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EXECUTIVE SIJMMARY 

This literature review represents the initkal work on a five-year joint research effort between the 
IJniversity of Minnesota Civil IEngineering , and Chernid E~ngineering and Material Science 
1)epartments to investigate improving the temperature s,usc:epth lity properties of asphalt cement 
concrete, on behalf of the Minnesota Department of 'I'ranspalrtation and the Federd Highway 

Administration. ' I k  review is separated inla six specific 10piirr:s: pollymer chemistq, asphalt 
cemeint chemistry, test methods, polymer modidkd asphalt cerricints, and s~pecificatioms and field 

test sections. A seventh section ddails suggested laboratory ;and field experiemental designs 
bawd on the information preserited in the six previiouls sectioais to be used for the reimaining 
research program. 

An evaluation of the polymer chemistry literature indjc;iited that key polymer properties 
that influence thermal arid viscoelastic properties itre mdt:cul;ar weight and distribution, 
architecture, and chemistry. Most polymers used in paving applications generally have a narrow 

rriolecular weight cli stribut~on for any given product; IT~S~~!CCU~EI~  weights for individual products 

were not typically reported. The two most common polyxnt:r structures found were a linear 
clhain and a radial, or star, formation. Types of polynners typcally used can be separated into 
two categories: elastomers and plastomas. Elastomer !j can sl.n::tcR and recover their shape but 
only contribute to Iensile strength when the chains we stretc:bed to a great degree. Typical 
ellastomers are natural rubbers, styrene butacliene iubber (synthetic mbber, SBR) , styrene- 

butadiene-styrene (SBS), and Neoprene. Pllastomers exhibit quiick early strength undler load but 
little ability to strain without brittle failure. Typical plastomci s are low density polyethylenes 

(LDIPE) such as Nitavophdt, ethylene methLacrylate @MA), and ethylene vinyl acetate (EVA) 

such as Polybilt. 
Asphalt cement chemistry is complex and defines how oir if a given polymer will interact 

with the asphalt. Various models have been proposed1 tii) describe tlhe asphalt cement 
cornpsition, however there has been little agreement over the years. Little was found in the 

literature that links asphalt cenienl chemistry to estimations of compatibility with polymer 
mdifications. In general two interpretaf ions of "comparlibility" of polymers and asphalt cements 
have been used. I'he first simply defines it as the ability of th~: polymer to remain distributed 
in tlne asphalt cement without significant evidence of phase !x>paration. The second defines 

mmptibility based on the level of interaction between the pollymer and the asphalt cement. 

Most of the test methods used to evaluate polymer mraclifid asphalt cements have been 



historically liniited tc9 viscosrity meaaurements with either Cannon Manning vacuum or Asphlalt 
Insbitute tubes, ring and ball softening point, and penetrations and ductilxties at various 

temperatures. None of these tests t a n  be wised lo assess the vixmlastic nature inherent ]in neat 

asphalt cements, let done the influence of polymer rrmodificationr . More recent fundamenltal 
rhexBlogical tests developed to address this short coming in the lraatlitional tests include dynamic 
mechanical she= and bending beam rhtmmeters, and direct tcnsianS 

Based upon the data presented thmughouit the Ijieraturc and a knowledge of the polymer 
strun:tuire of the individual polymer prodiuets, it can be seen lhal a linear structure SBS will 
produce signifjicantly less of an increase in both viscosity and ring and ball softening point 
temperatures than a coimparable amount of a radial S E E  prodxict from the same manufacturer. 

The interaction betwexm the polymer and llne asphalt cement isl highly asphalt source specific. 

Most testing of polymer modified asphalt ccsiic:rete mixtures has historically been limited 
to ixea;urements of resilient or dynamic modulus over a range of temperatures, axial static or 

dynamic creep at warm temperatures. More recently, both fhe indirect tensile creep and the 
therxmal stress restrained sample test C.I?SRST) have: taeen ui!wxl to evaluate cold temlperatuire 

rc:sp)nscs. 
Creep testing has shown that in general, pollyrner modification has the potential for 

reducing permanent deformation in asphalt concrete mixtures. Cold temperature TSRST testiing 

has indicated that the cold temperature properties of the mixture aae prirnmly a function of the 
binder lproperti~es only; there was little influence of mixture w;auriiables such as aggregate source 
and i r  voids 011 correlations with the mixture fracture temperature and binder limiting stiffness 

temperatures. 
Several binder specifications have been proposed for polymer modj fied asphalts over the 

yars but they rely heavily upon the traditmn binder tests. !Sa:vera.l of these specifications are 

presented in this literature review. 

The last section of the review presents suggestions for experimental designs for 

evaluatmg: 
Polymer stnicdure/souirce and asphalt grade/ source. 
Modification with asphalts generally incompatilale with SBS products. 
Comparison of  lbinder and mixture rheology 
Field e~periirn6:nts. 



Please note that the figures shown both in the body off the report and in the appendices 
have been obtainad from the original publication cited in the caption., If the reader desires a 

more complete oir clearer view of any figure is needed, please refer to the referenced 
publlication. 





BACKGROUNIB 

Polymer modified asphalt cements have been used in atternpts to mitiga.te both traffic- and 

environmentally induced pavement distresses. Polymears have Itmn used to reduce rutting caused 

by traffic loads dufing warm weather conditions. The most common reasons given for improved 

xutthg resistance are an increase :iin viscosi.ty due to the additive and/or the formation of an 

dastomenc netwmk which helps resist traffk-induc:ecl stresse:!;. Polymers have also been used 

1:o reduce thermal cracking caused by the contraction of the pavement as temperatures dlecrease. 

These additives are thought to increase crack: resistance becausa:: the inclusion of finely d.ispersed 

polymer particles jimpede crack propagation; this mechanism is referred to as crack pinning. 

Another approach to reducing thermal cracking is to use a s;cpfte~-.than-usLial grade of asphalt 

cement. Polymer additives are then used to mi tigate: :poltci:ntial warn1 temperature rutting 

problems caused by using the lower viscosity asphalt cement. This last approach assumes that 

the cold temperature properties of the binder are governed by tltiie a.sphalt cement while the warm 

temperature properties are primarily a function of the: polymer addition (lJ. 
While polymers have been used for more thian three decades, their ability to solve 

pavement distress, problems has :shown mixed in-smvice ir~=sulits. Irnprovememts seen in 

laboratory prepared and evaluated mixtures have not consistently translated into improved 

pavement performance. Some reasons for these mixed results car1 be attributed to the modified 

binder and include an inability to accurately define the function of the polymer within the 

asphalt, incompatibility of certain :polymer and asphailt cemeriit combinations, and no specific 

rnethod for defining an optimum concentration of polymer. Other reasons for the variable 

success of polymer modified binders can be the result of rnixturlc: problems such as inappropriate 

aggregate gradation selections, and lack of fundamental 1abor;art.ory tests which can be related to 

pavr:ment performlance. Construction problems such as blending times, mixing tempr:ratures, 
md field compaction will also have a large role in the SUCC€!ISS or failure Of a project. 



Int rod.uc tiom 

Spcxifically, the objectives were to identify existing .informa.tion on: 

1. Polynner chemistry and arChitecture 

2. Asphall: chemistry 

3 Test methods for evaluating both binder and itnixture properties 

4. Influence of polymer modified asphalt cement (9m binder and mixture properties 

5. Summary of existing field test sections a.nd information on mix design, 

construction probler:ns, and field perfomana:,. 

A computer search of the Transpairtation Researclh hformaliicm Service (TRIS) , and National 

‘Technical Information Service ( N ’ I S )  databases were conduickd as well as a manual literal ure 

review of traditional highway research publications such as lhie proceedings of the Association 

of Asphalt Paving Techncrlogists (AAPT) ‘I3anspcrrtation Research Board (TRB) anriual 

]publications, and the Canadian Technical Asphalt Association (CTAA) Key words sought in 

this search includes such topics as polymer modified asphalts and mixtures, asphalt chemistry, 

xheology, thermal cracking, and permanent deformation. 

Since $the overall objective of‘ this research sludy is to Improve the cold temperal.ure 

performance with the use of elastornerlc polymer addii3 ive, tha: search concentrated on this class 

ofadditives. These materials, tentatively classified ixs rubbers by the Strategic Highway Research 

Program (SHRP), include natural and synthetic rublsers (e .g. SBR), block copolymers (e.g. 

SBS), and recycled tiire rubber (i.s;., crumb rubber-wet pronxss) (2). While crumb rubber is 

technically included in the rubber dassification, it is ii recyclcd product with properties that are 
dependent upon the source of tires, processing, etc. There has also been extensive research 

efforts specifically directed at the use of crumb rubber in recs:rrt years, therefore this study was 

limited to an investigation of virgin polymer addil ives. 
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Introduction 

ORGANIZATIQN OF REPORT 

An extensive litem ture review was conducted in order to su rriimarize the available information 

]prior to the design of both laboratory anti field prqjects using polymer modified binders. This 

ireport, which is the result of the liiterature review, is, organixed into the following chapters: 

Chapter Two: Polymer Ghe:rnistry 

Chapter Three: Asphalt Clement Chemislry 

Chapter Four: Tesl Methods 

Chapter F ive : 

Chapter Six: 

Polymer IUodified Asphalt Cemr :nts 

Specifications and Field Test Sections 

Chapter Seven : Experimental Designs 

Chapters Two through Four are intended to provide a wi1i:lle xange of general background 

information needed in a useful reference document.. Chapter 'TWQ on Polymer Chemistry was 

developed to provide the civil engineering c:ommunity with i3. general introduction to common 

polymer terms atid properties. Chapter Three on Asphalt Cement Chemistry provides an 

overview of the more common hypotheses for asphalit cment modelling and chemical 

composition. This section will also provide imp0rtan.t backgrc:)und information for the analysis 

of polymer-asphalt properties. Ckpter Four on Test Methacls was developed to provide both 

civil and chemical engineers with a quick reference source fioir understanding tests common to 

one field but foreign to the other. 

Chapters Five and Six include the summary of previously reported research results, 

suggested specifications, and existing field test sections. Chapter Seven presents several 

experimental designs, both laboratory ;ind field, based on the iinformation presented in the first 

six chapters. 

Appendix A provides a glossary of common jioXynrxer and chemistry te:rms. This 

appendix is intended to help highway engiineers undeirstand the basic terminology used in both 

3 
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I-escarch reports md suppliexs literature. Appendix B covers t t ,~n~s commonly used in highway 

research and construction. Appendix C contains both a key word list and annotated 

bibl.iographies of all of the litera.tu-e reviewed fo.r this report. This appendix is intended1 to 

provide detailed ireference document for those reader!; desiring more specific information on a 

givaan topic. 

.-,.- 



Polymer Chemistry 

CHAPTER TWO 

GBWRAL BACKGROUND 

Generically speakjlng, a polymer is a chain of unit:; called irnonomers. A chain of beads is 

commonly used to represent a polymer with each bead n::presenting a repeating unit, or 

monomer. An indication of the length of polymer chains is typically represented by one of 

several measurenwnts of molecular weight. The number-average molecular weight, w,, is just 

the total weight of the polymer divided by the total iaunibex 06: polymer chains in the sample: 

where: 

Ni := number of chains with i repeating units 

Mi = molecular weight of chain with I repealtirag units, g/rnole 

The weight-average molecular weight, M,, is: 

where: 

Ci = the concentration of polymer with i repeaking urnits, g 

Mi = the molecular weigh!. of chain .with i repeating units, g/male 

In statistical terms, M, is the first xnoment of clistrribution, or mean, and M, is analogous 

with the second irnoment of distribution, or standard deviatialin. The ratio M,/M, is referred to 

as the polydispersity index and indicates the distribution of mc:rlecular weights arouind Mn. That 
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i s ,  if MJM, = 1, then all chains are of identical length and molecular weight (F;iguIe 2.1). 

As MJM, inc:reases, so does the range of' chain length and weight. This ratio is important in 

explaining the behavxor of polymers. When the disprsity is high, the lower molecular weight 

chams can act as plasticizers which will soften the: material (2). Also, these short chains will 

not contribute as much to tensile strength properties. Excessive1 y long chains will contriblute 

to tensile strength but can also siginificanilly increase viscosj ty (3). Usually, the narrower the 
disfribution (ie.,  the closer the polydispersity index is  to 11, ihe more desirable the polyrner 

properties. 

Figure 2.1,, Conclepts af Molecular Weight IMinmurernents 

One commonly reported indication of rnolecullar weight is the melt flow index (MFI). 

'Phis value is based c9n a standardized xneasurennent described in ASTM Dl238 (3). Briefly, a 

capillary tube is filled with the polymer and brought 1.0 a selected test temperature. A given load 

is applied to the top of the capillary and the material is, allowed to extrude from the bottom over 

a 10 minute period. 'The mass of polymer extruded in 10 minnles i s  the MFI. Therefore, a low 

A 
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MFI indicates high rnolec,ular weight and high viscosity matt:rial, and a high MFI indicates low 

molecular weight and viscosity (5). 
Another iinxportant c:haracteristic OE polymers .is their structure. Polymers can be simple 

straight chains or irnany variations of linked and crossjlinked c:lixair~s. F;igure 2.2 shows examples 

of typical structures. Both the structure amd the c:hernisti:;y of branches can influence the 

behavior of polymers. If the ends of a polymer we ract.ive with either other polymers or 

components of a surrounding solution, then the more ends i[:Le., branching, radial, etc.), the 

more reaction can occur. Bulky, unreactive branches or gra:I'l:s can interfere with the function 

of the reactive portiori of the polyrrier by shielding it firorn other reactive components. Uniform, 

unbranched, linear chains may teind to fit together uniformlly, forming what is known as a 

crystalline structuire. Crosslinked polymers can be sluretched due  to swel.lirig from surrounding 

solutions; the durability of the crosslirk depends upon whethc:x it is chemical (e.g. vulcanized 

tire rubber) or physical (egg, S.BX block copolymers).. 

The terms random copolymer and block copolymer re:lkr to the chemical composition of 

the polymer. A random copolymer is some combination, whhout a specific ordering, of 

different monomers linked together (Figure 2.2). A block ccipolymer rcfers to a block of one 

homopolymer (i.e., a chain of the: same monomers) lirikd ,with another block of a different 

homopolymer. For example, styrerie-bu~atliene-styrenc= (SES) .is a. tribloclc copolymer consisting 

of a chain of butadiene polymer with a chain of styrene attached to either end. A styrene- 

butadiene (SB) rubber is a diblock copolymer and colnsists (:):( one block of styrenc: attached to 

a block of butadiexre. 

7 
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Straight (3hniin (General Forrn) 

Diblock Copolymer Polynier with L...ong Branches 

Polyrner B 

Y 

Polymer A Polymer A 

9 

.L 

Triblock Copolymer 
Crosslinked 

Figure 2.2. Various Types of Polymer 6tnructures. 

1'C)ILYMERS COMMONLY USED FOR MCIDLFYMNG ASPHALT CEMENT 

€%lymers commonlly used irr flexitde pavement constiruction can be separated into one of two 

general categories 0f polymers: plastomers, and elastomers. E'lastomers are matenids that 

exhibit a quick early strength under load but tend to exhibit little ability to strain without brittle 

failure (a. Any deformation of these materids is permanent; they have little or IIO elastic 

component. Edastomers resi:;t pernnanent deformation by an ability to stretch and recover their 

original shape once the load is removed. These materials only cointribute: to the tensile strength 
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when the chains ;ue stretched; their tensile strength increases wjith the percent elongation (6J. 

It is not uncommon for elastomers to hare more than 700 percent elongation before failure. 

Over the jrears, there have been many po1ymr:r prdwts used in highway construction. 

Table 2.1 summarizes some of the more commonly used products along with some general 

information on their structure and chemistry. All of the prcdlucts listed under elastomers are 

considered rubbers, either natural or synthetic (e.g. SBR, SERS, (and Neoprene),. Plastomers 

used in highway construction are t;yPidly c:lmsified as paraffins (e.g. LDPE, EVA). 

Not only are there different palymer chemistries within each category, there are also 

different methods rised to manufacture a given type of po1ymCi::r. Differences in manuffacturing 

]processes can have a potential impact on the end product due to trace amounts of chemicals used 

in the polymerization processes remaining in the finished product.. While nothing was found in 

the literature to indicate these trace chemicals are sigmtficant c~camtr.ibutors to differences between 

products, this might be important when comparing different products with the same general 

chemistry. Another possible source of differences betwem products of generally similar 

structure could be the coupling agent used to bond one polymtx block to another. However, no 

jmformation was found on this topic, most likely due to the pn.rprietary nature of this portion of 

the manufacturing process. Polymer chemistry as well1 as gena.:ral information on methods used 

to manufacture the polymers are discussed in. the following sections. 

IEILASTOMERS 

IYatural Rubber 

'rhe empirical formula for rubber (C,H,) was identifiled by F;rmdlay as early as 1826. In 1860 

Greville William!; fuirther identified rubber a! a polymer (if isoprene, and in 1910 Pickles 

presented the now widely accepted the concept of a sti.ajlghi.-chain polymer structure for the 

irubber hydrocarbon a. It was this initiall work that eventr.ially served as the basis; for the 

development of synthetic rubbers. 
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Table 2.1. Typical Polyimers in Use (6). 

.-- 
Block. Copolymer Crumb or Powdc r 

Block Copolymer CNmb or Powde r 

.--- 
Styrene-Butadiene (SEI) 

_I--- 

Random Copolymer 

Block Copolymer Crumb or ]Powder 
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The cis-pdyisoprene is the hydrocarbon component in natural rubber and Is commonly 

found in over 2000 species of plants worldwide (Figure 2.3),, However, the Hevea. brasiliensis 

is the only commercially econarni.cal source of naturd rubbci:r. Higher quality natural rubber 

csintains at least 90 percent of the, cis-po:ly:isol)rene with the rexmaining portions being comprised 

of resins, proteins, and sugars, Pii-evioucs research has show121 that at least 99 percent of the cis- 

pdyisoprene is of the cis-1,4 structure; there is no evidence 1[:11f my 3,4 structure (r7-pgJJ. It 

is the cis-1,4 stnicture that gives rubber a zigzag sgring-lik:c formation (Figure 2.3) which is 

responsible for its elastic proprxties. That is, the chain can be stretched but when the bad is 

released, the bonds between the atoms u'pull" the chain back into its original configuration. 

The molecular weight of these hydrocarbons in the raw latex system is at least 1,06)0,000. 

Mean molecular weights of solid mw nibber range fr0n.r. 500,000 to 1,000,,000. This 

heterogeneity is commonly attributed to oxygenated groups with carbonyl reactivity ( L u g  8 1). 

H 
b 

Isoprene Unit Monomt?r Unit 
(Movement of Double E3o nds F l e q  ILI i red) 

Figure 2.3. C'hemicail Structure of Natiwal Rubber. 

The structure of rubber can be broken down by rnech,mkcal means, called masticatJon. 

The rate of breakdown occurs moire rapidly at either high 01- moderately low temperatures, on 

either side of 100°C (:' pg $1). Low temperature breakdown occurs because of the interaction 
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of iubiber radicals with oxygen which yields oxygen-terminated fragments of lower nnolecular 

weight 0. Other rddical acceptors should be exptnd to produce the .same result in an inert 

atmosphere. At higher temperatures, the rubber becomes softer and the rate of mechanical 

rupture is reduced accordingly. Bireakdown, or sharitening caf' thr: polymer chains, at elevated 
tempei.atures then becomes i i  function of convemtiand oxidative scission; this increases rapidly 

with temprature CD. Figure 2.4 s,hows fhe efficjmcy of mcxhmicall breakdown over a range 

of lemiperatures. The left hand side (A) is attributable to (oxygen stabilization of the free 

radicals, and the right hand side (n) is the: result of oxygen-imduced scission. The right hmci 

sidle of' the reslwnse can be altered with the inclusion of antiovridants while the left hand side is 

not sensitive to such additivcx Briefly, this m a n s  hiit at least some forms of rubber polymer 

chains can be easily broken with prolonged mixing at llhe standard hot mix asphalt (IXMA) plant 

apemting temperatures. It also indicates that chains can be mnr:cita;mically broken at cooler, but 

typid, in-service p;nvement temperatures;, this cuiuld be a coinsidemtion when evaluatjlng the 

durdbility of a polymer under repeated traffic loadirigx. 

'Temperature ("C) 

F'ipre 2.4. Breakdown of Natural Rubber after 30-Minlllltes of Masiication at Different 
Temperatiwec;. 

1.2 
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Synthetic Rubber (SBR) 

Up until World War 11, natural rubber (Hevea) was, pximariiy risedl in the manufacture of all 

rubber products. Interruption of the natural rubber supp:ly firom South America a.fter the 

bombing of Pearll Harbor led to concentrated efforts I:o dr:ve:l.op comparable, and rxonomically 

viable synthetic Iubber substitutes (B).. During this lime, the: Rubber Director and the Rubber 

Reserve Co. selected a copolymer of butadiene and styrene, It,:iesignai:ed as government rubber- 

styrene (GR-s), *as the principle rubber substi.tute. SBR is copolymer of styrene, or vinyl 

benzene, (CH, = CII-C,H,) and butadiene (CK, = CH-CH := CX,) ,, 

The popula&y of synthetk rubber continued a.ftex the war due to both the slow recovery 

of natural rubber production and new government regulations c::ovr:ring the use of GR-S. During 

this time both cold lubber, that is GR.3  polymerized at 5°C: instead of 50°C, and synthetic 

polyisoprene were competitively developed. The proljIeration of new synthetic prod.ucts became 

cumbersome and ASTM D-11 developed a practice (ASTM :D1.418) to describe existing and 

future synthetic rubbt:rs based on their. chernical composit:icni~. of the polymer (8). 
The use of latex instead o:f the processed (i.e., solid) :fi[:)rrn of raw rubber began in about 

1924 and was used to fabricate pnnnarily dipped products such as rubber gloves. It wasn't until 

problems with low solids content and rirrpleasant odors were wercorrie in the early 1960's that 

GR-S (later renamed SBR) began to be widely used. Shortly af'ter this time, either natural, SBR, 

or a combination of the two became interchangeable (2). 

Manufacture of SBR by Emulsificadion 

SBRs are manufac1,urexl using an eniulsi fjcation polymcx-izatioxr process that combines 30 percent 

styrene to 70 percent butadiene (by weight) wrr de-ionized wattrr' at either 4°C (cold !3BR grades) 

or 42°C (hot SBK grades). Styrene contents of the finished pidyxner are typically around 23.5 

percent by weight ;and are constructed with one styrene which is usually polymerized with six 

QI seven butadieines. Individual rnoiiorriers are randomly ;mdmged in the chain, with the 
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Thtmnoplastiic Rubbers (SIBS) 

‘lhse polymers have an ordered block structure of the gencrd Ixiblock form A-B-A. %he A 

mrxiponent is i3 theinrxoplastic.: polymer block (e.g., lmlystrene) with a glass transition paint above 

lraonn itemperature. ‘fie B component is an elastomeiriac: po1ymt:r block (e.g. polybutadierxe) with 

a glass transition tcrriperatixre well below room tenrxperatuure., Various properties of these 

thermoplastics, can be obtained by selecting A and 13 from a rmge of mole~ular weights. Figure 

2.5 shows the conceptual irelationiship between the ipropertks of the thermoplastic and the 

molecular weight of the elastomer (B) block d~:velolpc:d by ShcU in the mid-1960’s (2’7. 

/ 
,,”’ Plastic I 

b ekravi ou r I * y  

Law !;trergth. good 
strengltlh lamcessi ng 

M Q k U h r  weight of elastouter 
:Figure 2.5. Effect of lMoleculrar Wejight 0f Bloclks on the Properties of SBS L5le 

A physically crosslinked structure developed b y  these two polymer blocks consists of a 

large rqhere aif polystyrene ends (referred to its a domain) linked with elastic-like threads, of 
plybuitadiene polymer (referred to as segments) (Figure 2.6). The domains have a dlual 

funa:tion: first,, they provide sites fior multiple physical crossliia~ir~g, andl secondly, they act as 

a i-Uer. This sltructwre producxs a network that is phase stable and has good strength over a wide 

~mge of up ta the glass transition tmprature of the polystrene domain phase. 

T h i s  structure produces a non-vulcanizedl rubber wilh physiml properties comparable to its 

wulamized counter pats. 
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Comparison of SBR Products’ 

Table 2.3 compares the information available for sekctexl SIBR products. All of the products 

shown in this table are for S:BR in latex form and represent typical information available from 

either the supplier’s literature or from direct. inquiries. It can be seen from this table that there 

is little information readily available with regards 1:s the :jlpecific SBR used in any of the 

products. 

Table 2.2. Comparison of SBR Polymei:!i; Made with 
Emulsion and Solution E’socessctl!i; (7). 

Stvrene Configuration I Block or Rantforn I Random II  

Table 2.3., Comparison of SBR nroducts. 
--_-. 

Property Butonal 
NS 175 
(BASF 

- Corp.) -.-- 
108,000 

6!2 
I_-_-. .-- Molecular Weight, M,, g/molel 

Total Solids in hatex, Z by 

.-- 
24 Bound Styrene, %2 

Brookfield #2, 20 720 
rpw, &a-s 

-.,---- ,--__-. .-- 

.-- ,--I-. 

--.--. -_.- ,--- 1 None ____ - _,.- -. Antioxidant’ .- .-- 
1: InfoGation obtained f r o m r e c t  inquiry 
2: Information obtained from supplier literature; ;uo tempewture noted for Brookfield test. 

Pre-Bltmded 

O,dy 
infommtion 

available was 
for mcidified 

aspkial ts 

he-Blended Reported -- 
68 - 69 

information (anionic) 
available was 63 - 64 

(cationic) for modified L -- 
aspbal ts Not Reported I--- 

1,300 - 1,500 

800 - 1,100 
(aniomc) 

-- 
-- -- ---- --- 
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butadiene fraction uisually in the trans configuration ( 7 s - 4 ) .  

The oiiginal produciion of SBR in the mid-194Q’s resulted in a non-uniform product due 

to the tendency of tlhis synthetic rubber. t~ producc: brarnc.:hed, irregular chains of variable 

mo1ec:ular weight as opposed to natural rubber’s re:latively uniform straight chain configuration. 

Generally, SBR plnlyrners are amorphous and do xicvt c:rystalizt:, wen when tht: vulcanisates, are 

stretclied. The uniformity of SBR irnprsved with use of other modifiers such as diisopropyl 

xmthogen disulphide and TDM I’olymerizatiun at low temperatures also helped form straight- 

chain polymers (2); originally SBNis were produced ‘hot’. 

Manu,facture of SBR by Solution 

T ~ L :  development of stereospecific catalysts dxrectly Led to !he development of solution SBR. 

Solution SBR. uses iI combination of a coordiinabisn catallyst with a reductive chemical. 

Coordlination catalysts include chlaxides of cobalt, nickel, vimadium, titanium, other tiransient 

elements, lithium metal or a lithium alkyl derivative, and oxides of nickel , cobalt, or chromium. 

Radluc:tive che:micals are usiially dt:rivatives based on alurniinixxn, primarily alkylated aluminum 

chlsrildes (z) 
Polymerimtion is cornmanly canjed out with an alkyl lithium catalyst in a nsn-polar 

salverit. This process produces a polymer with approximately equal amounts of cis arid brans 

corwfigurations and vinyl contents below 10 pereenf (7) Activation of the catalyst by complexing 

with ethers produces a more random configuratrion with approximately 30 percent cis 

configuration:; and about 25 percent vinyl content. Table 2.2 shows a general comparison of the 

polymers obtaund by both the emulisioxi and solution nnanufacturring process. This table indicates 

that the structure and molecular size crf the SBR can ba: contrcPlled better with solution 

polymerization than with the emu1 siom process. 
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Polymer as Added 
\ 

SBS in Asphalt 
(Temp. High Enough 1:o Allow 

Separation of Chains) 

Styrene Domains 
F?eformed as Temp. Cools 

Figure 2.6. Model of SBS Block Copollymer dz). 

One important difference between SBS a n d  natural rubbers is that above 150°C 

thermoplastics can tre worked in a molten form whereas naturall rubbers will begin to chemically 

crosslink (3. This t€:mpe,ratur€:-dependt:nt physical c irosslinln~~ng serves as the basis for using 

SBS as an asphalt cement modifier. When 1he SBS I!; added lo the asphalt, the temperature is 

high enough for the styrene domains to segregate which alllows for the dispersion of the 
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indiividual SBiS chains within the asphalt cement. As the terripr:raf ure cools during laydown and 
compaction, the thermodynamics of the system force the sn yrme domains to reform9 thus 

forming an in-place network within the binder, However, (rl sufficient quantity of polymer 

chains, referred to as a critical concentration (c*) or overlap concentration, is required for an 

effextive physically clrosslirrked network. That is9 there niirst be enough individual polymer 

chams so that the styrene ends are close enough to come inlo contact with each other (Figure 

2.6). 

Critical corict:ntratio;rxs can lbe as low as 2 perccnt by weiglht for compatible systems and 

greateir than 4 percent for less than optimum combinations of poliymers and asphalts (9)- The 

critical concentration, c*, of a modified binder is dependent VJIPOII the compatibility between a 

specific asphalt cement and polymer combination, the perc:t:imt of polymer added, percent of 

tlilblodk versus tribllock copolymer, mixing temperature, and blending time (9,lCu. The selection 

of an asphalt c:enent which readily dissolves the styrene domiairis at the mixing temperature ?will 

allow the best dispersion of polymer chains within tha: binder. When a significant quantity of 

clibioclks are present in the polymer instead of tiiblocks, tht: physical linking results in the 

formation of sltar-likt: clusters of polymers rather than networlk formation. This is beca.use the 

secondl styrene on the end of the buitadirme is missing aind the IiiIk cannot be completed as shown 

in IFigure 2.6, :Research has shown that binder stiffness c=arx be reduced by as much as 50 

percent when the percent (BE SB in an SBS product is increased from 0 to 50 percent (JlO). 
I3gnre. 2.7 shows that as the percentage of diblock copculymer is increased, the complex modulus 

decreases at warmer temperatures. 

Although a. critical concentrati.on of polyima. has benefits, some problems with the 

formation of a cheimicd crosslink has been reported when modified binders have been stored at 

c:levated temperatures for several hours,, This is due to the formation of a lattice of the 

pslybutadiene phase and although :researchers have reportedl 1:lxis problem no hypothesis a:s to 

the mechanism fox the gelation (Lev , cros,slinking) wits suggested (11). The results shown in 

Figure: 2.8 indicate that the crosslink density for SHS modified asphalt cement can achj.eve 

zipproximately the same density as for vulcani2:d rubber (Lj), however longer times at 



temperatures greater than 200°C are require! to achieve this .level of crasslinking. This could 

be a problem because as gelation progresses, the viscosity ~I:II~ the binder would increase to a 

point which would. prohibit pumping the binder during rrorrt.:ial hot mix asphalt (HMA) plant 

operations. 

m AG- 10 /6wt% SBS (no dilblock) 

Figure 2.7, Influence of 1)iblock Concenlraltion orn ]Polymer Properties (10) 

Crosslinking density ,variation 
of polybutadiene during 
a cure with sulphur 

CrossliinlCring density variation of 
polybut i! R 5 ierie versus 
time at different temperatures 

Time Imin.) 

Figure 2.8. Comparison of Crosslink Density finr SBS EXeHd at High Temperatures 
and Vulcanized R.ubber. 
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A combination of polymers (i.e. , styrene and butadiene) with different glass transition 

]points produces unique modulus versus temperature relationships. Figlire 2.9 shows that the 

phase shift angles determined from dynamic shear texts have ;a minimurn peak, comespondling 

lo 21. relatively steady dynamic modulus, over a temperature irange of -25 through 40°C for the 

pure SBS polymer (17). Outside of this range, theire are significant increases in the phase shift 

angle, accompanied by rapid changes in the dynamic moduli., The two distinct mcutimums in 

the phase angle shift are due to the inherent material properties of each of the polymer blocks. 

Filch peak is a function of the specific homopolymer propeities. 

,- 
N 

E 

[= -80 -10 0 10 80 120 
Temperature ( O C )  

IGgure 2.9. Dynamic Shear Modulus and Loss Angle of a Typicall SBS Polyimer (2). 

Other additives that can be used to alter the properties (9P the polymer include naphtenic 

or Inlnleral oils,, and antioxidants. Processiing oils such as naphtherxic types can improve the flow 

properties, reduce hardness, and tensile strength. 

extend, the volume of the final rubber product and 

Light oils wch as mineral oil can be used to 

,we typically added to high molecular weight 
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rubbers in an axxnonmt of approximately 50 percent. While thc use of extender oils c a r ~  enhance 

h e  properties of the polymer, it can somt:times lead lo ;iccellc:rated oxidation degradation (i.e., 

a breaking of the polymer chains which is seen a.. a i*eductioxi in molecular weight) of an SBS 
polymer (12.13). One hypothesis for this phenomenon is that polymers mixed with aiapthenic 

oils are more readily dispersed within the asphalt thus wmare of' the oxygen-reactive double bonds 

are exposed 

While it is commonly accepted h i t  oxidation degradaiitionr can be reduced with the use 

of antioxidants, the chemical naiture of most of these products is proprietary and wid1 therefore, 

inot be discussed. However, polywmer degradation can also t~i: reduced by saturating the SBS 

double bonds. The effectivent:ss of this antioxidant strategy has been confirmed by several 

iresmchers. Collins and Bouldin indicatedl that saturated SBS [styrene ethylene-butadiene 

styrene (SEBS)] nxodified binders recovered from field test sections from 3 to 4 years old 

showed no polyxner degradation (ix., decrease in polymoa. molecular weight) while the 

corresponding unsaturatedl SBS modified sections showed betvucen 10 and 15 percent degradation 

fm. 
Linde and Johansson used size exclusion clmromatography (SEC) to show that the 

inolecular weight of be asphalt cement increased with high temperature storage, regardless of 

the type of polymtx added to the asphalt (13). Figure 2.10 shows examples of these: results; the 

x-axis of this figure indicates the time it takes for molwules ~ C I I  exat the chromatography column 

and the y-axis is i m  arbitrary scde indicating the quantity of rmolwules exiting at a given time 

interval. The shift in the left hand side of all of the (:urves sltmowm in Figure 2. I0 indicate that 

moXecular size of' !he asphalt portion increases after aging (in(::., faster exit times quid larger 

molecular sizes). The peaks on the ]right hand side of dl of the unaged curves reflect the 

molecular size of tlhe polymer nioltcules. After aging,, the polymer peaks for the SBS polymer 

indicate a degradation of the polymer due to aging, that I:;>, the polymer molecules show a 

reduction in size. 'mere is virtually no change in the peak folir the SEBS after aging indicating 

that this polymer does not appear 0.0 be susceptible ta) aging-induced degradation. 

Figure 2.10 also shows th4at the asphalt portion of dlhe curves for the SBS imodified 

;uphalts are similar while the same pod011 of the curve far the SEBS modified asphalt has 



sh i fd  to the left. ' f i s  may mean that the lype of polymer influences the molecullar associations 

within the asphalt txment, which can resullt in ;an apparent clxange in the molecular size of the 

asplnalt. molecules. The result of this phenomena, if real anti nod a result of testing vatation, 

mulid indicate that the properties of a polymer madifid asphiall cement are not just a function 

of the polymer . .  additive but will alslo include the polymer infllrucnce om the internal structure of 

the aspihalt cement. 'nhis concept will be explored rntnre thomrrghly in tlhe following sections. 

decreasing molecular- mass 
t--- 
B 180 / SEBS 

Figure 2.10, SECl Results for !SBS andl !3E:BS Modified Winders After 
ILabsratory Aging 
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Comparison of SBS Producis 

Table 2.4 shows a. comparison of selected SEIS products that ll~ave been used to modify asphalts. 

The first impression when extracting product information fImm the supplier literature: was that 

all values were based on standardized tests. While this tiuix-ns out to be a generally correct 

assumption, there is a broad range of test methods arid conditions from which to choose when 

nirining any given test. For examlple, the nit:ll: flow index. as :reported by Shell was determined 

at :200"C with a :had of 5 kg, and at 200"C/10 kg and 190"CX kg for the Dexco rind Elnichem 

products, respectively. The tensile strengths were determined at a loading rate of 250 rnrn/min 

(10 in/min) for Shell, at either 50 or 500 rnm/min for C)e:x:c:o ((rate was not specified in the 

literature and the test method permits a choice), and unspecjfied for Enichem. Therefore, the 

only comparisons that can be made are for different pIoducts f'rom the same supplier. Based on 

the information in Table 2.4: 

1. Inclusion of an extender oil with the. Shell !!I;BS polymer reduces the tensile 

strerugth of the polymer by about half and iInc,::reases the percent elongation at 

faillure by about 80 percent. 

The Kraton SEBS has approximately the same ,I:ensile strength as either the linear 

or radial SBS, hswwer the percent: elongation is lower by about 55 percent.. 

2. 
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Table 2.4. Comparison of SBS Pirtnduucts,, 

NA: Information Not Available 
1: "he (SB), stnicture refers to each arm of the nadial polyimer; the finurl product is considered an SHS. 

Neoprene 

Neoprene, the generic name for polymers produced from chlumpxrene and produced by the Du 

Pont Company is supplied in latex form. This is a cx)llioidal dispersion of chloroprene poolymers 

prepared by emulsion polyxnerizakion (LQ The raw matexids that form the basis for the 

production of meoprene are acetylene and hydrogen chloride (1%- Acetylene is dimerizd into 

a nrmovinyl acetylene in the presence of an aqueous catalyst (cuprous chloride)* The 

momvinyl ace:tylene is; then reacted with ]hydrogen chiloride to form another monomer, This 

rnomnier was; officially named "'chloroprene" by the Du Pont Company in 1933 (15). 
FIis~,orj,caUy, an emulsion polymerization process is used in thic presence of sulfur with a catalyst 

(potassium persulfiite)., Pollymerization is then halted at the desired specific gravity by the 
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introduction of thiuram disulficle. 

The neoprene structure is extrernelly regular allthough its .tendency to crystallize can be 

controlled by altering the polymerization tmperature. The :ha1 polymer is connpnised of a 

linear sequence of trans-3-chloro-2-butylene units which are ( h i v e d  from the trans 1,4 addition 

polymerization of chloroprene. (Figure 2.1 1) (15). 

CI C:l (N eolprene) 

Figure 2fl,13 <, Chemical Process for the Iklktnuffaeirrre of Neoprene (14). 

The most common product used for asphalt cement rriodijkation is the Neoprme latex 

735.A which contains a low ~ O C I U X U S ,  slow crystallizing polychlomprene homopolyrner made in 

an anionic colloidal system (&). Basic information 0x1 the prtduct lists the solids content of the 

latex at 45 percent by weight, a pH at 25°C (7'7°F) of' 12, and iU1 average particle size as 0.12 

microns. 
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Polyethylenes are alkane chains of -,[CH:,-@H&,- and are essentially a high molecular weight 

parafl‘ln (17. pg 188). The simple, regular shape of the ]polyethylene monomers takes on a 

crystalline stivcture in the bulk state. T:raditio:nalll.y , a crystal struct:ure refers to a single 

cornticmous structure grown from one nucleus (EJI~:  43). ‘Illhe crystalline structure developed 

by po:lyethyle:ne ccPu1.d more accurately be referred to as a po:lycyrstalline in which the structure 

is comprised of groups of single crystals grown frcsrn many nuclei (j7, DE. 43). Polymer 

mo:lecules of this nature develop by the long chains folding I:xack: and forth upon themselves at 

intends of about IOOA; this action forms larnellae vvllxich arc: tRe final structure of a crystalline 

pol ymier (3J7). 

The degree of crystalllinity greatly influences the proq#:rties of the polymer. Polymers 

wit.h high levels o f  structwing show high tensile strmgths Itrut Ilittle ability to deform before 

failure:. Less structuring results in an increased ablility of the: material to flow* Pol.yethylenes, 

as .iis typical of paraffinic materials,, are allso rdatively unrea.ct:ive with most solvents. 

All1 plawtic additives used in flexible pavement constrwtion are either polyethylenes or 

xnoaii.6ed polyethylenes. Modifiers incorporated as copolymers are used to disrupt. the crystallline 

nature of the iunmodified polyethylene. This resullts iin a more el.astic, amorphous additive. 

The fu:nction of these polymers witlhin the asphalt is nc~t  to :form a network but to provide 

plastic. inclusions within the 1natri.x (1 8,19). At cold temperatures.,, these inclusions are intended 

to directly improve the binder’s resistance to thermal c:rackiing, by inhibit:ing the propagation of 

cracks. At warm temperatures, the particle inclusions should iincrmse the viscosity of the binder 

md therefore the mixture’s resistance to rutting. 
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Low Density Polyethyleines (L,DPE) 

Low and high denisity pollyethylenes are generally defined as 1h.0c;e having a specific gravity of 

about 0.915 to 0.94 and approximately 0.967 respectively. Since: the lower densities represent 

less molecular pacl&g, and hence less structriiring, the low density polyethylenes are: more suited 

to use in flexible pavement conlstruction applications. 

Novophalt has been the most cmmnnonly Used LXIPE product in flexible highway 

construction applications. Novophalt not only refers to a pollymrr:r modifier but the process of 

modifying the asphalt as well, Special proprietary processcis have been developed by the 

company in order to overcome the inatural tendency for the I,X:j,IP’E~ to separate out of: the: asphalt. 

Since this product is supplied as a modified binder rathex than as a polymer additive, no 

information was available on the slpecific properties of the pa:rlymer. 

Ethylene Vinyl Acetate (EXA:) 

EVA is a copolymer of ethylene and vinyl acetate. The inclnsion of the vinyl acetate is used 

to decrease the crystallinity of the ethylene structure and 1:c:a help make the plastomer more 

compatible with the asphalt cements (17,18 pg. 240). Copolyxriex-s with about 30 percent vinyl 

acetate are classified a.s flexible: resins that are solublc: in d:oXut::ne and benzene (19). When the 

viinyl acetate percentage is increased to 45 percent, the: resullkwg, product is rubbery and may be 

vuds:anized (i.e., cirosslinked) with peroxides (129) 

The Elvax 1150W produced by the Du Pont Company WiIS the most prevalent EVA a.sphalt 

modifier reported :in the literature. The “ W ’’ behind ,the procluct designation indicates that the 

polymer contains an anti-blocking additive to reduce structuring o:f the polymer; no chemical 

in.f(.armation was available. The properties of the Elvax 150VV were reported as: a melt flow 

index of 43 g/10 Inin (no testing conditions specified), 313 pwcent by weight of polymer was 

vinyl acetate, a tensile 

mnw/min (20 in/min.), 

strength of 6.9 to 8.3 “Pa (1,000 to ‘1 ,:!OO psi) at a loading rate of 500 

and a percent elongation at fail lure of 900 to 1,100 percent (2CD). 
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Ethylene Acr yhtes 

"I'lhis general category includes ethylene methacryllate @MA) and ethylene acrylate which are 
both formed from polyethyIlene polymerization prcxesses using acrylic acid.. Bath of these 
modified polyethylenes are designled to reduce tlhe: n:rystalbixwe structure, thus improving the 
duc;:tik: properties of the polyethylene. Little specific product information was available in the 
Ilitemture. 

'fit: key points of this section are: 
1. . 

2. 

3. 

4. 

5. 

Polymers can have a wide mnge of plydispersity axwd structure. These chmcterisltics 
can influence the stiffness of the polymer (e.g., cryslalline polymers have stiff, non- 
ductile properties), and the ;ability of the polymer to fwrm cross links within the asphalt 
cement (e.g., dibloclscs can only fozm "star"' shapes wltnile triblocks can form networks). 

Elastomer chiins caxn be mechanically broken when mixed with asphalt cements above 
about 1135°C (275°F). This indicates there is a potr:imitial for degrada~on of polymers 
during nommal hot mix operations. 

Elastomer c k h s  could eventually start to cirosslink in a!.;lphalt cement when stored above 
about 200°C: ( "IF). If a modiified asphalt cennr:nQ were stored at elevated temperatures for 
an extended paiod of time, this could lead 1.0 alri unfavoirable reaction in the storage tank 
(is., the material might not be able lo be ~mqxxl). 

, The mechanism for impraving the prolpertie:~ of asphalt cement with the inclusion of 
elastonieric polymer addibives i s  based the assumption that the styrene domains 
disassociate at mixing temperatures and then reform a!; the mix cools, thus forming an 
elastic network withim the asphalt cement. 'nhe actual, occurrence of this mechanism has 
not been well established. 

Products between manufacturers cannot be easily compared due to a wide rmge of ikst 
methodls used to determine the polymer propeities. 
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In order to understand how polyimers interact with asphalt cements, it is impoirtant to first 

understand the c1he:rnical nature of asphalt cement. While tht: exact nature of asphalt chemistry 

has yet to be defined, several conceptual xnodels have been plrc:!;ented that generally explain the 

behavior of asplhadt cements. This section will present ii lbrief background c:ovcring the 

development of the models, and key asphalt cement paranneiw;. 

CONCEPTUAL MODELS FOR ASPHALT CEMIKNT 

Colloidal Model 

Asphalt cement was originally considered to bt: colloid by Ne1le:nsteyn in 1924 (2l]1., While the 

cument definition of a colloid is a dispersion af discrete particks, ranging in size from 1 to 1,000 

nm in a continualus phase, original concepts of colloidal SYS~CY~IIS were much less well-defined 

with respect to the size off discrete particles (>-%a). 130th the c:unrent defhition of colloids and 

the early asphalt models consider the boundaries between the :particles and the continuous phase 

to be discrete. 

Nellensteyn referred to the discrete particles as asphaltcnes which were defina:l as non- 

volatile, highly pollar, friable p,articles precipitated from cmdci: loi:k in the presence of added n- 

alkanes. Since asphalt,enes are not volatile:, the:y are not remcwed during the petroleum refining 

processes. This irneas that asplialtenes should be concentrated in  asphalt cements since asphalts 

are the residuals (i,,e., resids) le.ft after refining has been coni]:kterJ. This fraction of the asphalt 

cement was found to have viscosities much greater than the cmmposite system and to contain 

hetcroatoms of nitrogen, sulfur oxygen, ;and various metals. .A:;phaltenes were considered to 

be dispersed in a continuous malterne, or petrolme, phase which was defined as the lOW viscosity 
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components remaining after the asphaltenes have been remotred.. The viscosity of the whole 

asphalt cement was assumed to reflect the: various pe:rcentage:s, of asphaltenes and maltr:nes8. 

Early research by Mack (11932) and Labout: (1950) tended to confirm this model by 

reporting that asphaltenes formed a,gglomeratiom within the nraltene phase (2). The size of the 

agglomerations were apparently controlled by the armlaticity of the maltenes. High aromaticity 

kd to well dispersed asphdtenes and wits referred to as a. sol-type asphalt cement. Thlese 

imaterials exhibited high temperature susceptibilities, high di.xcrtilities, low complex flows, and 

llow rates of a,ge hardening. Low aromaticity of the nialtenec; resulted in larger aggloincrations 

of asphaltenes and was refkrred to as a gel-type asphalt cement. These materials showed 

1physic:al properties with low temperature susceptibility, low ductilities, significant signs; of 

thirrotiropy , arid significant elastic components, and r,iipid age hardening. 

Other researchers used new tech~ndogy in attempt:; I:o either confirm or refute the 

co1:loidal model concept. Herzog, let al. (1 988) and StmgeXt el: ;ill. (1990) used X-ray absorption 

spectroscopy to show that large structural. units of' molecules existed in asphalt (2). Ravey et 

d. (1988) used small angle X-ray scattering techniqua,:s to show individual asphaltene particles 

were fair:ly uniform between crude: sources with a dksk-like !shape having a diameter between 

1 and 10 nm and ;I thickness of about 1 nn. 

Various measures of molecular weights weire aiko use(:! to identify the role of asphaltenes 

within the asphalt cement. Speigth (1984) showed that results from an ultra centirifugation 

indlicated very large molecular weight components were preserrt in asphalt (21). A comparison 

of these results with vapor pressure osmometry (VPCI) showed that the molecular weights, M,, 
v;uiedl substantially; the magnitude of the var:iatiorrs were sa:>lvent dependent. The molecular 

weigh.ts for aspdtenrs in polar solvents such as nit~robmzene 'were much lower than in nsn-polar 

solvents such as tolrrene. Woduszynsk.i (1.991) used mass spectrometry to conclude that lo'wer 

boiling point fractions had lower molecular weights than hig1tne:r boiling p i n t  fractions (2 1.22). 

Rawewer, th'e hi,gh boiling poin,t fractions showed 1owe::r molecular weights with mass 

spcxtrornetry than with VPO; the researchers interpreted these results as evidence of asphaltene 

association phenoimena. 
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Variations on the Colloidal kfodel 

In 1940, Pfieffer and Saal expanided the basic discrete two-connponent colloidal system to assume 

that the dispersed phase was colmposed 01: an aromatic: core s;ixrrounded by layers of ilricreasing 

less aromatic molecules dispersed in a relatively aliphatic sca1urc:ini: phase (2). Pfieffer and Saal 

assumed a continuum firom low to high aromaticity with asphaltenes having the :lowest 

aromaticity followed by the less aromatic porlions of the mxalt.enc=s and then the naphtenic and 

aliphatic components (i.e.. , the high arornatici.t.y portions of tihe maltenes). 

In 1988, Park and Mans8oor.i compared 1:wo models:: 1:) the steric colloidal model, and 2) 

the continuous thermodynamic model (a,:). The sterjc col10:idal model assumed the existence 

of asphaltenes, whose associaticins -were stabilized by resins. '1I''his model assumed tlhat ;absorbed 

resins on the surface of the asphaltenes act as repellaxit forces;, which then prevent associations 

between asphalt molecules. When n-alkanes are added, the :cr:sins are dlesorbed which results 

in the precipitation of the asphalttmes. This model is similar to the Pfieffer and S z d  model in 

that. no discrete boundary between two phases was assumed. 

The continuous thermodynaimic model is more of a so:KuI.ion model than a colloidal model. 

This model considers the: crude oils to be sdutions of org;;anic: materials of widely varying 

molecular weights and polarities, tlhe mutual solubility of the system being dependent upon the 

ranges of polarity and mollecular weights, When the system stability is disrupted by the addition 

of n-alkanes, associations are en.couraged which eventually le!u:X to the flocculation of the portion 

of the asphalt referTed to by other researcher:; as asphaltt:me!;.. IIn this model, a homogenous 

soli.ntion goes to a colloidal system when the chemical bd;lmcci: of the system is disturlbd. 

Solution Models 

In 11994, Little et 211. used various rheo-optical metholds to c:cmpa.re the traditional colloidal or 

micelle models with the hypothlesis that asphalt cement was a solution in which the: asphdtenes 
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wcxe diissolved in the oil-resiin phase. Srnidl angle X -ray scaffering (SAXS) was used to show 

a lack of large colloidal structures and suggest the dorninanct: of Ilinear type structures instead. 

7f iese  findings; were assumed to refute the: colloidid model cmcepts. 

Infrared slpectd analysis (IR) results were iusetl to represent the length of the methylene 

chain structure:, which was assumed to be the dominate;: linear mxture, its the ratio of the peak 

values for melhylene (CHJ to metihyl (CI-1,) (Figure 3.1) Gi). This was used as method of 

evduating the representative length of the methylene chains in aphalt cement. The authors used 

this ratio as a representation for molecular weight in the reptation model that relates the zero 

shaw viscosity, q,, to molecular weight by: 

Their results plotted as the lag of the zeirca shear viscosity versuiis the log of the (CH,)/(CH,) nitio 

indicated that the slope of this relationship was 41.2 instead of 4 (Figure :3.2) (23. The authors 

tisQd,l this relationslhip to corxclude that asphalt cements canncui be considered truly polymeric 

soh tians. 

Although not specifically stated in the authors’ paper,, this representation for molecular 

weight appears to be equivalent to since it does not s ~ x m  to account for the range of 

molecular diqersity in the asphalt cement. However, previous research in the polymer field has 

indicated that when there is a large plydispersity mdex, as should be expected in asphalt 

cements, the ;ipproplriate molecular weight for tht: reptation model should be at least M, and 

preTerab1y the third moment molecular weight, ha, (z$... (:onrversely, if the moment of the 

molleciular weight is mot increased to reflect a largie djispersity., then an iincrease in the slopt: of 

the reptation model should be expected (24. 25). Il3ased on this information, this reviewer 

disagrees with the authors’ conclusions arid believes the test results support comsiderhg asp halt 

cements polymeric solutions. 

32 



Asphalt Cement Chemistry --. 1 . 1 . . 1 . . . - - 1  -. 

Wawcen umber 

Figure 3.1. Typical IIR Results llJsed by Little,, et al. to Represent 
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Figure 3.2. Relatiomship Between Representative Length of Methyllene Chains :and the 
Zero Shear Viscosiity (22)" 
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Strategic Highway Research Program (!BR.P) Model 

In 119914, Robr:rtwn et al. used the above information to formulake the original model for the 

SHIW effort. The original rnodel, named the rnicrrxtnructural model, is essentially an extension 

of tltie colloidal model. In this model, tlhe solvent plhasn: consists of relatively aliphatic rion-polar 

rnolllecules low in hetexomatoms except for sulfide, Ilhnophenic sulfur, ether, and ester oxygen. 

The dispersed phase, which forms the nnicxos~ctuire, was assumed to be comprised of the more 

polar, aromatic asphaltene-like miolecules. These molecules should be polyfunctional and 

capablle of fonning associations through hydrogen bonding, diipole interactions, and pi-pi bonds. 

Robertson et al. hypothesized that if a colloidal moddl was indeed applicable to asplhalt 

cey~llents, then one of the models from other weas of colloidal science should be appliicable. 

These researchers Listed five of the most likely modelsl (lyophcrbic sols, gels, micellar solutions, 

miciroe:mulsions, and liquid crystals) and then promptly elimirxated each of these for one reason 

ar mother. The lyophobic sol moldel assumes that dispersed particles which comprise only 1 

to 2 percent od the total colloidall volume have little or no ;affinity for solvents. This model 

would not be applicable to asphalt cements as the penxntage s.J1 the asphaltene fi-acticn has been 

shown to be well albave 2 percent in paving grade asphalt cemerits, Tlhe gel model assumes that 

a tlnree-dnmensional network with rulbbery pxoptx%ir:s is prmeint; this is not the case for 

unnnodlified asphalt cements. The micellar soluitiori modell was eliminated because it was 

questionable if' micelles could solely account for the: level of sl nxctukng seen in asphalt cements. 

The microemulsioin model was eliiininated bwiuse i t  could rmt sufficiently account ffor steric 

hardening. The liquid crystals modlel assu~imes that there is a long range ordering of rod or disk 

shapedl molecules as a result of polar intexactions, but no tendencies for a long-range ordering 

of rnolecules in qphalt cement have been shown. 

All of these investigations led to the hypothesis that sinrce none af the colloidal models 

fit the behavior of cup€ialt cements, the only reason(ab1t: assuxmlptisrr for a model was that asphalt 

cement was a "relatively homogenous anti randomly distributed colllection of molecules differing 

in ~mkuity and mole!ular size" (2u. While not spa:ificalliy stated, this appears 10 be just a 
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rewording of the continuous therrrxodynmic model proposrd by Park and Mansoori 1m 1988. 

The final model, S U P P O ~ ~ ~  by rheological results (dimissed in the following chapters) 

was named the dispersed plar  fluid @PF) model and descrjbtl:::; aisphdt cement as a cointinuous, 

three-dimensional association of polar moleeicllles dispersed in a fliuid of non-polar or relatively 

low-polarity molecules (iu) Polar functional groups attached do the hydrocarbon rinolecules 

consist of sulfur, nitrogen, and oxygen hetermtoms atnd shouild behave either as acids or bases 

arid be capable of forming dipolar, intermo1ecuki.r bonds caf vxrying strengths. It was assumed 

thal the viscoe1ast.k properties of the asphalt cemenl should be a result of these bornds being 

cantinually formed and broken when the system is stressed 

Since most asphalt cement models have concentratedl on the 6:olloidd concept with asphdtenes 

being the major contributor to viscosity, most research has ]historically dealt with mcthods of 

quantifying the percentages of asphaltme!; and malltenes.  RE two oldest tests for measuring 

these parameters are ~e Rostler-S ternberg chemical procipi tation and Corbctt selective 

adsorption/desorpticsn methods. Newer xnc1,hods fox separating asphalt cements include ion 

exchange chromatography (IEC) (and size exclusion chromatography (SEC). One method, 

mapping solubility profiles of the asphalt,, was found that drwifies components of the whole 

asplhalt without separation. 

Rostler-Sternberg 

The Rostler-Sternberg method separates the whole asphalt wmmt into five fractions:: asphaltenes 

(A), nitrogen base resins 0, first acidifins (A,), second accidli:fins (A2), and paraffins (P) (26). 

The: asphaltenes are the highly polar fraction of' the asphalt wri[ner~I; that are precipitatedl out with 

the addition of an n-alkane solvent (usually n-heptane or n-pc:icrl;ane). The nitrogen base resins, 
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IN, arc: the most reactive component and contain essentially all of the nitrogen-containing 

mrn-punds (2@. ‘me first acidifins, Ax, are the unsatrcarated resinous hydrocarbons; the second, 

Ax, acidifins are only slightly unsaturatedl. The paraffins, I:), are saturated hydrocarbans and 

tansidered an unreactive coxlnponerit in asphalt. The  ICtostler prameter is a ratio of the mostly 

unsaturated to the more saturated components: 

This  parameter was vised to sepwdte the 400 asphallts cr1btaintx.l im the mid 1950’s for the Bureau 

of I%hrlic Roads reference library into the five graups shown in ‘Table 3.1 (26): 

Table 3.1 Classification of Asphalt Ceimerxts by the Rostler Parameter. 

A variation of the :Rostler parameter is the Goto1s:ki. parame:teir: (26): 

This is a ratio of the asphalt components that inhilbit ritructuirrrrg to those that form a structure. 

lRe.wch showed that the Rostler parameter %was more: closely related to temperature 

suscqitibility ,with either high or bw values indicating poor performing binders. The Gotollski 

36 



Asphalt Cement Chemistry 

parameter was related more to changes in the asphalt cermcmt due to aging with high values 

indicating poor performance. 

Carbett 

The Corbett methcld initially separates the asphalt into two gerierd components: asphaltenes (A) 

and maltenes. 

naphthene aromatics (NA), and polar aromatics (PA). The s;iturates in the Corbett analysis are 

similar to the paraffins in the Rostler. The maphthene aromatics8 are considered softening agents 

in Ihe asphalt cement anti a contributor to the changc in bjmtler properties during aging. The 

polar aromatics are related to both ductility and changes due tcs aging. As with the Kostler 

The maltenes are further separated into Ihra: fractions: saturates (SAT) 

parameter, a ratio of these components was used la provide iicme information as to tltie binder 

performance. The Gaestel index (21): 

is a ratio of the stIvcturing components of asphalt cement to !,he components thought to inhibit 

stniicturing which is just the inverse of the Golotski irndex for ithe Rostler parameter. A higher 

GI should be indicative of a more defined sl.ructurc: withiiri the asphalt cement. ?'his ratio 

appears to be similar to the Gotolski pardmeter. Therefore: 1lcawt:r values of the Ciaestel index 

should indicate a poorer performance due to aging. 

The GI is a specific form of the more general colloidal instability index, I(:: 

which has been used to iidentify asphalt cements that are c:o!mpa,tible with polymer additives. 

Values of I, of less than about 0. ( 5  indicate good compatib:ilil:y between asphalt cements and 

polymers (27. 28). This low of a number indicates that the striiicture-inhibiting components are 

the dominant components of the asphalt. [f the polymer alxmtas some of these fractioiris during 
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blending with the asphalt cement, the higher initial pc:rcentagc: might possibly still be sufficient 

to prewent flocullatiori of the asphaltenes. A seconld possibility is that the polymer merely needs 

a certain amount of this fraction in order to effectively swell and blend within the asphalt 

ceiinent 

Variations of the Corbett fractionation process have also been used to establish ranges 

off kqy properties for each fraction. Marvdlet found that ltxtween 23 to 33.7 percent of' the 

whole. asphalts were comprised of maltenes with xnolmular urucigihts of 720 g/mole for bothi M,, 

arid MW (29). Whole asphalts weIe betwrxm 45.5 and 56 pevcen! soft asphaltcnes with M, and 

M[, of' about 855 and 930 g/rnole, respectively. The h d  asphaltenes were between 14.3 to 22.2 

percent of the total asphalt with EvI, and Mw of 3,340 to 3,350 ghnole and 9,390 to 14,800 

g/mole, respectively. These values indicated that the hard asphaltenes will have the largest 

range of molecula sizes. That is, the h4,/'Mn ratio is ahe gratcst for this fraction; this indicates 

a wider distribution of molecular sizes. 

Based on cone and plate rheometry, the non--volatile rnaltme portion had a strong shear 

Irate dlependency with viscosities at least 3 orders of magnitude lower than the whole asphalt. 

The soft asphaltenes were riot shear rate: dependent a1 high temperatures, however, as the test 

temperature decreased the shear rate dependency increased. The viscosities for this fraction 

weire only about 11 order of' magnitude lower than those for the whole asphalt ctment. No 

infmnatisn was presented for the hard asphaltenes, Ihswevex since this was the only frxtion not 

represented, it cm be assumed that the vmosity h i -  this fraction was significantly higher than 

that fclr the wlhole asphalt. This conclusisn is based (in the fact. that the viscosities of the other 

two fractions are both significantly less than the whole asphalt, laving the hard asphaltene 

fraction to make up the difference. 
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Ion Exchange Chromatography (IEC) 

IEC, like the Rostler or Corbett approaches, is a method of separating the asphalt cement into 

various fractions.. IEC fractions a.re: strong acids (SA), stroi(rg hases (SB), weak acids (WA), 

weak bases (WB), and neutrals. The strong acids represent: the: more aromatic, higher rnolecular 

weight portions. The neutrals represent the less aromatic., fliuld portion of’ the asphalt, cement. 

These two fractions represent the extremes within the asphalli, ce;ment. 

Whole asphalt cements had percentages of both strong acids and bases combined ranging 

from 10 to 31 percent; the neutrals were more than 50 perc::e:xit of all asphalts (3Q)- Typical 

solubility parameter, 6, ranges of whole asphalt. cements wc:re 1:ut::twreen 9.03 rand 9.35 (~ill/cm~)’’~ 

while ranges for the strong acids arid neutrals were 10.82 to 1 X ,167 and 8.99 to 9.44 (~a.l/crn~)~’~, 

respectively, Solutbili ty parameters are an indication (of how stable the mixture of corngonents 

will. be; the closer the solubilities, the more stablc: the mixtuirc:.. ’The M,, molecular weight for 

whole asphalts ranged from 700 to 1,300 g/mcPle; Mn was ktwem 1,080 to 3,040, anid 510 to 

1 , 140 g/mole for the strong acids and neutrals, respectively. While this method has been used 

to separate asphalts for analysis, Youcheff found tlhat prc9pa::rties for the fractions did not 

necessarily reflect the properties of‘the whole a.sphalt cement (IjO). He took this as an indication 

that separating asphalt cement into components disrupted the na.~tui;al mokcular associations and 

hence the natural structure of the asphalt cement. 

Size Exclusion Chromatography (SEC) 

SIX is essentially a sieve analysis for aslphalt cement mcrlccdes. Briefly, a small sample of 

asphalt is dissolved in a solvent and then the solution is fi1t~irt:d through a column packed with 

materials with different size pores. As the solution flows through the column, the largest 

particles flow out first as they have only a few paths for flow available to them. The smaller 

the particles, the longer their path to the exit. This is because the smaller the asphalt cement 
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particles have a greater percentage of ]pores in the paanking miaterial that they can fit through. 

This increases their path length arnd hence the time: to exit. "The size of the particles in the 

effluent is monitored with some means of determining the comccmtration of solute in the effluent, 

and then the conceintrations are plotted against time. Because the size of the molecules in the 

effluent will reflect molecular associations; and the type of solvent used to dissolve the asphalt 

will infuence these associations, results are only comnpmtive for materials tested under the same 

comslitions. 

---I.- ---.---I----. --111.1-- 

SWRP research by Jennirlgs et al. used ii High Prxformance Gel Pemieation 

Chromatography (II[ED-GPC) column method with tetrdi ydrofunm as the solvent to determine the 

rncltxuilar size distributions for a wide range of asphall cements (3J). The concentration of the 

solute 'was measured with a range of ulltraariolet wave Jlengths,, Figure 3.3 shows that the shape 

of tlhe curve varies with the wave length of the dr:tcx:tor. The: sum of the a.rm for all of the 

curves (i.e., chromatograms) shown in Figure 3.3 was termed the conjugated volume, CV,; a 

larger value indicated more associations, c)r higher iuomatkjty9 in the asphalt. A ratio of the 

area from the 340 nm to the 280 rim curves was termed the k&il conjugated index, CI,, and 

assurmed to repre.sent smaller chromopl.isres. I3ased on the shape: of these curves, Jennings et 

al. ,separated asphalt cements into four groups (Table 3.2). 

Table 3.2. Grouping, of Asphalts Based on SEC (After Ref. 2D. 

1: 
2,: Estimated from graphs. 
3: 

Only one asphalt cement was included in this group. 

One anomaly of 17.7 was noted. 
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Figure 3.3- Typical SEC Resulltr; (31;). 

Asphalts in Group 1 show narrow peak width diistributi~m and an overall smaller mo1ec:ular size 

as indicated by the longer initial elution times. 'The major difference between Group 1 and 

Group 2 is the presence of larger molecules (shorter initial elution times) and the presence of 

a slrong secondary shoullder in the Group 2 asphalits (Figrue 3.3). The prese:nce of this 

secondary peak was assumed to indicate a second grouping of associated moleculcs. The 

presence (or absence) of this peak cannot lbe detected by the pairameters shown in Table 3.3; a 

visual assessment of the actual data is required. Grciiup 3 has wide distribution of molecular 

sizes as seen by the low CV,, but the peak valuc: occurs at appxcoxirnately 24 minutes; this would 

reflect a very small molecular size. Group 4 has relatively large molecules as seen by the 
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shorter elution times as well as a narrow peak width1 range. 

Youcheff also used SEC with toluene solvent to deiermine the characteristics of IEC 

fractions, however he only separated the SEC chromatograph into two regions: SEC 1 and !SEC 

11. 'The SEC I Iegion represents rnolecules that are duted first; the cut off between SEC I and 

SEC I1 was defined as the onset of fluorescence under 350 mm light. Materials in the SEC X 
region are generally friable with high aromaticity, a m 1  higher xncnlecular weights; this would be 

amdogous with the historical definitions of asphaltenes. 'Ihe percentage of strong acids and 

strong bases found in IEC separation were roughly equivallent to the percentage of SEC H 

(approximately 10 to 31 percent of the whole asphalt cement). 'The SlEC I1 fraction, on the other 

harid, is fluid at room temperature, less polar, less aromatic, arid have much lower solubility 

parameters; this would be analogous to the historical definitiarrws of maltenes. Figure 3.4 shows 

the relationship between IEC, S I X ,  and asphalt components (30). 

I Shnng Acids Strong B;asefi Weak. Aciids Weak Base3 Neutrals 
(9-26%) ((l-l2%) (8- 1 l%ll (5-9%) (50-66%) 

Carboxylic Aacls Basic Nitrogen Pyrrolics (Mayor) Sulfcnxlda; Hydrocarbons 
Phenolics (Major) Compounds Phenolics (Mxnor) Ketones 
2-Quinalone Type 
Pylrrcpl~cs (Minor) 

I 

Figure 3,,4 Relationship 'Between IEC, SXC, and Asphalt Components (33. 

Highly Polar f -'- High 0, N, S 
\ M e a y  Polar Non-~o~ar  D Highly Aromatic ---- 
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Solubility Profile 

Oinliy one method of characterizing the whole asphalt ceme:nt ~ N ~ L S  found. In 1984, Hagen et al. 

used the energy density for hydrogen bonding or associative i~~~ter~ictions per molar volume, 6:, 

and the sum of tht: London dispersion forc:es and dipole-dipole polar interactions per molar 

volume, aV2 to map the solubility profiles of asphalt cemenus , 'The solubility of the material is 

the plot by (&, 6,) coordinates of the solvents a111 which the: asphalt is solulble and the 

corresponding degree of solubility. The relationship between1 key parameters are given by: 

wht:re 

AED = energy density due to London dispersion foiw; 

A?$ = eneirgy density due to dipole-dipole interacltioircs 

A& = energy density due 10 hydrogen bonding 

or: 

where 

6, = 6; == energy density per molar voluime of" hydrogen bonding or associative 

interactions , (cal/cm3) 'IL 

aV2 = AD2 -t 6," := energy density per molar volume d u e  to London dispersion forces 

(Le., non .polar interactions) anld the dipole-dipole polar 

interactions, (caI/cm3)*/*, 

The: authors identified key asphalt components as informalion shown in Figure 3.5 and then 

separated the information into four general regions (Figtin.: 3h) with the cyclic saturates, 

4.3 



Asphalt Cement Chemistry 

na~~)thene-aroma8ics, acid dcxivatives, arid phenolic: derivatives rejpresentd by regions 1 through 

--I.- -.--.--I-----. --..1.1.1------- 
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Figure 3.5. Selected Values af Solubility Parameters AppIicabPe to 
Asphalt Cement Components ( 3 3 .  

Approxhmta Danlah. 
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Figure 3.6. Greneral Regilons of Solubility Parameters Based on Changes in 
Asphalt Due to Aging &!!'I., 
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St:lected asphalts were evaluated using a riming(: of 22 solvents and a numerical methiods solution 

of' an  equation representing an elliptical cone to produce a soIi.~bility map of an AC 3 arid an AC 

4 (Figure 3.7) (32:). The numbers shown in this figure represent the percent of the: asphalt that 

was soluble in a solvent with given solubility parame:l.er coaildi nates. 

BV 
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I 02 a0 I 

0 4  111.0 ' 

a72 02 
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0 4  

a72 , 02 
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6.0 I 
0.0 2.0 4.0 Q.0 8.0 10.0 12.0 '14.,0 
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Fjigure 3.7. Solubilit,y Map for 'Two As][aIhra~Its (31a). 

Information on asphalt cement solubility parameters is important because compatible solubilities 

between the asphalt and the polymer defines, the percent of polymer swell, level of polymer 

diss;olution, and the morphological structure of the pcrlymer within the asphalt matrix 
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The: key points prc:sent.ed in this chapter were: 

1.  The most current asphalt cement rnode.1 represents it as a dispersed polar fluid. 

2. Rostler and Corbett Fractionations are methods of separating the asphalt based on 

the pcnlarity of the fractions. The Rostler pammeters called the paraffins ,and 

asphaltenes represent components that would like to form a structure within the 

asphalt cement. The first acidifins, st:cond acidifins, and nitrogen bases are 

components which inhibit the formation of a structure within the asphalt cement. 

These compare with the asphaltenes and saturates (structure forming), and the 

polar and napthene aromatics (structure inhibit irrg) as determined by the Corlsett 

analysis. 

3. Ratios of the separated components are then used as a single parameter for 

characterizing a particular ;asphalt cement. Common ratios include the Rostler 

(unsaturated / saturated), Cotolski (structure inhibj ting / structure forming), and 

Gaestcl (structure forming / structure ixthibitirrg) 

3. SEC: is a method of separa tkng asphalt based on the apparent molecular size of the 

components. The apparent size is dependent u p n  Ihe polarity of the solvent used 

to dissolve the asphalt. 'The SEC analy~~is has ken  divided into two regions with 

the SEC I region representing the struicture fornring components and SEC 11 

representing the stnicture iinhibiting, components. 

4. Solixbility profiles map the ranges of scrlubili1.y parameters of the whole asphalt. 

No separation of the asphallt compolnernts i s  nr:edetl. 
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Many researchers over tlhe years lhave attenq)ted to correla~tgx key binder propemes to either 

lalbcaratory-developed mixture test results ar actual field peirfow.rniaaice, This section will identify 

binder and mixture test methods that either hdve ar slhould h;we potential as field ~xri'ormance 

indicators. The theory, assumptions, and their applicabil i t y  to modified bindlers will be 

discussed for selected test methods. A discussion of traditional tests such as penetration, 

ductility, and softenhng p i n t  will riot be included in this secl.ion, 

In general, both binder and mixture test methods can Ibe separated into three: general 

categories: 1) temperature susceptibility, :2) permaarenit defcsnaat.bn characteristics, and 3) low 

temlperature behavior. Table 4.1 summarizes appliiwble 1m:rd. methods that can be quickly 

implemented and evaluated. Tests such as t h e  S H R P  simple slrrau and constrained/ beam tests 

were eliminated as not having fully developed testing protocoll and/or the equipment was not 

readily accessible. 

Table, 4.1. Key Binder and Mii?u$ure T'rst Methods. 

Tt:mperature 
Susceptibility 

lhmanent 
1)eformation 

]-ow Temperature 
13chavior 

Dynamic Mechanical Testing 
(Frequency Sweeps, Different Temp~f.ratulre~) 

- 

Vircosity : 
Vacuum Viscometes 
Dynamic Shear Viscosity 

Ririg and Ball Softening Pomt 
Yield Stress fiom Dynamic Shear Testing 

Development of Glass Transition Te,mperaturrr:, 'T; : 
- -I.--- - --.-. ,.. ,...- -- 

Dynamic Mechanical (Torsional) Testing 
Dilatometry 

Bending Beam Rheometry 
Direct Tension 
Fnm Brittle Point --__-----I. .._.---- -________.--- -" .._._ --- - - 

Resilient or Dynaimic 
M.odulus at Different 
Temperatures 

Axial Creep Testing: 
Static 
Repeated h a d  

-.- 

Indirect Tensile Creep 
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'I'Ii&lPEXATUIU?; S US CERTIBI LITY 

Dbynamic Mechanical Rheometiry (Bindler Testing) 

Dynaimic mechanical rheonietry subjects a specimen to a conistarit angular stress or strain and 

measures the corresponding strain or stress response ~ These measurements are then usad to 

calculate such fundamental properties as the complex, loss, and storage moduli, md the loss 

tangent. Figure 4. I shows the specimen configurations most commonly used for evaluating 

aghal t  cements. 'The parallel plate configuration, referred Ro by SWRP as the dynamic shear 

rheometer, is used to determine plropcxties at intermiediate (0 t ~ l  36°C) to warm (46 to 70°C) 

temperatures; the dxaimeter of the plate size is increased fow warmer test temperatures. The 

torsion bar configuration is used to determine propefiies at cold temperatures (typically below 

O Y ) .  The results from all three c~onfifigurations axe combined to produce a master curve based 

on a full range of aritiicipatcd in-service temperatures. 

Rectang u I ar 
Torsion plates 

8 mmi psrallel 25 mrn parallel 
plates 

Figure 4.1. The Most Common Comfiguraitiions Used ffon. Dynamic Mechanical 
Rheomietry fair Asphaill, a( zements 69  - 
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Thc working equations for dynarmic shear testing are (34): 

8 R  sheap S&&n =: y :: - 
h 

whme 

y = 
8 = angle of rotation 

R = plate diameter, cm 

h = gag Iheight, cm 

w = angular. frequency, rad/sec 

M = torque, g-cm. 

dln M/dl T~ = 1 within the linear viscmelastiic region 

shear strain at the edge oft the plate 

The complex modulus, G*, is then just: 
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The loss modulus, G", and the storage modulus, Ci' ,  axe components of the complex modulus: 

w k e  6 is the phaqe angle betweenL the: peak: stress; arid the p5Xk strain response. 
Selected points from the dynamic shear frequiarcy sweep data have been included in the 

new S I W  binder specification for characterizing the origind9 rolling thin film oven aged, and 

prc:ssm:e aging vessel (PAV) aged binders,. Specific p~~scedures for using this test rnethad hiave 
beein developed by the American Association of State Highway Tmsportation Officials 
(AASIITO) (provislional test method TP-5) 0. A, thorough review of the sample preparation, 
and test method procedures detailed in this method was conducted at the University of Minnesota 

and has been reported in a separate: document (361. 

Vymi ic  Torsion Baa Rheometry 

xhe working equations for the torsion bar conf'lgumtion are CJ.9:: 

where 
M = Torque, g-crn 
G, = conversion constant: 980.7 if dynes/gm or 98..&)"7 if Pa 
T = thiclmess of bar, mm 
W = width of bar, rnm 
L = length of bar, mm 
w = angular frequency 

The complex, loss, and storage modulus are calcu,lated as descnllxd in the preceding section 
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SHRP Modeling Qf Master Curves 

SH.RP researchers have used the concept of a master curve dlevel(qxd from DSR data to identify 

f m r  isolated parameters hypothetically ~omrnon to all asphalt cernents (Figure 4.2) (33). These 

parameters were used to develop equations f'br mode:ling the overall response of the binder. 

The: four parameters, used in the development of a linear visccc:x:la.stic (LVE) model, were: the 

rheological index, R, the glassy complex modulus, Gg, the :!itratiy-state viscosity, qo, and the 

crossover frequency, 63,. 

The rheological index, R, was defined as the :log of the gliassy complex modulus minus 

the log of the shear modulus at the crossover frequency. The S.HRP researchers considered this 

a shape factor that described the width of the upper porti.trn of the master curve and the 

temperature susceptibility of the binder. As R increases, the: temperature susceptibility of the 

asphalt cement should decrease. The glassy nnodulius, G, was, def?ned as the maximum modulus 

that any binder could obtain at either very fast frequencies 01" wxy cold temperatures and was 

shown to be approximately 1 GPa for all tinnmdified binders. The steady state shear viscosity 

was interpreted as the slope of the master c;urvc: at low frequerncies (Figure 4.2). The crossover 

frequency, w,, was described as the point at which the loss nncldulus is equal to t h e  storage 

modulus. Based cm this definition, R is a measure: of the: region of the master curve that 

dominated by the stomge modulus properties. 

The LVE model dieveloped for calculathg the full range of rheological behavior was: 

whsxe: 

G*(o) = 

G, = 

complex modulus at a given angular frcrxpe:ncy (rad/sec), Pa 

glassy complex modulus, typically assiiiinriecl to be 1 GPa 

Thcre was some difficulty in interpreting the correct form for the above equation. In one 

version, the last exponent is shown without the minus sign (;?]!-,-JIE. 73), another report. shows 
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there is no last exlpncnt but subtracts WXog2 (33. 1~~28) from the remainder of the equation. 

The original paper referend by both of these rc:poitts shows the last exponent as (no minus 

sign) dlog 2. After evaluating t h c :  suppirting literature, it is assumed that the equation shown 

above was the intmdd outcome of all1 of the ireports, 

The phase angle is calculated by: 

where 

6 (a) = 

a, = 

R =  

phase angle corresponding t ~ o  G * (w) ,  degrees 

crossover fiquencg, rad/sa: 

rhmlagical iindex 

-5 0 ti 18 15 

Reduced Frequmcy, md/s 

Figure 4.2. Definition of Rheologiid Model Used for SlEIRP Prediction Models (33). 
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A series of four plots (Figure 4.3) frcrnn dynamic siht.l;ir data were used to experimentally 

obtain G,, qo, w,, and R. When the complex mo~iuXiiis is plalI:l;txt against the phase angle, G, is 

the value of G* as the phase angle approaches 0 (Figure 4.X.ia) (33). The value for qo is the 

intercept of the plot of complex viiscosity versus ( I  - 6/90')'.' i(Figure 4.3.b). The rheological 

parameter, R, is found by plotting log (log C;JG*) versus log (:C;"/G'). This parameter is then 

the antilog of the :log (log G,/G*) value at log (G"/G") = 0 (F.igure 4.3.c)., When the reduced 

frequency is plotted versus the log (GI1/<;':), tlhe crossover freqrnlency is that at which log (G"/G') 
=: 0 (Figure 4 . 3 4 .  Since the steady state viscosity and the: (::w'ossover frequency are dependent 

on the reference ternperdture, a standard reference tempe:niture was selected as the defining 

temperature, T,,which is approximately t,o the glass transitkm temperature. 

Researcher!; reported good agreement between! the rmoclel and test data over ;a wide range 

of temperatures and frequencies that extended well into the g:la.ssy region. 'However they noted 

poor correlations as viscous flow was apprsa.ched at either kiiglh temperatures or longer loading 

times. Results were improved by setting R equal to 0.81 in the  area of viscous floiw. This led 

to separating the rxlaster curve into two sections referred t(9 : I S  tXre primary (i.e., LVE model) 

ant1 secondary regi.sns. These regions are separated based on 21. calculated transition phase range, 

a,, or a transition frequency, w,: 

where 

qss = steady state viscosity, P a s  

w, = crosover frequency, rad/sec 

G, = glassy complex modulus, Pa 

R = rhecol.ogica1 index 
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Figure 41.3. Graphs Needed to Determine LVE Model Parameters (33). 
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For- phase angles less than 6, or transition fIequencies abcpw:: LO,, the LVE equatioris apply; 

otherwise, the following equations are used to calculate the nciocl ulus and frequency: 

w1hn:re 

limiting modulus in the viscous flow rcgion, Pa 

location parameter for the viscous flow iregion, rad/sec 

- 
Gg' - 
(4, = 

Robertson et al. have empinkally related severad of thr:se LVE parameters to key asphalt 

chemistry components. Their research found 1 he follswirng rdationships: 

R = -0.49 + O.QOISMw + Y.9OGI; r" .. 0.81 

whcre 

M, = number average molecular weight as deli:erm.inecl :fra9m VPO with toluene, g/mole 

GI = Gaestel index 

A = asphaltene content (n-heptane), weight :percent. 

As R increases, the width of the G* versus reduced frequmcy curve increases. Since an 

increase in the breath of this curve should be a reflection of' increased molecular weight, the 

pro1)ortional relationship between R and M, makes sense. AILsI:P,, a.n increase in the Gaestel index 

indicates an increased potential for agglomeration of the aspt~i~.Ptt:rrles; this should also contribute 

to the increase in R. Because R is defined by the location of' the crossover frequency, and a 

decrease in the frequency results in an increase in W:, the rtx:liic:t.ion of w, with the, increase of 

percent asphaltenes is also logical. 
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Since these models were based on the assumptm of a uniform hyperbolic shape for the 

]master curve, it is unclear if any of these parameters would also be applicable to polymer 

modified asphalt cments. The applicability of SHRP models ito polymer modified asphalts will 

need to examined. l[f this model for asphalt cement has kaeein incorporated into the final 

SIJIPERPAVE pavement design computer program, this SH1Ct.P product will also have to be 

evaluated. 

IResilient Modulus (Mixture Testing) 

This test is a standard research test that hias been used extensively over the last three decades 

to define changes in mixture stiffness witla temperature. 'Briefly, a repeated load is applied to 

a diametrically positioned compacted sample. The correspamding horizontal deformation is 

measured and the resilient modulus is defined as the ratio of the applied peak stress to the 

recoverable strain. "The American Society for 'Testing and Materials (ASTM) .D4 123 describes 

this test method and the subsequent calculations in detail (336) a Typically, the applied 1.oad 

tlcrration i s  0.1 seconds followed by a rest period of either 0.9, 1,9, or 2.9 seconds. Test 

temperatures usually range from -I8 to 40°C (about 0 to 104°F'). 

Viscosity (Binder Testing) 

Since one of the approaches to reducing thermal cracking is la9 use a soft grade of asphialt, the 

potential creation c9f a rutting problem at warm temperatures needs to be addressed. Viscosity 

measurements have historically been the most ciorninon binder property measured at warm 

temperatures. However, standard methods of Ilneaswring vixosity need to be altered when 

polymer modified asphalts are evaluated. 
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In 1992, Svvager indicated that conventional vacuum viscosity measurements for modified 

asphalt cements slrould use the straight-sided Asphallt Institute (AI) tubes in order to obtain 

accurate results (2:V). This is due to the shmr rate dependemc::y (i .c, non-Newtonian behavior) 

of niost modified binders, a material property that is not accounted for with t.he standard Cannon 

Manning (CM) tubes. Collins et all. compared both the vacui.mi viscosities determined with A1 

tulbes and those obtained from dynamic shear t:esti.:ng (9). T:hey found that these results 

confirmed the Cox.44.t:rz rule which states: 

7 ( y )  =. q' (a) with y = &3 

That is, a steady state viscosity (vacuum viscosity) is equal tc:~ tlhe frequency dependencr: of the 

linear viscoelastic viscosity, q * (dynamic shear viscosity) (:TIj 
SHRP researchers also recognized the importance of viscosity and incorporated a 

variation of this measurement in the final SlHRP binder specific;itioin. For test tempeiratums 42°C 

and above, the properties of both the original and KTFO aged asphalts are defined in terms of 

G*/ sin 6 .  Figure 4.4 shows the re1,ationship between ithis parrimetcr and rutting for a laboratory 

study reported by SHKP iresearchers (a) 
Since most unmodified asphalt cements at these tempeiral ur'es can be considered both 

Newtonian and fluid, sin 6 can be estimated at 1. This implics that the minimum limits of 1 kPa 

and 2.2 kPa set by SHRP for unmodified original and aged aisiphalts, respectively, are simply 

minimum limits f ~ r  C;*. 
The relationship between G* and tlhe complex viscosity, Tt* is: 

When viscosity is expressed in terms of Poise and the modulus :is in  terms of Pa, v* =: @* when 

w is 10 rad/sec. 'Using this concept, the trends in Figurc 4,.4 follow the expected pattern: 

increasing rut resistance with increasing viscosity,, Using the assumption that sin 6 is 

approximate:ly 1 t,he warm temperature port.ion of the SE3::IW binder specification becomes 

essentially a minimum in-service viscosity graded spe:cificatioIr. 
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Figure 4.4. Relatiomhip Between G*/s;En6 versus Rutting Used by !SHRP Researclhers to 
Validate the Selection of  Specification Parainriieter (21, pg 55). 

The relationship between the complex vrscosity and ccarriplex modulus would also be itrue 

for modified asphalts. However, conversions from steady state vacuum viscosities would not 

be as accurate as with unmodified asphiklt cements as modified asphalts are typically non- 

Newtonian in behavior.. This would lead to an overestimation of viscosity since the highest shear 

ratr: that is typically developed with the A1 tubes is 1r:ss than 5 sec-’. 



Test Methods 
. _ _ ~ ~  ~~ 

Yield Stress from Dynamic Shear Rheatme!try (Binder Testiing) 

One of the more common methods of identifying a plateau in tlhr: polymer industry is to measure 

a yield stress at a critical temperature, 011 in Ihe w: of a ims1c:r curve, at a criticall reduced 

fiapency. Figure 4.5 shows typical data for an unmcxlifkcl ;md modified asphall cement. 
Typical results for an unnnodified asphalt cement show that tlirc.: shear stress should apprv 'ich zero 

within a certain mnge of reduced frequencies while madificd aaplnirlt cement can show i i  constant 

shear stress which em also be expressed as ii yield stress, 7),<, 

The durability of the yield stress shoiulld be depende:nt upon whether the p1ate;;iu region 

is primarily due to the flocculation of the asphaltenes or the dtwdopment of a polymer network. 

A plateau due to flocculation should be less durable and be altk to be disturbed at some critical 

tennperature or strain llevel. A network formation, which is a more durable structure, iiihould be 

more difficult to disrupt. 

1 E4 

1000 

(8' .  Pa 101) 

111 

1 
I 

Figure 4.5. 'Typical Shear Stress - Frequency Relatiioiui!;l~ips for Unmodifiied and 
Moadified ,Asphalt Cements @> - 
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Creep Testing OMlimture Testing) 

The most commori method found in the literature for evalrrsrting the permanent deformation 

characteristics of mixtures was the standard triaxial compression creep test. This test applies 

either a static or repeated load to a 100 rrim (4 in) diameter by 200 mm (8 in) tall cylindrical 

sample. The corresponding axial strain 11s measured over the center 1/3 of the sample by placing 

retrfiniing collars holding three linear Vdnabk differemtial transducers (LVDT) space at 120". 

Testing parameters have differed according to nesearchers, with the axial load being more 

commonly around 103 kPa (15 psi); confining pressurc: (air ox11Iy) varied between 0 and 200 kPa 

(about 30 psi). Test temperatures were lypically between 2.3 ant1 40°C (77 and 104°F). A full 

description of the test method can be foulid in other reference$ (38). 

LOW TEMPERATURE BEHAVIOR 

Glass Transition Temperature, T, 

Dynamic Mechanical Testing 

Thc glass transition temperature can be determined in two ways from dynamic mechanical 

testing. The first method makes use of the: shift factor equatxtrrns for master curves. The second 

method estimates 'Tg from the peak of" the loss modullus, G", (curve seen at cold temperatures. 

T, from Shift Factors: The developrner~it or mastex curves for dynamic mechanical 

testing requires shift factors to move the curves to the rnght and left toward the selected 

reference temperature. There are two methods of calculating shift factors, both based on a 

reference temperalure which is usually the glass transition teanperrature: 1) the William-Lanidel- 

Ferry (WLF) equation, and 2) the Arrherrius function. 'rhe WLIF equation has been most 
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commonly used for shifting data from test ternperaturts abovc the glass transition temperature. 

When test temperatures are below the glas  txansitisn ternpr:rature, an Arhennius function is 

used. 

where 

T = a selected temperature of interest, "C QU- O K  

To = a reference temperature, typically the glass trarrsiitim temperature, T,, "C or O K  

A, = calculated shift factor 

7 = 

?lo = 

viscosity at selected temperature 

viscosity at referencc temperature 

The universal constants, C1 and C;., in the WLF equation ;ire commonly assumed to be 

17-44 and 51.6, irespectively, for polymers when To is I.iI.l<:err to be the glass transition 

temperature, Tg . 'When 'To is assumed to be approximately 50°C above the glass transition 

temperature, the universal constants are 8.86 arid 101.6, r.espt:ctively (3, pe. 341.j.. The 

constants for the Arrheniuis function are R,  the universal gas 8c:ons;tant 8.34 J/mole-,"K, and Ea 

in kJ/mole which varies with the material being tested. 

Since To in either equation can be the glass transition temperature, both equation.s have 

beax used to estimate Tg. Additionally, the WLF; equation h a s  been used to estimate binder 

viscosity at selected temperatures above the glass transition tenrpei:at.ure. However in o:rder to 

use this equation .in this manner, specific: testing conditions must be defined. 

WLF Equation Applied to Binders: I11 1966, Heukelonri indicated that the WILF equation 

was applicable for materials above the softening poinl or four vj scosities less than 1,000 Poise 
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Test Methods 

(39). For asphalts with low wax contents or penetration indices less than i- 1, the WLF equation 

was applicable to viscosities up to 1,008,000 Poise. :He hypothesized that departures from the 

W1.F equation were due to deformations occurring in vj.scc:ms llow and a higher amoun!: of 

crystallized waxes. He assurrned thiat C1 representeld the intenra1.1 friction mechanisms within the 

asphalt cement. and that C, represented the temperiature susceptibi.lity. Both C1 and C, should 

be dependent upan the selection of the refkrence temperature.. 

A range of constants can be found in the literature. Sisko and Brunstrum found that C, 
and C2 were 28.9 and 292 (for temperature in "F) .t'or a reference temperature of 20°F (6.7"C) 

(@Ie They showed that agin,g the binder changed the constants by reducing the slope of the log 

aT versus log (T - TJ plot. The hypothesis was that changes were due to the development of 

a gel structure with the asphaltenes acting as the niuclcziting agents. 

In 1966, Schmidt aind Saintucci used vahes of X7..,44 and 92.88 for C1 and Cz, 

respectively (41). They used these constants, steady state visc:c:9!;ities determined at 140°F (60"C), 

and a shear rate of O,, 1 sec-' for estimating steady state viscosities at other temperatures. They 

found better agreement between estimated and rneasured :;tciaady state viscosities when the 

constants were chawigetl based on shear rate. 'Table 4 2  shows their calculated values for several 

viscosity shear rates. These researchers restricted the use of these constants from Tg to Tg 4- 

11 80°F a 

Table 4,.2,. WLF' CornsKanUs from Steady State Viscosity Testing (41). 

0.001 I 24.80 II 
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In 1992, Anderson et al. reportad the values of C, and C2 to be 17.5 ancl 80 (for 

temperature in "C) respectively, (42). They also indicated t.hat above sorne critical temperature 

a vertical shift factor was needed. Figure 4.6 shows) how the vertical shift factors change for 

a range of binders. Tlhe authors ccvnsidered the need for ve~timl shift factors a reflection of the 

change in solubility of the structured phase: of the asphalt and/or modifier., A lower temperature 

should be equivalent to a lower solubility with aggl(itmeraticiai of discrete particles within the 

dispersed phase. An increase in l.emperature should result. in an increase in solubility which 

would lead to an e:xpa.nsion of the structured phases, which \vo~uld in turn result in changes in 

density. This change in density would then m u l l  in the meeltl :fc9.r a vertical shift factor. 

Figuire 4.6. Verlical Shift Factors versus ll"e~m~~erature (42). 
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In 1994, Anderson el, al. adjusted recommendations for C, and C2 slightly to 19 and 92 

(for temperature i n  "C), respectively, for a reference temperature of 25°C (77°F). They ;also 

indicated that these constants for the WLF equation should sn ly  be applied above a defining 

temperature, Td (approxima1 ely T,) and below the dlevcrlopmerrt of Newtonian flow behavior (L 
EL 94). 

Arrhenius Function Sht9 Fmrsr: Anderson et al. usaxl an activation energy vallue, E,, 

of' 261 M/mole to calculate a defining temperature, T(, (33). This temperature was calculated 

using an nonlinear least squares analysis for the mastcr curvc (developed for a full temperature 

range dynamic characterizalion of the binder. The preckican of determining the defining 

temperature was reported to be :-3"C (--t:5.4"�). 

The authors also related the defining temperature tcr molecular weight, M,, ;and the 

percent of asphaltenes, A: 

Tha: relationship between an increase in the defining temperatiire and a corresponding increase 

in molecular weight is reasonable, although. not strongly correlaf ed. Adding the percent 

asphdtenes as an independent variable improves the correlaf ion, However, a decrease in the 

defining temperature with an increase in the asphalterie contml i s  not logical as the asphaltenes 

hiive been identified as the major high viscosity contriibutor in asphalt which would increase the 

defining temperature. The authors, attempted to pi~ovide an explanation for this departure from 

logic by assuming that it was an artifact of the asphalt cement grading process. Briefly, for a 

refinery to produce a product within a given viscosity range, only certain combinations of 

mc~lecular weight:; and overall polarity would produce arid acceptable product. Therefore 

refineries might be juggling the percentage of these components to meet certain viscosity 

requirements which would result in these unusual correlations. 
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Tg from the Maximum Lass Modulus: This methsid of determining Tg has been used 

extensively in polymer science where the peak of'the: G" cui:rve is taken as the gliiss transition 

temperature and the area under the CUNE: is related to the che:ni.ical structure of the polymer. 

The area under the curve is related to the cherriicall structure of the material and the: width of the 

peak is sensitive to the state of molecular. mixing ('3-p~. 31.::0,, 

In 1980, Pinke et al. reported using dynamic torsion bar ksting to determine (Figure 

4#,7) (43). The breadth of'the curvc: indicates that there is no sharp delineation of a speeif'lc glass 

transition temperature although there appears t.s be a oarrower peak: for the slower frequencies. 

The: authors noted that faster frequencies resulted in a shift of the peak towards a higher 

transition temperature. The large area under dl of ithe CUIVG: indicates the diverse rnollecular 

nature of asphalt cements. 

Figure 4.7. IDetemining the Glass Transition Ternpwatnre from the Peak I[,oss 
Modlulus (43) 



Test Methods 

l>jilatometry measurements are one of the classical methods fur determining the glass trmsit.ion 

temperature. This method identifies the 'Tg by the presence of a discontinuity in the volume 

contraction with decreasing temperature relationship. The s:c)nc:ept is that the coefficieni: of 

thermal expansion, a, is constant on either side of the transit.ioa'i temperature, but greater above 

this point than beltaw. This differcnce has been attributed to the ability of molecules to move 

above the transition temperature while motion is limited to ruxcnlecular vibrations below T,. 

Above Tg the rriateriaK's abillity to contract is dcpenderrt: upon the .free volume within the 

material and the ability of the molecules to move into the free wlume. Larger molecules reflect 

Inaterials with less :free volumes; higher viscosities also make it difficult for molecules to1 utilize 

free volume. Both an increase in molecular size and/or viscosity will increase the Tgs Below 

T, it is assumed that there will be very little ch,angs: in thti: free volume with a sub.; qe q u.ent 

decrease in temperature (21) ,, At the glass, transition temperahxre, the free fractional vollumle is 

commonly assumed to be 0.02 to 0-03 regardless of the material tested (2)- 
Schmidt and Santucci used this method in 1966 to show that the coefficient of thermal 

expansion (above Tg) was approximately 3.93 x 104 per O F  (Fjiguire 4-8) (41). Below T,, the 

value decreased substantially to 1.93 x 104 per OF:. 'll'his would indicate that there should still 

be i~ slow but steady volume decrease for ,asphalt cement at ;a,pproximately one third of t,he rate 

as that above the Te. 

In 1994, Anderson et al. showed that the coefficient of thermal expansion 0.f 6.4 x 104 
per "C above Tg arid 3.5 x lo4 per "C below Tg fix- a wide range of asphalt cements.. Using 

this Value, a fractional free volume at the glass transition ternpt:rature was determined to be 

0.028, which was within the expec:ted range of 0.02 ;and 0.03 for polymers. 

This research indicated that the rate of volume decrease. below T, was half of that above 

t:hls point; this finding showed a greater tendency for volume cile:crease than indicated by Schmidt 

and Santucci. Anderson et al. also indicated that this ccmtinual decrease in volume was 

responsible for a gradual but continual iwrease in binder stiffness. He has referred to this time 

;und temperature dependency as a physical hardening of the asphalt cement (a). 
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Beinding Beam Rltreomeltry 

S1-IR.P researchers developed the bending beam, or flexural beam, rheometer to measure the 

viscous behavior o f  asphalt cements at cold temperatuires. I t  c:,an be used as a cold temperature 

constant stress creep test and the results used to develop a masiei curve for the creep modulus. 

Thr: test consists of applying a 100 g load to the center of (a sinrply supported rectanguilar beam 

of asphalt cement. Deflections are measured between 4 amrl 240 seconds of loading at four 

temperatures [-35, -25, -15, -5°C (-31 -13, 5 ,  and 23"F)I. 'I'tmr: results are used to develop a 

master curve as defined in the previous sections. 

Figure 4.8 shows rheologicd model parameters sirmilaic. to those defined for the dynamic 

ma:hanical shear rheometry testinj; can be determined from lhe inaster curve, Differences in 

the key parameters determined from th:is figure is that the glassy creep stiffness, S,, is 

determined instead of the glassy modulus, C$, and the time 't.0 the crossover frequency, t,, in 

place of the cross(iver frequency, w,. The values of' stiffx'icss in  general are defined by the 

working equations:: 

where 

(T = stress, Wa 

E(t) = strain at time, t ,  mm/mm 

P = applied load, IN 
L = spani Ilength, mm 

b = 

h = 

6(t) = time:-dependent deflection of beam 

width o f  beam, mrn 

depth of bmrn, mm 
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re p ires e n tat i o n 
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i t  c: 

Log time, secorids 

Figure 4.8. Ueolagical Mode1 Parameters Defined llsy SHRP Researchers for 
Bending Beam IUneometer Resulllts8 ((22- 

One major problem with using the bending beam rheonneter is that SHRP researchers 

repxted that it was not sensitive to changes; in binder properties due PO the addition of polymers. 

They reported that modified binders csxiltl have similar seep stiffness, but show distinct 

differences in their ability to deform at cold temperatures. This lack of sensitivity resulted in the 

development of the: direct tension. 

Direct. Tension (Biinder Only) 

The original SHRP research on the direct tension test subjected clog-bone style binder specimens 

to various constant rates of elongation: 2.54, 7.62, 15.24, 25.4 m i  50.8 rnm/min (0,1,0.3, 0.6, 

1.0 and 2.0 in/min). Five different test tennperatures were usrxl:: -30, ,-20, -10, -5, and O°C (-22, 



Test Methods 

-4., 14, 23, and 32°F) (33). Typicad strains arc: between 0.1 ;and 110 percent for the slowest rate 

of elongations. 

A final lim.ited round of testing with a slower 1.0 mrm/imirn (0.0394 in/min) was used to 

set the final SHRED specification test parameters. When this k s t .  is conducted over a range of 

temperatures and the log of the percent strain i3.t faillure is .pllc~tted against temperature, a failure 

temperature at which the strain is equal to 1 percent can be a:lr:termined (Figure 4.9) (444). 
The need for determining the direct tensile properties ~:) f  modified asphalts instead. of just 

the bending beam iresults was confirmed by research cronduc;tc;xl at the Shell laboratory (:44.45). 

Figure 4.10 shows the results from the bending beam rheornetlrar indicate no differences, bletween 

the modified binders. However, the direct tension test results show a distinct improvement in 

the ability of the rnotiified binders to defmri before failure,, 'This figure also shows that the 

relationship between the direct tension binder test results and increasing polymer concentration 

are similar, although higher, to those for the constrained beam1 t.est for mixtures. 

r' 
E 
3i 
- 

r 
0 

0 
J 

Figure 4.9. Determiination of' a Critical Liow Temperature from 
Direct Tensicm Test Rmults (!#&I). 
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- 16 - 

KRATON@D1184 in Wood River AC5 
Thermal Stress Restrained Specirnen Teat 
data on mix specimens cooled at 100/hr 

-ff- BBR m value 

--I- Direct Tension 

-+- TSRST 

Figure 4.10. Comparison of' Critical ]Low 'Temperat iiiires for Various Binder and 
Mjixture Tests (45) 

Fraas Brittle Point (Binder Only:) 

Crackiing of all biriders is assumed to occur at am equiviscc.,u:; (approximately 4 JC 109Poise) 

temperature (46). Research has shovvn that this is also an  equistiffness temperature of 

approximately 6.94 x lo8 N/m2 as determined from h e  eqmtion (46): 

where 

s = stiffness of bitumen, N/m2 

7 = viscosity of bitumen, :N-s/m2 

t = loading time, seconds (approximately 11 seconds for Fraas test) 
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The Fraas test determines the temperature at which ii thin film of binder first becomes 

brittle. The test is conducted by placing a thin sprinlg steeW lali&tt: coated with a filim of binder 

in ii small, dual-walled chamber. Dry ice is ust:d in the outer ~portxon of the chamber to produce 

a given constant drop xn temperature. A hand crank system i s  i~sed to repeatedly flex the: coated 

plate. The brittle point is determined as the temperature at which cracking of' the film is 

initiiated. 
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PoKymc:r Modified Asphalt Cements 

Sinai! polymers are not always inert additives but can hteiract with specific portions of the 

asplhalt cement, they cxn alter the clinemistry a i d  hence the st~niekure of the asphalt cement. This 

chapter will present an evaluation of previous research which has documented the importance 

of polymer-asphalt interactions as well as thck influarce om klinder and mixture properties. 

'l%e literature review r-vealed tha there are two onnru~~oi[i interpretations far the term 

"cornpatability " . ' 1 % ~  first interpretation simply defines c;:omripattibility as the ability of the 

polymer to remain distributed in the asphalt cennernt wiithioi.it significant evidence of phase 

separation. Evidence of phase separation has lbeen defined by a. sutsstantial. change in pene:tration 

values between the top, middle, and bottom p~rticms of a tube of aged binder (47). Based on 

this definition, the compatibility of ;a polymer with an lacsphdt can be alterrd by simply changing 

the specific gravity of the polymer to more closely match that of the asphalt (3s). These 

asphalts and polymers can be relatively compdtible by this de::l'lnition but show a wide range of 

polymer-asphalt inkmctions. 

The second interpretation defines com]pa.tibility based on. the level of interaction between 

the polymer and the asphalt with more compatible combinations showing greater the: volume 

increases (i.e., swding) of the polymer within the asphalt rxnatrix. Brule' found that when a 

polymer was compatible with an asphalt cement, thc: polymr.srr could swell from 400 to 550 

percent (27). The percent of swell decreased with increasi.ng :polymer concentration. This 

would indicate that. there w a  only a limited ]portion of the w;phalt's maltene fraction wailable 

for interaction with the polymer. Based on an understanding of: asphalt chemistry, the hypothesis 

caxl be made that the removal of ;a substantiall portion of Ilrie maltene :fraction could llead to 
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substantial structurmg of the asphalt drie 10 asphaltenr:: agg1owne:ra tion. 

One of the results of excessive structuring (of {he asphail1.exies would be to change a sol- 

type to a gel-type asphalt cement. Since a gel-type asphalt wcauhd exhibit property changes such 

as lower ductility and higher viscosities the reduced ductility c s F  the base asphalt cement could 

result in a decreased iresistance to thermal crackiing for binders that are dependent upon the 

properties of the base binder for low teniperature ductility. T'lhis structuring would also m,ake 

it difficult to determine if rheological changes in binder properties are due to the addition of a 

polymeric structure or to the structuring of the asphallt cemeirrit. 

When the polymer shows a substantxal increase in voliiime, less polymer by weight is 

neecled to achieve a specific volume concerwtratiori. This vin-iaability in polymer swell is the 

factor that controls the critical concentration, c*, of a given polymer when blended with various 

asphalt: cement sources. :Bnxle' (I  988) and Linde (1992) irickated that compatibility was not 

only a function of .the asphalt chemistry but t.he grade of asph;lil.t cement for any given source 

(27. 13). Both researchers showed that comlpatibility ~decrcziasedl with increasing asphalt cement 

viscosity. 

The size of the polymer particles distiributedl within asphalt mtrix has also been usedl to 

identity compatible :polymer-asphalt blends I-emob:Le proposed that SBS particle sizes of around 

should 10 pm indicate a compatible polymer--asphalt blend (5% SBS polymer by weight). 

Particle sizes of around 20 and 100 pm for SBS polymer concentrations of 3 and 5 percent, 

respect:ive:ly , should indicate poor compatibility (a) ,, Collins, et: ale used high level magnification 

photographs from scanning transmission electron microsco:py (!!;TIEM) to show a wide range: of 

polymer particle sizes for a given polymer arid concentratiorr with different asphalt cement 

souirces (Figure 5.l) (3. Figure 5. la. shows it fine disperSion of a 4 percent by wei,ght 

concentration of an SHS modifier in the IMartinez LUX 1000 asphalt cement with some evidence 

of a, polymer network formation. Figure 5 ~ l b  shows that the pii-ticle size for the same polymer 

was greater with the Deer Park AG-5 and showed only limited network formation. Figure 5.16: 

shows that the samc: polymer did not disperse in the ll3oscan AC-6. 
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Martinez AR-1000 

Figure 5.1. a 

Deer Park AC-5 Boscan AC-6 

Figure 5. I .b Figure 5.1 .c 

Figure 5.l. STEM Photographs of 4 Percent &by Weight) of an SBS in 
Different Asphalt Cements ($9). 

The impact of' these different morphologim em be :seen in the storage modulus, G', 
determined from dynamic, shear testing (I3gure 5.2) (2). The ,authors stated that the result of 

the finer dispersion (Figure 5.l.a) can be seen as a plateau mgiori. While the authors' did not 

discuss the results :further, Figure 5.2 shows .the slightly coarser dispersion aIso results in an 

apparent G' plateau. These resu1l.t~ would tend to reduce l:he desirable maximum :polymer 

particle size suggested by Lenoble from 10 pm for a compatji1:k blend to less than :l prn,, In all 

casts, the inclusion of the polymer substantially inoreased the. storage modulus, whether the 

polymer was well dispersed or not. 



G', Pa 

8 M a n m e z  AR-1000 
A Borcan AC.6 
0 Deer Park A<:-5 
0 MdRIneZ AR- 1000 + 4Xuu Sl3S 
d Borcan AC.6 + 4Xw SBS 
~ D e e r P a r k A C : - 5 + 4 U v r S H S  

T,@I = 60°C 

Figure 5.2., Storage Modulus Master Ciiirvnss for Modified and Unmodified 
Asphalt Cements * 

LABORATORY TEST RESULTS 

Ilistoiically , the optimum polymer concentration for a given combination of polymer and asphalt 

has been determined by trial and mar. 'Ttit: optimum percentage has usually been defined as 

the percentage of polymer that results in a substantial change in binder properties, with the 

definition of "subs8antial" based OIY the subjec:tive evaluation of individual researchers. In some 

cases, mixture properties were also assessed for substantial changes in properties. The following 

sections will discuss general comparisons of unmodified and modified binders and mixtures 

found in the literallure. 
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Binder Only 

Unmodified and modified binders have been comparo:d in a rnumber of ways: 1) evaluation of 

conventional binder properties suclh as penetration, ring amti Ira11 (K & B) softening point, and 

viscosity measurements, 2) dynamic rheology to define biinder. properties over a nmge of 

temperatures and/or frequencies, and 3) low temperature prqefl,ies such as the assessment of 

the glass transition temperature, direct tension, and bending tieam rheology. Very little 

information was h m d  in the literature regarding what magnitudes of binder properties 

improvement were necessary to benefit performance. 

Conventional Binder Proyerries 

The bulk of information comparing unmodified and modified tiiridix- properties deal with results 

from conventional tests. Penetration values at 4°C were fslund to increase with irnc:rasing 

polymer concentration indicating a softening due to the pdyrrier (a). :For example, the 

penetration values Or an unmodified asphalt cement of 1 drrrin increased to 6 and 8 drnm for 

4 and 8 percent by weight of an Enichern SBS modifier, respectively. 

The ring anid ball (RKcB) softening point 1:r:mperaturt: shown to be dependent: upon 

asphalt cement source as well as polymer structure. Collins el. al,, determined that the :softening 

poht increased about 75 percent for 3 percent Kratan ID1101 in one source of AC-5 w11il.e there 

was little change for the same percentage in a second sourcc of AC-5 (zi). When a 3 percent 

concentration of different polymers from t.he same source we,r.e: blended with the more: reactive 

AG.5 source, both the Kraton Dl101 (linear structure) and the l<:xatc~n D 1184 (radial stmcture) 

increased the softening point of the binder about 7.5 percent. The saturated SBS Kratain (31652 

(linear structure) only increased the softening point by about 610 percent. Results reported for 

the Enichem products indicated that the 1inca.r 630% po1yrm:s structure resulted in the least 

incll-ease while the radial T- 161C structure had the gra:aite:st increase in softening point 
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temperature; any ~~ncreases were enhanced with iixreasing percr:ntages of polymers. For the 

lintxu 6302 SBS, ihe softening point increased 67, $9, and 100 percent for 4, 6, arid 8 percent 

polymer, respectively. For the radial T- l6lC SBS, it increased from 89, 110, and 1140 percent, 

respectively. 

King also attempted to relate the sloftening polmt to the loss modulus, G",  for modified 

binders (52). Figure 5.3 shows the relationship he developed for three grades of asphalt cement 

and three levels of polymer concentration. This figuIe shows a general relationship between an 

increase in the softening point with an increase in the loss modulus. It also shows that as the 

percentage of polymer increased, the irifl u i m e  of the polyrawir concentration on the softening 

point decreased. This can be seen. from the lines added to the original figure presented by the 

authors 

'. 

- 

Rin!3 B 5all Softening Point, deg C 
8o _,__ -_____ ~ ..-_ ~ 

I 

Coefficient of Correlation r2 = 0.49 ,"/' 

T*/ 

.6 0% Polymer * x'lb F'olynaer Y.Bx% Polymier X 2x% Polymer 

Figure 5.3. 1Relatiiom;hip Between Sciiftening Point and I.,oss Modulus (After Ref. 59. 
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Collins et ;do's research showed increased viscosities at 60°C (140°F) with thc: addition 

of :polymers, with the magnitude of the increase depending CM ,the polymer structure (LZ). The 

addition of 3 percent of the linear Kraton Dl  101 SBS resulted iiri a 6150 percent viscosity increase 

over the base asphalt viscosity. The same percentagc: of radimll Kraton D1184 SBS resulted in 

a viscosity increase of more than 2,000 percent.. The satusxtetl SBS (Kraton (31652, linear 

structure) showed the least increase in viscosity with, an inucxse over the base asphalt cement 

of only 270 percent.. These trends in struictural depe:mdency were similar to those seen for the 

softening point results. 

When the test temperature was increased to 120°C (413;.9"F), the influence of polymer 

stnxcture on viscosi.ty disappeared, although all. polymer modi fied asphalts had viscosil.ie:s about 

300 percent higher than the base a.sphalt. 

Collins et d. also showed the influence of poliymer modification on the traditional Shell 

Bitumen Test Data. Chart (BTDC) which combines penetration ~ieirsus temperature and viscosity 

versus temperature relationships on one graph (51)" Typically, paving grade asphalts can be 

represented as a straight line on this graph. However, whe:n a modified binder was plotted on 

this graph, the straight line relationship disappeared (Figure 5.4) (51)" This relat.ionship 

indicates that a polymer modified asphalt c:ement. should tic: expected to have more ductile 

behavior at cold temperatures with higher viscosities at hig;lhier temperatures. Hased on the 

1im:ited results presented, it appears that the properties of' unmodified and modified binders 

should be similar ;wound 25°C (77°F). Figure 5.4 also indis:aiki:s that the traditional penletration 

index (PI), based on t,he slope of the line on this graph, wor.ildl have no meaning for modified 

asphalt cements sirice the viscosity-temperature relafonship iis not linear. 
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Polymer :Modified Asphalt Cements 

Figure 5.4. Penetration and Viscosity Data Presented on the Traditional 
Shell B'rDC Graph (511-). 

Dynamic Shear Mheology 

In 1993, IDaly used dynamic shear rheology to indxate whether a polymer modifier was acting 

as a. separate inclusion within the asphalt cement. or was interxti rig, with the asphalt cement (:a. 
He interpreted a sirniku slope for the relationship between the Ilog of storage modulus, G', (and 

frequency for both the modified binder and the bast: asphalt as a sign of discrete, sepmted 

polymer particles within the asphalt matrix even though then: was a substantial increase in the 

overall viscosity. It was assumed this was due to the rigidity of the polymer with the softer 

asphalt matrix; that is, the polymer was acting like ain inert pairticle inclusion. When both the 

magnitude and the slope of the G' curve changed, this was iiruta:rpreted as an indication that the 

polymer was selectively absorbing portions of the asphalt resulting in an increase in viscosity 

due to both the polymer addition and a stirueturing of the asplhaltene phase. 
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Padymer Modified Asphalt Cements 

Daly used this concept to indicate that polyethylene modifiers were not interactive with 

asphalt cements: the G' curves for both iunmiodified and po1ye:thylene modified asphalts were 

similar (48). This was as expected since polyethylenies were omsidered paraffins, not readily 

compatible with ariy of the a.sphalt cement fractions. 

Lenoble used the Black diagram as another method s:C representing data from dynamic 

shear testing. This qproach graphs the complex modulus, G *, versus the phase ainglt: (Figure 

5.5) (49). A rapid decrease in the phase anglk for ii given level of G* was interpreted as an 

indication of asphdtene micelle interactions. Polymers tdmded with a compatiblri: asphalt 

cement showed this type of trend. 
___ - ~ . - 

:')''O r- I 

- - - - 
L - 

Figure 5.5. Black Diagram for Typical Dynamic: Sheair Rheametry Data. 
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Polymer Modified Asphdt Cements 

Vaiious methods have been used to determine changes in low tempemure properties due to 

plymer modification. One of the more cornmon lbinder tests fox determining low temperature 

cracking behavior LS the Fraas brittle pint  test. ]lain et d sIhc)wed that the inclusion of either 

an SBS, LDPE, or EVA polymer resulted in lowering the cracking temperature between about 

2 to 4°C for aboul 2 percent of polymer and betwam about Xi to 7°C for 5 percent polymer 

concentrations 0. These trends were fairly unifnmn, regardless of the type of polymer. 

Serfaas, et al. agreed with these rewlts Q@. King showed sjmilar results with SBR reacted in- 

sihrxl within the asphalt cement (52). King, also showed that tlnese trends were consistent for a 

m g e  of base asphalt cement grades ranging from 4CV50 pen tco 180/200 pen. In general, the 

use of polymer decreased the Fms bntlle pint; the magnitude of the decrease increased with 

increasing polymer concentration. 

King used cold ductility (4°C) test results Ito show that pdyrner modified asphalts were 

more ductile than the unmodified base aspltadlts (‘m,& While the use of polymers uniformly 

decreased the F m s  Brittle Point, the wme concentrailions of ir~iiotlifiers with the Same range of 

bas: asphalts indicated little influence on dancSiWity results for V ~ J - ~ U S  polymer concentrations With 

the 4050 and 6Q/70 penetration graded asphalts. The rnodified 804100 and 180/200 pen asphalts 

showed that optimum results were obtained at the lower pl~ymiex’ concentrations.. 

In 1966, Schmidt attempted to coirrelate both dilatcpmc:itry measurements and standard 

viscosity measurements at 60°C with the niuniber of thernnal cxacks per lane mile. The author 

found little eorrelatiori between the 60°C viscosity aneaswrements and the number of thenmal 

cradcs. However, asphalts with a glass lmxition temperature of less than -23°C (-10°F) had no 

thermid cracks per mile while asphalts with a Tg of greater ~harx ~ 11°C (12OF) had about 348 
cradcdmile (41). 

In 1991, Collins et all. calculated a critical cxacking toir~n,pr:rature based on Hills method 

for relating crackirrg lo tlhe penetration index (PI) @,= . ‘Tlhese calculated values were then 

compzued to the temperature at which a thin film of asphalt im:s observed to crack. There was 
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Pol yrner Modified Asphalt Cements 

not a good agreement between the nxdculatd aid obsarved cmclkirig temperature; tlne calculated 
method showed that there was little difference: in r~:sulls betwem either unmodified or imodified 
asphalt cements. While not stated, this result was most llxkely a result of the ncm-linear 
relationship on the bitumen test data chart (W'I'DC) chart ifi discussed in the previous section. 
The observed critical cracking temperature decreased from -:K?t"C: for the ccnrnodifiedl asphalt to - 
35, 42, and -52°C for 2, 4 and 6 percent SBS, respectively. 

Lenoble us& direct tension to show finat. the percent dongation at a constant rate of 500 
mm/min increased from 50 percent for the unmod~fied asphalt cement to about 1,400 percent 
for a rolling thin film oven aged SBS modified asphalt @3), 

In 1992, khdmon, et al. described the u!ie of t l ~ e  bending beam rhmmeler for 
conducting constant stress creep tests at -35, -25, - 15, and -5T. Master curves prepawed from 

these results were USPA to compare: both unmodified and ~ x ~ l y r r i a '  modified emulsion residues 

(42). The results in Figure 5.6 show that there vvas essemtially 110 difference in the pmduets 
us& for this research project. The authors confimaed these ra:sults with the Fraas 13rittlle Point 
resalts of -18°C fox fit: unmodified base asphalllie and aloout -210°C for the Neoprene and irarious 
SRS and SBR modified asphalt products. The within-laboratlory precision for this test was 

reported as & 1 lag unit. 

0 9.0 i. 
a. I 
vi 

EL0 - 3 7.0 . 

Figure 5.6., I'ypiccal Master Curves for Bending 19cm1 Rheometer Data for 
1EmuLsicoro Residue!; (42) 
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Polymer Modified Asphalt Cements 

In 1993, Daly used the bending beam rheometer in two ways to determine the properties 

of po1:ymer modified asphalt cements (4-8). He: usix1 a constant 0.1 percent strain of the beam 

while decreasing the test temperature at a constant rate of 1"CYrnin to define Tg as the peak in 

the loss modulus (G") curve. The second method used a dynamic loading of 50 Hz anld 1 

percent strain while the temperature was decreased at the smx: 11 "(Ymin. The temperature at 

which the sample failed was defined as the cracking temperature. Unmodified asphalts showed 

a cracking temperature higher than Tg while polyrner rncacli fied asphalts showed cracking 

temperatures below Ts. 

Comparison of Biinder and Mixture Rrtaprtrties 

Permanent Deformation 

Colllin:~ et al. compared the complex modulus results from thar: dynamic shear rheometer ait 1 

rad/sec to the results of wheel trackjng tests (9). 7'hely found that a G* at 60°C (140°F) of 0.08 

kPa produced a mixture that had a rut depth of  10 m m  at less than 5,000 cycles of the wheel 

tester ((Figure 5..7). Mixtures with 2 and 7 percent SEiS-modified binder, which had G* values 

of 0.250 and 1.0 MEja needed about 10,000 and 90,000 cycler;,, Ie~pective1.y~ to achieve the sa.me 

rut depth of 10 mm. 

King et ale compared the loss modluIus, G", f'xrom the dynamic shear rheometer [l Hz 

(i.e.., 1.67 rad/sec) and 60°C)] with results from the French .Knit tester which was also opera.ted 

at 60°C and 1 cycle :per second (52). They .found ,that the rt:g:re:ssion equation (Figure 5.8) for 

predicting rut depth at 30,000 loading cycles was:: 

This equation was valid for (3'' values rip to 8.5 kEDa a1 which point the rut depth of the mixtures 

leveled off at 5 mm after 30,000 cycles regardless, of an increase: in G".  
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Anrnijo, J.D., Pradha, M.N., Franchi, M A .  

"Effects of Commercial Modifiers on the Physical Properties of Montana Asphalts, 'I Report by 
Montana Slate University, March, 1989 

Materials : 
Various refinery sources (Cenex, Conoco, Exxon, Montana) of 85/100, 120/150 
SBR latex (Ul trapave) 
SBS (Kraton I34141 (29% oil), lD4463X (50% oil)) 
EVA (Polybilt - Exxon) 

Binder Tests: 
Basics: Viscosities, penetrations, R&B, ductility, TIFUT 

Kesults: 
An evaluation of the results from the basic binder tests were wed to establish a weighting 

system to compare one modified blinder to anotheI. 1 Iesirable binder properties were basedl on 
common sense andl traditional concepts of "good" anal "bad" Lest results (e.g., low penetrations 
= resistance to rutting but increased tendency for thixrnal cracking). 
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Anderson, D.A., Christensen, D.W., Royue, R., Robyak,, ILA. 

"Kheodogical Properties of Polymt:r-Modifietl Emulsion Residue, 'I ,4STM STP 1 108, 1992, 
Pg- 20 

Materials: 
2 sources of AC-10 base asphalt cement; a second nm: was used because one of the SBS 

2.8% SBR, 2.8% SBS, 2.3% SBS, 2.8% Neoprene . n o  specific information included 
polymers was not compatrble with the original. 

on polymers 

Biintder Tests: 
Rheology: Parallel platc: (15, 25, 35, 45, 60OC) :== 215 mim 

'Torsion bar (-35, -25, -15, -5y 5°C) 
Bending beam 

Fraas brittle point 

lRe!;ullts: 
Development of master curves for emulsion residue irrdiicatetl the need for both vertical 

imd horizontal shift factors. The need for the vertical shift was hypothesized as a reflection of 
the chiange in solubility of the slructuxed phase of the asph;ah and/or modifier, A lower 
temperature is equxvalent to lower solubility with agglomeration into discrete lumps within the 
dispersed phase. An Increase in temperature results xn an incrcme in solubility which leads to 
;m expansion of the structured phase. This should indicate an increased association within the 
rstnictured phase with a corresponding increase in density of tlir: associated network; this should 
hypothetically result in the vertical shift, 

The vertical shift factor was noted lo increase beyond some critical temperature, 
designated To, with rncrcasing temperature. To was increased with the use of the SBS and 
Neoprene modifiers; no change was noted far the SI3R motfifiec. The horizontal shift factor 
varied between systems; authors suggested that this shift facfor be adjusted with 2 (log (vT) in 
ithe anomalous region. 

-.- -a -40 -20 0 20 40 60 Ro loo 
T -. TO. C 

FIG. 7 - Log of vtrtical shift factors, v(T), versu8 
temperature, normal.lzed to temperakure To. 

14utltio1-s used WI,F equation when 
T > Tg and the .Arhennius function when 
T -qo 

(J, assuincxl to be 17.5; C2 calculated as 80; 
15, ::= 252 Id/nxole. 

F"o1i:yner;s extended the relaxation 
process to longer times on the master curves. 
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Anderson, D.A., Duilkatz, E L .  

"Asphalt Properties arid Cornposition 1580 -- 1980," AAPT Wol.. 49, 1980, pg. 1 

Nlateriak: 
Wide range of unmodified ,asphalt cements ( F W A  a.sphalt cement finger print file) 

Binder Tests: 
Basic Asphalt Cernerat Testiing 
Rostler Fractionation 

Results: 

evaluated for over 400 asphalt cements obtained fi-om 15350 through 1980. 
parameter a ratio of Inore reactive fractions to the: less reactive: f ractionn: 

A range of basic asphalt cement testing as well as the Rostler-Steinberg results were 
The Rostler 

Asphaltenes (A) increase as the a:s]phdt cement ages. The nitrogen 
base resins (N) components act a s  peptizeirs for the asphaltenes. 
The acidifins (A, and A2) are unsaturated hydrocarbons and act as 
solvents for peptized asphaltenep,. The paraffins (P) are saturated 
hydrscar bonds and as i;elling agct:nl s. 

A, + Iv 
A, + P 

A variation of the Rostler parameter is the (3trtolski prarmeter: 

A1 + A ?  4 

A + P  

Either high or low Rostler paramcters and high Gotolski parameters 
appeared to iinidicate asphalt cerneni 5; with potentially poor pavement 
performance. The Rostlcr panmeter was more closely related to 

temperature susceptibility while the Gotsllskj parameter was more closely correlated with the 
change in binder properties due to aging. 
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Anderson, D.A., Goetz, W.H. 

"ILTechanical Behavior and Reinforcement of Mineral Filler-Asphalt Mixtures, " AAPT Vol. 42, 
1973, pg. 37 

Materials: 
Not noted 
Additives - Mineral filler, Silica (SiOJ, calcium cartmxia1.e (CaCO,) 

Binder Tests: 
Rheology - sliding plate 
Direct Tension 

Results: 
The relative viscosity, q,, for mineral fillers were independent of the original viscosity 

(of' the suspending fluid. A greater reinforcement was trbtain~etl for smaller sized particles. 
Calcium carbonate was thought to strongly absorb the asphaltene portion of the asphalt cement. 
'This resulted i n  an increase in the filler volume concentratioii., 
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BASE; Corp. Suplplier Information 

Polymer:: 
SB latex, used in doses of 3 to 5 percent !3B solids by wf.. of asphalt cement 

Trade Names: 
Butonal NS 117 - for cationic asphalt cement emulsiiorx!; 
Butonal NS 120 - for anionic asphalt cement emulsicms 
Butonal NS 134 
Butonal NS 1'75 - for anionic asphalt cement ernulskm 
Butonal NS 198 - for cationic asphalt cement emulsi~c.rrxs 

Plroperties: 

Butonal NS 175 -. a high solids, cold pollyrrkerized anionic SB dispersion 
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Bitumar, Inc. Supplier Information 

"l?avVing the Way to a Better World" 

Pollyrner: 
Crumb rubber - wet process 

'Trade Names: 
Ecoflex 

RRopert ies : 

cement. 
A patented process for "complete dissolutioxi of the cruiiab nibber" in the asphalt 



Boduszynski, M,IM., McKay, JJ*, Lathann, D.R. 

"Asphaltenes Where Are You?," AAPT Vol.. 49, 1980, p g  123 

Materials: 
Not specified 

Binder Tests: 
Molecular Weight determined by: 

VPC) 
Field Ionization mass specoscropy (:FIIMS) 

Based on reactivity (See below) 
Cor%jett 

Separation 

Results: 
Separation procedures used chronxatography tnn arnitsrr/'c::ation resins to separate asphalt 

cemen't components capable of hydrogen bonding. This was fdlowed by an additional 
chromatography process to separate out the Lewis bases arid hydrocarbon fractions which was 
followed by an absorption chromatography on silica gel to o1stai.n the saturates and aromatic 
hydrocarbons. The Cbrbett analysis was used to separate the ;asphalt cement into 5 fractions: 
asphaltenes, saturates, nalpthene-aromatics, andl po~lar aromatiCS-.l and -2. 

Results indicated that the asphaltenes are ;a.ggloms:rates of polar and polarizable 
conrpounds and are present in both the acid and base fracticslas, 
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130uldjii, .M.G., Colli~ns, J.H. 

"Influence of Binder 7Rhexdogy on Rut Resistance of Polymer Modified and Unmdified Hot 
Mix Asphalt.," ASTM STP 1108, 31992 

MaderMs: 
Asphalt cement - AR loo0 (source not noted) 
3% SBS Kmton Dl101 (Shell) 
3% EVA E k i x  150 (Dupont) 
3% SEBS Kraton W6904 (Shell) 

Eider Tests: 
Basics: R&B, Visc., Pen (4, 25"C), elastic recovery, ductility (4°C) 
Rhmlogy: RMS 800 

n/Iii$ure Test: 
TRRL wheel tracking apparatus; 535 Wa (7'7.6 psi:), tPO°C, 42 passes/minute; dry 

Unusual compaction procedure, mix temp. 170°C 
specimens 

Field Test Sections: 
Mesquite, ]Nevada May 1989 

Result!;: 
Rheology indicated that the straight asphalt cement slhawad llittle elasticity. This resulted 

in difficulties in measuring tan delta because of the small G' Authors suggested that an increase 
in Ci* with a correspondingly high G' shouildi indicate a binder that will be resistant to rutting. 
Results indicated that the G* was greatest for the SEBS > SBS :> EVA > Unmodified. G' 
was greatest for the SEBS = SBS > > EVA :* Unmodlifid. 'These results correlated well with 
the occurrence of mm of rut per lo00 cycles. No informa.lbiainJcox~elatior~ to field sections 
plrcsented (too early nn project life??). 

Difficult to follow authors conclusions due to lack of iniformatian on air voids and asphalt 
cement content. Clanclusisns appeared to be overly generalized and mot sufficiently suipported 
by data presented. 
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Bouldin, M.G., Csiliiins, J.H., Berker, A. 

"Rheological and Microstructure of Polymer - Asphalt Bknds, 'I Rubber Chemistry aind 
Technology, Vol. 64, 1991. pg. 4.3 

Maleriais: Wide range of asphalt cements 
SIBS Kraton D4460X, DllOl 
SIBR Ultrapave 90 

Birirller Testing: Vacuum viscosities -. A1 tubes 
Basics: R&B, ductility, penetralions, elastic recovery 
RMS 800 with parallel plates (2!i mm for 'r > 60°C, 12.5 mm for 25 < 

An KSA was used with reect. bars for low temperature testing (good up to 

Fluorescence microscope 
STEM 

T < 60°C7 6..5 ~nrn f0.r 5 < 'I? <::: :WC) 

XOGPA; 0,.05 percent: strain) 

Results: 
Rheology results indicated that smaller plates gave srnail1,er values of storage modulus, 

6'; this appeared to be due to wall slip. When the values of Ci' developed for two tests with 
varying plate size agreed, slip was not considered to be a prsbleini. Authors suggested grooving 
the plates with: H[g,,,/hg,,, :> 100 to prcwent significant irifluence of groove depth on test 
results. 

Authors stressed the importance of specific sample prr:pa.ra.tion procedures for polymer 
modified asphalt cements so that plhase separation is not a problem. Guidelines for sample 
preparation, handling .I and storage were pre:st:n ted; :preparation andl handling procedures agreed 
with the general guidelines used by the 1polymr:r suppliers, No change in the properties of the 
modified asphalts were seen using a. storage temperature of :W'C for 5 to 7 days. 

Rheological. :results were calculated using an Artrehnius function to shift the data for all 
temperatures. Results frorn the parallel plate rheorneter and tlit: Al[ tubes were used to confirm 
the Cox-Men rule applied to the dynamic data. The aiuitliors reported that the tan 6 
measurements were very erratic for the neat asphalts; a better fit was obtained with either the 
addition of polymer or the increase ,in polyimer concen,kration.. A plateau G' modulus was seen 
for blends with a network formation. 

The STEM showed that the configu:ratian csf'the SBS domains were dependent upon the 
properties (undefined) of the neat asphalt cement (Figtrre 1). 

The need for a critical concentrat.ion, C* of polymer was discussed. The critical 
concentration is the minimum volume of polymer that i s  needed !i0 that there will be some level 
of pc.~lylrner entanglement between the dispersed p 0 1 p i ~ ~  regiorns.. The authors indicated that t.he 
level of c* is dependent upon the asphalt cement: used; this value varied from 2 to greater than 
4 percent for three of the asphalts used in this study. 
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Boulldiin, M.G., Collins, J.H., Berker, A. .- Continued 

"lhheological and Microstructure cuf Polymer - Aspkialt Bkncls, " Rubber Chemistry and 
'Technology, Vol. 64, 1991. 

Results (Continuedl): 
(Changes in the relaxation times, A, of' polymer modifwed mixtures were discussed on a 

liimited basis. An increase in the relaxatiori time was used as iuol indication of the formation of 
the polymer network. The authors suggested that this follows the Xnetwork = h hRwse 
re:latronship. 

More netwcrrk formation was observed with the softel grade  ID^ the same source of asphalt 
cement. Mixing temperatures were decreased and a lower pr:rcmtage of polymer was needed 
to1 obtain c* . Temperature susceptibility increased with increasing, viscosity. A much greater 
increase in G' was seen when the viscosity of the neat asphalt was dlecreased. 

Asphalt A AsfPhal t B 



Brule',, B,, Brion, Y., Tanguy, A .  

"Paving Asphalt Polymer Blends: Xiela.tion Between Composition, Structure, and Properties;, 'I 
AAPT, Vol. 57, 1988, pg. 41 

Materials: SBS (MW := 120,000, linear, rang of' percentages) 

Binder Testing: GPC 
Direct tension 10 and 20°C (50 and ti8"1;), 500 m d m i n  
Compatibility measured by evaluating centrifuged polymer modified 

asphalt cexnent at various times during curing 

Results: 
The authors suggest that the: general use of the term "6::onipatability" implies that the 

polymer modified asphalt cement is homogenous, with good dlu,s::tility, cohesion, and adhesion; 
this is not the definition of chemicall compatibility. 

The colloidal instability index [(asphaltenes 4- saturated oil.s)/(resins -t- aromatic oils)] 
suggests that when the polymer is added to t.he asphalt ce:menk. at high temperatures, tlhe 
asphaltenes flocculate which causes oil bleeding. The colloidal instability was used to estimate 
a threshold value of approximately 0.10, bellow which SBS poly.rner becomes soluble in asphdt. 
The aut.hors suggest this would lead to loss of adhexioirk. As&dt cements with a high level 'of 
arorriaticity should solubiIize the poIyrner; as the: macromolecular structure increases, the 
viscosity should increase along with the binder's resistance to1 .fbw. 

:If the polymer-polymer interaction i s  8, t:hen t.hln: polymer-sdvent interactions can swell 
the polymer with the oily fractions of the asphalt cemeirrt at low pollymer concentrations. Th.is 
increases the concentration of resins and asphaltenes in the continuous phase could lead to iln 
increase in the elastic properties at some given percent; of polynrer. If and when phase inversion 
(i.e. ,, asphalt cement dispersed in discrete particles within $hi:: polymer phase) occurs, the 
.properties of the polymer should control the system 1propertie:s. 

A series of C;PC analyses over time showed that there w,as only a minor change in the 
rno:lecular weight of the polymer with time. The physical prcyperties of the binders howeve.r, 
changed substantially with time. When stored a.t 2!Q)O"C a.md tested at 20°C, the percent 
elongation to yield increa:;ed about 40 percent,, the yield stres!i :iincreased about 0.06 MPa, 
elongation at break increased 1,000 percent, and the stress at ;R;rcture increased 0.3 MPa from 
1 to 7 hours of storage. Similar results were obtained fbr a tesR. temperature of -0°C. When the 
stora.ge temperature was increased from 200 to 220"C, :a peak iri the maximum improvement in 
binder properties occurred; the longer storage time began to produce increasing less 
improvement - 

'The extent of polymer swelling wits calculated by dt :rrrining the chemist,? of the 
asphalt cement portion of the binder after 2 hours of centrifuging a.t 140 to 160°C at 12,000 ,g. 
These results showed about a 4.5 tal 5.5 tirnm incrt:a.sci: in the polymer size; the percentage (of 
asphaltenes increased in the asphalt phase. The percen!: of swiAling was slightly reduced by an 
increase in the percent of polymer used. 

.A finer dispersion of the polymer within the a.sphalt cernierxt led to better cold temperature 
properties while a coarser dispersion made the cold tmiperaturt.:, propertits worse. 
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Bueche, F. 

"Melt Viscosities o f  Polymers: Effect of Polydisperskty," Journa.1 of Polymer Science, Vol. 
XLIII, 1960, pg. 527-530. 

Results: 

relating the zero she= viscosity and the mo1t:cular weight Wac;: 
Showed that for polymers with low 1mlydispc:rsity values, the general equation for 

where M, = M,. However, when there was a broad distritiution of molecular weight 
components in a polymer, the second moment molecular vveight (Le., M,v ) n d e d  to be 
iincreased to at leas1 the third order molecular weight (Le., MJ o r  higher. If the moment of the 
imolecular weight was not increased, then the cxponent, 3.5, shsuld be increased to compensate. 
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Button, J.W., Little, D.N., Kim, Y. ,  Ahrned, Ji. 

"Mechanistic Evaluation of Selected Asphalt Additives, " AAP'T', Vol. 56, 1987, pg. 62-90 

Materials: Asphalts: AC 5, AC 10, AC 20 (Texas Coastal) 

Polymers: SBR (Ultrapave 70, Latex XUS 4010.5 .% (DOW)) 
.AR 1000, 20100, 4000 (San jloatiquin Valley, Calif. 

SBS (Kraton 'TR 66.8'7'74, 131 101, 11x1 118) 
EVA (EX042, EXXOXI, EVA 150 Dupont) 
PE (Novophalt) 
Carbon Black (Microfil 8) 

Binder Testing: Forced ductility 

Mixture Testing: Lottman 
Creep (VESYS) 
Overlay tester (simulates opevlin@g and closing of crack) 
Low temperature cracking - indirect tensile SCBmm/miia, 0.6"C (33°F) 

Results: 
Authors used the second peak seen in the foircetl ductility test, which is an indication of 

the polymer properties, as a comparison folr the mixture test :results. A good correlation was 
achir:ved between the forced ductility results (4,"C, after rolling thin film oven conditioning) and 
the tensile strength of the mixtures. High forced ductility rc:sul ts correlated with high tensile 
strengths. Results indicated that moisture conditioning had little influence on the test results. 

The results from tlhe overlay tester indicated that the: SBR, SBS, and EVA additives 
increased the number of cycles to failure. .At: 20°C ((68"F), the: IVovophalt results were simillar 
to the .AC 5 and AC 20. Ai: 0°C (34";FF) the AC 5 asphalt cxmemt with any of the additives 
performed similarly; all additives irvcreasecl the nurnbex of cycls::~ to failure when compared to 
the AC 20. 

Permanent deformation testing indie;att:ti that at 4.4"C (40"F), the AC 5 the SBK additives 
showed the greatest deformation with all other modifiers pct:n-:liorrnlng similarly. At 37.8"C 
( 100°F), the AC 5 -,t SBR additive:; still hiad the greatest defi:~:nrna.tion with the other AC 5 + 
modifier mixtures producing lower deformat.ions than the unxnodkfied AC 20. The Microfill 
additive showed significantly less deformation than any of the other mixtures. 
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'Buttlar, W., Roqiie, R. 

"I>t:veloprnent and Iivaluation of the SHR P Measurement and Analysis for Indirect Tensile 
'Testing at Lxrw 'Temperatures, " TRB preprint 94077'3 1994 

Binder Tests: 
None 

1IY"urce Tests: 
Ihdirect tensile constant strain test at low tempe:ratures, 

Rlesu II t s  : 
The linear elastic range approach was assumed to be valid below 30Qp after 1,000 

seconds of loading; a minimum strain of 50 pee was considered necessary to get repeatable 
results. The authors suggested an initial load to achieve between 40 and 120 ~ . L E  at about 30 
seconds should be sufficient to meet all of the test requirements. LVDT noise requirements 
reportec! as needing to be less than 125 x rnm. Dala was :;ampledl at a rate of 10 Hz in the 
first 10 second and at 1 Hz thereafter. Typic:al test results are: shown below. 

A c 

-- -- 
Poisson's Ratio 

----.- 
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Chisquet, F.S., Ista, IEJ, 

"The Determination of SBS, EVA, and APP Polymers iin Msdj fied Bitumen," ASTM STP 1108, 
1992 

Malerials: 
SBS 
EVA 
Atactic Polylpropylene 

Pollymer Tests: 
Infrared spectroscopy 

Result:;: 
Discusses the specific development .of using 113 for clh;mctenzing typical polymers used 

in modifying asphalt cement. No specific information about modified asphalt cements provided. 
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Collins, J.H., Bouldin, M.G. 

"Ihng and Short Term Aging Stability of Straight and Polyrner Modified Asphalts, 'I paper 
presented at a meeting of the American Chemical Society - Rubber Division, Detroit, 
MI, Oct. 8 - 11, 1991. 

N1ateri;als: Wide range of both AC's 
SBS .- Kraton D1101, D4141, 114460, 111184 
SEBS -. Kraton G165'7, RPI.687 
SBR - Goodyear Ultrapave 70 
PE - DOW PE 2045 

'Bindler Testing: GPC 
Rolling thin fillm oven aging of modifid binders 
STEM 

MiPrl.rure Testing: Texas gyratory used for compaction 
Creep - repeated load (5,000 cycles or 646 strain), haversine wave, 78 psi 

axial load, 40°C (1  04'1:) 

RiesuiXts: 
'Test results indicated that the rolling thin film oven agirng of the polymer modified 

binders over estimated the severity of actual plaint manufacturing conditions (laboratory modified 
and aged versus recovered binder properties). A finer dispersion of the polymer in the asphalt 
ce:ment matrix was noticed after RTFOT testing; hypothesis \mi that the RTFOT testing was 
providing further mixing. 

ILong term aging was evaluated by extracting thc: modified bindtx from cores taken from 
]pavements between 3 and 4 years old. These results indicated that there was no significant 
~polymeir degradation for the SEBS modifiers while thers: was ;itmiit 88 to 85 percent of effective 
~polymeir for the SEE materials. 

,4rticle included a summary of several field projects. 
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Collins, J.,H., Bouldiini, M.G. 

"Long and Short Term Stability of Straight and Polymer M[odlified Asphalts, 'I Rubber World, 
1992 (no other iinformation on copy of paper). 

Materials: 
Range of asphalt cements: 

SBS (Kraton D1101, 114141 (29% oil), ID4440 (50% oil) 
PE (Dow PE2045) 
SEBS (RP6984 , G 1 65'7) 

AG 5 ,  7, 10, 20, AR 1000, 2000, 4000, 8000 (includes 
range of refineries and c:r title sources) 

1Bindler Tests: 
Basics: I'enctration 4, 25°C ~ RTFOT aging 
GPC 
STEM 
Low temperature crack n g (vi s 11 a1 ) 

IMixt ure Tests: 
]Repeated load creep testing, haversine load for 0.1 seccmds, 1 second rest, 5,000 cycles 

or 6% strain (failure criteria) 

]Results: 
Oxidation of the neat asphalt cement appears to lead to more molecular structuring arid 

;I higher average molecular weight. Oxidation of polymer modiifiled asphalts showed a decrease 
in the high polymer molecular weight with aging time.. This indicated that the oxidation of the 
double lbonds in the polymer were resulting in a decrease in the length of the polymer chziin 
(Le., decrease in mdecular weight) ;, prirriarily by chain scissi.on. No problems with gelation 
(i.e. , crosslinking) was noted, most likely d u e  to concni::ntratioars of polymer below the criticid 
level. 

An investigation of penetration (25°C) over a. range of :IR'I'FOT aging times showed th,at 
l.ong term storage at 180°C results in a significant loss of penetration when compared to storage 
at 12Q"C; the authors interpreted this, as evidence of the: degradahn of the polymer. Based on 
this, they recommended that if polymer modified asphalt cements are to be stored for any length 
of time, the temperatures be kept to a maximum of' 135°C to p~e:vent damage to the polymer. 

A comparison of penetration values for SBS modified hinder from both RTFOT arid 
recovered binders (authors refer to loose mix vvith'out specif?ca.:lly stating recovered binders) 
showed that laboratory aging almost always over est;imated the aging seen in the loose mixtureis. 
(If the binders were recovered, this could1 be due to polyrler degradation/softenirig during 
extraction). The saturated SEHS polymers showed no change in properties between RTFOT arid 
loose mix. 

An STEM (scanning transmission electron microscope:) was used to examine the 
morphology of various mixtures. Resu1t.s showed that ;in SBS mixed with a compatible asphalt 
cement showed no difference in morphology befare and after RTFOT aging. The SEBS 
mixtures showed a finer dispersion after RXFOT; authors hypothesized that this was due :to 
additional mixing during testing ~ The STEM was riot appropriate for evaluating PE modifid 
asphalts due the gross phase separation of the materials. A sigijificank loss in both Ci* and G' 
after RTFOT was attributed to the phase separation antl not the degradation of the polymer. 
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Colliirns, J.H., Boddin, M.G., Gelles, R.,, Berker, A. 

"1mpxo.c~ed Performance of Paving Asphalts by Polymer Modific;altic~ns., 'I AAPT Vol . 61, 1991, 
IPg. 43 

ItTaterktls: 
,4C - 5 ,  10, 20, 30, 40 (Dear Park), AR 1000 (Martiinei!), AC-6 (Boscan) 
4% SBS - Kraton a l l 0 1  (Shell) 
6% SBR - Latex Ultrapave 70 (Goodyear) 
4% (?) EVA - Elvax 150 ( Dupm) 

]Binder Tests: 
TEM 
l?luorescence microscopy 
Rheology: 

13asics: 

Temp. >60"C = 25 mm plate; 25 < ' I m p .  <: 60"C, 12.5 mm plate; 
5 < Temp < 25"G, 6.25 mm plate 
Visc., Brookfield, W&B, lC)ucl.ility, elastic recovery 

Mixture Tests: 
Dynamic and static creep tesling 
Wheel track 

1Resullts : 
Authors indicated that the use of larger platens led to sm~alller measured values of @' than 

when smaller plateris were used; they suggested this was dnc: to slip. Results at cold 
teinperatures test results confirmed with one measurement with each size; results were 
considered reliable when both results were in good agreement (not defined). A good relationship 
between the capillary, Brookfield, and DMA viscosity measurements was reported. They 
reported that measurements of' tan delta were unreliable at low polymer concentrations and/or 
high temperatures (tan delta poor for neat AC's, OK for 2% psly,  good for 6% poly). 

14uthors address need for the polymer concentration to be above c* (i.e., critical 
concentration) but do not explain concept. to the readcr. Reports c *  of about 2 percent for 
Martinez, greater tlhan 4 for Boscan., and between 3 and 4 for Deer Park crudes. 

General findings indicate that as the asphall wment grade increased (for same crude 
SOUKCX) , its compatibility with the polymer decreased. 'This decrease in compatibility was seen 
i is an iricrease in rnllxing time and an increase in c*. The temperature susceptibility of the 
im~otiified binders increased with increasing AG grade. 'The most significant increase in G' was 
seen in the lower grades of asphalts moddied with polymers As the percent of polymer 
increase:d, the G* increased and tan delta decreased. The criticaI cracking temperature at cold 
temperatures decreased with increasing pol ymeir concentrations and/or a corresponding decrease 
iin the asphalt cement grade:. Results include a good series of rIEM photos and analysis. 

]Mixture testing indicated that the dynamic creep testing resullts were similar to the wheel 
ltrackjng results; static creep testing however, was 1101 similar, 'When rheology measurements 
were compared to mixture testing, the unmodified binder had a G* of about 80 Pa (60°C, 1 
wad/sec)i and 10,000 cycles with the wheel tester were needed to ;idhieve a rut depth of 10 mm. 
At 2 anld 7 percent SBS, the G* and number of cycles were 250 ,arid J ,000 Pa, and 20,000 and 
90,000 cycles, respectively. 
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Collins, J,.H., Mikols, W.J. 

"Block Co-Polymer Modification of Asphialis Intended for Pirnrf;ice Dressing Applications,, I' 
AAPT Vol. 54q, 1985, pg. I 

Materials: 
Asphalt cements - 85/100, 280/320 penetration, AC 5 
SBS - Kraton T>1101 (5  and 8%), I:)lX84 (3%) 
SEBS Kraton Ci1652 (3 %) 

Binder Tests: 
Basics - viscosities, R&B 
Brookfield viscosities (concentric cylindtxs) 

Results: 
The authors report that the typical Shell Bitumen Test Data Chart (BTDC) becomes a 

curve rather than a straight line rela tionship (Figure I) They also reported binder viscosities 
were dependent upon the asphalt soiirce as well as the type and percent of polymer (Table 1). 
The radial SBS D 1 184 polymer produced a significantly 1higlkt:r viscosity than either linear 
(DX101) or the SEBS (G1652) polymers (Table 2). 

Table 1 Influence of Asphalt Cement Source on Properties. 

Table 2. Influence of Various SBS Products on Projxrties. 

- _  -- ~ 61,500 _-- 
6,800 46,000 112,000 18,5001 
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lD:aly, W.H., Qui (Chh),  Z., Negulescu, I. 

lIPreparation and Characterization of Asphalt-Modified Po1yethy:lene 13lends, 'I Transportation 
Research Record 1391 ~ 1993 

Materiails: Polyethylene: chlorinated PE (CIPE) HIIPE, nialsated PE (MGPE) 

Binder Testing: NMR 
Bending beam l"C/min, 0. I percent strain; SO Nz and 1 percent strain for 

Differential Scanning Calorimetry (D!K) 
Fluorescence Microscopy 
Creep with coristan t stress rheometer 

failure 

1xr.su Its:: 
General information included a description of the nnalma(.ing process for PE. The 

xnolecu1;ar weight 0.f the HDPE was listed as 1.9 to 8.5 x :LO4. 
The bending beam results were used to define the To as t.he: maximum loss modulus, G", 

at a given frequency. These results indicated a wide peak for miost of the materials tested. The 
bending beam was also used to devdop a cracking ternpera.tul*le:, Tcrmck which was equal to the 
temperature at which the sample failed (50 Mz, 1 percent strain). This value was used to 
estimate the influence of polymer addition o n  low temperature. crack resistance. 

The DSC results indicated that saturates and. aromatic:; make the main contribution to 
properties; no crystallization was seen when the rnaltenes vvere removed No asphalt cement 
xndt point was obsexved; the melt point of the modified biinder (decreased with an increase in 
plyrner concentration (compared to pure ptslyrner). The magnif.ucle of the shift appeared to be 
an indication of the polymer-asphalt interactions,, 

Low temperature cracking was very sensitive to the pelyimt:r concentration. Tcrack was 
grater than Tg for pure asphalt cement. This relationship was iie~~ersed with the addition of the 
.pollyrner. 

The authors indicated that there was a development sf' partially separated regions of 
pollymer within the asphalt matrix when the polymer modified rtrsmphalt cement produced a storage 
modulus curve with a slope equal to the mrmtvdified asphalt cmiemt but higher in magnitude. 
The a.utlhors suggested that this was due to the higher rigidity of' !.he polymer than the asphalt 
cement., A difference in the slopes between the modified arid urirnodifietl G" values was 
:;uggt:sted as an indication of the selective absorption of asphalt ceiment components by the 
polymer. This would leave the asphalt cement phase rich in ,aromatic resins and asphaltenes 
wlnich are both high viscosity components.. 

Creep tests with the Bohlin Constant Stress rheometea j,ntlic;ated that the decrease in 
colrnpliance was a fuinction of both the asphalt cement and the: polymer. 
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Dexco, a Dow/ICxxon partnership, Supipllier Infca~rrnation 
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"Vectoir - The New Direction in Styrenic E3lock Copol.ymers"',, rio date 

Poll ymer: 
SBS 

Trde  .Names: 
Vector 25 I. 8 
Vector 24 1 1 

Either product is availa.ble in the expanded crumb or powdered form. 

Properties: 

I Hardness, Shore -- AfiSTM D224(3) 

- Tensile Stfen@, psi (ASTM D638J- 

1 oo 

NA: Information either not reported or nolli. applicable 

Dihlock copolymers only have one stryrenic "anchor" rather l l ~ a n  the triblock's two "anchors'" 
Since a large number of diblock copolymers will significantly effect the modulus and tensile 
strength of the polymer, the percentage of diblscks arc limited. 
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SBS (25wt% diblock) 
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A AC:-Y0/6wt% SES (25% SB diblock) 
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.Dulkatz, E., Anderson, D. A.,Wosernberg, J.L. 

"Relationship Between Asphalt Flow Properties and Asphalt Ckmposition," AAPT Vol. 53, 
1984, pg. 160 

Materials: 
,4sphalt cerrirnt -. 12 different sources/grades; selected fix- a range of asphaltene contents 

Binder Tests: 
IRostler separation 
]Basics - Viscosities, penetration 
,4sphaltene settling test (Heitaus procedure) 
IHPLC 

Resui Its: 
,4sphaltenes have been thought to have ;a disk-like stme~ture (about 10 to 1SA thick with 

a cdiarneter of about 50 to lOOA) because the viscosity of the ;asphalt. cement at high temperatures 
is greater than predicted by the inclusion of dilute spheres. A.sph(aX1:ene content was found to be 
rela.ted to the percent of large molecule size as measured by high pressure liquid chromatography 
&I€)IX)i. The autticrrs suggest that this should be interpreted as highly polar assemblages of 
macromolecules rather than a measurement of discrete particle sizes. 

'The authors determined that the traditional colloidal rniodel for asphalt cement was not 
aclequatle for explaining the flow behavior. Figures 1 through 3 show typical rheological results 
:for a range of asphalt cements. 
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Enichem Supplier l[nforniatiion 

"Enichem Technical Paper No. 1, Iiuroprene Sol T" 

Polyimers: 
SBS 
SIS 

Trade Names: 
E Sol T : Series 160 to 169 are SBS 

Series 170 to 179 are cbi1 extended SHS 
Series 190 to 199 are SXS 

Properties: 
-___.__-__.._-I_-..-_ ._-- 

E Sol T 161/B 

Radial 

30.70 

250,000 

30/'70 

1.1 1.1 -_____-__ ..------ ._-- 

'The oil extender is described as a "paraffinic oil cnontainxng a well defined quantity of 
inaphfhenics and aromatic fractions. 



Eniicheim Supplier Ih~format ion 

"SBS Thermoplastic Rubber for Bitumen Modification., I' no datc: 

Materials: 
SBS (E SOX 'li' 161 -. Enichem) 
,4PP 

Results: 
'The atactic polylpropylene WHS a saturated polymer 20 30 pph. This polymer did not 

significantly increase the asphalt cement viscosity, and was easily phase separated. 
The E Sol 7' 141 product was a radial SBS. This pdymer has a structure that it 

temporarily destroypd by dissolving the polymer in solvent ,and/or heating it above the glass 
transition temperature (T,) of the styrene A network structurc is fiormed when the polymer 
reassociates as the temperature is redluced. The ability of the pioX;yniex to disperse in the asphalt 
cement is a function of the mixing temperature, The teimper-atunrt:: needs to be above 180" C for 
the styrenic blocks to dczompose anti below about 200°C to pn:vc:n& excessive aging of both the 
asphalt and polymer. The SBS is unsaturated, therefore ax? aintmxitlant was recommended to 
]prevent aging of the polymer. When optimum conditions are piresent, the crosslinking of the 
]polymer will be approximately equal to that of vulcanized SR!;;. 

General properties for this product are shown irt Table 1 (these are somewhat dxfferent 
than those reported for specific T 161 products in other supplier literature). 

'Table 1. General IE: Sol T 161 
Product Properties. 

Crosslinking derrwity variation 
of polybutadiene during 
a cure with sulphur 

c,d--~ S := 2.0 Phr 

S = 1.0 Phr 
I- 

....r=--- 

'Time (min.) 

C rossll i n ki ng tltmsity wa ria t ion of 
palybutadiene versus 
time at different temperat LB res 

I=-,! 

Y 011 I 200 I 300 I 400 I I 3 :3 
time (miri.) 



Enichem Supplier Information 

"Enichem Technical Riper No. 4, JEuroprene Sol 1" SBS Block Copolymer in HMA Cement" 

Materials: 
SB (I3 Sol ?" 6302, T161/C, T1611/1B- Enichern) 

Binder Tests: 
Basics: Ductility, Pen 
Fraas Brittle Point 

Results: 
Both the penetration index and the softening, p i n t  increased with increasing percentage 

of polymer, regardless of type of SHS. Table 1 sholws typical values obtained. The low values 
for each range represent asphalt cement modified with, the E S o l  lr 6302 and the highest value 
the IE Sol T161/B. The E Sol T16l/C was c:onsist~entlly in thc: middle of the range. 



IEnicknern Supplier Information, received ,Jwrie, 1994 

Results:: 



Emon Supplier 1nI”ormat ion 

“Polybilt for Asphalt Cement Modification” 

Polymers: 
:EMA (500 Serks) 
EVA (100 Sr:ries) 

Trade Names: 
Pol ybil t 

Properties: 

Pol ybilt 
503 

NA 

1.0 

A high melt flow rate indicates a low molecular weight material. 



Groodrich, J. 

"Asphalt and Polymer Modified Asphalt Properties 1Relatecl tail the Perforrnance of Asphalt 
Concrete Mixtures," AAPT, Vol., 57, 1988, pg. 116 

NIateri,als: Not specified (just referred to as polymcr A and la) 

Binder Testing: Parallel plate rheameter (40, 25, and 8 xrim), strain limited to less than 

Rolling thin film oven aging 
Long term durability testing (LJTD) - iCalif'ornia tilt oven variation of 

0.5 percent at cooler temperatures, 0.1 to 10 rad/sec. 

KTFOT (7 days a t  11 1°C (231.8''F) 

Miture Testing: Axial creep, 25 psi load (60 rnin. b ~ a d  ... 1310 min. unload), 15 psi 
confining, deformation over the center 11 /3 of the sample. 

Low temperatiire testing .- diarnetxal creep (80 psi, 60 min. load - 30 min. 
unload),, 4, -7, 1'7, and -29°C (313.2, 20., 0, -20°F) 

Barn fatigue testing, 0.OS sec load with 10~55 sec unload (3.8 x 3.8 x 
38.1 crn (1.5 m 1.5 x 15 in)) 

Results: 
'The limiting stiffness temperature (ILS?'), which is the ts:mpexature at: which 10.3 GPa 

(1.!5 x ]LO6 psi) stiffness is obtained, was used to compare the effects of polymer modification. 
All polymer modified mixtures had a lower LSI ' ,  however the results were dependent upon the 
asphalt cement used (grades not specified). A good correlation was obtained for the peak loss 
modulus (G") and the :LST. This indicated that the peak in the 6'' needs to be shifted to a 
colder temperature in order to see a.n improvement in the 1,ST values.. 

lother results indicated a good correlation between the la:m tangent and the nurnber of 
cycles to fatigue failure. The loss tangent a1 so correlated wleXl with perma.nent deformation 
results. An investigation into the binder effect when mixture vari;ables8 are included showed that 
changes in both the air voids and/or the asphalt cement ccantt:.n& had more of an influence on 
m.ixture: properties than when changes in the polymer additive alone: were used. The author 
noted that a polymer additive could help the permanent deformation characteristics of a mixture 
with rounded aggregates. 

c -- 3'7 



IKagen, A.P., Jones,, R., Hofener, R.M., Rantlolf, B.B., Johinson, M.P. 

“Characteristics of Asphalt by Solubility X’rlofiles,” AAPT Voll. 53, 1984, pg. 119 

Materials: 
Not noted 

:Binder ‘Tests: 
Solubility 

IZesults: 
The authors noted that typical fractionation diid riot pmwde i t  good representation of the 

asphalt cement properties because of the overlapping chemistry of‘ the asphaltenes and ma1 tenes. 
Previous work with asphaltenes to maltene ratios have faded to correlate with asphalt 
performance. 

The authors suggested the use of solubility profiles becar~se typical precipitation tests on 
asphalt cement are based on solvent phobia whiile solubility profile testing i s  based on an affinity 
for solvents. The solubility parameters of the individual c:arnnponents are not necessarily 
compatible but because of the wide range of parameters withiiirx the whole asphalt cement, the 
wholt: asphalt appears soluble (Figure 1). 

The solubility of the whole asphalt cement was determined in a wide range of solvents 
(Figure 2) and conical-based contour maps of (he solubility parilnneters weIe prepared using the 
equation: 

i4,y + (6 ,  - 

Where: 
sol 2= 

6, and 6, are solubility properties of the solvent 
6, and 6,, are the center of the ellipse (used to develop the contour mail- 
I = 
M = 
4 = eccentricity of cone 
0 = 
x = 

% sol of sample in given solvcnt 

function of the solubility axis and the vertex of the cone 
slope of the sides of the cone 

angle between 6, axis and the ellipse axis 
angle such that tan 8 .= (8, - 6J(r - x,) 

This tguation was re-formed into: 

which gives the general form of y = a -1- bx. An iterative process was used to determine a,,, 
6,,, 8, and 4; a linear regression was then used to dt:termwrxi.: m and I. A typical resulting 
contour is shown in Figure 3. 
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'Hakltead, W.J., Rastler, F.S., White, R,ML 

"Properties of Highway Asphalts - Part 1x1, Influence of ChernicaX C:ompssitisn" AAPT Vol. 
35, 1966, pg,, 91 

.Materials: 
Bureau of Pi~blic Roads library of asphalt cements (1954-1955) 

:Bindler Tests: 
Rostler separation 

Results:: 

Asphdtenes (A): 
Nitirogen Bases (N): 

The authors defined the Rostler parameters as: 
Constituents that are insduble in n-pentane. 
Constituents that are solulrle in 8.5% sulfuric acid. These are the 
most reactive of t.he asphalt cement componerits and contain 
essentially all lof the nitrogen-containing compounds. 
Constituents that: are soluble in 98% sulfuric acid (after the 
removal of N) . These components are unsaturated resinous 
hydroc ar b ons. 
Constituent that are obtained by fuming siilfuric acid. These 
components are only sl,igh tly uxlslaltiiirated.. 
C:onstituent.s that are iaon,-reactive:; tlhey :represent the saturated 
hydrocarbons. 

First Acidifins (A,): 

Second Acidifins (A2): 

Paraffins (P): 

'The IRostler parameter, as defined by the equation1 below, was used to separate the asphadt 
cements into one of five groups. 

--.- ---- 
ostler Parameter Range 

min (0.54) to 1.0 

1.011 to 1.20 

--_-- 
-.-- 

N + A ,  
Rmtler Parameter = I-- 

A, + P 

1.211 to 1.50 



Hkrrin, M., Marelk;, C 9  Straws, IR. 

'The Appicability of the Absolute Rate Theory in Eixplaining the Behavior of Bituminous 
Mixtures," AAPT Vsl. 35, 1966, pg. 1 

:Matceri;als: 
Asphalt cemti:nts: 2 sources; various grades 

.Bindler Tests: 
Sliding plate viscometer 

Rwullts: 
'The absolute rate theory equation was given as:: 

'Where: 
Ik = 
11 = Planck's constant (6.62 x ergs sec) 
q = stress concentration factor 
,4 = 
qAl = effective volume of the flow unit 

Botzniann's constant (1.3805 x X O - 1 6  ergs/"C) 

projected area of the flow units on the shear plane: 

Research showed tlhat the change in entropy (AS) rangcd from 95 to 120 callOK-mole, and the 
change in enthalpy (AH) was between 45,400 and 52,800 caI/moIr:. The authors consideired that 
the high enthalpy explained why there was little or nc9 flow at colder temperatures; the free 
energy of activation dropped sharply as the: temperature increased The large entropies were 
consxdered "as expected" because weakly tmnded disordered sl I-LK tures typical of materials with 
large hydrogen contents should have a large degree of randominas. Also as expected, the AS 
dexreased with decreasing temperature. 

Other findings indicated that the size of the flow imif increased with decreasing 
tempera,ture. 

c -- 4 .I 



lB[esp, S.A., Woodhams, R.T,. 

"Stabilizing Mechanisms in Polyolefin-Asphalt Emulsions" ASTIW: STP 1108, 1992 

1b.lateirial.s: 
RDPE, EVA, PE,, Polyolefins (general) 

]Binder Test: 
None 

IWixlture Test: 
None 

Rest1 1Us : 
Paper provides genera1 information on the mixkng, stabilization, and polymer-asphal t 

iin teractions 
Polyolefins have a non-polar mon-aromatic nature with a solubility parameter of between 

15.6 and 17.4 MPaWn. Polyethylene (PE) is a highly saturatd aliphatic nature which is very 
insoluble in asphalt and I s  dnly compatible with paraffirr-based asphalt cements (i.e., less than 
5 percent of polar aromatic and asphaltene colmpounds). PE has the lowest solubility parameter 
of the polyolefin fa.rriily. High molecular weight 1% particks are stabilized by adding low 
nnoleculxr weight waxes to form stable outer particle layer. Vinyl acetate (VA) is added to 
ethylene (E) to increase the polarity of the polymer, however the VA. also makes the polymer 
more brittle. EVA has also been used to stabilize PE, but did not show very good results. SBlR 
has been combined with PE for a stabilizing effect but re:sults were unclear if it would work with 
'more than a few select asphalt cements. 

To improve low temperature properties, the polymer rneeds to be dispersed in a micron 
or sub-micron size; fewer, larger particles will have an adverse effect on the high temperature 
creep properties. 

General. information is sum niarized beliow 



H[eukellom, W. 

"An Improved Method of Characterizing Asphaltic Bitumens with the: Aid of Their Mechanical 
Properties," AAPT Vol. 35, 1966 

N1aiteri:als: 
Not noted 

Binder Tests: 
Rheolog y 

Results: 
'The author used the WLF equation for developmg master curves. The author felt that 

this equation was (applicable for temperatures above the softming point or for asphalts with 
viscosities less than 1,000 Poise. lit was also assumed appLiailble to asphalt cements with a 
pr:netral.ion index below 4- 1 and a low wax content; this woiiltl increase the applicable viscosity 
range to a maximum of' 1,000,000 Poise. ]Departures from tihi; WLF equation were attributed 
to delayed elastic deformation occurring in viscous flow and the amount of crystallized waxes. 
'Tlhe equation used was: 

Where X was ~(i~nsidered characteristic of the 
-X (T -- T ) rntemal friction mechanisms and UY was 
Y + T - Tref considered an lndica titrn of the temperature 

susceptibility. 13otlh X and Y are functions of the 
choice of the reieremx temperature. 

= - - - r r J  
ref 

c .-- 4.3 



Heutkelom, W. Wi,iga, P.W.O. 

"Viscosity of Dispersions as goverrxed by Concentrat.lions and liiite of She&, " AAPT Vol. LIQ,  

1971, pg. 419 

Results: 
In general, as the volume crrncenlration (Vc) of an adclitjLve increases, the concentration 

of the suspending fluid decreases; this results in an increase in vii~cosity. The maximum voluime 
concentration can be approximated by the reQrocid of the pac4dng volume (V,,). 

Flocculation of particles occurs when peptizatitan is inn:cnimplete and the influence of the 
shar  rate on a yield stress due to flocculation is a function of  the particle concentration. Three 
equations relating viscosity to particle ccrncentriitiom were use:dl in the analysis: 

All. three equations give similar results for values of zqr up to about 108. That is, there is a 
linear relationship between l ldq ,  and C,. A simplification of the Mooney and DeBrijn equations 
gives: 

Where k allows for the introduction of the material shnnar dqmdence of dispersion of spheres. 
If peptization is poor and/or the particles are not sphericid irr shape, then an additional 
parameter, m, need!; to be added. This parameter, m, also a l l~ws  for the correction of particle 
swell in the fluid. For a given shew rate and additive, k arid rn are constants. The value of k 
is approximately 0.28 at low shear rates (< l0")and low to rnodri:ra!e concentrations. The values 
of nn depend upon tlhe additive and decreases with increasing pspIization (m equals zero if the 
particles are fully peptized). The paramelel- rn is related to the rninimum concentration of actual 
particles by: _ _  M E '  UM DtSPEHSED SUE ANCE mox 

0 W A - r i l  BITUMEN ~ 3 78 . csz  bSPHALTEYE5 c 7  
3'TIIMEN ME5-ONE F L - E R  0 53 

A ~ V l i S A N l l  - 
C A N D  S A W  - v 

c,, an. po&k 0 SLATE OUST 0 48 

UAOI.IN 0 30 

~ 

I F  

Typical values of C m,lx and 1 + m are shown in Tabk 1. / 

Table 1. Typical Values of Maximum Actual Parlicle 
Concentration -.-- __-- 

Kaolin 2.64 

-_-- 

c -- 44 
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Jaiin,  P.K., Sangiira, Bose, S., Arya, LR,, 

"(Characterization of Polymer Modified Asphalt Binders for R,.oacls and Airfields, " ASTM STP 
1108, 1992. 

]Materials: 
130/100 and W 7 0  asphalts from various Indian crude rr;onrces (Bharat, Digboid (waxy 

!SBS 
LDPE 
EVA 
PP wax 
Hydroxyl-terminated PB 

crude), EIaldis, Madras) 

]Binder Tests: 
13asics: Ductility, Penetration, R&,EI, Viscosity (60°C) 
IXC (Thermal Analyzer) 
Fraas Brittle Point 
Elastic Recovery 

Resullts :: 
Compatibility was defined by the storage stability test. Ehiiefly, a tube of modified binder 

(2.5 cm in diameter by 30 cm tall) is filled with binder and :;toired at 163°C for 6 hours. At the 
end 0.f this time, the binder is cooled and the tube is separated into top, middle, and bottom lifts. 
The penetration of each lift is determined and the results compa~exl t:o deterniine if any of the 
plyrner has settled out. 

DSC (differential scanning calorimetry) was used to find the melting temperature of the 
podyrners used in this study. :Result:s showed that the melting 'Imnperatures were 114.7, 90.3, 
and 121.6"C for the LDPE, PPW, and EVA, respectively. The ;SBS ha.d no distinct endothermic 
transition. 



Jebro, Inc. Supplier Information 

Poll ymers: 
Unvulcanized SBR 

Trade names: 
Flex form 

Prop-t  is: 

demonstration projects using AC 20R. A ,suggested A.C 20K specification is included ., 
Information on ]pure polymer not irichded. Only infairmiation available covers several 

r: - 46 



Joinces, D.R., IV, Torshizi, H.F., Kennedy, T.W., IIazletlt,, lDbaGa 

"Field Performance of Polymer Madified Asphalts, " 'I'RB Prepirint No. 93099, 1993 

Materials: 
Asphalts varied by project; generally AC: 10 or 20 
3 or 6% SBS (not specified) 
3% SBS process (assumed referred to Styrelf) 
3% EVA 
5 % SBS/Palyolefin combination 

Bincles Tests: 
Forced ductility (limited info) 
Aging index of binder (not specified whether lab or re:cta.vered binder properties) 

Field Test Sections:: 
District 15, 'Texas 

Results: 
A general summary of field performance indicated Ithiat plaslorners (i.e. , EVA, 

SlBS/polyolefin) had more problems with thermal crackirig than Ithe control sections. All sections 
had longitudinal cracks with the e1a:;tomers have the worse cracking. 

c - 47 



Khosla, N.P., Zahran, S.Z. 

"A Mechanistic Evaluation of Mixes Containing Colnventioimal and Polymer Modified (Styrelf) 
Asphalt," AAPT Vol. 58 1989, pg. 2'7.1,. 

Materials: Asphalt: AC 5, AC 10, AC 28 
SBR (Styrelf) 

Mixture Testing: Marshall mix design 
Resilient modulus at -18, 4, 21, 38, and 60°C (0, 40, 70, 108, 140°F) 
Creep (VESYS) 20 psi, -29, -18, -7, 4, 211, 32, and 40°C (-20, 0, 20, 40, 

Diarrntral fatigiie, 15 to 50 psi at 21°C ('Y(P"F), 0.1 sec loadD.9 sec rest 
70, 90, 120, and 1401~) 

Results: 
Authors used both the VESYX perirnanent deformation and fatigue testing programs and 

the analysis program to estimate changes in pavement perforinnaxict: due to the use of polymer 
imodified mixtures. The unmodified AC: 5 mixtures wcre too soft to test at both 32 and 40 "C 
(120 and 140°F) and were eliminated from comparisons at these: tc:rnperatures. Results indicatexi 
that polymer modification would result in a decrease in perrnanefiit deformation and an increase 
1111 the number of cycles to fatigue failure. 

]Resilient modulus testing indicated that polymer modification would reduce the 
temperature susceptibility of the mixtures, however, the pdl y mer also increased the cold 
temperature stiffness. 

c '-- 413 



IKiing, G.W., King,, H.W., Harders, O.,  Arand, W., Planche, JI. 

"Iinfliience of Asphalt Grade and Polymer Concentratioxi on Low 'I'ernperaturc: Performance of 
Polymer Motlified Asphalts," AAP'T Vol. 62, 1993, pg. I .  

Materia Is: 
4.0/50, 60/70, 801 100, 180/200 (Venezuela crude source) 
SB (assumed referring to di block although not specified!); percentages referred to as x, 

1.5x, 2x 

]13ind(er 'Tests: 
Basics: Visc., R&B, ductility 
Rheology: Parallel plate 

Direct Ten sion 
E;raas Brittle Point 

Bending Beam 

Mixture Testing: 
Direct Tension (20, 5 ,  -10, -25"C), 1 m d m i n  
Constrained ].Seam (TSRST), 10 "C/Xir 

Res1ults: 
Cold penetration results only showed a fair correlation 1.0 the constrained beam test (R2 

== 0.69). The correlation improvedl for the cold ductility and Praas' brittle point versus the 
constirained beam with 3 of 0.73 and 0..85, rc:spectively. Better resullts were obtained for the 
basic bj.rider tests for no or low polymer contents. 

Direct tension (unmodified binder only) was used to dehc:. the failure temperature as the 
temperature at which t h e  sample achieves 1 percent strziin at n loiid rate of 1 mm/min. The r;! 
between the direct tension and the constrained beam was 0.83 al.though the authors noted that 
a poorer correlation should be expected when polymer modified asphalt cements are used. 

The constrai.ned beam test with the 40/50 pen asphalt cement showed an incrrase in 
cracking temperature with an increase in polymer conct:ntra.tio~m. The 60/70 through 180/200 
pen asphalts showed a decrease in cracking temperature with am increase in polymer 
concentration. The decrease was about 4, aind 8°C for the highest percent of polymer, 
respectively. 

The bending Iream rheometer results were correlated to the  constrained beam test in two 
ways:: 1)i stiffness at 15T,  60 seconds (r2 =: 0.91), and 2) bending beam resrrlts were determined 
at vai-bus temperatures and the critical cracking temperature was defined as the temperature at 
which the stiffness was 200 MPa (?= 0.96)., However, the critical cracking temperature 
calculated from the bending beam andl from the constraint beam were, not equivalent; the bending 
beam critical temperature was always higher. This difference 'vvas attributed to the Fdster load 
r'aite used in the bending beam than in the const:rained beam test:,. .An empirical relationship was 
developed : 

LoadT-mr = 1.3 Temp, ..' 95 



King, G.W., King, H.,W., Hardersp O., Chavenolt, I"., PXaioc:he,, J. 

"Influence of Asphalt Grade and Polymer Concentratiorr on High Temperature Performance of 
Polymer Modified Asphalts," AAP'T Vol. 61, 1992, pg 29. 

1VIateirials: 
40150, 60/70., 80/100, 180/200 (Venezuela crude source) 
SB (assumed ireferririg to di bliock although not specified!); percentages referred to as x, 

I S X ,  2x 

Binder Tests: 
Basics: Visc., K.&B 
Kheology: parallel plate 

Ih.lixtnre Testing: 
Hamburg wheel tester, 104 and 122°F 
IKPC wheel track 

Results: 
The tan delta values decreased with increasing, pcplymer concentrations; the magnitude of 

the change was dependent upon the grade of base asphdt cerns:ril.. For example, a 40/50 pen 
asphalt neat and modified with 1 . 5 ~  percent SB had tan dellas of 6.74 and 1.86, respectively. 
For the 180/200 pen asphalt cement, tan delta was 4,44 and 2.66 for lx arid 2x polymer, 
respectively. Tan 6 did not correlate with the mixture Iesults f m m  the wheel tester. 

A comparison of rheology to mix perfommance indicated that binders with a G" greater 
than 8,500 Pa at X Hz, 60°C; was equivalent to a rut ckpth of 5 nnin or less after 30,000 cycles. 
For G" values less than 8,500 Pa, a n  ennpirkal equation was tie:vr:loped to estimate rut depth 

(French wheel tester) from the binder rheology : 
Nt &pfh = -27.% (log 6;") + 11325 

c - 160 



Lee, lV.:K., Hesp, S.A.N. 

"LOW Temperature ]Fracture 'I'oughmess of' I-'olyethyleme-Mociified Asphalt Binders, " TRB 
pireprint 940185, 1994. 

Materials: 
€5, PE-chlorinated 
SHRP AAN (Bow River 85/100) 

Kinder 'Testing: 
TEM 
Notched (5 mm) Bending Beam, .-2O"C, 3rd pt. loading (span I00 mm), constant rate of 

deformation of 0.01 mm/sec. 

Mesullts : 
Material 

.mechanisms that influence toughness include crack pinning, shear. yielding (constant volume 
wi,thout intermolecular cohesion loss:), and crazing (,formation of fibers across the crack tip). 
'The resistance of the material to crack propaga.tion t.hrough craaing is solely a function of the 
.rmolecuhir weight of the polymer which needs to be in cxcess of :20,000 g/mole. 

'The paper presented a fairly complicated equation for !.he calculation of K,,, the critical 
strless intensity factor (i.e., fracture: toughness). This value: was used to indicate that PE 
,ixlc:reaseCd the fracture toughness about 25 arid 50 percent at levels of 6 percent of unstabilized 
a.nd sQab:ilized PE, rc:spec:tively.. The fracture toughness was inc:reased by about 100 percent for 
the ch1oinna.ted PE. Fracture toughness appeared to increase linearly with increasing polymer 
coince:ntrations up to about 8 percent.. A finer particle size distriliution was linked to a higher 
toughness due to the crack pinning mechanism. 

'Toughness was defined as the energy expanded in fi.;a.c.tuirin,g a material. 



"Rhedogy and Microstructure of Aged Polymer Modldied Bjtumens, 'I I2SSO SAF Research 
Centre, Mont Saint Aignon, Cedex- France (no date) 

Materials: 
Asphalt cement $O/ 108 and 1 OW40 (European grading'!)i 
SBS - MW 120,000 at 3 and 5% concentrations 
EVA - Melt flow index of 45, crystallinity of 16%, 7 %  concentration 
EMA - Melt flow index of 5 ,  crystallinity of 2'7%, 5 9:) concentration 

:Bindlet- Tests: 
Basics - Penr:tration, R&B, KTFOT 
Rheology - Parallel plate 0.1 to 2 rad/sec; -2Q to 60C: 
Direct Tension .- 500 mrn/rnin; 50 x 15 x 2, rylm bar of  asphalt cement; pulled to a 

UV Florescence 
:Results: 

The authors used Black diagrams to present ithe :rheologi.cal results.. This is a graphicd 
:relationship between the phase angle (x axis) and the ctrmplex rrnlodulus (y axis) (Figure 1). A 
broadening of the 13lack diagram curves wits interpreted as an1 i.xidication of an increase in the 
;asphdtene micelle interactions. With one cilf the binders classnficd as compatible with the SEIS 
. .  polymers, a positive effect of RTFOT aging was inoted in the shape of the Black diagram curves; 
there was an increase in the viscoelastic characterist:ics and a. de:crtzise in the high temperature 
susceptibility. Using a polymer additive decreased the phase angle for a given complex modulus 
(G"); the same trend was seen after RTIFBT. 

The direct tension results indicated thiat the percent elonption increased from 50 to 1,400 
percent after RTFO'IT for the SBS modified asphalt:. 

In the 80/100 asphalt cement, the SIBS at. a concentration level of 5 percent by weight, 
: o ' O  r- 

had an average particle size of about 
1Oprn. In the 100/40 asphalt, the sizes 
were 20 and 100pm for 3 and 5 .:.,.. 

maximum of 1,400 % elongaticnn 

. ___. -- 3 

1, 
percent concentration levels. The 
larger particle size in the 100/40 was 
seen as an indication of poorer binder 
properties; these sizes were defined as 
a poor microstructure. .- 

'The use of either EVA or EMA "- .- 
resulted in heat-stabilized blends. At 7 I 
percent, the EVA-asphalt cement blend ' 
appeared to be at the inversion point 
before aging; after aging the asphalt 
cement was obviously the continuous 
phase. At 5 percent, the EMA was 
well dispersed both before and after 
RTF'QT. 

2 d. BITUMEN A 

/ 0 BITUMEN B 

0 BITUMEN A alter RTFOT 

0 OXYDIZED BITUMEN 

'3 
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Uindle, S., Johansson, U. 

"l:he.rmo-Oxidative Degradation of Polymer Modified Bitumen, "' ASTM STP 1 108, 1992. 

Mhterials: 
!Swedish grades B180, B 85, 2HL (naphinic oil) 
SBS (Cariflex TRI 186, radial, and Cariflex TR1101, linear - Shell) 
!SEBS (Kraton (31652 -. Shell) 

Biinder Tests: 
]Direct tension, -10°C (14"F), 50 rnm/miirr (2 in/min) 
!SEC 

Rlesuilts: 
,4fter 27 hours of aging a polymer modified binder at ;!0(3"'C, the SBS had degraded to 

a lower molecular size. After aging, the original ductile behavior seen in the unaged modified 
binder during the direct tensile test showed a significant increast: in the brittle behavior and a 
conresponding decrease in the percent elongation at failure. This trend was seen for both the 
Linear and radial SBS polymers. 

'The SEBS modified asphalts showed a slight increase in the molecular weight of the 
asphalt cement but no change in the polymer after aging. However, there was a significant loss 
in the albility of the material to strain before failure; the percent dongation at failure decreased 
from 85 mm at 0 hours of aging to 10 xxim after 27 hours. Aulhors felt that this was due to the 
aging of the asphalt cement and not the polymt:~, but no unmc~~iified aging data was presented 
to substantiate this hypothesis. 

'The aging experiment was repeated, but in an inert atrrrosghere (i.e., no oxygen). These 
results showed no degradation of the polymer even after 27 hour!; of aging. This indicates that 
scinie polymers (e.1;. SWS), like asphalt, are susceptiblt: to oxidation-induced problems. When 
the polymers were mixed with the naphtinic oil, the polymer appeared to dissolve and oxidation 
degradaltion of the polymer was enhanced. The authors attributed the increased degradation to 
the exposure of more of the double bonds to oxygen due to the dissolved state of the polymer. 

When the asphalt cement gr,ade was increased for the same (crude source asphalt, the 
compatibility o f  the  asphalt with any given polymer was redurr:ecl. 
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Marvillet, J. 

"Influence of Asphall. Composition on its Rheological EBehavior " ., AAPT Vol. 44, 1975, pg. 
416 

lMat erials: 
Misc. Asphalt Cements 

Binder Tests: 
GPC 
Rheology .- Gone and Plate 
Corbe t t separation 
Vapor Pressure Osrriometry (VPO) 

An adaptation of the Corbett frwtiona 
Resullts: 

ion process vhich us s various solvents for 
selecthe extraction of asphalt cement components was wa1uat.e-d.. These results indicated that 
the mdtenes (non-volatile fraction) were from 23 to 33.7 percent: of the total asphalt cement for 
the materials studied. This percentage incira.sd to 816 percent: for flux oils. The number- 
a.verage molecular weight (M,) ranged from 420 (flux:) to 720 (,asphalt cement); the weight- 
a.verage molecular weight (:Mw) was about 720 for the asphilt. Soft asphdtenes were between 
4.5.5 and 56 percent, and about 14 percent of the total 011 far typical asphalt cements and flu:x 
oil, :respectively. The: :M, ranged from 540 (flux) to 855 (asphalts);; Mw was about 930 (asphalt). 
The hard asphaltenes ranged :from 1.4.2.5 to 22.2 percent of the total oil for typical asphalit 
cements; there were no hard asphaltenes in the flux toil. The Ed, ranged from 3,340 to 3,350; 
.Mw was between 9390 and 14,800 for asphialts. Figure 1. shows the, viscosity versus shear rate 
for these various asphalt cement fractions. 
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Cone and plate results Indicated that there was more than I order of magnitude decrease 
in the shear stress when the test temperature was increayed from 14s to 60°C. The difference in 
shear stress decreased to 0.9 orders of magnitude for a tempemtmre reduction from 45 to 25"C, 
and about 0.2 orders of magnitude from 25 to 15°C. 



Little, D.N. 

"Andysis of the IriRuence of LDPE: Modified (Novophalt) Asphalt Cloncrete on Mixture Shear 
Strength and Creep Deformation Potential, I' ASTM $;?'I3 1108. 

Materials: 
AC 10 (Amoco, Trumbill, Atlantic) 
AR 1000 (California Valley) 
AC 5 (Texaco) 
LDPE 

Binder Tests: 
Basics: viscosity, penetration index, IP&B 

Mixture Tests: 
(Hveern compaction for large samples, Texas Gyratory for convention size) 
Repeated axial creep (VESYS) 
Diametral fa.tigue 

Resu 1 t ti: 
The author described the total strain as: 

Where S is the total mixture stiffness, S ,  is lhe elastic component of stiffness, S,, is the visco- 
elastic component of stiffness, t is the time, and 7 is the viscous component. Results indicated 
that LDPE increased E,,  by about 100 percent; t, alecremed by about 25 percent. This 
corresponded to about a 10°C rise in the softening point and an iiincrease in the penetration index. 

Mixture resistance to permanent deformation was evaluated with the calculation of 
octahedral shear stress and strain: 

Conventional triaxiial testing was used to dettmnine C and &. A modified ILLIPAVE program 
was used to calculate the octahedral shear stress and strain thzo\xghiout the pavement layers. 
R.esults indicated that LDPE increased G from 100 1.0 250 percent; there was little change in 4. 

Conventional creep testing showed that the axial strain (zit 40°C was reduced substantially 
at ai LDPE concentration of 6 percent. 

Fatigue testing was only briefly discussed; ix series, o f  regression equations were 
developed for both modified and urnmodified mixtures, 
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Little, D. 

"Am Evaluation of Asphalt Additives to Reduce Perrriancnt Defoirirnation and Cracking in ASphidt 
Pavements: A It3rie:f Synopsis of On-Going Research," ,4AP7' Vol. 55, 1986, pg. 3 14 

Materials: 
AC-5, -10, -20 froim Texaco Port Necks, Texas 
AR 1000, 2000, 4000 from California San J'oaquin '9ratlle:y 

Binder Tests: 
Basics: Viscosity, R&B, penetration, ductility 
Rostler Fractionation 

Redts :  
General survey of all additives for asphalit cement incltxdxng mineral fillers, etc. Under 

the rubber heading of additives, the author motes lhat an asphalt cement needs to have 
aromaticity but too much will prevent the reforming of the po1ymt:r structure on cooling. 



Mayama, M., Yochima>, M, Hasegawa, K. 

"An Evaluation of Heavy Duty Binders in the Laboratcury," 1?1,S'TIa/z STP 1108 

Mat eriials : 
Ethylene ethyl acrylate (EEA) + SBR 

Binder Tests: 
Basics: Penetration, R&B, Viscosity 

Mixture Tests: 
Direct tensile: -. constant strain 
Thermal contraction 

Results: 

factor of: 
The authors report the relaxation modulus master C:ILIIIIV~ constructed using a shift 

Large: vaiues of Log aT resulted in small changes in modulus oiu~e to time and/or temperature. 
When the EEA +S13R was used (code MA2), the relaxation mcpdlirlius was increased for any given 
time compared to the neat asphalt (code SA). 
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Newcomb, D.E., Sl:romp-(Sardiner, Ma,, ECpps, JA 

“Laboratory and Field Studies of Polyolefin and Latex Modifiers fior Asphalt Mixtures, ” ASTM 
STP 1108, 1992. 

Materials: 
Asphalt Cements: 

Lab: 
Field: (Local Sources) 120/150 Michigan, AC 3 3  Alabama 

PoXyolefiris - ethylene acrylic; acid copolymers 

AC 5 ,  AC 10, AC 28 (Marathon Oil, M[ic:l~igan) 

Polymers: 

Bindtir Tests: 
None 

Mixture Tests: 
Resilient modulus, 0.1 sec load/0.9 sec rest (asmmed PID~SSOII’S ratio of 0.35); -12, 1 ~ 

Indirect tensile strength 50 rnm/min (2, in/min), 25°C 
25, arid 40°C 

Results: 
An unmodified AC 10 had moduli siimilar to either an AC: 5 modified with 5 percent P1 

(a polyolefin with a. melt flow rate of 600 dg/rrlin) or an AC 5 modified with 5 percent P1 and 
3 percent SBR latex respectively. A study to define the optiirnurn order of combining thie 
mixture components showed that the. best results (j..e.. , highest moduli at 40°C) were obtained 
when the asphalt cement and the modifiers were pre-combined and then added to the aggregate. 

The resilient modulus of the compacted mix,ture with either the PJ or P2 (a polyolefin 
with a melt flow ra.te of 2,600 dg/min) depended upon the colmpaction temperature. At a 
compaction temperature below about 1 16°C iresulted :in siiightly higher moduli (about 25 percent) 
for mixtures with the loweir melt flow rate polyolefik. Above 154. “6: temperature, the higher 
melt flow rate polyolefin reduced the moduli slightly i(about 21s percent); air voids were also 
ireduced for the same csmpactive effort. 

A comparison of the laboratory, behind the paver, and c,oire mixture test results indicated 
that all modified mixtures had greater moduli at 40°C than the unmodified mixtures. The moduli 
:for the behind the pavers were greater than for the cores, ifilt:t~ough the trends between the 
mixtures were generally coin si s ten t 



Park, J.K., Bontaux, L. 

"Thermodynamic Modeling of the Sorption of Organic Chcrnicals in Thermoplastics and 
Elastomers," Applied Polymer Science Vol. 4'7, 1993., pg 7'7' 1-780. 

Materials: 
SBK 
LDPE 
PE, Neoprene, 

Organic chemicals: toluene, n-xylene, p-xgrlme, o-xylene, ethyl benzene 
(aromatic hydrscarbons), rr-hexarie and n-nonane (aliphatic 
hydrocarbons), o-chlorpkic:naol (phenols), methanol (polar 
compounds), and 2-butancme (me thy1 ethyl ketone) 

Results (Polymer Chemistry Related Only): 
Sorption is generally used to describe the initial penetration and dispersion of penetrant 

molecules into the polymer matrix. Sorption includes rneasurenxnts of adsorption, and 
absorption into the rnicro voids and cluster formations. Mass transfer behavior includes the 
concentration gradient-controlled diffusion, and relaxaltion-cc~~iiIir.~oXlletl swelling. Partition and 
diffusion coefficients cim be tievelolped to determine the rate of pi:rneation of a solvent by a 
polymer. Relevant equations and dt:scriptions sf procedures ;iirtr. irrcluded in this paper. 
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Painter, P.C. 

"The Characterization of Asphalt and Asphalt lRecyc:lakiility," SI3:KP Report A-675, 1993. 

Results: 
A program developed by the author to estimate the solubility parameters and phase 

behavior for asphalt cements was developed. A calculated va.Xue of V, as used in the Flory- 
Huggins equation f o r  calculating the change i l l  entropy was develloped as {he volume of repeat 
units containing just one oxygen atom. I t  was assumc.:d that this was a measurement of the 
hydirogen bonding functional group. 

The findings indicate that the hydrogen bonding provides lonly a secondary contribution 
to the total asphalt cement structure due to the low ovcrall conoentration of this group in the 
asphalt cement. The author indicates that $a good estimate of t h e  imolecular weight is needed to 
et good results from the program; it i s  questionable if this is an obtainable number. There was 
an indication that high molecular weights resulted in phase sepax:atxon of the neutral fractions. 



P'inke, H., Men,  R.E., Basniack, P.S. 

"Asphalt Rheology: E,xperimental ]Determination of Ilynamic Moduli at Low Temperatures, 'I 
AAPT Vol.. 49, 1980, pg. 64 

Materials:: 
Not specifid - typical paving grade hinders and air blown asphalt. cements 
No modifiers 

Binder Tests: 
Rheology - Torsional Bar 0. I ,  1, and 10 rad/sec.; 35 r i m  long x 10 mm wide x 5 mm 

thick; testing started at 0°C and then coci~led at intervals of either 5 or 10°C until 
sample failed. 

Results: 
Authors reported the repeatability a:f the torsion bar test inethod to be less than +/- 10 

percent in  the worst case; most results had substantially less wria.bility. One source of error 
noted was clamping problems; these problems were reduced by using a fixed geometry for the 
sample and set-up. 

Faster frequencies resulted in a higher glass transiticm tt:mperature (Tg) which was 
determined as the pea:k of the loss modulus (G") irnaster C:CIIW~. There were significant 
differences in the Tg for various the various asphalt cements used in this study. However the 
biggest difference was seen between the typical paving grade: binders and air blown asphalt 
ctments. 
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Rogge, D.F., Terrcel, R.L,. 

"Polymer Modified Hot Mix Asphalt - Oregon's Experience", ASTM STP 1108, 1992 

Materials: 
SBK (1 pro-jrxt) 
SBS (6 projects) 
Eva (1 pro-ject) 

Bindler Tests: 
Basics: Penetration 4, 25"C, viscosities 

Mixture Tests: 
Mvem mix design 
Resilient rnodul~s, 0.1 second load; 1 Hz 
Diarnetral Fatigue, 0, 23°C 
Index of retained modulus 

Results : 
Oregon used these test sections to establish a PBA speeik;atlion based on the basic binder 

tests, before and after RTFOT, Generall guidelines lbr 0rt:gc)n's procedure but no specific 
information on test results. 

An initial EVA test section showed sever crackiwrg. An investigation of the construction 
information showed that the mix temperature might have been Loo high. Subsequent work with 
<a redluced mix tempr:rature showed that EVA sections were pc.:rfbrming satisfactorily. 



Rowlett, R.D. 

"A Methodology for Evaluation of Performance-Based 'Tests IJsirig Asphalt Modifiers, 'I AAPT 
Voli. 60, 1991. 

Results;: 
Survey form were sent to state agencies; responses indicate that most respondents felt that 

polymers could play a role in most pavement distresses I This iintlicates a general accepfance of 
the pokntid benefits of polymer modifiers. 



Salbia, R. 

"On the Characterization of Non-Newtonian Flow, 'I Journal GIE Applied Polymer Science, Vol. 
7, 1963, pgi. 347-355. 

Resnlts: 
This author indicated that a higher moment of molecular weight is needed to characterize 

the zero shear viscosity from molecular weights for bmad distribution polymers. An equation 
of flow with a variable exponent can be used to chiaracterizet: p lymen:  

Where a is a function of the inverse of the flow index. 
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Schmidt, R.J. 

"The Rdationship of the Low Temperature Properties to the C:1Iacldng of Pavements," AAPT 
Vol. 35, 1966, pg. 263 

Materials: 
Not specified -. used da.ta reported in other researchers' projecl s 

Binder Tests: 
Ililatometery for measuring TE 
I3asics 
Fatigue - beam (test parameters not specified) 

Results:: 
Data reported in a previous paper (same reference) wei-(2 used to compare to the number 

of cycles to failure (reported by other researchers) and the miiinnber of thermal cracks per mile 
of pavement. In general, lower shift factors resulted in lovver nurnbers of cycles to fajlure in 
laboratory prepared specimens (Figure 1) While there was a substantial relationship between 
the 'Tp aind the number of thermal crackslmile, there was little relationship hetwem the standard 
visco$ity measurement and thermal crackdrnile (Figure 2). 

SHIFT FACTOR. a t  

Figure 1.. Figure 2. 



Schnnidt, R. J., Sanlucci, L.E. 

"A Practical Method for Determining the Glass Transition Temperature of Asphalt and 
Calculation of Their Low Temperature Viscosit:y," AAP'T' Val. 35, 1966, pg. 61 

Materials: 
Bureau of Public Roads library of asphalt ce:meimts ( 1954-19555) 

Binder Tests: 
Dilatometric Method for measuring glass traiasition terrpxature 
Basic - viscosities, R&B, etc. 

Resiults: 
A dilatometric method was used to measure voliume chamges in asphalt cement due to 

changes in temperature (Figure 1)- The authors notedl that it wais difficult to measure the volume 
change but results improved substantially when sufficient tixrxe was allowed for the volume 
Ghange to stabilize. 

The WLF constants Cx and C2 were found to be 1'7.44 andl 92.88 for O F .  'These constants 
changed with shear rate (Table 1). The assumpti.ons far  using the WLF equation for shifting 
data included: 1) Newtonian behavior, 2) fjroni 'rg t:o Tg + 1.18639', 3) high molecular weight 
materials at long times, andlor 4) correlation to the zero shear viscosity. 

The Tg, and the viscosity at 60°C (14,OoF) (i.e,,7 qr  and TI) 'w[i:re used to estimate the low 
temperature viscosity (q2)  from the equation: 

Table 1. Changes in WLF Constants with Shear Rate. 

._ 

It 8 ,  AND Bt ARE THE EXPANSION 
WEFFICIEIITS IN THE GLASSY AND 
FLUID RANGES RESPECTIVELY. 

Figure 1. 



Sex-fass, J., Joly, A., Samanos, J. 

"S I3S-Modified Asphalt for Surface IDressing - A Comparison 1Be:twc:en Hot-Applied and 
Emulsified Binder3" ASTM STIP 1108, 1992, pg. 281 

Maiteriails: 
SR!S - linear, MW approx. 150.000 
SB!S - radial, MW approx. 250,000 

Binder Tests: 
R&.B 
Fraas Brittle Point 

ksults: 

brittle point decreased with increasing concentration of polymer. 
Thr: softening point increased faster for the radial polymer than for the lincar. The Fraas 

The  authors defined compatibility as the colloidal instability index, I,: 
Asphaltenes + Saturates I .= --.___I ~ . -  

C Resins + Aromatics 

Values of I, below 0.13 were taken as an indication of goc9d cconnl:mtibility while values greater 
than 0.28 appeared to indicate incompatible blends. 
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Shell Chemical Company Supplier Literatilire 

"Kraton Thermoplastic Rubber: Typical Properties 1992, '' 

Results: 
Kraton 'D' series polymers have an unsaturated midblock (SBS); the 'G' series has a 

saturated midblock (SEBS). The physical crosslinking of the styrene blocks of the polymer as 
the modified asphalt cement cools down is supposed lo be rt:s,&msible for an increase in the 
modified binders 1.eirwsile strength. Typical Kratons uscd in the modification of asphalt cement 
include the series: 1:)1100, D1300, D1400, G1.600, and G17001.. The 1000 series are pure block 
copolymers, and the 4000 series are oil extended polymers. 



Shell1 Chemical Company Supplier Literature 

".Kraton Polymers: The Asphalt Modifier for Americ,a's Itoatls, 
1993 

$32: 1494 - 03, February, 

Materials: Kratsns 

Mixture Testing: httman 
Perrnant:nt deformation (Niso) 

Results;: 
Functional groups added to the back:bone of the copo1y':mt:r were considered to increase 

the adh,esive strength of the binder. Lotlrnan conditioning of compacted samples indicated 
originall and wet tensile strengths for the Kraton modifid asphalt were both significantly higher 
than either the unmodified, 0.5 percent Pavebond, or 1 percmt lime modified mixtures. 
However, if the reader calculates the ret.ained strength :ratios, the: same mixtures show 81, 80, 
86, and. 9 1 percent., respectively. This would indicate ,that the: polynit,:rs function in increasing 
the viscosity is most likely responsible for the increase in 1.ens;ile strengths. 

At some concentration, the modified asphalt cernent begins to ,act as ari asphalt extended 
polymer due to the polymer swell. Research indicated that anyvhere from 2 to 24 hours of high 
shear mixing is needed to obtain the maxirnum swollewi polyxmer matrix. 

If a polymer network is formed, the low temperature prcilperties of the binder will assume 
that of the polymer rather than the asphalt: cement; it was assurned that the polymer properties 
would rabsorb more of the thermal stress buildup than the nmrnodified asphalt cement. The 
polymer network would also provide more elastic response at warme::r temperatures. 

Results indicated that for mixtures with an AC 5, AC 20, rmd an AC 5 t- 6% Kraton, 
the Niso values were 25,300, 54,600, and 118,OO cycles, respectivel!y. This corresponded to 
a cracking temperature of -22 "4 ~ - 1 1.4, and ,--6 1.. 6°C. 



!3hida, M., Cancio,, L.V. 

“Prediction of High IDensity Polyethylene Processing; Behavior from Kheology Measurements, ” 
Polymer Engineering and Science, Vcal. 11 No. 2, 10’71 , pg. 124-128 

]Materials: HDE’E 

IResu 1 ts : 
The zero shear viscosity is a function of the molecular wexght of the polymer. The shape 

of the flow curve was dependent upon the molecmlair weight distribution (MWD). On a 
comparison basis, the viscosity at high s h w  rates of one polyrriex will be: higher than that for 
another polymer if the first sample has a narrower MWD. ‘The flow index, n, will be smaller 
for polymers with kss shear sensitivity. 



Shiuiler, T.S., Hanson,D,, McKeen, R.G. 

"Desig;n and Construction of Asphalt Concrete Using Polymer Mtsdified Asphalt Binders," 
ASTM STlP 1108, 1992 

&later ials: 
120/150 Pen Nivajo refinery in Artesia, NM. 
3, 6% SBS (Kraton D4463X - Shell; X mean5 extenrim 40ili - SBS: oil = 4753) 
2, 4% EVA (Elvax 1SOW- Inuporit) 
3, 6% Styrelf process (Elf) 

Bimder Tests: 
Basics: Viscosities, R&B 
Rotational irecovery 
Forced ductility 
Schweyer apparent viscosity 

Mixture Tests: 
Marshall mix design 
Resilient modulus (no info on loadresl), -12, 25,  40°C 
Moisture conditioning (ASTM D4847) 

Resu Its: 
Field test sections were placed in northern New .Mexicol.. ]During construction, problems 

with air quality were noted when the polymer with the ex.tc::ntler oil was used (i.e., smoke). 
There was also a residue on the oil cooler of the paving machine. IEhrly results indicated no 
difference between any of the sections. 

Laboratory results indicated that at the lower polymer ccpincent-rations, the modulus was 
siniilax for all materials at the cold test temperatures; modified mixtures were all1 stiffer at the 
warm test temperature. The results were mixed at the higher coinc:en~trations of polymers. Six 
percent. of the Kraton D4463X had lower moduli at cold tempcmlures and similar to unmodified 
at the warm temperature (not mentioned but might :possibly be a fumction of the extender oil 
softening the neat asphalt cement). The 4 percent of the E)lv;3Lx l.5OW had a. higher moduli at 
the cold temperature arid was similar to the unmodified mixtures at .warm temperatures. The 
6 percent of the styrelf had similar cold temperature and lower >warm temperature mocluli. 
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!Sisko, A.W., Brum;itrum, L.C. 

"Relation of Asphalt Rheology Properties to Pavement Duri%bilit!/, '' NCHRP Report 67, 1969 

Materials: 
Bureau of Public Roads library of asphdt cements (I 954.-1.955) 

Binder Tests: 
Rheology - parallel plates 
Basic - viscosities, R&B, etc. 

Resullts: 
Researchers found that the WI,F constants C, andl C2 (j.e., shiift factors for master curve) 

were 28.6 and 292, respectively, for O K .  Some changes in the shift factors were noted with 
asphalt cement aging. Dynamic testing at higher frequencies (:* lo2) showed that both the 
complex modulus and viscosity were reasonably uniform with rnost values between 5 to 7 x lo9 
a3yne/cm2 and 1 to 2 x lo5 Poises, respectively. These values wtxe constant regardless of aging, 
and asphalt cement grade. At lower frequencies, there was a significance difference between 
grades, and aged andl unaged materials. 

Changes due to aging were much liess than changes due to different asphalt cements. 
1130th the complex modulus and viscosities were higher for tlhe recovered roadway binder than 
for the thin film oven aged binder. The authaxs indicaled that aging changes were due to the 
development of a gel structure with the asphaltenes acting as riucleating agents. These 
conclusions were based on: 1) aged binder did not flow back into c u t  surface, 2) penetration and 
swftening point relationships changed, 3) there was a iarp,e increase in the complex viscosity for 
small changes in the, molecular weight, 4) the WLF coinstants changed, and 5) large complex 
vj scssity changes weire seen without large changes in thr: glass transition temperature. 
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Swager, B. 

"Visc:os;ity Measurments of Polymer Modified Asphalts, " AS'I'IM STP 1 108, 1992. 

Materi;als: 
SBR (AC20R from Asphall Supply) 
,SBS (AClOP from Fina Oil) 
EVA (AR 4OOHP from Conoco) 
SB (AC20R from Conoco) 
.Neoprene (PMAC 20 from Elf) 

Bindler Tests: 
:Basics: Viscosity (60°C) 

Cannon Manning tube sizes 11, 12, 13 
Asphalt Institute tube sizes 100, 200, 400 

IResui Its: 
'The authors evaluated the use of conventional viscosity tubes with polymer modified 

binders. They concluded that the use of' the straight-walled Asplaalt Institute tubes were 
preferable for modifxed binders. However, thr: use of' these tubes with unmodified asphalts could 
increase: the viscosity measurements by as much as 20 percent when compared to the standard 
Cmmon Manning tubes. 



Tappeiner, W., Male, A.G. 

"Enhancement of Asphalt Concrete Mixtuires througih the Addition of Recycled Polyethylene, I' 

Novophalt America literature (no date) 

Mateirials: 
AC 10, Ac 20 
SBR latex 
SBS 

EVA 
5-6% LDPE 

Binder Tests: 
Basics: Visc., R&B, Penetrations (4, :25"8C), Fraas brittle point 

Mixtiure Tests: 
Static axial creep 
Diametral fatigue 
Wheel track., 40 .- 60°C (method no1 spwified .- but since: Georgia did the testing, assume 

the Georgia wheel tracking device was used). 

Results: 
The general influence of LDPE on basic binder properties was shown as about a 300 to 

4100 percent increase in viscosity, and a 50 and between 20 to 30 ]percent decrease in penetration 
values at 25 and 4"C,, respectively. The softening point was ixicrcrned by about 10°C while the 
Fraas was not significantly altered (findings reported but data noit included). 

Static creep tcists indicated that the slop:, m, of the wial strain versus time relationship 
decreased with increasing percentage of L,DPE: rn = 0.41 fcir unmodified AC 20, and 0.33, 
and 0.17, for 4.3, arid 5 percent, respectively. 

Various comparisons were presented in the figures, hovvlrtxcx, no information on other 
polymers (e.g. percent, type, etc.) was Included. General coni:paiisons indicated that rut depths 
after 8,000 cycles, 100 psi, and 105°F were 0.20, 0.12, 0.14, 0..08 and 0.05 inches for an 
unmodified AC 30, SBS, SBR latex, EVA, a.nd LDl:PE,, respectively. Fatigue testing at 25°C 
showed that at 40 psi stress level, the numbers of 'cydes to faillure were 4,000, 14,000, and 
27,000 for an unmodified A@ 10, an unmodified AC 20, a.ml an LDPE modified AC 10, 
respectively. At a stress level of 70 psi, all mixtures failed by between 1,000 and 4,000 cycles. 
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Tayeballi, A.A., Groodrich, JL, Sousa, ,l.B., Monisrnith, C,,lL., 

"lielationship Between Modified Asphalt Binder Rheology arid Binder-Aggregate Mixture 
Permanent IDeformation Response," AAPT Voli. 60 :i!99 1 

M[ateri;als: 
6, 8, 12% SBS (Kraton K4460 - 50% Kraton 1101 and! 50% extender oil) 
:20% Micrsfil 8 (pelletized carbon black) 

'Watsonville aggregate 3/4-inch rnax. 
2 campactive efforts 
3 AC contents (opt. of 4.8% +/- 0.6%) 

]Binder Tests: 
Rheologya (Assumed parallel pfate -. riot specifically tlefinm) 

IMhtvlrie Tests: 
Axial static, 100 and 200 kPa (1s an 30 psi) axial with 100 klPa (15 psi) confining 

40 and 60°C (104 and 140°F) 
Axial dynamic, 0.1 second load time, 1 Hz 

IResu Ilts: 
,4 reduction in the loss tangent with increasing percentage of' the K4460 polymer was 

noted. However, no difference was iiioted in the creep strain CII' mistlulus between the AR 2000, 
AR 20810 modified with 12 percent K4460, and the AK 2000 ~md~fiexl with :20 percent of the 
Microfil 8. Without a confining pressure, the average plastic strains were significantly lower 
either of the modified asphalts; the K4460 and Micrsfiil 8 rmiults were similar. With 15 psi 
confining pressure, the AR 2000 and the K4460 modified AR 2003 had similar strains while the 
Microfil 8 modified Al? 2000 was still significantly lower. 



Terrel, R.L., Waters, J.L. 

"Modified Asphalt Pavement. Material, tht: European Experience, '' AAPT Vol. 55, 1986 

:!Materials: 
General modifiers 

Binder Tests: 
None 

Mixture Tests: 
Dynamic Modulus, 10 Hz. 
Loaded Wheel Tracking Test 
Fatigue Testing - Trapezoid, 30 Hz,,  10°C (.SO"F), E;aii;lure was defined as a 50 percent 

decrease in modulus 

Resu 1 t s : 
The authors identified the ten,tative SHR.P classification of modifiers for asphalt cement 

as: 1) mineral fillers, 2) rubbers (SBS, SBW.), 3) plastics (EVA,, I?]:), 4) oxidants (Manganese, 
metal salts), 5 )  anti-oxidants (lead compounds, carlbon, cdlcii.im salts), and 6) hydrocarbons 
(aromatic oils, extender oils). The rubber categories were further separated into natural latex, 
synt.hetic latex, block co-polymers, and reclaimed rubber. 

The authors suggest that a continuous polymer lattice: network can only form if the 
polymer swells sufficiently due to the effect of the maltene ficactions. The absorption of this 
aspha'lt cement fraction by the polymer can cause a colloidal imiba'lance in the asphalt cement by 
making the aromatic and polar aromatic oils insol.uble. This in t.urrr can lead to the flocculation 
of the asphaltenes. The authors indicated that the ability of the sty:rene domains to dissolve at 
high temperatures and re-link as the temperature drops was corisidered an important hypothesis. 
The butadiene portion of the SBS should not be dissolved 'by the maltene oils and would 
therefore not be dissolved. Due to the low concentrations of pdyrrners used in the modification 
of a.sphalt cement, either the polymer is swollen by the oils CPX' the asphaltenes in the asphalt 
cement are swollen by the remaining oils. 

Limited mix test results presented irr this paper showed similar complex modulus (G*) 
versus temperature irelationiships. Modified asphalt cements had ii higher tensile strain for a 
given number of fatigue cycles (i.e., a hnglher number of cyc.lc=s to failure for a given strain 
level). The rut depth from the loaded wheel tester was reduced by about 50 percent for 
modified mixtures. 

Standard Etrropean procedures for design moclifisi:d binders arid asphialt concrete mixtures 
are currently under development. The Central 1i~boriit011:y of the Public Works Division (LCPC) 
defines a series of tests to be conducted by LCPC for inforcnat:ional purposes only (i.e., no 
!;pecifications). Binder testing includes €;raa.s, R&B, penetraticm, ;and sliding plate viscosity for 
both unaged and RTFOT materials. A balance rheometer is used ttr determine G*. Other tests 
include torsional recovery, and tensile strength. :Mixture testing includes a gyratory design, the 
determination of G*,  fatigue, and wheel tracking tests. 



Veaga, C., Bathiata, G., LaHellle, G .  

" Asphalt Cement Improvement: The Influence of a Carboxylalted SBEZ Elastomer Investigated 
by Means of Viscoelastic Parmeters," AAPT Vol. 44, 19'75, pg. 364 

:Materials: 
Asphalt Cements:: 85/100, 60/'80, 40/50 pen 
SBR - Elastra 104 (Enichem) 

Biinder 'Tests: 
R.heology .- binder cylinder (7.5 cm diarneter by 15 cnx) 
Creep - Dynamic and Static with strairns limited to atmub LOOpt; -10, 0, arid 10°C (14, 

32, and 50°F) 

Results: 
There was a significant increase in the complex viscosity ( q * )  when the SBR was added 

although there were no siigns of a network forniation. Both 5 and 10 percent levels of SBK with 
llhe 6(0/80 pen asphalt cement significantly increased the asphalt sidffness over all temperatures 
(70 - IXYC). Only the stiffness for the 10 percent level of SlBR vvas sl.1l1 higher at the 10°C test 
tempemt ure ~ 
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Youitcheff, J. 

"'In Road in Characterizing Asphalts," Center for Applied E,nelrgy Kesarch, University of 
Kentucky, V01,2, No. 3, 1991. 

Materials: 
Asphalt cements only (SHRP AAD, AAK, AAM) 

I3inder Tests: 
IEC 
SEC 

Results: 
The typical molecular weight range .For asphalt ceiments is between 700 and 1,000 

cialtsns. The high molecular weight portion of the asphalt cenien!. is the strong acid fraction 
which is friable at room temperature.. The removal of the strong acids frorn the asphalt cement 
resulted in a decrease in the viscosity by several orders of ina,gn:tt:ude. 

IEC results indicated that the A A M  asphalt was a solvent de-asphalted asphalt which 
consists of high molecular weight neutral camponerats. The author felt that this suggested that 
the physical properties of the AAM asphalt were dominated by the large molecular size and not 
associations between smaller molecules. 

The author feR t that the SEC results supported a model of asphalt that was a bi-continuous 
system which consisted of a matrix of weakly associated polar andl aromatic molecules dispersed 
.in a relatively non-polar solivent phase. The: asphalt propertie:; s;h,omld then, be explained by the 
degree of association and the dispersing ability of the solvent phasr:. The dispersing ability of 
the solvent phase should either inhibit or accentuate mio1ecula.r aissociations. 
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Youcheff, J. 

Products of the SHRP Asphalt Program: Advanccs and Applications of an Enhanced 
Understanding of Asphalt Binders, '' 2-1s yet unpub1ishcr:il paper, June, 1994. 

]Binder Testing: NMR wide line Dynamic shear irhs:omeler (parallel plate) 
Vapor pressurt: osmomr:try (VPO) 
SEC IEG Frackiona tioin -n -hepane, iso-octane 

IResulilts,: 
IEC was used to separate the strong acids (SA), we;& ;xid:s  CWA), strong bases (SB), 

weak bases (WB), and neutrals. The neutrals were found to be more than 50 percent of'the 
asphalt (cement. The strong acids and neutrals were found to be the most correlated with other 
jnfsrrnation. Some separation of selected asphalts for the aniphot.cew-ics (fractions with both acid 
and base properties) were also conducted. 

The SEC wa.s divided into sections 1 and IX with SEC I being friable at Ioom temperature 
and SEC I1 being somewhat fluid. The SEC I fraction was betvrrem 10 and 31 percent of the 
wlhole asphalt. The percentage of SEC I was similar lo that for. the strong (acids plus strong 
bases.. The molecular weight for the SEC 1 was much higher than for the SEC I1 fraction; it was 
also more aromatic and had more heteroatorns. The properties of the individual fractions 
(amphat.erics and !SEC I) were not necessarily representative of' the whole asphalt. The 
properties appear to depend on the polarity and structure of the uridis,turbed asphalt cement. 

The M, from VPO measures fractions for associated complexes and as such, could 
produce errors in esl.irnating the true molecular weight, 

The addition of n-alkanes and monofunctional species Peridled to act as plasticizers while 
the addition of bifunctional species acted as stiffening agents.. E3oth observatioins increased with 
the increasing percentages of additives. The functional group:; had a large effect on the Tg. 

NMR spin-spin relaxation times (T2) from pulsed adaptation of standard wide line NMR 
technxques were found to correlate with rheological properties. %"an 6 calculated from the free 
induction decay (FIII) versus the rheometer tan 6 matched wt;lIl. 

Phase behavior was modeled with a computer program, This program was used to both 
estimate: the solubility parameters and develop phase behavior di;a,qrarns. The accuracy of the 
program to estimate the solubility parameter was 0.6 (cal cnn ")'"; this is a large error in the 
estimate. Program predicted phase separation behavior below 140°C for the SHRP AAG strong 
acids and neutrals at  higher concentrations. Hawever, since the: SA friaction is only between 10 
ilnd 31 percent of the whole asphalt cement, temperatures woluld have to be -100 and 20"C, 
respectively, for two phase behavior (of these fractions. Solubility parameters for both the whole 
asphalt, SA, and ntxtral fractions are shown below. 

c '- 79 



Zanzotto, L., Foley, D,,P., Watson, R.D., Juergens, C. 

"'On Some Practical. Aspects of Using Polymer Asphalt irr Hot X\4iuc.," CTAA Proceedings, Vol. 
34, 1989 

Materials: 
SBS 

Binder Tests: 
GPC (Detailed procedure given in Appendix) 
Kinematic viscosity at 135°C 
Aging accomplished in large cylindrical storage tank, horizontally oriented, and equipped 

with 2 mixers. 

Field Studies: 
Several case histories documented. Covers general construction information. 

Results: 
VISCOSITY AT 135 C imm2s-11 
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Authors' indicate that the goal for an 
effective modified asphalt cement is to have 
the ptolymer dispersed in the asphalt rather 
than ~rlissolved.. Most of the work was 
centered on the length of storage time of a 
maldified asphallt ; relationships between the 
mullecnilar weight distributions and storage 
time were cXwe:lcspedl for binders with and 
without an ;mtioxidant. Typical results are 
shown in Figure 1. These results indicated 
tha.t the polymneir peak evident in the GPC 
resultc; at s k : r t  storage times began to 
disappear as the: storage time increased. This 
was ac:compa:rk:d by a corresponding increase 
in viscosity. 'IW; authors' hypothesize that 
this is the rr:sult of crosslinking although no 
proof i s  given. 

The use sf ASTM 2042 was identified 
as being used to evaluate the compatibility of 
asphallts and rnodifiers, hiowever, no letter in 
frclnt of the: riiumber was given for test 
method; not. :;n.re which method was being 
referenced. listed as approximately 8-3. 

Several gtmeral case lhistories of the 
ccsinst~~uction c~f'lpolyrner modified test sections 
were inclucktl in this paper. No major 
difficulties :in constructing the modified 
sections wm: n.ol:ed. 

Ylqwre ! I t  am: trhxomatogrus of hcit stored polpor n8phal.t 
trithout . n t i O X i Q . n t )  



Zanzotto, L., Faley, D., Rodlier, C.E., Watson, R.D. 

"Modified Asphalts '- Are You Red ly  Corning?", CTAA Proceeding:;, Val. 32, 1987 

Materials: 
General: 

Binder 'I'ests: 
Basics: Penetration, R&B 
Rhealogy : Para1 lel Plate 

:Resu Its: 
General informational background: IPlastomers contritru tz: ttr the cohesive properties; a 

higher percentage than is typically I J S ~  in block copolymer. E3lastomsxic polymers expand the 
krnperat.ure range of acceptable behavior by increasing elasticity which in turn leads to increased 
:resistance to fatigue. Thermoplastic block co-polymer add stre~agtlh at high temperatures because 
of their two-phase structure. These materials form physical :rather than che:mical crosslinks 
which means that they are easily dispersed in asphalt cement at high temperatures and reform 
crosslinks as the b:index cools; it is this property that helps improve the low temperature 
1propertk:s. 

Polymers and naphthenes compete for the available ;m)mal:ics and asphaltenes; an 
insufficient supply of these shordd result in an unstable, coarse dispersion. The authors feel that 
the polyimer should create a secondary network. in the rnaltenic: phase of the asphalt cement if 
it; is to provide effective polymer modification ,, The authors indicated that compability between 
the polymer and the asphalt cement is defined by the mo:qrhollog;y and resistance to phase 
separation during extended hot storage. 

An optimal polyrner concentration should occur around. '7 to 10 percent by weight of 
asphalt cement. However, this range of concentrations is usmll.!y cost prohibitive for riormal 
construction project!;. Therefore, typical conicmtrations used in the construction of test sections 
i!; usually between 3 and 6 percent. 

Actual data presented in the paper but compares materials i n  terms of PMA I through IV 
withoiit defining the type or level of polymer modification. l:'ht:xef'ore, a discussion of results 
not included in this review. 
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