data assumed were:
Regional'fagtor: 1 (sevgre)

Fleld all-dry design life: 16 years
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Percent allowable reduction of all=-dry design lifez 10

Field dry stage tiﬁe:_ 4 years _

The percent changes from all-dry design lifé and the life
benefit-to-cost ratiog for additives cost ratios of 1.05, 1.10 and 1.20
were plotted in Fig. 36a (LS/AC-5), 36b (G/AC-3), 36¢c (LS/AC*ZO)-én& 36d
(G/AC-20). The only consistent trend ﬁﬁat can be déduce& frpm ﬁhe‘“
analysis is the decreased bemefit-to-cost ratio as thescost.of adéitivé
is increased. The effects of additiveé in terms of chaﬁging the dé#ign
1ife and benéfit*tc-cost ratio with respect to moisture~induced daﬁaéé
depend on the asphalt-aggregate gombiﬁation as well as asphalt content.
While 1imes;one (LS}Y/AC-20 mixes seemed to have benéfitted by allr
additives, no significant differences can be seen for mixes containing
ACfS. Necoprene (K) and SBR (I} improved the moisture resistgnce of
AC-20 mixes but not AC-5 mixes.

" At én additive cost ratioc of 1.05, 637 of the EQ mixes éontaining
additives had life benefit-to-cost rétios of greater tﬁan dne. At‘an.
~additive cost ratio of 1.20, only 37% of the mixes had benefiﬁf;q-co$t
ratios greater than one. Ranking of the additives based on percenthqf
mixes containing the respective additives with a life benefitmtgmgﬁst |
ratic exceeding one is as follows: high lime (LH), 83%;‘SBRW(J), 75%;
Asphadur (AR), 67%; SBS (S) and neopreﬂé (K), 58%; low lime ;onteﬁtll
(1LY, 50%. R

4.,3.5%. Fatigue 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,
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fatigue experiments are extremely time-consuming and expensive and
iéquife a minfmum of 42 specimens per mix (a minimum of 7 specimens per
each of 3 atress levels at each of 2 temperatures). As an alternative,
three indiréct methods were used to compare the fatigug properties qf
- the mixes studied. They were.based on the fatigue 1ife-and.allowab1e'
‘tensile strain relationships of existing fatigue data. The fatigue
re]ationships used were:! _
® The Shell France mechéd (3) 1s based on 150 fatigue curves for
both §§nstaﬁt stress and constanﬁ'strain tests. Fa;igue 1ife is
a function of the stiffness of the mix, the penetraﬁion index}
and the percent by vélume of-bitumen. The stiffness of the mix
is determined from the volume percent of bitumen, the volume
percent of aggregate, and the stiffness of bitumen that is
' obtained.from van der Poel nomograph (52) on the_basis of the
penetration index-and softening point of the bituﬁen;
temperature, and loading time.
e The Brown (University of Nottingham) method (7} is based on 50
fatigue curves conducted,at 10 C in contralledmstress tests.
The fatigue life depends on the softening point and the vnlume
percent of bitumen.
¢ The Maupin method (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 caleulated allowable tensile strains‘for a fatigue life of
ione:million cycles. The results of fatigue analyses are given in Table

10 and shown in Fig. 37.
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' Table 10. Results of fatigue analyses, microstraln,

E

421.80

Mix | SHELL-SN SHELL-S5  WAUPIN BROMN
LS/AC-S
CUg ) 1L 6225 30991 1314
M ITI 8079 471999 148,72
W} 15236 1056 42244 155.9%
| 15550 T3.I9 410.68 14324
C§ -1 15632 . TLIL . 41343 143,43
K1 233,08 10223 38210 169.38
Caod b 130,40 50,45 . 345,43 125.39
G/AC-5 o .
b 18837 8223 TGS 139.55
W 15236 7256 39034 155,91
0§ 4. 197.86 0855 40837  155.64
R 1 31046 13086 406,33  181.37
S .1 ISL3 B3.66 30457 - 143
LS/AC-20 |
g1 20845 94500 41882 18081
M 1640 5598 50361 204,17
W1 10033 . 49,69 . 468.89 . 173.08 .
) 12687 6219 476.28  190.40
. 1 13303 - 6420 47876 . 19423
K4 19402 88.45  46.58  185.79
9Tt WAL w24 M1y 183,20
G/AC-20 |
S L 2975 H10.11 459.64  181.35
(- ! 15,99 7258 48140 190.58
S 115673 T354 492,29 - 191.05
K1 2000 9.5 46881 182.02
i) 2548 97.46 174,22
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Srreinﬁnainee determined by the Shell nonngrepn-rnat iszeeeen on
the conrrolien-seressnmode and by the Brown cNoiﬁmﬁgﬁéﬁs hoﬁggéaéﬁ are
comparable.- Strains determined by the Shell conatantwstrein fatigie
| curvea were 1ower, and: those . caiculated from the Maupin expressions were?:

consistently higher. |

Nb significant effects. reaulted bebause of additives, except that
Asphadur (AH} ‘and neoprene (X) seemed to have increased the fatigue
resietance for ACwS mixes' and Asphadur, lime {LL and LH), end Styrelf
r8) decreaeed the fetigue.resistance for AC~20 nixes baeed on Shelll
méthods. Also, higher allowable strains were obtained for AC~20 mixes
by the Maupin and Brown methods, but lower strains were obtained for
Pw’O mixes by Shell nomographs, especially for contolled—strain
fatigue. Types of aggregates made little difference in fatigue
resistance.

4.3.6; ”§nttingeRee1stance

The effect of additives on the resistance to permanent deformation
or rutting of the aephalt concrete mixes studied were evaluated by the
Shell procedure (43) by using the results of uniaxial c.reep tests. 'I'be_‘
creep tests were performed at 40° C and at a stress level of 14.5 pai
(100 k?a);rpr 2 hrs afrer conditioning or prelgading,ofﬁ1,45,pgi (10
kPa) Egr:éjnin. Typieal strain-time créep curves are shown in Fig. 38.
fﬁe reeulgsrpf creep:;esrs for eaeh‘m;x.wereuﬁiotred inrterne:ef the
Btiffneee'bf the mix (Snix) versus the etifanse.nféine:BirnnenA(Sbit)
curves. The effects of eggregete—type (LS vs G), asphalt grade (AC-5 vs
AC~70), asphalt content, and type of additives on the creep curves are

gshown in Figures 79, 40, 41, and 42 respectively.
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To compare rutting fésistance'of variqus'#ixes, we‘calcﬁlatéd rut
depths or permanent deforﬁations occﬁrring'in.the asphalt cdncte;e
layver. To make theée'ca;culations, we followed the Shell procedure for

a standard pavement structure of aéphalt concrete with a surface courée
130 am thick (subdivided into three layers of 40, 40 and 50 mmj on top

of a subgrade of CBR of 2.5 (E3 = 25 mPa). The design life was 20

years. The tfaffic was assumed to be 100 (18;kip SAL) per lane per day

with'a gfowth of 3%. The ﬁean monthl& air‘temperatures_(MMATj for.Iowé
were used and resulted in effective mean annual ailr temperatures
-(MAATeff) of 19° C (66 F) for AC—S and - 20 C (68 F) for AC=20.

The estimated rut depths occurring: in the 130 mm (5 in ) asphalt
concrete layer and calculated from creep data based on the Shell
procedu:e are‘shown in Fig. 43. As we gxpected, raising the binder
content and using softer binders resultéd;in larger rut depths. There -
was little difference in the type of aggregates used. Asphadur appeared
to be the most effective additive in redﬁcing ruﬁting or permanent
deformation in the mix. O;her additives.ﬁéd no significant effects.
With additivég such as Asphadur, and pggh&ps hydratedllime, the rut

" depths of softer grade AC=5 mixes_cén,héﬂreduced to those of AC~20‘
without additives. These results 3eemed-£o confirm data érdvided b&

Marshall stiffness.
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5. STRUCTURAL AND PERFORMANCE EVALUATION~—-PHASE III1

In addition to evaluating the effects of édditives on 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 characﬁeristics of the mixtures containing
the additives as surface courses in pavements were evaluated. In the
final znalysis, it is the effect of these additives on the mixtures as a
structural laver in the pavement that ultimately determines the benefits
and usefulness of the 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 .

The computer program DAMA (Chevron}_was used to cOmpute_pavemént
1ives for the 2@ mixes at optimum bindar contents in fuli—depth asphélt
pavements of 4 and 8 in. on subgrades of CBR of 3% (éubgrade modulﬁs of
4,500 psi) and 8% (subgrade modulus of 12,000 psi). A mean annual air
© temperature (MAAT) of 60° ¥, apﬁroprigte for Towa conditions, was used.
The traffic‘waé assumed o he 1,000 equivatent 18 kips SAL per month.
‘I: was also assumed that the pavemeﬂts were opened to traffic in July.

. The resilient moduli of tﬁe mixeé.determiﬁed‘in ?haée Ii wére uéed-iﬁ |

" the analyses{' A total of 96 computer'ruhs were performed;
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“The resuigs of computer analyses are tabulated in Table 11. A
sample of the computer printout for Mix 83 (Styrelf at the optimum
binder content with AC-5 and limestone) of 4 in. and sﬁbgrade modulus of.
4500 psi (CBR of 8) i3 given in Appendix F.

The résults_ﬁresentéd in Table 11 are given in terms of surface
deflection (Nz), tensile stfain.in the asphalt iayer (Et), compressive
strain in the subgrade (Ec), number of standard léads to cause fatigue
_failure (Nf}, and number of standard loads to caugse rutting failure
(Nr)Y. The‘strain and deflection valueS‘are,the-averages‘of their
rospective monthly values at the critic§1 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 ccrrespégding control mixes aﬁd
expressed aé ratios. Figure 44 shows ;hese rétios at optimum binder
contents (Mi#es 3,.4, 9 an 10). -

While increased asphalt concrete thickness and subgrade modulus
réducgd the strains and defleétions and increased the numbers of 1oads
to failuré, ﬁﬁé.relétive effects §f fhé.édditi§es.did nof.change. Fdr
the.same asphalt; limeétona mixes performed better than the grévél
mixes; for the same aggregate, AC-20 mites pgrformed better than the
AC-5 mixes. Aéphaduf 1mproved‘§he structural capaéities of all mixés«
Hydrated lime increased the structural capacities of gravel mixes, while
SBR () decreased the structural éapacities of all mixés. 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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#1 =4 in.
- bZ,/t080in. - ET,microstrain £C,aicrostrain NF,xED6 Ar,xE06
SGE, ksi 4.5 12 4.5 12 4.5 12 . 12 .
Nixes 3
oF 55,80 25.80 136 485 1760 1100 4.064 0,264 g.001  6.005
Aﬁ 314.2¢ 16,10 193 148 558 383 1.380  0.917 6.149  0.882
iL 54.80  25.50 102 466 1687 1058 8,020 0.117 6.9l  0.012
) A1 2. $15 451 1630 1029 0.401 L.619 0,001  0.013
-5 .18 . 25 131 486 1162 1103 0.122 ~ 0.502 $.001  9.004
K 6d4.62 2913 1094 612 2514 1500 0.059  0.305 0.00f  4.001
J 64.87 9. {lod 676 2534 1509 0.012  9.064 6.00t  6.001
Nixes 4 -
¢ 58.30 271,00 833 538 1970 1200 0.021  0.092 g.08f  9.003
LL . 21.89 453 313 1504 138 g.021 8.148 0.001  0.052
5 6t.80  28.49 CI| 565 2251 1368 4.014 0,065 9.001  0.002
K 6 4. 904 576 21 1293 6,057  0.263 8,001  9.002
J §6.88  30.75 1195 - 719 2125 1603 8.015  0.080 g.001  0.801
Hixes ¢ . ‘
¢ 31.13 8.2 253 189 100 473 6.349  §.993 4.056  10.3%2
A 3240 15.80 166 128 492 340 1.04%  2.623 0.259  1.478
Ll 40,38  19.3 304 223 819 541 §.415  1.260 0.0286 9.188
LH 0,90 198 35 230 843 563 1,097 3.370 g.029 0.167
S 48.85 . 391 280 1016 668 g, 218 0.7 6.012  0.080
K 54.08  25.16 811 452 1633 {030 0.233  0.926 9,001  9.013
4 48.93 22,99 514 356 1285 830 0.147  0.534 0.002  0.032
Hixes 19 :
£ 45.80 21.70 429 303 1100 119 6,07¢  ¢.241.0  0.003  0.0%8
LL © 3972 19.06 291 214 189 528 2.181  {.e81 0.833  0.220
$ i1.66 19,91 31 241 881 586 8.i06  0.332 6.621  0.i4!
4 43.98  20.9¢ 383 215 999 658 g.118  0.391 ) . 0.012 0,085
4 55.68  25.85 " 484 1753 1097 g.012  0.046 0.081  9.005
Ht = 8 in. _
Bz, /100010, ET.aicrostrain £C,aicrostrain NF,xED6 Nr,xE06
SGE, kst 4.5 i2 . ' ‘ l |
Hixes 3 : - .
£ 13.60  16.99 313 29 109 84 0.850 2.536 8.052 8.328
M 19.30 9.50 - 69 51 189 41 8.996  17.270 ¢ 17.770  67.090
i 32.87 16,54 - 291 29 575 465 0,395  1.148 Q64 0,393
LK 32.29 16,23 284 211 649 448 5.69%  16.270 9.076.  4.456
5 33,64 6.9 4 230 "9 486 1.616  4.820 §.052  0.325
K 41,09  20.80 500 343 1078 100 .63 2.4 0.003 9.072
J 41,28 0.9 506 346 1088 705 8.131  0.494 §.003  0.069
Kixes 4 ‘ : ; .
¢ 35.70-  18.00 362 26 806 544 0.259  0.825 3.030  0.203
(L 26,76 13.40 i 136 422 303 9,760 1,832 1 4.943  7.405
5 38.60 19.48 434 405 9540 621 0.156  0.542 p.01%  €.112
K 17.19 18,71 399 283 880 581 9.681 2.2T1 9.921  8.148
Jd 43.13 .88 . 951 174 1186 151 0,149 59 1 0,002 0.051
Nixes 9 : _ : L - o
¢ 2.3 1689 9 18 244 180 8.614 16,540 5,677 22.600
M 18.20. 9.81 58 49 165 123 1 28.570 . 52.760 | 33.346 123.800
Ll 22.91 11.42 114 92 91 214 8.809  19.090 2.566 16.780
LH 23.24 11.99 ii8 95 302 H5 122,900 50.079 2.197  9.341
5 25.39 15,38 154 120 373 210 410 9,537 0.851  3.926
1 32.32  16.26 284 211 £50 449 3.251  9.298 0.075  0.453
J 8.53 1430 207 159 491 348 2.421  6.1% 5.2%  1.333
Nixes 10 ! ' : :
{ 26.40 13,38 168 132 410 294 1.212  3.037 0.564  2.708
L 22,50 1L {08 88 1 205 4721 10,110 3.122 12,930
S 3.1 i1.82 125 180 36 231 2,163 4.791 1,712 1.687
K 2511 12.%9 148 117 366 265 2.8 5.200 9.288  4.25%2-
) 33.56 16,88 312 229 106 83 0.14%9  0.442 0.853
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5.2. The University of Nottingham (Brown) Method

Tn this method design charts were developed (based on the computer
program BIQAR for the analysis of pultilayer elastic pavement system)
for a three~layer pavement system consisting of an asphalt surface-
course'wifh'a fixed base course 6f;2ﬁ0 ﬁm (8 in;} placéd:on a subgréde
of.varied subgrade‘modulus (CBR). The surface course. ié Characterized

by the stiffness modulus of the mix. The Poisson's ratio of the aSphalt

layer and that of the subgrade wag asgsumed to be 0. & and the Poisson s
ratio of the base was assumed to be 0.3. The elastic_modulgs of the
base layer was assumed to be twice that of the suﬁgfade;

Critical subgfade strains and critical aspﬁalf‘téﬁsile stralns were
determined.fbr éll the mizes for each of four pavemenﬁ éections,
Pavement lives in tefms of numbers gfrstandard 40 kN wheel loads (18
kips SAL) to cause f#tigue fai@ure (Nf) and rutting.fgilure (Nr) were
computeé for the mixes used as surface courses of 100 mm fé in.) énd 200
m (® in.) on suhgrade of 20 MPa /CBR of 2) and 70 MPa (CBR of 7) with a
constant granular base of ZOO‘mm {8 iﬁ.}. The stiffness modulus of the
nix was éaiculated from the stiffness of the bindef {van der Poel
nomograph), binder content bj volume, 4nd the volume percent of
aggregate. A loading time of 0.02/sec. (correspopding ;§ ; tféffic
speed of 50/100 km/hr) and a temperature of 13° C_(cofrésp#udimg to MAAT

of 10° € or 50° F for lowa) were used in the determina:ioﬁ of binder

stiffness.
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Table 12 gives the regults of the structural analy#es by the Brown
(ﬁottiggham$ meghod in terms of numbers of standard loads‘rpquire& to
‘cause faﬁigﬁe failure (N£) and rutting failure (Nr). As shown by the
results of DAﬂA analyses, pavement 1ives increased with increasing
thickness and subgrade modulus. Similariy, higher pavement 1ivas were
obtained fof AC=20 thaﬁ AC-5 mixes, and higher 1ive9 were obtained for
1imestone thﬁﬁ'éravél mixes. o

The relative pavement livas for the four combinations of asphait
grades and aggregate types at optimum binder contents (Mixes 3, 4, 9 and.
10) are shown in Eig. 45. = Significant improvements were observed in
fatigue resiStancé.when Asphadur, hydrated lime and Styrelf (SBS) were
‘addedrto the-aaphaits. These additivea also provided moderate
. improvemenfs”ih'futting resistance. Neoprene (K) and SBR (J), in
général;;reduce& both fatigue‘and rutting resistance‘as compared to the
:contfoi ﬁixes. Asphadut, 1ime, and td'some éxfent St?rélf 1ncre§sed ther
Davement Jives of AC~5 mixes to equal or exceed those of correSponding

Ac-zn mixes without additives.
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'Iabie 12a.. Sunaafy of étructﬁral aﬂalysei by Brown method, LS/AC-5.
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fahle_ 12b. Summary of structural analyses by Brown n#thod. G/AC-5.
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Table 12d. S&alary of structyral analyses by Sroun nethod, G/AC-20.
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6. SUMMARY AND CONCLUSIONS

The effects of three additives (Asphadur, SBS, and hydrated_lime)

on two grades of asphalt cements were evaluated in Phase I of ﬁhe study.

,Thirteen physical and chemical tests were performed on a total of 16

binder blends, both before and after thin film oven tests. From these
tests, six additional index properties were calculated.

In Phase II the effecta of five additives (Asphadur, hydrated 1ime,
588, neoprene, and SBR) on mixture properties were evaluated in
conjunction with the two asphalt cements studied in Phase I and with two
a#gregates fiimestone and gravel). Eight engineering tests were
pgrformed on more than 1300 specimens from a total of 72 mi#tures.

. Data from Phases I énd II were used to perform 384 strﬁctural
anal&ses for eight hypoﬁhetical pavement sections by using the DAMA
éomputer program and the Brown (Nottingham) proéedufes.

Data analysis and interpretation were diffléult because an enormous
amount of data were obtalned, and because the effects derived from one
teéc.qn one binder or mixture scmetimes contradicted those derived from

another test( To help show the maaning of the data, we prepared Tables

13 and ]&, somewhat subjectively, to summarize the effects of additives

on the important binder properties and mixture prope_rt‘ies, respectively.

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

resistance, fatigue resistance, durability, low-temperature cracking

resistance, resistance to moisture-~induced damages and structural

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

r i 4 - - - N o o "y e s e o P

Property - . AC Grade AL AH LL §
Retained Penetration - - - -
Viscosity at 60 C IR o+ +
Vicosity Ratlo, 25 C AC-5 - e
. AC-20 ++ Hooo- .
I - - AC-5 + + + .
IR AC-20 + - e -
VTS S © AC-5 0 g -+
: - AC~20 - + a 4+
PVN | A5 P 0 N
: S ' : .AC-20 + + + +
Tensile Strength, O 0 0 0 +4
' _ R 0 + + &
Toughness, 0 | 0 0 0 4
R AC-§ + + + +
' AC-20 - - - +
© Tenacity, 0 o 0 0 0 44
R AC-5 - - - -
AC-20 0 0 ¢
- Force Ductllity, 0 . S+ + 0 -
R + + - +
Efaétic Recovery, 0 | - . - ++
. R ‘ ¢ 0 0 0
. Dropping Ball (t2/t1), O L= - - ++
R ‘R - - 0 0 .
HPLC, %LMS, 0O S 0 0 0. 0
- R ' I - - - -
Cracking Tempéfature 'AC-S' .0 + - '+
. AC-20° LI 4 +
Temp. Equiv. Stiffness AC-5 a + 0 +
AC-20 .- - 0 0

- -

++ improves signiflcantly AL Asphadur, 4%

+  improves slightly AH Asphadur, 6%
¢ no effects - - - LL hydrated lime, 5%
=~  worsens slightly $ 8BS

-~  WOrsens significantly 0 original
- R TFOT residue
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Taple 14. Summary of effects of additives on mixture propercties,

Property AC AGG Additive

AH . LL LA g 4 J
Marshal} Stabality 5 G ¢ e ¢ ]
- . S is +H 0 + + 0 [
20 G + + + 0
] 20 s - ++ + + i 0
Tenstie Strength 5 ¢ + + + -
- s +* + + + [i} -
% G + e 9 -
) 20 18 - 0 ¢ - -
Hoisture Reaistance
Marshail {mmersion -] G + + -+ ++
8 LS8 -+ 0 0 ] + + -
20 G + g 0 v
20 LS "+ - [} 0 0 [/}
Tensiie strengthe 5 ¢ /0 DY IR Y Y
{vag-sats/Lottman) 5 Ls /0 /¢ 00 Qse 0/ </
20 ] 09 LY Y Ve
20 s /e Q7ve 474 /0 D7+ 4/
Resi]ient mocuiuy 5 6 -9 80 +0 -/
{vac-sat/Lottman) 5 Ls ~/0 A/ =/ =/¢ 070 00
20 ] -t LY Y |
20 Ls 040 O/¢ O/ 4470 O7s 40
b€ ratio 5 ¢ a 0 ¢ 0
oo 8 LS - 0 0 + 8 ¢
20 G - - + .
20 LS + +* u 0 ' +
Fatigue Resistance
Shell-strain 5 + 8 8 8 o+ 0
Shell-stress 5 + 0 6 ¢ + 0
Maupta $ + 9 0 0 0 “
Srown 5 + 0 0. ¢ 4 0
Sheil-strain 20 B
Shail-atress 20 - - - - 0 ]
Maupin 20 0 0 0 g 9 ¢
Brown 20 0 [+ 0 ] 0 0
Rutting Resistance E Ls + + + 0 ¢ ¢}
g 8 0 0 ! g
20 Ls * o + 0 0 g
20 G + ¢ ¢ 0
DAMA Analysls 5 s " 0 0 0 - -
‘ . & G + 6. ¢ -
‘ W L8 e 0 0 - - -
20 6 +“ * + -
Brown (Nottingham) Analysis
Rutting (Nr) 5 15 + + + + - -
fed 4 ¢ - 1]
20 LS + + + + 1 -
2 G + + - -
Patigue (HED ] L8+ + * + - -
. 5 6 ++ + - 4]
20 i8 4 e + + + -
20 G e “ - -

#+  lmproves signlficantly AH Asphalt, 6%
improves allahtly hydrated [ime, {%
no etfects hydrated time, 2%
- worsens sllightly 88

-~ wirsens significantly g:gpre:ie
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The following conciuéions; f1rst withkrespect to binder properties
and then with fesﬁect to mixtufe propértiés'and finaliy‘witﬁlfespect to
| overall evaluation, were d:awn.froﬁ examining the data and these two
tables. It must be emphasized that the conclusions on the beneficial
_effects are app;icable 6nly to the materials and material combinations
tested. Because of the enbrmous vafiety of polymers‘availablé and the

fact that each may-behave-digférently in a different asphﬁlt, no claim
will be made that thes§ conc1usions willlhé‘appliggb}e.to_other
additives or the samelédditives in égmbinétion with different asphalts
and aggregates. '

Additive Effects on Binder Properties

ASPHADUR |

Although adding Aéphadur (S'ﬁin. aﬁ 400° F) and hydrated lime at
high concentrations (107) were more appropriate for conditions in the
field with aggregates, they resulted in nonhomogeneous, partially
disso1ved/dispersed asphalt binders when they were added to asphalts.
‘ Therefore, data on these gamples (Samples Za, 3a, 5, 8a, %9a and 11) were
often erroneous and misleadingf ‘Their benefigial_effgc;s can only be
evaluated in Phase II when asphalt'concrete mixes with aggfegates are
examined. Based on tests of nearly homogéneoﬁs modified binders, the
following conclusions areé drawn. |

e Asphadur significantly increaaed.Fhe viscosity of asphalt at

high temperatures. This leads éo the expectation.of improved

resistance to rutting.
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& Asphadur ih@reased penetration at 5° ¢ somevhat but decreased
penetration at 25° C. This is reflected by the decreased
( improved) temperature susgeptibility as measured by VIS, PI,
: and PYN.
¢ Asphadur seemed to have improved the low-temperatu;e cracking
'rgsistancé of asphalts as meagured by the calculated eracking
ﬁemperatures-aﬁd critical stiffnesses at lqw temperaﬁure and
long ltoading time.
B Asphadur dissolves better in AC-5 than in AC=10.
3 'Asbhadur, a&déd to asphalts, did not result in significant
improvements in toughness, tenacity, and ténaile properties.
® Large increases in percent LMS based on HPLC data on TFGT‘_
residues may suggest increased susceptibility to.crackiné-
¢ The optimum hgneficial effects of adding Asphaduf arelexpected
'whgn Asphadur is used in conjunction with softer grade asphalts.
RYDRATED LIME |
. Althéugh it has been suggesﬁed that hydrated 1iﬁe redﬁces the
hardening.rate'of asphalt and thereby 1ncrea§es durab@lity or useful
;ife'of_pévements (39); the maior beneficial effect qfuhydfated.iime is
:gin improving the moisture susceptibility of asphalt mixes fy serving as
an'an;istripping agent (37,49). This effect can be verifieé only when
aggreéate is introduced in. the asphalt concrete mixes. The relative
henéfits of adding aggregate as compared with other additives wil% Se
discussed later. The effect of lime on asphalt bindér without aggfegate
-will be based on low-concentration blends (57 lime) beéause of the lack

of homogenelity in high-concentration blends (107 lime).
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P .Inbfeases in'viScosity at high temperatures (60° C to 1355 C)_
‘becﬁusé of lime suggest'impfovedffesistance‘to.rutting,

e Temperature susceptiblity,‘lowwtémperature-cracking resigtance,
toughness, tenacity, tensile and‘elastic prOpertiés of asphalt |
‘afe‘ndt'eignficantly affected by lime. - | |

o Alﬁhdugh-there was little increase in percent LMé based on HPLC
‘data on original asphalts, there were significant increases in
percent LMS in TFOT residues. If current correlations between
percent LMS and pavement cracking hold for asphalts wi;h
@d&itives are assumed,'thése inéreases may signal increased
suécépfibility to cracking.

STYRFLF (SBS) |

o_-Styrelf appedrs to be a uniform, homogeneous, polymerized
asphalt-formulaﬁion rather than a dispersion.

‘. St&relf increased viscosity of-bgée asphalt at high temperatures
(60° C and 135° C); thus it is expected to increase rutting
resistance of gsphalt pavement .

o By most'measures, Styrelf reduced the temperature susceptibility.
of hase asphalts.' ﬁoﬁever, its.effect on cracking temperature

| 'was,incoﬁclusive. ‘
e Although theré wére improvements in the glastic propertigsrof .
asphalt bécause of Styrelf modification, riot all of the benefits

‘were retained when exposed to .thin film oven aging.

S
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”

e There wére significant improvements on toughness, tenacity and
tensile properties-because.of Styrelf‘modification;- Howévef,
gsome of these improvements were drastically reduced due to thin
film oven aging. | |

o The increase in percent LMS ﬁased on HPLC because.of Styrelf was
smdil.' Rowever, additional incteases in percent LMS after thin
.film_oven aging were significanﬁ.

° Resistaﬁce to heating and aging,of-asphalts containing Sﬁyrelf
shéuld be cérefglly_examined. o .

| Adﬁitive'Effects-on-MiXture Properties

Bl
ASPHADUR

. o Asphadur significantly increased the Marshali stability,
Marshéll stiffness, and tensile strgngth values'of.all-mixes.
e The effects of Aspﬁadur on moisture.resistanée‘were mixed and
not significant; |
i Agphadur increased tﬁe fatigue resistange of AC~5 mixes.but
| showed no improvements on the f#tigue Behaviof of AQfZQ .
mixtures. | | |
. Aéphadur impréved the rutting resistance of the mixes on the
basis of resﬁits of cfeep tgsts. This'is congsigtent wi;h ;he 
' observation of increased PVN, high—temperature viséoéity, and
increased Marshall stiffness. |
e Asphadur xmproved‘the'structufal capa#itiea of mixtures coﬁﬁare&.

to the control mixes.
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HYDRATED LIME.

] Limé'treafments increased the moisture resistance of most.mixes
as determinéd by the Léttmén progedure« The effects on moisture
resistance measured by warm water immersion and vacuum—
satu:ationltreatméﬁﬁs wefé not as clear. Lime treaiméﬂts"
imﬁroveﬁ the“béﬁefit*to-cpét rétios for AC-20/limestone mixes.
Lime tééétments 1mpro§ed the'Maréhall stability'fér limestone
mixes and'teﬁsilé strength for AG-5 mixes. |
Lime used at‘low levels had little ;ffect'on_fatigue and rutting
resistance; there were some improvements in rutting resistaﬁge g
when lime was used at high levels.
¢ Lime ireétments résulted in improved structural capagities,

'especially for gravel mixes and by Brown analjses.

SRS (Styrelf)

e SBS improved Marshall stability,imarshall stiffness, and tensile
streﬁéth of most mixes. |

SBS had 1little effect on mixture resistance to moisture,
fatigue;‘and rutting. |
'éBS-ﬁQdified asphalts improved ‘structural capacity of mixtures;
éépeciaiiy when theﬁ were based on the Brown (Nottingham)

method. S Lo

NEOPRENE (K)

" e There were little differences between neoprene~modified asphalts

and control mixes in terms of stability and tensile‘strgngth.
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e In the majority of the mixes, neoprene improved the molsture
reéistance and the associated henefit-to-cost fatios. |

° Neoprené improved the fatigue resistance of sofﬁ grade AC-5
mixes.

o YNeoprene had mixed effects on structural capacity.

SBR (J)

lo SBR-modified asphalts had little efféct on stabilities of
ﬁixea but rgduced_the tensile strengths.

‘@ SBR improved the moisture resistance,‘eépecially measured by
Marshall_immérsibn, the tensile strength ratio and the benefit-
to~cost ratio.

@ Coﬁpﬁred to the control mixes, there were little other
beneficial effects.

OVERALL CONCLUSIONS |

1.  Each additi?e_showed some degrée of'improvement in at least
one of the desired properties. However, no additive teétgd‘showéd
cpnsisfent improvement in every binder as well as-gixture property.

2. Iﬁproveﬁants in binder properties may or méy not be‘reflec;ed

in mixture or strﬁctural performance.

3. Soft grade AC*ﬁ seemed to have benefitted more ffom additives

than.Acmze. | |

4. ﬂ Heat stability of the polymer modifications may be a concern

as_reflected in penetration reﬁention, viscosity ratioc, and large

increases in percent LMS by HPLC analyses.
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5. ‘It is difficult and‘perhaps inappropriate to compare or.rank
the additives‘tescéd becauge many polymers are asphalt specificg..
Although ASphédﬁr and SBS were addea to AC-5 and Ac-iﬂ grade aspﬁalts
and made the mbdified qaphalts at. least ome grade ﬁore viscous,,SBRw and
neopreﬁeemodified aéphaiés:were supplied in the AC-5 and AC-20 viscositf

rangés-with different base asphalts.



133

7. RECOMMRNDATIONS

1. There is sufficlent evidence, both from.this study and studies
i condﬁcted elsewhere (especially in Japan and Europé), to 1néicaté thgg ..
polymer additives have enormous potential in improving some aspects‘of
asphalt properties. It‘is:tecOmmendéd that research on_as?hélﬁ -
a&di:ives be coﬁtinued, inéiuding laboratory evalpa;ionrof néw gdd;tive§¢_'
and fleld tests of promising additives.

2. Structural,ldistress, and performénce anélyéis should be an
integral.part of.mix design and additive or ﬁéﬁ materiallévéluatién;
Tﬁe approach taken in this research.or gimilar methodolpgy presented by h
Monismitﬁ_et al. (29) is recommended.

3. Softe; asphalt AC-5 seemed to have benefitted most from the

additives studie&. Modified softer asphalts can combine the normally

" expected better léwvtemperature cracking resistance'and‘thus the
improvéd temperature susceptibility with increased stability and rutting
tesistancé for higﬁ temperature and traff;c conditions for 1mprove¢ .
overall performance. Field trials of §q1ymer—modified soft gfade
asphalts are-récommended.

4. It is recommended that the PVN (penetration-viscosity number)
be considered iﬁ studying or specifying modified asphalts to assure
low~temperature cracking resistance §ﬁd that Marshall stiffness be

,conéidéred (in 1i§u of moré time~consuming creep tests) in evaluating

mixes'cohtaining additives to assure resistance to rutting.
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5. Because‘none-of the ad&itives é;udied_showad gonsistent-
improvements in every aspect of binder and mix properties, one must
firét.dééidé what‘sﬁécifié improvémént is:désired beféte'chooéiné‘an
additivé; | | B

6;' Spécifiéétibns fdf.polymnrﬂmd&ified'aspﬁal;s must be i

performaﬁce based. To ensure the enhanced performance properties of

these meéw materials, additional tests for heat stability, tensile, and : . -

elastic properties should be considered. ‘However, to encourage the
development of competing materials, thé*spgcificatioﬁs should be generic

and not based on one pértiéulai product.
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.APPENDIX A: TENSILE StRENGTﬁ TEST

- The tensile atrength tests conducted were modifications on ASTM standard
test méthods for rubber properties in tension D412~80.
Aﬁharatusi-lnétron table model universal testing instrument.
Tempergﬁure Cébinet—-ﬂigh temperature cabinet ipcluding'témperature
eontroller, prohe and attachment for liquid cérbon dioxide or 11§uid
nitrogen coolaat.

Load Celi--Metric 5 kg capacity; 0.500 g. lowest range.
Chart-Re60tde;w-Strip chart recorder standard with‘ins:ruﬁent.

_ Samplé Sizgw=3 cm:i 0.3.cm x 0.3 cm samples are cast in rubber molds.
Testing Condition84«$pecimen is atretched‘to 8007 eloﬁga;ion at +20° ¢
at rates of 500‘mﬁ/ﬁin. Thé temperature should be specified, depending

upon the end;uéé-of the material.

| EXAMPLES:

MATERIAL TEMPERATUBE ‘ LOAD ‘RANGE
Asphalt Cement ‘ 20° ¢ _ 5
Emulsion Residue S o o

(Seal Coat) 4 ¢ 10 - 20
Emulsion Residue o o

(Mixing Grade) =10 ¢ 0.5
PAC-20 - 20" ¢ 5

PAC-10 2w c¢ 5
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_APPENDNIX B: ELASTIC RECOVERY BY MEANS OF DUCTILOMETER
PROCEDURE-nThe brass plate, mold, aoq briquet speoimen‘aré'hrepared in
accovdance to the ASTM Test Method foo Ductility of Bituminous
Materials, D113-79 After the ductilometer and specimen ‘are conditioned
at 10° C (50 F) for 85 to 95 wminutes, the specimen is elongated to 20
cm at'a rate oflpull of 5 em/min. After elongation, the ductilometer is
stopped and the sample is held in the stretched position for 5 minutes.
At this time, the sample is cut in half with a pair of ocissors or other
soitabie cuﬁting_devicé. The sample is left undisturbed for one hour,
when the half sampie specimen 1s‘retraoted until the two broken ends
touch. -fhe neﬁ‘pointer reading is recorde&'io cm. |
INTERPRFTATION OF RESULTS =~ The percent elongation recovery 1s
calculated as follows:

.. , 20 - L _

% Recovery = — x 100

20

whaere L = Final reading in cm.
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APPENDIX C: DROPPING BALL TEST PROCEDURE

PROCEDﬁkE-—The gample to be tested is héated slowly, with frequent
stirring, to approximately 149° C (300° F). Approximately 8.0 + G.I_g;
oﬁ the sample is poured into the drépping ball container, aﬁoi&ing
tnclusion of air bubbles. The container 1s covered with'the.bail '
centering guide énd'the hall is placed on the gdidb. The assembiy is |
caoled for'Sﬂ'minﬁtes at ambient room temperéture.

After 3N miﬁutgs, the timer i3 started as the assembly is placed
unside down on its support, a ring stand with a flat notched plate 30 cm

above thé bage. (The plate is notched to hold the‘éssembly while

allowihg the ball to 6rop.free1y.} When the top of thé ball is.:angent_
to'ﬁhe edge of the cehﬁering guidé; the tiﬁe is recorded ét Tl«' When
the ball hits the base of the support, the ;otai timé, T,;is‘reqorded."'
iNTERPﬁETATIOﬁ'OF ﬁESULTS——TZ_is_obtained by sﬁbtracting T, the init§a1
time,_f;pm T, thé total time. (T1 1§ the time from start to tahgent, T2
ié thé time fpom that point to Qhen'ﬁhe bali gtrikes the bhase and T is
thq ;otal time.) Sincé-Tl'is primarily dependen;_updn the viéédsity'of
the material énd T™ 1s a measﬁre of the material's tensile-strength
qfiér being stretched the ratio of T2/T1l is a measure of the e1a§tic1ty
of the sample. A large ratio, therefore, 1ndi§ates‘mote 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 HILIS (18)‘_.
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APPENDIX F: SAMPLE COMPUTER PRINTOUT FROM DAMA -
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THIS PROGRAM HAS BEEN DEVELOPED SOLELY FOR

THE ASPHALT INSTITUTE
COLLEGE PARK, MARYLAND

BY PROF. M. W, WITCZAK AND DAEXYOO “HWANG.

THE SOLUTION USES *CHEVRON N-LAYER* PROGRAM AS 4Iw ANALYTICAL STRESS-STRAIN-DISPLACEMENY MODEL.
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ASPHALT STABILIZED LAYERS

LAYER
NUMBER MATERIAL
t A. C.
TEMPERATURE /MODULUS - (DEG, F/ PST).
POINT 1 2. 3 4 s 8 7 8
TEMPERATURE 40. S0 - 60. - -68. - 7e. 75, 80.
 MODULUS €1 B73200.  660800. . 554600. 448400. .377600. 306800.  236000.  188800.
SUBGRADE LAYER .
SUBGRADE MODULUS BY MONTH(PSI)
LAYER  mmmemeeoee--—es B et s -
NUMBER - MATERIAL . .JAN. ..  EEB. MARCH  APRIL  MAY JUNE JULY AUG.
S R GlpGE 45007 1162577 1BTSO. 2700, 3150. - 3600. . -4050. 4500.

' MODULI CONDITIONS

85.

155760

10
90.

122720.

11

a5.

101480.

i2
98 .
77880.
DEC.
()3
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B
x

wowwn&nqqqmmmmmm.h&--nmuuunu-,«.-
[ e L L e PP VR LR SRRy R Y T N R

PVT.

TEMP

a2
82

95
88

82
92

: 1}
86

68
&8

63
63

23

i

44
44

50
50

s3
53
&8
&6

a2
a2

HODULUS:
(PST)
rHI66 1.
1126671,
4050.
96 168
26168,
4500,
112661 .
1126619 .
4500,
14631,
146311,
4500 .
326519
326519,
4500.
394175,
IS4475.
4500
$93559.
593589,

4500.
764822
764922

16525,
645079
645071 .

BTH0.
593559 .
593559 .

2700.
360364 .
360364.

3150,
169845-
169845 .

3600.

- RESP

TYPE

sewsr MONTHLY STRUCTURAL RESPONSE AND DAMAGE ev*+»

IYPES OF STRUCTURAL RESPONSES - .

0Z VERTICAL DEFORMATION AT THE TOP OF LAYER (IN}
£T TENSILE STRAIN AT THE BOTTOM OF LAYER C(IN/IN}
EC  COMPRESSEVE STRAIN AT THE TOP OF LAYERETNYIN)

CSTRUCTURAL HRESPONSES

H -

DZ ©.732E-0F O.T51E-0F

£E¥ Q. 1Z3E-02 O.122E-02
EC 0.282€-02 §.226E-02
DZ O.69%E-01 Q. 709E~01
ET O.$29€-02 O. 127E-02
EC 0.291E-02 O.224E-02
DZ 0.67T3E-0t O.683E~0Ot
ET O.t18E-02 O. $¥TE~OZF
£C 0.269€-02 O.2¥2£-02 €. 183E-02
bz O0.637E~01 Q.656E-01
ET O.3101E-02 0. 101E-02
EC O.234E-02 O.192E-02
D2 0.%33E-0t 0.553E~-01
£T O.60TE-03 O:616E-03 . 604E-03
EC 0. 150E-02 O.134E-02
PZ 0.510E-01 0.529€-01
EF O.534E-03 0.544E-0F O.5FE-Q3
EC ©.134E~02.0. 122E-02
02 0.461E-~(31 Q_4TBE-OT
ET<0. 403€~03 O:441E-03
£¢ O. FO6E~02 O.9BGE-0F O.930E-03
B2 0.211E~01 0. 219E-0¢
£7 O.251£-03 0.254E-02
£C 0.613E-03 0.9448-03
02 O.151E~01 Q. $56E-01
ET O.234E-03 0.234E-03
EC O.545E-03 0.450E-02
DZ G.673E~01 0.695€-01
EYT Q.464£-03 0.476E-03
EC O. 129£-02 0.123€-02
b2z 0.683E-01 O.708E-01
£T 0.635E-03 0.649€E-03
£C 0. 164E-02 O. #52E-02
0Z 0.735€-01 0. 761£-0F
EY Q: tQOE-02 0. 101E-02
EC ©.239E 02 O.20%€-02

H .

o -
0. THIE-OF
©. 119E-02
0. 198602
0.699E-01
O. K23E-02
0. 191E-02
0.661E-01
0. 113E-02

0.651E-01
0. 983E-03
Q. 170E-02
0.552€-0t

0.124€-02
0.529E-01

G. tFAE-OF
O 4T9E-01

 0.404E-03+ -

0.2186-01
©.248£-03
- 0.502E-03
0. 155€-01
0.22BE-03
0. 400603
0.699E-01
0. 468E-03
0. 1186-02
0. 708E-04
.0.63TE-03
0.143€-02
: 0. TSTE Q1
0.968E-03,
0. 186E-02

e

0.01855
2.83665

0. 01880
3.26531

0.01603
2, 244603

0.01209
1.22118

©.00448
6. 16607

O 00347

0.10203
- 0:00193.

0. 03466

©.00051
<. 00304

0. 00035
0.00179

L 0100308
0.08462

0. 00567
0.249a9%

0.01343

1.33686 .

O.018 1%
1.05083

G.01791
1.60205

G.01665
. 78088

0.01204
0.50011

000472

' 0. 10088

0.00368
0.0664F

0.00208

0. 02544

0.00053
0.00178

0.00038
0.00076
©.00335
0.06911

0.00608
-0. 17664

0.01378

0.67339

erses GAMAGE SUM FOR 12 MONTHS

LAYER 1

LAYER 2

C.098402 ©.098254

11.668159 4.448379

0.01648
0.5754%

0.01593
O. 48085

0.01401
Q. 41001

0.01098
0.289436

0:00442 "
0071537

0. 00346

- 0.04854

0.00196
[ 0.01964

0. 00049

©.00124

0.00032
0. 00045

4.00319
0.05674

000573

.0, 13401

' 0.01276
0.33490

0._088604

2.5328%5%5

81
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