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Foreword 
To provide a better understanding of the properties of component materials 
and bituminous paving mixtures and their effect on the durability and per­
formance of pavements, more research emphasis is being placed on the 
fundamental properties of the asphalt binders. The papers published here 
include information on the development and application of fundamental 
physical and chemical techniques and knowledge to study the durability of 
pavements and the flow properties of asphalt. 

The information should be of value to those material engineers and as­
phalt technologists who are interested in the development of improved 
paving mixture designs, and in the performance and durability of bitumi­
nous pavements. 

The paper on inverse gas liquid chromatography (GLC) by Davis and 
Petersen describes a new technique that is being used to study the oxida­
tion characteristics of asphalt. In this technique the asphalt serves as a 
liquid substrate in a gas liquid chromatographic column and is oxidized 
within the chromatograph. The changes due to oxidation are reflected in 
the retention behavior caused by interaction. Data are presented for air­
blown roofing asphalts showing that inverse G LC oxidation techniques may 
be useful in studying the initial chemical composition of asphalt and in 
predicting asphalt durability as determined by an accelerated-weathering 
machine. The approach used appears to hold promise for use in predicting 
the durability of asphalt cements used for paving mixtures. 

The paper by A. Please, et al. , deals with the influence of source and 
type of asphalt on the durability and surface texture of asphalt pavements. 
The results of a full-scale experimental pavement indicated that for the 
majority of the asphalts the surfacing was very durable provided a suf­
ficient quantity of binder was used. However, the surfacing on the various 
experimental sections varied in texture sufficiently to affect the skid re­
sistance. For the types of mixtures studied the rough textured surfaces 
were those containing asphalts having a low resistance to weathering. 

The difference in performance of the pavement surfaces was partially 
explained by the changes in constitution of asphalts in service. The authors 
also indicated that contamination of the pavement surface by oil drippings 
from vehicles was of importance in studying performance. 

A knowledge of the fundamental flow properties of asphaltic materials 
is needed to provide a better understanding of the properties of asphalt­
aggregate mixtures that can be applied to a more rational method of mix­
ture design and to the selection of the most suitable asphalt for a specific 
loading and environmental condition. 

The two papers by Moavenzadeh and Stander and by Shoor, et al., on the 
subject of flow of asphalt present methods and concepts for analyzing and 
expressing flow characteristics over a range of temperatures. Data are 
presented to show that different viscometers can be used to obtain shear 
data over a wide range of shear rates and shear stress and a pp 1 y the 
principal of reduced variables to extend these ranges. One paper reports 
data for a penetrometric technique to determine glass transition tempera­
ture of asphalt cements. This confirms the hypothesis of other investiga­
tors that this is an important characteristic temperature for viscoelastic 
substances such as asphalt. 

This record also contains an abridgment of a paper by Sisko and Brun­
strum," Asphalt Durability and Its Relation to Pavement Performance­
Rheology, I. " 
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Inverse GLC-An Extension of the Technique to 
The Study of Oxidation of Asphalts 
T. C. DAVIS and J. C. PETERSEN 

Respectively, Research Chemist, and Project Leader, Laramie Petroleum Re­
search Center, Bureau of Mines, Laramie, Wyoming 

An extension of the inverse GLC technique to the study of the 
oxidation of asphalts is reported. In the new approach, an as­
phalt, serving as the liquid substrate in a gas liquid chroma­
tographic column, is oxidized directly within the chroma­
tograph. The retention behavior of a group of selected test 
compounds possessing different functional groups is determined 
before and after oxidation. Because the retention behavior is 
dependent on interactions between the functional groups of the 
test compound and chemical functionalities in the asphalt, the 
changes occurring in the asphalt on oxidation are reflected as 
changes in retention behavior. Inverse GLC was found sensi­
tive in detecting changes that take place on oxidation, and holds 
promise as a method of predicting asphalt durability . 

•THE USE of inverse gas liquid chromatography (GLC) as a technique for studying 
petroleum asphalts has been previously outlined by Davis, Petersen, and Haines (1). 
The present paper presents an extension of this technique by which the oxidation of 
asphalts can be studied. 

In the application, the retention behavior of carefully selected volatile test compounds 
of known chemical composition is determined on an asphalt stationary phase. The as­
phalt column is then oxidized in place within the GLC instrument, and the retention be­
havior of the test compounds is again determined. Retention behavior of the test com­
pounds is largely determined by interactions between the test compounds and the chemi­
cal functionality of the asphalt; thus, changes in the behavior of the test compounds 
upon oxidation reflect changes in the chemical composition of the asphalt. 

This report covers preliminary oxidation studies using the six asphalts from the 
original work by Davis et al. (1), plus six roofing asphalts previously characterized by 
Gree nfeld and Wright (2). The-latter group of asphalts forms the basis for correlations 
between changes in test compound retention behavior on asphalt oxidation and durability. 

EXPERIMENTAL 

Apparatus 

GLC data were obtained on a Beckman GC-2* gas chromatograph that was modified 
to allow diverting the carrier gas and substituting compressed air during oxidation. 
The instrument was also modified to allow bypassing the column detector during the 
oxidation step. 

*References to specific commercial materials or models of equipm e nt in this re port are made to facili­
tate understanding, and do not imply endorsement by the Bureau of Mines. 

Paper sponsored by Committee on Characteristics of Bituminous Materials and presented at the 45th 
Annual Meeting. 
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Procedure 

A %-in. by 13-ft GLC column was packed with one part of asphalt on 10 parts by 
weight of Fluoropak 80 and conditioned for a minimum of 6 hr under normal operating 
conditions using a helium inlet gage pressure of 15 psi and an instrument operating 
temperature of 130 C. Following conditioning, the test compounds were introduced as 
previously described ( 1). The asphalt was then oxidized within the column by replacing 
the helium carrier gas-with filtered air at an inlet gage pressure of 15 psi (flow rate 
approximately 30 ml/nin). The column temperature was maintained at 130 C for an 
oxidation period of 24 hr. (Other oxidation conditions were investigated and are dis­
cussed later. ) Following oxidation, normal operating conditions were reestablished 
and the column conditioned for a minimum of 2 hr. Test compound retention data ,were 
then obtained on the oxidized column. 

To quantify the test compound retention data, and thus provide for data comparison, 
the data were calculated as interaction coefficients ( 1). (The interaction coefficient, 
Ip, is 100 limes the logariU1m of the corrected rel nlion volume of the test compound, 
minus 100 tim s the logarilhm of the corrected r e tention volume of a hypothetical n­
paraffin of equivalent molecular weight, both values determined on the asphalt.) The 
oxidation data are reported as the change on oxidaUon, or .6Ip, which is equal to the Ip 
obtained on the oxidized asphalt minus the Ip obtained prior to oxidation. 

DISCUSSION OF EXPERIMENT AL TECHNIQUES 

Oxidation of asphalts in the GLC offers a technique for the examination of small 
samples, gives easy control over temperature and air flow rate, and eliminates the ad­
ditional handling required for separately oxidized samples. In addition, oxidation of 
asphalt in a GLC column provides a method of exposing large surface areas. 

During the oxidation of the asphalt, the concentration of the oxygen in the air may 
vary along the column length due to both its reaction with the asphalt and the normal 
pressure drop through the column. In order to minimize the change in concentration 
resulting from reaction of oxygen with the asphalt, it is necessary that the exit gas 
contain nearly the same concentration of oxygen as the inlet gas. Three different oxida­
tion conditions were evaluated as shown in Figure 1, in which the percent of unreacted 
oxygen in the column exit stream is plotted as a function of time. These data were ob­
tained bv GLC analvses of the exit e:ases on a molecular sieve column. Of the oxidation 
conditio~s shown, ~nly at 130 C and 30 ml/min air flow rate (corresponding to 15-psi 
inlet gage pressure) does the amount of unreacted oxygen in the column exit stream ap­
proach that in the air entering the column. At 200 C, a high percentage of the oxygen 
in the air passing through the column was consumed by the asphalt, thus contributing 
significantly to a nonuniform oxidation. This nonuniform oxidation was also evidenced 
by a darkening of the asphalt packing at the front end of the column, and by differences 
in benzene solubility along the column length. The actual pressure drop through the 
column at the 30 ml/min air-flow rate was measured to determine its effect in producing 
an oxygen concentration differential along the column. Although the absolute gas-inlet 
pressure of the instrument was 26. 2 psia (15 psi instrument gage reading at Laramie, 
Wyoming, where atmospheric pressure averages 11. 2 psia), the actual inlet and outlet 
pressures of the column averaged 17. 5 psia and 13. 5 psia, respectively. The additional 
pressure drops between the 26. 2-psia inlet pressure and 11. 2-psia atmospheric pres­
sure are accounted for primarily by capillary restrictions inherent within the GLC in­
strument. The measured 4. 0-psi pressure drop through the column thus produces a drop 
in oxygen concentration of 23 percent. The total combined drop in oxygen concentra­
tion along the column length due to both chemical reaction and pressure drop for a 
typical asphalt was thus estimated at 25-30 percent, when operating at 130 C and 30 
ml/min air-flow rate. 

Test compounds were run on asphalt columns (both unoxidized and oxidized) before 
and after 48-hr thermal treatments to determine the possibility of significant mechani­
cal or chemical changes occurring in the columns at test temperatures due to heat alone. 
Results of these tests indicated 130 C to be a safe operating temperature to avoid sig­
nificant thermal changes. 
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To determine if test compounds reacted with the asphalts and thus altered the course 
of subsequent oxidation, asphalts were oxidized both before and after exposure to test 
compounds. Test compound retention data showed no significant differences. 

RESULTS AND DISCUSSION 

Types of Forces in Inverse GLC 

In inverse GLC, the test compound retention behavior is governed to a large degree 
by intermolecular forces between the test compound and the asphalt. The forces to be 
considered in gas liquid chromatography can be grouped into four types (~ . 

1. London, or dispersion, forces. These are intermolecular forces between two 
nonpolar substances, and arise from synchronized variations in the instantaneous 
dipoles of the two interacting substances. They are present in all cases, and are the 
only attraction forces between two nonpolar substances. 
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2. Debye, or induced dipole forces. These forces result from the interactions of 
a permanent dipole with an induced dipole in a neighboring molecule. The size of such 
forces is usually small. 

3. Keesom, or orientation, forces. These are orientation forces which arise from 
the interaction of two permanent dipoles. Among these is the "hydrogen bond." 

4. Chemical bonding forces arising from the formation of loose chemical adducts. 

An understanding of the interactions of the test compound with the asphalt in terms 
of the forces involved would be most useful in providing information about the chemical 
composition of asphalt and the products formed on oxidation. 

In the method used for calculating inverse GLC data (1), test compound retention be­
havior is referenced to the behavior of normal paraffins on asphalt. Normal paraffins 
generally exhibit only London, or dispersion forces; therefore, these forces are not 
significantly reflected in the interaction coefficients reported. As a result, the inter­
action coefficients, and the changes in Ip on oxidation, are essentially a measure of the 
stronger forces resulting from induced and permanent dipoles and chemical bonding 
forces. Inverse GLC, therefore, is particularly adaptable to the study of functional 
groups (which are often strongly polar) initially present or produced in the asphalt on 
oxidation. The freedom to choose from a variety of test compounds adds versatility to 
the method and makes possible the collection of many bits of information about the 
composition of the asphalt without prior fractionation. 

Changes in Asphalt on Oxidation as Indicated by Inverse GLC 

Interaction coefficient data for 24-hr, 130 C oxidation studies are shown in Table 1 
for the six asphalt samples used in the original work (1). The individual test compound 
data obtained on the unoxidized asphalts (IP) and the clrange on oxidation (6Ip} are shown. 
The test compounds in Table 1 have been arranged in the order or increasing Alp on as­
phalt No. 1. Examination of the data indicates that U1e r elativel'y nonpola r and non­
polarizable compounds near the top of the table are nearly insensitive to oxidation 
changes in asphalt. Those compounds that would be expected to interact with oxygen 
containing groups produced in asphalt on oxidation show large changes in interaction 
coefficients. For example, butanol, propionic acid, and phenol have both oxygen and 
hydrogen which can share in hydrogen bonds with groups formed in the asphalt. These 

TABLE 1 

EFFli:CTS OF ASPHALT OXIDATION ON TEST COMPOUND RETENTION BEHAVIOR 

Interaction Coefficient (Ip)a Change on Oxidation (il.Ip)b 

Test Compound Asphalt No . Asphalt No. 

1 2 3 4 5 6 1 2 3 4 5 6 

Methylcyclohexane 24 23 24 24 23 29 -1 3 -1 -2 1 3 
Toluene 47 47 51 48 43 69 0 5 0 2 5 9 
2-Methyl-2-pentanethiol 4 2 6 3 1 22 0 3 0 2 4 6 
2-Thiahexane 40 42 45 43 38 58 1 0 0 0 2 5 
Allyl ether 5 3 8 7 2 30 1 4 3 0 3 3 
1-Decane 4 2 3 2 2 8 2 -1 2 1 0 -1 
Heptaldehyde 34 33 42 37 25 68 2 3 -1 0 4 2 
Butyl acetate -2 -3 5 0 -5 25 2 1 0 2 2 10 
2-Methylpyridine 61 62 71 69 56 98 2 10 -1 0 0 2 
Butanol 44 45 60 51 41 71 5 17 3 7 3 11 
Propionic acid 73 83 128 99 63 75 9 19 10 3 12 25 
Pyrrole 86 89 108 94 80 124 12 20 9 11 13 26 
Formamide 127 132 164 149 118 179 14 34 17 15 22 50 
Phenol 118 120 147 125 106 138 30 50 15 27 15 40 
1-Methylpyrrolidine 36 37 42 50 36 61 113 167 79 143 88 27 

0
Before oxidation. 

6Asphalt oxidized 24 hr, 130 C, 15 psi air inlet pressure. 
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compounds also show significant Alp's. In 
addition, the strongly basic amines would 
be expected to interact with acid groups 
produced on oxidation, and the data do 
show 1-methylpyrrolidine to be held more 
tightly (higher L\Ip's) than the acidic test 
compounds. Although not shown in Table 
1, the additional strong bases, triethyla-
mine, piperidine, and cyclohexylamine, 
were usually held so tightly by the oxidized 
columns that Alp' s were not obtained. In 
contrast, the weaker base 2-methylpyridine 
showed rela tively small .6Ip 's. These dif­
ference s in behavior of the organic bases 
may be indicative of the acid strength of 
the oxidation products. 

The changes in the interaction coef­
ficients resulting from the oxidation of 
asphalt No. 4, as a function of oxidation 
time, are shown in Figure 2. The change 
in the interaction coefficient of the basic 
1-methylpyrrolidine is in sharp contrast 
to the changes produced with the remainder 
of the test compounds shown. 1-Methyl­
pyrrolidine has a high rate of increase in 
Alp and does not begin to show a significant 
change in the rate of increase until afte r 
12-hr oxidation. The other test compounds 
which contain more acidic groups show 
maximum change in Alp during the first 6 
hr of oxidation and then level off. These 
data suggest that different oxidation prod­
ucts are detected by the basic and acidic 
test compounds, and that the concentra­

tions of these products vary with the level of oxidation. 
The oxidation-inverse GLC technique was able to show differences in the chemical 

characteristics of asphalts that were not observable by most common characterization 
tests. Asphalts Nos. 1 and 2 in Table 1 showed similar softening points, penetrations, 
carbon residues, elemental analyses, and oil, resin, and asphaltene contents (1). 
Their interaction coefficients prior to oxidation were also similar. However, their 
oxidation char<).c teristics were not the same, as shown by the differences in the Alp 
values. Asphalt No. 2 is apparently much more susceptible to oxidat ion, and may have 
significantly different weathering properties. 

A well-known path in the oxidation of hydrocarbons involves the removal of a hydro­
gen atom from a carbon atom, followed by the uptake of oxygen by the hydrocarbon 
radical formed, ultimately leading to polar, oxygen-containing functional groups. The 
presence of reactive hydrogen labile toward this reaction would probably not be de­
tected by inverse GLC prior to oxidation, because of the weak interaction forces of the 
hydrocarbon fragment. It is not surprising, therefore, that two asphalts may have 
similar interaction coefficients prior to oxidation, and different interaction coefficients 
following oxidation. Inverse GLC should be useful in detecting this type of reactivity; 
however, the cha nges in Ip observed on oxidation are by no means restricted to inter­
actions with the products of hydrocarbon oxidation as in the example cited. 

Correlation with Durability 

Greenfeld and Wright (2) showed correlative trends between asphalt durability (as 
measured by the carbon-ar c accelerated-weathering machine) and asphaltene content, 
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TABLE 2 

PROPERTIES OF GREENFELD AND WRIGHT ASPHALTSa 

Asphalt No. b 
Softening Point, 

-F 
Penetration, 0. 1 mm, Specific Gravity at 

75 F 77 F 
Durability, Daysc 

GW-2, Tia Juana­
Lago Colon 

GW-3, California 
Coastal (catalyzed) 

GW-5, Kansas­
Indiana 

GW-9 , California 
Coastal (fluxed) 

GW-19, Kansas 
GW-22, Lagunillas 

220 

221 

212 

230 
223 
224 

17 

18 

21 

20 
16 
14 

0
Data from Greenfeld and Wright (2). 

6Sample designations are Greenfeld and Wright nu,11bers prefixed with GW. 

1. 017 69 

t. 032 53 

1. 010 95 

1. 026 32 
1. 005 95 
l . 030 60 

CLJsing corbon-aic occele1oted weathering inachine in accordance with daily cycle A in Recommended P1octice fo1 
Accelerated-Weathering Test of Bituminous Materials (D529-59T), 1961 Book of ASTM Standards, Pait 4, p 1233 

TABLE 3 

INVERSE GLC RESULTS ON GREENFELD AND WRIGHT ASPHALTS 

Interaction Coefficient (Ip)a Change on Oxidation (.6.1p) 

Test Compound Asphalt No . Asphalt No. 

GW-9 GW-3 GW-22 GW-2 GW-5 GW-19 GW-9 GW-3 GW-22 GW-2 GW-5 

Triethylamine 2 28 -3 -4 I -I >150 107 Ill 104 42 
1-Decane 3 2 2 2 2 2 -1 1 1 0 0 
Methylcyclohexane 21 21 20 20 20 19 0 I 1 0 1 
Butanol 51 51 48 40 44 43 7 4 6 10 3 
Pyrrole 94 94 91 82 86 82 16 II 11 15 6 
Propionic acid 96 87 81 65 71 66 17 18 10 16 2 
Phenol 137 126 129 108 117 110 31 27 22 33 9 
Formamide 149 150 141 123 136 131 28 12 16 23 15 

aBefore oxidation. 

200 
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10 

Figure 3. Relationship between accelerated weathering durability and change in interaction coeffi­
cient (lllp) for triethylamine on 130C air oxidation (durability data obtained by Greenfeld and Wright). 
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rate of filtration, solubility parameter, and carbonyl index. These investigators stud­
ied air-blown roofing asphalts. 

To determine if inverse GLC retention data correlated with asphalt durability, a sur­
vey was conducted on six of the asphalts investigated by Greenfeld and Wright. These 
asphalts were chosen to cover a wide range of durabilities. Selected properties are 
shown in Table 2. Interaction coefficients for the six asphalts and the change in these 
coefficients on oxidation, using test compounds representing a wide range of activity, 
are shown in Table 3. Asphalts are arranged from left to right in order of increasing 
durability. Test compounds are arranged according to increasing Ip on asphalt GW-9. 

Correlative trends were found between durability and the change in interaction co­
efficients on oxidation (t..Ip) with several of the test compounds. For example, results 
obtained with triethylamine, plotted in Figure 3, show an inverse relationship between 
the variables. While the primary purpose of this paper is to report the inverse GLC 
oxidation technique and to suggest its usefulness in studying chemical changes occurr­
ing in asphalt on oxidation, the correlation with durability indicates its usefulness in 
establishing empirical relationships. 

SUMMARY AND CONCLUSIONS 

Inverse GLC offers a new technique for the study of the oxidation of asphalts. Dif­
ferences among asphalts, and differences in their behavior on oxidation, are readily 
detectable. By following the changes in interaction coefficients, changes in asphalt 
chemical functionality on oxidation (and thus differences in the oxidation characteristics 
of asphalts) may be detected. An understanding of these changes should be useful in 
studying the initial chemical composition of the asphalt. Results of accelerated weather­
ing of asphalts indicate inverse GLC to be useful in predicting asphalt durability. 
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On Flow of Asphalt 
F. MOAVENZADEH and R. R. STANDER, JR. 

Respectively, Assistant Professor and Research Assistant, Department of Civil 
Engineering, Massachusetts Institute of Technolog·y, Cambridge 

This paper reviews some concepts suggested to analyze the flow 
characteristics of rheological materials with emphasis on those 
which are Jromising in the analysis of flow of asphalts. The sug­
gested concepts are categorized as experimental, mathematical, 
structural, and physical-chemical. It is shown that for the two 
asphalts used in this study, it is possible to construct flow dia­
grams over a wide range of shear stress, rate of shear, and tem­
perature by using three different viscometers and the principle 
of reduced variables. The application of Eyring's rate process 
theory to the analysis of asphalt flow is examined and the varia­
tion of viscosity, determined at constant shear stress or constant 
shear rate, with temperature is discussed. 

•KNOWLEDGE OF the flow properties of asphaltic materials is of special interest in 
the design of asphaltic mixtures. Such knowledge should lead to a better understanding 
of the properties of the asphalt-aggregate mixture which in turn should result in the de -
velopment of a more rational method of mixture design. An understanding of the effect 
of loading and climatic variables on the flow properties of the binder could be of great 
assistance in the selection of the most suitable asphalt for a specified job. 

The complex chemical structure and numerous varieties of asphalts have, thus far, 
prevented development of a specific mechanism for describing its flow behavior over 
the useful range of loading and climatic variables. There are, however, a great num -
be I" of en1piTical n1odels, relatively few se111i-en1pirical iuodels. and few theoretical 
models proposed to describe the flow behavior of asphaltic materials over a limited 
range of sot1e specific variables. The extent of work in this area was well reviewed 
by Schweyer in 1958 (1), who said, "Acceptance of the statement that 'knowledge in a 
field is measured by ffie brevity with which the concepts can be presented' makes the 
asphalt technologist pause when the voluminous literature on asphalt is considered. " 
This, in other words, indicates that the "art of asphalt" is a very real and necessary 
part of asphalt technology, and in order to achieve a scientific base for this art, funda­
mental concepts involving the flow properties of asphalt must be developed. Thus, it is 

briefly reviewing the fundamentals involved in analyzing the flow behavior of materials 
and discussing the difficulties encountered in their application to asphalt. The response 
of certain asphalts under loading as measured by different methods is presented and the 
applicability of some rheologic concepts to the analysis of the results is discussed. 

CURRENT TRENDS 

The objective of rheology is to yield a distinct fundamental, or rational, description 
of the deformation and flow of matter. To achieve this end the physical chemist has 
approached the problem by considering the molecular characteristic of materials. The 
quantum mechanics mathematician approaches the problem by formulating constitutive 

Paper sponsored by Committee on Characteristics of Bituminous Materials and presented at the 45th 
Annual Meeting. 

8 
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equations and/ or conservation relations for particular materials. Although advances 
in both of these fields are quite evident , the practical requirements of industry have out­
run basic research. This situation has created analytical and empirical solutions based 
on simplifying assumptions as applied to observed flow conditions. More and more, the 
applied approach has become that of using as much as possible of the physical-chemical 
and continuum mechanic works. This is quite evident from the recent works of Herrin 
and Jones (2) and Majidzadeh and Schweyer(3). The former have used the advances in 
the application of rate process theory (4) to the rheological studies of asphalt, and the 
latter have used a kinetic approach (~) to analyze the flow behavior of the asphalt. 

FLOW REPRESENTATION 

In general, there are two basic methods to represent the flow of a fluid, by using a 
shear stress -rate of shear diagram or by using a viscosity-shear rate diagram. It 
might also be argued that the single point viscosity (coefficient of viscosity) is sufficient 
to represent the data; however, for research purposes , the use of this parameter is 
limited to Newtonian materials which, unfortunately, do not include a great number of 
paving asphalts. 

The simplest plot of flow data is that of shear stress vs rate of shear on arithmetic 
coordinates. A Newtonian material will plot as a straight line passing through the ori­
gin. If the material is non-Newtonian, the data will, in general, pass through the ori­
gin but will not be linear. The disadvantage of this plot is that the degree of deviation 
from Newtonian characteristics cannot be determined. This can be accomplished in 
most cases by using a log-log plot. Generally, the data will describe a straight line 
which may be represented by a power formula 

T = A ('51)n (1) 

where n is a measure of the deviation from Newtonian behavior. For a Newtonian mate -
rial, r, is equal to unity. 

Consistency cannot be represented by A because of the dimensional difficulties; how­
ever, the viscosity, defined as T/ -9 for a given ,j3 (sometimes referred to as apparent 
viscosity), may be used. Since the f used is arbitrary, and not standardized, con­
fusion may result. An alternate method is proposed by Traxler (6) in which viscosities 
are compared at a particular power input per volume of sample. -Although the power 
input is arbitrary (r x -j)/unit volume = 1,000 given as convenient), the method has the 
advantage that very little extrapolation of data is necessary to determine values over a 
wide range of materials and test temperatures. The degree of data treatment required 
to arrive at the basic shear stress-rate of shear diagram, generally depends on the 
geometry of the test apparatus used. 

An alternate method oI flow representation is in terms of the viscosity-shear rate 
diagram. For Newtonian materials, viscosity is defined as the ratio of shear stress 
to shear rate which at constant temperature is independent of the shear stress level. 
For non-Newtonian materials, the ratio is defined as apparent viscosity, and is shear­
dependent. The slope of the shear diagram, also used to define viscosity, is called the 
differential viscosity, 77D = aT/af. For a power law material the plots of both apparent 
viscosity and differential viscosity vs shear rate should be straight and parallel lines. 
A third term, referred to as plastic viscosity, is defined as the slope of the straight 
line portion of 1 vs T on arithmetic scales. This viscosity is independent of shear rate 
and is generally used to determine the yield stress of pseudoplastic materials. 

Materials exhibiting rheologic behavior are usually divided into different groups ac­
cording to their flow characteristics. The general division is that of Newtonian and 
non-Newtonian flow behavior. Although Reiner (7) objects to this division and believes 
that all materials showing viscosity should be called Newtonian fluids, and those with 
variable viscosity, generalized Newtonian fluids, in most rheologic work and for the 
purpose of this discussion, the Newtonian and non-Newtonian division is used. 

Non-Newtonian flow is generally either shear thinning or shear thickening. The first 
group would include the ideal Bingham plastic and the pseudoplastics, as they both exhibit 
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decreasing apparent viscosity with increasing shear rate The term thixotropy, as 
sometimes applied to this whole group, is used here to describe a special case of shear 
thinning in that it is time-dependent. The structure, which is broken down by shear, is 
recoverable with time, or, in other words, the process is reversible. Dilatancy is 
sometimes used to describe shear thickening material; however, this is a misnomer in 
that many materials which show increasing viscosity with increasing shear do not dilate 
at all. Thus, dilatancy is a special case of shear thickening. Another unfortunate mis­
use of terms results by describing time-dependent, shear thickening behavior as rheo­
pec tic. There may exist a material which displays shear thickening with time, but r heo­
pexy is the process by which certain thixotropic materials regain their structure faster 
with the application of a gentle shear. This is analogous to the flocculation process 
which is speeded by a gentle stirring action. In both cases, increasing the shear beyond 
a certain limit will start to destroy the structure. 

DATA INTERPRETATION 

The basic objective of data interpretation is the prediction of flow properties, given 
limited information. 

Experimental Representation 

Until the development of a fundamental concept describing the flow behavior of mate­
rials in general, use of the existing models is generally limited to the range of variables 
incorporated in the development of such models. Thus application of these models, while 
showing good results when properly employed, is limited to the exact test conditions and 
materials as those used in the development of the particular relationship. In other 
words, these equations are usually developed to cover a very specific range of data. 
This can, perhaps, best be illustrated by allusion to the developments for a pseudo­
plastic material as defined by the flow diagram below. 

F 

E 

Shear Stress 

In this figure, the total flow diagram is the line ABCDEF; however, for many cases, 
description of only part of this line is necessary. For the straight line portion AB, the 
material is Newtonian and can be described by 

T = 110 'i) (2) 
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This is again true for EF with 71 0 replaced by 71
00 

where Tim < 71 0 . In the portion CD, the 
data are described by the Bingham plastic relationship 

(3) 

The power function, first proposed by Ostwald and described by Reiner (2_) is a good 
approximation of the portion AC, where 

T = A (y)n (4) 

and n for a pseudoplastic is less than unity. To extend the description to point D, the 
relationship 

y = A sinh BT (5) 

gives a very good approximation. Finally, to describe the entire curve, the equation 

(6) 

has been suggested (8). 
Each equation is valid only within the range of the variables considered in its devel­

opment and subsequent substantiation. Each has served and will continue to serve its 
purpose, but their limitations and conditions must be thoroughly known before they can 
be applied with meaning. 

Mathematical Representation 

To examine the flow behavior from the standpoint of continuum mechanics, certain 
relationships regarding the state of the material must be derived. These equations, 
commonly called the equations of change, are the relationships for conservation of 
mass, momentum, and mechanical and thermal energy, each of which is covered for 
both isothermal and non-isothermal systems. 

The general procedure for developing any one of the equations of change is to assume 
a volume element of dimensions t::..x, t::..y, and 6.z. The flow of the quantity of interest is 
then formulated for each face of the element, and the dimensions t::..x, 6.y, t::..z are al­
lowed to approach zero. This result, with some simple manipulation, is the final form 
of interest. 

With this general procedure, each case can be taken in turn. For conservation of 
mass, the mass balance equations result in 

-(v • pv) (7) 

where 'J = (a: + cl; + cl~) . An important form of this equation is for a fluid of con­

stant density, or 

(v - v) = O (8) 

Considering conservation of momentum, the problem of momentum balance across 
any face becomes more involved, since momentum terms must be accounted for in all 
three coordinate directions for each face. The momentum balance equation not only 
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includes momentum in and out, but also the sum of the forces acting on the face such 
that 

0
\ pv = - [v . pvv] - [ v • T] - vp + pg (9) 

where [ v · pvv-] and [ v · T J are vectors because of the tensoral nature of pvv and T. 

To use Eq. 9 for flow analysis, the expressions for the components of T must be known. 
For a Newtonian fluid, they are of the form 

and 

avx (2 ) r xx = -2µ - + - µ - K ("v • v) 
ax 3 

(
avx avy) 

T xy = ryx = -µ - + - _ -aY o X 

(10) 

(11) 

where µ and Kare the coefficient of Newtonian viscosity and the coefficient of bulk vis­
cosity, respectively. Some authors (9) suggest that the K term can be dropped as neg­
ligible, while others (7) are of the opinion that K is of the same order of magnitude asµ. 

A useful form of Eq. 9 is for flow between parallel plates 

TXX ; 
Tyy = T -= T = T = 0 zz yz xz (12) 

and 

Txy - µ (d;;) (13) 

which is Newton's law of vis cosity. 
The rate of change of kinetic ene rgy per unit mass is found by considering the scalar 

product of loc,tl velocity with the e rprntion fnr r.ons Prva tion of momPntum 

0
'\ (½ pv2) = -(v-½ pv2v) - (v• pv) - p(-v- v) -

\7• (T• v) - (-r: vv) + p(v• g) (14) 

So far, this analysis is based on an isothermal system; however, the term (-r: 17v) de­
scribes the irreversible conver::;iun uf inlernal energy. Slnce some mechanical energy 
is thus obviously degraded to thermal, the system is not strictly isothermal unless an 
isothermal system is defined as one in which generated heat does not cause appreciable 
temperature change. This is true in all but high-speed flow systems with large velocity 
gradients. After examining the equation for mechanical energy, the subject can now be 
expanded to thermal energy which also allows the examination of non-isothermal sys­
tems. Again assuming the general procedure as first set forth, the energy balance 
equation, including the effects of kinetic and heat energy and the rate of work done on 
the system, may be written as + pv ( U + ½ v' )) - (,q) + 

p (v• g) - (v · pv) - (17· [T· v ] ) (15) 



where U is the internal energy per unit mass of the fluid within the original volume 
element. 

13 

By using the five equations shown here, alone or in combination, flow problems may 
be set up. With the help of numerous assumptions, the resulting equations may be re­
duced to a solution. The difficulty in applying the equations of change to practical flow 
problems is that in all but a few select and simple cases, the simplifying assumptions 
that are necessary damage the validity of the analysis so much that the results are of 
questionable value. It is the current trend of research in this area to apply as much as 
possible the mathematical approach to empirically developed models. 

Structural Representation 

In recent years, the most promising approach for developing a general theory of flow 
has been through a structural explanation. Three basic procedures have been suggested 
depending on whether colloidal theory, rate theory, or kinetic theory is taken as the 
basis of the argument. The colloidal theory is the oldest and simplest of the three. 
The approach is based on low concentrations of particles in a solvent. Einstein first 
deduced the equation 

rJ = rJo (1 + 2. 5 0) (16) 

for solutions below about two-tenths percent of spherical particles. Here, Tio is the 
viscosity of the pure solvent and r/J is the volume of spherical particles per unit volume 
of suspension. The only assumption is that there is no interaction between the individ­
ual spheres. Guth, Gold, and Sim ha (.!.Q_) later amended the relationship as 

(17) 

which has been experimentally validated for up to 6 percent solutions. Using the basic 
idea that relative viscosity-the solution viscosity divided by the solvent viscosity-is 
a function of the energy dissipation caused by the presence of the suspended particles, 
relationships have been developed for particles of varied shapes at a range of concen­
trations. The effects of particle interaction, absorption of the solvent, particle de­
formability, system thermodynamic conditions, and system electrical conditions are 
also investigated in the light of colloidal theory (10). 

The second approach is that of Eyring and his co-workers. As stated by Brodkey, 
"their work is based on the application of the theory of rate processes to the relaxation 
processes that are believed to play an important part in determining the nature of the 
flow. . . Very briefly, the theory postulates an activated complex as an intermediate 
unstable state, which would be formed from the reactants and decompose into the prod­
ucts. The assumption is made that the decomposition of the complex is the rate con­
trolling step, and that there is an activation energy associated with this (11)." To ex­
pand this argument, the following is presented as digested from Glasstoneet al. (4). 

Liquids and gases may be considered as opposites, one consisting of matter moving 
around holes (gases), and the other, holes moving around matter. The energy neces­
sary to provide molecular movement is made up of two parts, the energy to create a 
hole, and the energy to move a molecule into it. Taking E as the energy required to 
vaporize the molecule and leave behind a hole, then ½ E is required if the hole is closed, 
and E - ½ E or ½ E is required merely to make the hole; ½ E is then the energy of 
vaporization of the molecule. 

In order to extend this development to viscosity, reference is made to the figure on 
the following page. For a molecule to move the distance 6, it must be transported 
across an energy barrier, E 0 , the energy of activation. The net rate of flow in terms 
of shear rate is 

(18) 
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where k is the initial rate of motion and Fis the applied shearing force. Using statis­
tical mechanics, k may be shown to be 

KT (-Eo) 
k = h exp RT (19) 

where K, h, and Rare respectively the Boltzmann, Planck, and universal gas con­
stants. Then 

where 

A 

and 

A sinh BT 

2KT 
-h-

B 

(20) 

(21) 

(22) 

The third concept of structural flow is that based on a homogeneous reaction kinetic 
approach as developed by Denny and Brodkey (5, 11, 12). The basic hypothesis is that 
non-Newtonian behavior is caused by a structuralbreakdown of the forces between par­
ticles. At very low shear rates, the viscosity is a constant, r, 0 , and at high shear 
rates, the viscosity of the material again approaches a constant f/co- These two repre­
sent the limiting cases of no breakdown and complete breakdown. At any point between 
these extremes, the viscosity r, is some function of the portion of unbroken forces within 
the material. By applying the inverse lever principle, the portion of broken forces may 
be taken as 

F 
f (r,0 ) - f (r,) 

f (11) - I (tJo,) (23) 
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and the unbroken portion is 1 - F. The function f (rJ) is a relationship for the concen­
tration of changing structure to viscosity and for polymer melts and polymers in solution 
the proper form would be (.!..!,) 

f (rJ) = A tJl/3. 5 (24) 

It is noted that all viscosities are the true apparent viscosities, or the arctangent of a 
straight line drawn from the origin to the point on the flow diagram in consideration. 

In order to establish the kinetic reaction rate, consider the reaction 

k2 
unbroken forces ':; broken forces 

k1 

which has the kinetric reaction equation 

d (1 - F) 
ci t 

where k ~ must include the effect of shear stress. Therefore 

(25) 

(26) 

Brodkey (11) has suggested the use of shear stress rather than shear rate so as to sep­
arate the effect of temperature on viscosity from the effect of shear rate on the struc­
tural reaction. The reasoning is that if shear rate is used, then the reaction rate would 
be affected by both changes in the F and k terms, whereas, if shear stress is used, the 
F term is constant with constant temperature, and the rate is changed only by changes 
in the k's. 

Following this development, then 

At the limiting viscosity 

and 

d (1 - F) 
d t 

- cl (1 - F) = O 
clt 

(1 - F)n rP 

(28) 

(29) 

(30) 

where K is of the form of an equilibrium constant. The integer constants, m and n, 
may be taken from initial rates, or in the case of time-dependent materials, by inte­
gration with assumed values for m and n along a constant shear line. 

The attractions of this theory are that the exact nature of the fundamental mechanism 
is not assumed, and that the constants are easy to determine and interpret. It is sug­
gested that ultimately all of the parameters should eventually be related to the specific 
breakdown mechanism involved for each material or type of material, but it is empha­
sized that this relation need not be known to apply the method. 
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The application of these theories, especially rate process theory and kinetic theory, 
to any specific group of materials such as paving asphalts requires some further as­
sumptions and mathematical treatments. The following is a brief review of such ap­
plications to the analysis of flow behavior of asphalts. 

Herrin and Jones (2) applied the absolute rate theory, or rate process theory, to 
asphalts. Using Eq. 18, they assumed that the values of o and 01 may be considered 
of the same order of magnitude, and 26/ 61 may be taken "" 1. Further, the term 66 2 63 

was taken as equal to Vf, the effective volume of the flow unit. Using these assumptions 
and considering the equation 

t.F = t.H - Tt.S (31) 

where F is the free energy, H is the heat of activation, T is the temperature in absolute 
degrees, and S is the system entropy, they found 

J = y
0 

sinh 
To 

T (32 ) 

where T 0 = Vf/2KT and Yo= (KT/h) exp (-t.H/RT) exp (t.S/R). Rewriting the expres­
sion for -,! 0 in logarithmic form 

log ~ = 
K t.S 

log h + 2. 303R 
t.H 

2. 303R (½) (33) 

Then if y0 is constant at any given T, the plot of log 1)0 /T vs 1/T should be a straight 
line. The work of Herrin and Jones showed this relationship to be valid for their 
material. 

It can also be shown that if T O is taken as larg then the quantity ')I = y O (T/ T 0 ) may 
be calculated at any test temperature from the s emilog plot, yo/T vs 1/T for any se­
lected y0 . Using this T O in the expression 1/T O = Vf/2KT, the size of the flow unit at 
any temperature may be found. It can also be shown that t.S is not a function of tem­
perature. and thus the heat of activation LlH can be found as the slope of the plot. Since 
the intercept of the line is t.S, the free energy of activation AF can then be found and is 
a linear function of temperature. 

This analysis applied to one asphalt showed that the flow behavior of asphalt can be 
predicted using absolute rate theory. It also showed that the flow unit size is much 
larger than the individual molecules, and that they decrease in size as the temperature 
increases. 

Majidzadeh and Schweyer (3), working with thirteen different asphalts, applied ki­
netic reaction theory to their data to determine the equilibrium constants, K, as afunc­
tion of shear rate. For each asphalt, a hyperbolic sine relationship was assumed in 
the form 

')I = A sinh BT, (34) 

and the constants A and B were determined. The limiting viscosities were found and 
the equilibrium viscosity for any constant rate of shear was then 

11 
1 

AB cash BT 
(35) 

which is the inverse of the first derivative of y = A sinh BT for any stress level. Eq. 
30 may be written in log form as 

(?lo - 77)m 
log 

(77 - 77..,)11 
p log f + log K (17 0 - 11"')m - n (36) 
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Thus, the slope of the straight line plot of log (r,0 - r,)m/ (r, - r,
00

)n vs log y will be p and 
the intercept at y = 1 will make possible the calculation of K. Of course, in order to 
obtain a straight line, the proper choice of m and n must be made . In this case, as with 
the case of many polymer melts (11), m = 2 and n = 1. 

Thus , if the equilibrium constant of a material and its limiting viscosities are known, 
the viscosity for any shear rate within the range of the study may be calculated knowing 
one additional point. The only requirements on the material are that it must be repre­
sented by a hyperbolic sine relationship, and that the proper choice of the integers m 
and n can be made such that the log-log plot of (r,0 - r,)m/ (T) - T)ro)n vs y is a straight line . 

Physical-Chemical Representation 

Early attempts to arrive at a rational explanation for the flow behavior of bitumens 
assumed a colloidal system. This theory, postulated by Nellensteyn (13), was based 
on observations of solutions of bitumens in benzene. Mack (6) questions the validity 
of extrapolation of Nellensteyn findings to a solvent-free material because evidence 
indicates that asphaltenes are not completely dissolc.,ed in benzene but exist in the solu­
tion as partially saturated associated particles. This is not compatible with the as­
sumption that the asphaltic bitumens are solutions of asphaltenes in petrolenes which, 
at low temperatures (less than 120 C), form molecular complexes. Mack shows quali­
tatively that non-Newtonian flow increases as the aromaticity of the oil constituents de­
creases. Thus, it would seem that non-Newtonian flow is some function of the concen­
tration of the asphaltenes and aromaticity or the ability of the petrolenes to dissolve 
the asphaltenes. 

This work is substantiated by several studies on asphalt using the electron micro­
scope. Katz and Betu (14) found that photographs of films of bitumens formed from ben­
zene solutions showed associated particles of asphaltenes. Swanson (15) found that to 
form a homogeneous bitumen film by the same process, the ratio of resins to asphal­
tenes had to be at least three to one. Finally, if the film is not formed by evaporation 
of benzene from a bitumen-benzene solution, examination indicates no particles of typi­
cal colloidal dimensions. 

Although most of the molecular forces in bitumens are dispersion forces of attraction 
produced by carbon and hydrogen, electron microscope studies seem to indicate that 
strong polar bonds are also operative. The structural buildup is then somewhat like 
crystallization in that molecular orientation takes place. On the other hand, unlike 
crystallization, the operative forces are unable to attract like neighbors because of the 
relatively large distances over which attractive forces would have to act. Thus, bitu­
men structure is rather random with unlike molecules attracting each other only if their 
forces and shapes are such that they can adapt to each other. Molecules with aromatic 
rings, because of their side groups, lend well to cavity formation in which other mole­
cules, if they are of the right shape, may be trapped. Therefore, again the structure 
of bitumen is dependent on asphaltene concentration and the aromatic properties of the 
other constituents. 

To relate structure to flow properties, it is necessary to consider the shape of the 
associated complexes. Considering the internal thermodynamics of the system, change 
will take place spontaneously only if the free energy is diminished. This decrease is 
associated with a decrease in surface area, and thus it could be expected that the com­
plexes are spherical in shape. On application of a shear stress the particles elongate 
into ellipsoids and flow through the oily medium. In the case of Newtonian materials, 
the association bonds within the particles are too strong to be broken by the applied 
stress. On application of higher stresses, some point is reached where these bonds 
begin to break, and continue to break until breakup is in equilibrium with the applied 
stress. The material then shows Newtonian behavior in two ranges, one of no break­
down (low shear stress) and one of breakdown in equilibrium with stresses (high shear 
stress). Thus, chemical structure can be related to physical behavior. 

THERMAL EFFECTS 

Asphaltic materials are thermoplastic and, therefore, will show variation in con­
sistency with change in test temperature . Since climatic variations and construction 
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conditions represent wide variations in temperature, the prediction of flowbehaviorwith 
temperature is of great importance. The general method used to represent the viscosity­
temperature relationship is some form of graphical plot that produces a straight-line 
relationship for the particular data. Neppe (16) has listed six different plots along with 
a description of the equations and useful temperature ranges. 

To date, the most commonly used graphical representation of viscosity-temperature 
data is the Walther plot of log-log viscosity vs log absolute temperature (16). Follow­
ing the general objective of finding a straight line relationship, this method has been by 
far the most successful. Another plot, log viscosity vs reciprocal absolute test tem­
perature, was used by the authors in a previous study with good results over a tempera­
ture range of 10 C to 60 C (17). 

The viscosity-temperature relationship may be explained structurally by considering 
conditions within the material at low temperatures. In this state the asphaltenes are 
precipitated from solution and exist as relatively large associated complexes. As the 
temperature increases, thermal activity forces the individual molecules farther and 
farther apart. Since the attractive forces diminish rapidly with distance, the complexes 
subjected to shear stresses begin to break down and thus the viscosity is reduced. Another 
contributing factor is that at low temperatures varying amounts of oily constituents are 
held within the asphaltene complexes by association bonds. As the thermal energy in­
creases the strength of the bonds decrease, and the oils are freed to give added lubri­
cation to the system. 

Perhaps the most significant advance in the study of temperature effects is the de­
velopment of the time-temperature superposition principle. The principle was origi­
nally developed in the field of polymeric sciences and was successfully used by Ferry 
(18) to obtain shear diagrams over a wide range of shear rates. The technique is such 
that the shear diagrams of a temperature-susceptible material like asphalt, determined 
over a wide range of temperatures, are reduced to a common arbitrary temperature. 
The result is a shear stress-rate of shear diagram of the material over a wide range 
of shear rate at that particular temperature. 

The procedure involves determining a shift factor, aT, either analytically or graph­
ically such that when the shear diagram curves for different temperatures are multi­
plied by their respective aT's, the curves superimpose on each other in one continuous 
curve at an arbitrary base temperature. The applicability of the principle to asphaltic 
materials has been well s111).5t::i.11tic1.ted. Sis!<"o (19) obtained a master curve of viscosity 
vs shear rate for a wide range of shear rates. P hillippoff et al. (20) developed a master 
curve for the dynamic properties of asphalt. The authors (17) haveshown a reduced 
shear diagram over seven decades of shear rate. -

GENERAL FLOW MEASURING DEVICES 

The measurement of viscosity is a field more widely investigated than the theory of 
viscosity itself, a fact to which present literature will attest. Viscometers themselves 
present quite a large variety ranging from small simple rising-bubble types to quite 
large supmsut:aLeu rneumeLers. The basit: problem wiLh musL insLrumenLs is that they 
are designed to do a specific job, and in most studies, unless the more sophisticated 
instruments are available, more than one type of instrument is necessary. 

Viscometers are divided into three basic types: rotational, capillary, and miscel­
laneous. Rotational viscometers may be of the coaxial cylinder type or the cone and 
plate type. The first is characterized by two concentric cylinders with a small gap 
between them in which the sample is placed. A constant rotation, or a constant torque 
is applied to one or both of the cylinders, and the viscosity coefficient is calculatedfrom 
the torque required to maintain a constant shear, or to keep the other cylinder station­
ary. These instruments are simple of design and easy to use; however, the data rela­
tionships are derived for Newtonian fluids. 

For non-Newtonian materials, Brodkey (21) has suggested the following procedure. 
The correction factor n' may be found by plotting T vs 

(3 7) 
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on a log-log scale where T/ is the apparent viscosity, r1 and r 2 are the inner and outer 
cylinder radii, respectively, n is the angular velocity at the face of the inner cylinder, 
and h is the inner cylinder height. Then for any value of T, n' is the slope of the line, 
and 

f = 
[n' [: 

- (rz/r1l2 ] 
(r/r1)2/ n'J 

[ 2r;flh ] 
(r~ - r!) 

(38) 

If n' is unity, then 

f 
2r~nh T 

= = 
(r! - r!) 7) 

(39) 

which is the Newtonian case. The measured T and calculated f are then used to con­
struct the shear stress-rate of shear diagram. 

The second basic group, capillary viscometers, consists of a fluid reservoir, a cap­
illary tube, a pressure control device, a rate of flow measuring device, and a tempera­
ture control device. Rheometers are part of this general group and are distinguished 
by a piston used to drive the fluid through the capillary tube. Their particular advan­
tage is that their high driving pressures allow viscosity measurements at high shear 
rates. Orifice viscometers are the simplest and most widely used of the capillary 
group. Their simplicity makes them highly adaptable to industrial uses, but for re­
search, the difficulties of analyzing the flow mechanism of such a short capillary ex­
clude their use. 

Glass capillary tubes are of two types, pressure flow type and gravity flow type. The 
gravity flow types are generally limited to materials of low viscosity, but are conven­
ient in that the driving force is usually the hydrostatic head of the test liquid itself. The 
kinematic viscosity may thus be measured directly. 

Again, for the capillary viscometer, the relationships are derived for Newtonian 
materials such that 

Ywall = (- ~~ )wall = ~ (40) 

where A is taken as constant and t is fill time, and 

T wall = f [ K2 (H - h) t] (41) 

where K2 is a calibrated instrument constant and (H - h) is a vacuum head term. For 
non-Newtonian materials, A is not a constant. Brodkey (21) has suggested the follow-
ing analysis -

fwall = [(3n' + 1)/4n'J (4v/r0 ) (42) 

where n' should satisfy the relationship 

(43) 

T hus, n' can be obtained from the slope of a log- log plot of (-r0 ~ p/2L) vs (4v/r 0 ) . The 
corr ected shear t·ate at the wall may then be ca lcula ted using n' and its corres ponding 
value of (4v/r0 ). It should be noted that n' is not necessarily a constant and may have 
to be found for each value of shear stress at the wall. Shear stress may then be easily 
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calculated point by point from the relationship 

T = y T/ (44) 

and the shear stress-rate of shear diagram constructed. 
Of all the miscellaneous group, the most useful and widely used is the sliding plate 

microviscometer. The procedure for this instrument is relatively simple as the geom­
etry is that used to define viscosity. The data, therefore, may be used as taken for 
both Newtonian and non-Newtonian materials. The instrument produces most favorable 
results when applied to studies on asphaltic cement. It has the advantage of requiring 
a small sample, and the viscosity is measured in very thin films of the same order of 
magnitude as those maintained around aggregates in bituminous mixtures. 

MATERIALS AND PROCEDURE 

The two asphalt cements used in this study are a 60/70 penetration asphalt cement 
from a Venezuelan crude and an AC-20 grade asphalt cement used in the "Asphalt In­
stitute Bureau of Public Roads Cooperative Study of Viscosity-Graded Asphalts" coded 
as B-3056. The results of conventional tests on these asphalts are given in Table 1. 
The 60-70 penetration asphalt (No. 1) is nearly Newtonian in behavior and the second 
asphalt (No. 2) is non-Newtonian, as indicated from their viscosity results (Table 1). 

Three different instruments were used to obtain viscosity data ov r a range of tem­
perature of 10 C to 160 C a nd a range of shear rates of 10-4 to 104 reciprocal seconds. 

A sliding plate mi croviscom -ter , made by Hallikainen Instruments, and a Va rian 
Model G-14 graphic recorder were used to obtain data in a shear rate range of 10--i to 
10-1 reciprocal seconds and a temperature range of 10 C to 45 C. Specimen prepara­
tion and testing were done following the procedure described by ASTM (22) with one ex­
ception-each specimen was loaded only once. This exception was usedbecause in the 
upper range of shear rates, and especially with more complex asphalt, a considerable 
deformation was necessary to establish a measured constant slope. In many cases this 
deformation was 200 microns, which represents a one-percent change in area of the 
plates and was thus used as the maximum deformation permitted on any one specimen. 

In order to provide data for low shear rates at higher temperatures, a Haake Roto­
visco with coaxial cylinders was used. This instrument and its test procedure is well 
,.:i,...,,-,r,,,..;1-.,.,...,,-1 hTT ,:r,... ...... "tl7n1"'7r-.VI ...... + ,...,, lo\ n ..... ;,....-flTT -I-hr. Dr.+r.,,;c,nr,. nr,,nc,ic,+c, r.-f ~ nr,,rd---,,,,-..1 ,,,.,;.,_ 
UC,OV.1..1.U'C,U UJ YU,.lJ. ,tu..LIC,.1. C,l.. '-L.l. 0 \U/o .LJ.I.J..'C.L.J.J, l..J..Lc; .l.l,Vl..VV.1.UVV VVJ.J.U.I.Ul,..::J V.L L-4. '-'V.Ll,l,.LV.1. \ .. U.J..Ll.. 

and a measuring head. The control unit houses electrical circuitry for converting 
torque to potential difference, the drive motor, and a ten-speed reduction transmission. 
The measuring head is connected to the control unit with a flexible shaft which acts as 
both an electrical and mechanical connection. 

TABLE 1 

STANDARD SPECIFICATION TESTS ON ASPHALTS 

Test 
Asphalt Asphalt 

No. 1 No. 2 

Specific gravity 77/77 F 1. 010 1. 020 
Softening point, ring and ball 123 F 
Ductility 77 F 150 + cm 250 + cm 
Penetration 

100 gm, 5 sec, 77 F 63 30 
200 gm, 60 sec, 39. 4 F 23.5 

Flash point, Cleveland open cup 455 F 545 F 



21 

The sample was introduced into a circular gap between two coaxial concentric cyl­
inders at the base of the measuring head. The cylinders were surrounded by an oil 
jacket heated to within ±0. 1 C of test temperature by a Haake Model F oil bath. The 
outer cylinder was held stationary while the inner cylinder was caused to rotate at a 
constant rate by the drive motor through the flexible shaft. Located in the measuring 
head, between the flexible shaft and the rotating cylinder, is an electrical torsion dyna­
mometer consisting of two coaxial shafts mechanically coupled by a creep-resistant 
torsion spring. The angular displacement of the spring caused by the torque created on 
the cylinder immersed in the test material is transmitted electronically through the 
flexible shaft to the control unit. This torque is then a measurement of viscosity. 

The Rotovisco may be equipped with several sizes of inner and outer cylinders of 
which two, denoted MV and SV, were used depending on the expected viscosity of the 
material at the particular test temperature. Any one of three measuring heads , 50, 
500, or 5000, was used depending on the expected level of stress (the numbers indicate 
the approximate torque measured in gm -cm). The ten basic rotation speeds may be re­
duced by 10, 100 or 1000 times using a 10-to-1 and/or 100-to-1 gear reducer in the 
mechanical transmission line. This provides a minimum shear rate of 3 x 10-3 recip­
rocal seconds. The minimum test temperature used with this instrument and coaxial 
cylinders was 45 C. Below this, stress levels exceed the instrument limits. 

To obtain the viscosity at high shear rates Cannon-Manning vacuum viscometers 
were used in conjuction with the Cannon vacuum regulator, and a model H-1 high tem­
perature oil bath. Accuracy is maintained to ±0. 5 mm Hg for a range 5-50 cm Hg with 
the regulator, and to ±0. 01 C for a range of 68 to 400 F in the bath. The geometry of 
the viscometers is described in detail elsewhere (8). 

At least three tests were run at each test temperature to describe the range of shear 
rates available. Test temperatures varying from 45 C to 150 C were used. 

RESULTS AND DISCUSSION OF RESULTS 

The values of viscosity obtained for the two asphalts used in this study are tabulated 
in Table 2. As mentioned before, these values were obtained using a capillary, a slid­
ing plate, and a rotational viscometer. Due to the instrument limitations, each type of 
viscometer could be used only for a certain range of temperature, shear stress, and 
rate of shear. However, as shown in Figure 1, it was possible to obtain values of vis -
cosity for the asphalts at a test temperature of 45 C with all three viscometers. Fig­
ure 1, which shows the variation in the viscosity of asphalt No. 1 with rate of shear, 
indicates that the three viscometers used gave overlapping data, and there exists a 
continuity in their results. The slight deviation observed at low rates of shear is be­
lieved to be due to an error in the viscosity measurement of the sliding plate viscom­
eter. At the test temperature of 45 C the magnitude of load required to cause flow of 
the asphalt between the two parallel plates was of the order of a few grams, as shown 
in Table 2. For such small shear stresses, any small error in the balancing system 

5 

4 

& M1crov1scometer 
0 Rotov1sco 
8Cap1ll,ny 

-2 -1 0 

Figure l. Viscosil·y vs shear rate for asphalt No. l at 45 C with all viscometers. 
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TABLE 2 

VISCOMETRY RESULTS OF ASPHALTS 

Description 
Shear Stress T Shear R ate f Viscosity r, 

(dynes/ cm2
) (sec- 1

) Poises 

Asphalt No. 1 
T=5C 3. 30 X 105 6. 70 X 10-4 4. 93 X 108 

5. 00 X 105 8. 55 X 10-4 5. 85 X 108 

7. 00 X 105 1. 11 X 10-3 6. 31 X 108 

l, 00 X 106 1. 58 X 10-3 6. 33 X 108 

1. 65 X 108 3. 08 X 10-3 5, 36 X 108 

T = 10 C 1. 61 X 105 l, 42 X 10-3 1. 13 X 108 

3. 50 X 105 2.67 X 10-3 1. 31 X 108 

6. 00 X 105 4. 68 X 10-3 1. 28 X 108 

1. 20 X 105 1. 12 X 10-2 
l, 07 X 108 

1. 65 X 105 l_ 73 X 10-2 9. 54 X 107 

T = 20 C 1. 60 X 104 1. 31 X 10-3 1. 22 X 107 

3. 00 X 104 2. 56 X 10-3 L17 X l07 

5. 50 X 104 4. 90 X 10-3 1. 12 X 107 

l_ 30 X 105 1. 23 X 10-2 1. 06 X 107 

3. 55 X 105 3 . 62 X 10-2 9 .81 X 106 

T = 25 C 2. 50 X 103 8. 75 X 10-4 2 , 86 X 106 

6. 00 X 103 2. 29 X 10-3 2. 62 X 106 

1. 20 X 104 4. 59 X lQ-3 2. 62 X 108 

3, 50 X 104 l_ 43 X 10-2 2 .45 X 106 

8. 10 X 105 3, 43 X 10-2 2.36 X 106 

T = 35 C 8 . 10 X 102 2. 37 X 10-3 3 . 42 X 105 

1. 50 X 103 4 . 70 X 10-3 3 . 19 X 105 

4. 00 X 103 1. 39 X 10-2 2 . 88 X 105 

9. 00 X 103 3. 40 X 10-2 2 . 65 X 105 

l_ 63 X 104 6, 55 X 10-2 2. 49 X 105 

T = 45 C 2. 80 X 102 6 . 48 X 10-3 4. 32 X 104 

n nn. .. 1 n2 n n -t - , 1 n -2 A nr-, v -, n4 
~- VU ~ .lV G , C..l A .lV '-t: . VI A .lV 

2.80 X 103 7, 45 X 10-2 3, 76 X 104 

9. 50 X 103 2. 67 X 10-1 3. 56 X 104 

3. 00 X 104 9, 10 X 10-1 3 . 30 X 104 

T = 80 C 2.38 x l02 7, 40 X 10-l 3.22 X 102 

7. 00 X 102 2. 17 X 10° 3 . 23 X 102 

1. 80 X 103 5, 55 X 10° 3 . 24 X 102 

5. 50 X 103 l.68 x l01 3 . 27 X 102 

1. 78 X 104 5. 43 X 101 3.28xl02 

,,, - 1 I")(), r, A 1r\ v 1(\2 2.68x101 l, 53 X 101 
.J. - ..l.~V V -::z:, .LU A .LV 

9.00 X 102 5. 88 X 101 1. 53 X 101 

1. 80 X 103 
l, 19 X 102 1. 51 X 101 

4. 00 X 103 2 . 60 X 102 1. 53 X 101 

7. 70 X 103 5. 00 X 102 l, 54 X 101 

T = 160 C 8.15 X l02 5. 22 X 102 1. 56 X 10° 
1. 40 X 103 8. 95 X 102 1,56 X 10° 
2.80 X 103 l, 79 X 103 1. 56 X 10° 
4. 00 X 103 2. 56 X 103 1, 56 X 10° 
5.00 X 103 3 , 20 X 103 1, 56 X 10° 
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TABLE 2 (Cont'd) 

VISCOMETRY RESULTS OF ASPHALTS 

Description 
Shear Stress T Shear Rate 'ft Viscosity ri 

(dynes/ cm2) (sec-1
) Poises 

Asphalt No. 2 
T = 10 C 4. 00 X 105 2. 70 X 10-4 1. 48 X 109 

6. 50 X 105 5. 15 X 10-4 1. 26 X 109 

9. 50 X 105 l, 02 X 10-3 9. 31 X 108 

1. 30 X 105 1. 77 X 10-3 7. 34 X 108 

1. 64 X 106 2. 68 X 10-3 6. 12 X 108 

T = 20 C 1. 15 X 105 1. 84 X 10-3 6. 25 X 107 

2. 20 X 105 4. 40 X 10-3 5.00 X 107 

3. 80 X 105 9. 3 5 X 10-3 4. 06 X 107 

7. 00 X 105 2. 07 X 10-2 3.38 X 107 

1. 16 X 106 4. 08 X 10-2 2.84 X 107 

T = 25 C 4. 80 X 104 2. 08 X 10-3 2.3lx l07 

8. 00 X 104 3.81 X 10-3 2. 10 X 107 

1. 50 X 105 8. 15 X 10-3 1. 84 X 107 

2.70 X 105 1. 62 X 10-2 1. 66 X 107 

4. 90 X 105 3. 35 X 10-2 1. 46 X 107 

T = 35 C 3.28xl03 2. 40 X o-3 l, 37 X 106 

6. 00 X 103 4. 77 X 10-3 1. 26 X 106 

1.00 X 104 8. 53 X J0-3 1. 17 X 106 

1. 80 X 104 l, 66 X l0-2 1.08 X 106 

3.20 X 104 3.15 X 10-2 1. 02 X 106 

T = 45 C 7. lQ X 102 l_ 83 X 10-2 3. 88 X 104 

2. 00 X 103 4.01 X lQ-2 4 , 99 X 104 

5. 00 X 103 1. 39 X 10-1 3 .60 X 104 

l, 50 X 104 4. 38 X 10-1 3. 42 X 104 

2. 90 X l 04 8. 65 X 10-1 3 . 35 X 104 

T = 80 C 2. 68 X 102 8. 80 X 10-l 3 . 05 X 102 

7. 00 X 102 2. 3 8 X 10° 2.94 X 102 

1. 80 X 103 5, 90 X l 0° 3 .05xl02 

3. 20 X 103 1. 03 X 10° 3. 11 X 102 

7. 50 X 103 2. 44 X 101 3.07 X 102 

T = 120 C 2. 28 X 102 1. 87 X 101 1. 22 X 101 

5. 00 X 102 4. 10 X J01 1. 22 X 101 

l, 20 X 103 9.95'1101 1. 21 X 101 

2.50 x 103 2. 04 X 102 1. 23 X 101 

6.50 X 103 5, 35 X 02 1. 21 X 101 

T = 140 C 2. 16 X 103 6.65xl02 3 . 25 X 10° 
3. 40 X 103 1. 03 X 103 3 .30 X 10° 
4 . 50 X 103 1. 36 X 03 3 . 31 X 10° 

T = 160 C 1. 18 X 103 9.25xl02 1. 28 X 10° 
2. 00 X 103 1. 60 X 103 1. 25 X 10° 
2. 93 x lO'l 2. 32 X 103 l, 26 X 10° 
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5 

2 
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Log- Cnr,·cctinn F:1c101· (i\T) 

Figure 2. Correction factor vs shear stress for the 
rotovisco on asphalt No. 1 at 45 C. 

of the viscometer would result in signifi­
cant variation in the calculated values of 
viscosity. 

It was mentioned previously that for 
capillary and rotational viscometers the 
calculation of viscosity is based on New­
tonian flow. In order to determine the 
viscosity of non-Newtonian materials, 
some corrections are necessary. Follow­
ing the correction procedure as suggested 
by Brodkey, Figure 2 was constructed. 
This figure shows the iog of shear stress 
vs log of correction factor M for asphalt 
No. 1 as obtained by the rotational vis­
cometer where 

(45) 
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Figure 3. Shear rate vs shear stress on arithmetic 
scales for asphalt No. 1 at various 

test temperatures. 

This figure shows not only that the results generate a straight line, but the slope of 
such a line is unity, which indicates that the Newtonian analysis is sufficient for deter­
mination of viscosity using the rotational viscometer. Similar analysis was used to 
determine the correction factors for the capillary viscometers, and it was found that 
for the test temperatures used in this study, the results of capillary viscometers could 
also be treated as Newtonian. 

Figures 3 and 4 show the flow diagrams at different temperatures for the two asphalts 
used in this study. These figures, which are the plots of rate of shear vs shear stress 
on arithmetic scales, show that asphalt No. 1 behaves as a Newtonian material at tem­
peratures above 25 C, while asphalt No. 2 exhibits some non-Newtonian behavior up to 
45 C. These results when plotted on logarithmic scales generally give straight lines 
as shown in Figures 5 and 6. This suggests that, over the range of shear stress and 
for the temperatures used in this study, the shear stress-rate of shear relationship can 
be approximated by a power formula as 

T A (-,9)11 (46) 
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Figure 4. Shear rate vs shear stress on arithmetic 
scales for asphalt No. 2 at various 

test temperatures. 
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where A and n are constants whose values 
vary with temperature. For both asphalts, 
at low temperatures the slope of the line 
is not equal to unity, which indicates that 
the asphalts exhibit non-Newtonian behavior 
in that temperature range. 

Figures 7 and 8 show master flow curves 
obtained by reducing the curves of Figures 
5 and 6 with a horizontal shift factor (aT) 
determined as 

(47) 

where T 0 = 318 K is the arbitrary base 
temperature, and r, and r,0 are the viscos­
ities of the asphalts at temperatures T and 
T 0, respectively. The master curves 
show that when the log -j) vs log T curves 
of Figures 5 and 6 were multiplied by the 
appropriate aT's, they superimposed in a 
continuous straight line. These results 
substantiate the usefulness of the super­
position principle in the prediction of the 
response of materials over wide ranges 
of shear rate from the results of relatively 
few tests. 

Figure 9 is a plot of log aT vs 1/T -
1/T0 where T0 = 318 K. The curve of each 
material is made up of two straight-line 
portions that intersect at a temperature 
slightly above the softening point of the 
materials. This inflection is also found 
in Figure 10, which is a log viscosity vs 
reciprocal absolute temperature plot for 

1both asphalts. Traxler and Scbweyer (24), 
noticing simila · behavior, altribuled this 
change in slope near the softening point to 
the colloidal nature of the asphalt. They 
suggested that the colloidal structure of 

asphalt changes more rapidly with temperature in the region of the softening point than 
in other temperature regions, which should result in a difference in temperature sus­
ceptibility of the material in that region. 

TEMPERATURE EFFECT 

For Newtonian materials, it is shown that viscosity is not dependent on shear stress 
and/ or rate of shear, and is a constant at any one temperature. For such a material, 
the relationship showing the temperature dependency of viscosity is independent of shear 
rate or shear stress, and as shown before (17) this relationship can be expressed satis-
factorily by the Arrhenius equation -

'Y/ A exp (-~E/RT) (48) 

where R is the gas constant, and A and ~E can be considered as constants over limited 
temperature ranges. 

For non-Newtonian materials, however, the viscosity at fixed temperatures is de­
pendent on shear stress or rate of shear. Therefore, in order to develop an expression 
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like Eq. 12 to represent the temperature dependency of the viscosity of a non-Newtonian 
material, either A or ~E or both must be considered as functions of shear stress or rate 
of shear. This, in most cases, is avoided by using viscosity at a constant shear rate, 
a constant shear stress, or a constant power input. 

At a fixed shear rate, the viscosity can be expressed as 

r, (-j!, T) T (-j!, T) 
0 

(49) 
'Y 

and at a fixed shear stress as 

r, (T, T) 
T 

-,1 (T, T)" 
(50) 

Formal differentiation of these two equations with respect to temperature at fixed 
shear stress and fixed shear rate, respectively, results in (23) 

_ori/ aT){l = (dll\1')) + l 
(01'1 TT ;i {n~ T 

(51) 

and 

(?l7¥ r'J T )T = l _ 1) (cl1')) 
(011h1Tl-9 oT T 

(52) 

For materials such as asphalt which show a decrease in viscosity with an increase 
in shear rate and/or increase in shear stress, (2Jr,/2JT)T and (illn71/2Jlny)T are negative. 
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Figure 11. Viscosity vs shear rate for asphalt No. 1 at all test temperatures. 
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Figure 12. Viscosity vs shear stress for asphalt No. I at all test temperatures. 
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Figure 13. Viscosity vs shear rate for asphalt No. 2 at all test temperatures. 

Therefore, the (:;)T/(:;)'Y is larger than or equal to one, or (~;)-l}/(:; )r is smaller 

than one, which indicates that the temperatu:re variation of viscos ity al fix d s hear stress 
is greater than this variation at fixed rate of shear. 

The above-mentioned relation can readily be observed from Figures 5, 11, and 12 for 
asphalt No. 1, and Figures 6, 13, and 14 for asphalt No. 2. Figures 11 and 13 are plots 
of log viscosity vs log shear rate and Figures 12 and 14 are log viscosity vs log shear 
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stress for asphalts No. 1 and No. 2, respectively. Using Figures 5 and 6, it can be 
seen that the variation at fixed shear stress is obtained by a vertical cross plot, whereas 
the variation at fixed rate of shear is obtained by a horizontal cross plot. It is clear 
that the distances between the different temperatures are greater along the vertical 
cross plots than along the horizontal cross plots. This relation results because the 
slopes of the lines in Figures 5 and 6 are greater than or equal to one, and the plots 
for different temperatures tend to lie roughly parallel to each other: 

EXAMINATION OF HYPERBOLIC SINE FLOW EQUATION 

It is believed that the study of the effect of variation of temperature on the viscous 
behavior of materials may lead to some important information about the molecular 
structure and mechanism involved in the flow behavior of asphalts . One approach to 
such a study is the examination of the suggested structural models for the flow of mate­
rials through the effect of temperature on their parameters. One of the structural models 
suggested for the flow behavior of viscous material is the hyperbolic sine equation of 
Eyring, which has also been applied to flow of asphalt. 

Eyring's rate process theory develops a flow relation as given by Eq. 10. This 
equation can also be written as 

9 = A sinh BT (53) 

where, at a fixed temperature, the values of A and B are constant. It is shown by 
Herrin and Jones (2) that when the flow behavior of asphalt can be represented by this 
equation, the size of the flow units and their dependency on temperature can be deter­
mined using 

(54) 
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where Vf is the size of flow unit and T is 
the absolute test temperature. Further­
more, it is shown that considering a hy­
perbolic sine relation for flow leads to the 
calculation of the heat of activation ~Hand 
the free energy of activation. 

In order to examine the validity of such 
an analysis for the asphalts used in this 
study, a curve-fitting procedure was used 
to calculate the values of A and B at each 
test temperature for the two asphalts. For 
asphalt No. 1 and No. 2 a plot of log A/T 
vs 1/ T , where T is the absolute tempera­
ture, is shown in Figure 15. Herrin and 
Jones have shown that this plot should be 
a straight line 

log ( $) ~H (-Tl) p - 2.303R (55) 

- 6'----L---..J..--.....1,---.._ _ __, 

where p is a constant over a normal range 
of temperature, R is the universal gas 
constant, and ~H is the heat of activation. 
This indicates that the slope of the curve 
representing log A/T vs 1/T is a measure 
of the heat of activation. Using the cor­
responding values of B at each temperature 
for each asphalt, the size of flow units and 
its variation with temperature were cal­
culated as shown in Figure 16. 

200 240 280 320 360 400 
1/ T, :) K x 10-5 

Figure 15. A/T vs reciprocal absolute test temp­
erature for both asphalts. 
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Figure 16. Flow unit volume vs absolute test temperature for both asphalts . 
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This figure shows that the size of the flow units of both the asphalts increased with 
temperature to a leveling-off point at about 45 C. According to presently accepted ideas, 
the flow units should break down and become smaller with increasing temperature. Be­
cause of the apparent contradiction shown in Figure 16, a further examination of the 
validity of using the hyperbolic sine to represent the flow behavior of asphalts was made. 

Eyring's flow relation, given by Eq. 18, can be written as 

where ~F = AH - T~S and r, = T/,j1. 
Differentiating this expression with respect to 1/T once at constant shear stress 

and once at constant rate of shear gives 

and 

(56) 

~Ff [ ] ~ = olm7/d(l/T) 'l1 = -T + (~H/RT + 1) (2kT2/T662fo) tanh (T6fo<'l3/2kT) (58) 

These two equations indicate that if Eyring's flow equation is valid for a material, 
then the change in logarithm of viscosity, at constant shear stress and/ or constant 
shear rate, with the change in the reciprocal of absolute temperature is not only tem­
perature-dependent but also depends on the shear stress or rate of shear used for the 
viscosity calculation. Furthermore, these equations show that there exists a certain 
shear stress at which olnr,/o (1/T) will go through zero and change sign. For asphaltic 
materials it is shown that the viscosity always decreases with an increase in shear rate, 
while the above equations predict a shear stress beyond which the viscosity would start 
increasing with an increase in shear rate. It is obvious that at shear stresses around 
this value, the hyperbolic sine function cannot represent the flow behavior of asphalt. 
In order to obtain an approximate numerical value for this critical shear stress, the 
following calculated values of the flow unit size and the heat of activation were used at 
a temperature of 300 K as taken from Figures 15 and 16: 

Asphalt No. 1 
Asphalt No. 2 

Temperature °K 

300 
300 

H cal/mole °K 

21,400 
32,000 

Vf (A°)3 

3. 70 X 105 

3. 55 X 105 

Substitution of these values in th quatio11s and setting the right side equal to ze r o will 
r esult in olnrv'~ (1/ Th and oln71/c1 (1/T){I going through zero at T = 7. 4 x 105 dynes/cm2 

for the first asphalt and 1 = 2 . 4 x 106 dynes/ cm2 for the second asphalt. 
Figure 17 shows the variation of olnri/ci(l/Th with shear stress for the two asphalts 

used as determined by Eq. 13. This figure indicates that up to a s hear stress of about 
104 dynes/ cm2 for the asphalts, the behavior of the materials can probably be approxi­
mated by a hyperbolic sine relation. This is probably the reason that values of B in 
jl = A sinh BT were contradictory . This point is fur ther substantiated by considering 
that shear stresses below 10~ dynes/ cm2 could be used only at high temperatures where 
the behavior of the materials is Newtonian, and the hyperbolic sine relation degenerates 
into T = rif. 

The results discussed above indicate that Eyring's hyperbolic sine relation may pro­
vide an excellent means to correlate experimental data to a structural analysis of flow 
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Figure 17. Temperature variation of viscosity at fixed shear stresses according to hyperbolic sine flow 
equation. 

of asphalts in some cases, but not in others. As shown, for both of the asphalts used, 
such a hypothesis fails to establish conceptually consistant values of the constants nec­
essary to define the expression. 

SUMMARY AND CONCLUSIONS 

This paper reviews some concepts suggested to analyze the flow characteristics of 
rheological materials with emphasis on those which are promising in the analysis of 
flow of asphalts. The suggested concepts are categorized as experimental, mathemat­
ical, structural, and physical-chemical. It is shown that for the two asphalts used in 
this study, it is possible to construct flow diagrams over a wide range of shear stress, 
rate of she2r, and temperature by using three different viscometers and the principle 
of reduced variables. The application of Eyring's rate process theory to the analysis 
of asphalt flow is examined and the variation of viscosity, determined at constant shear 
stress or constant shear rate, with temperature is discussed. From this study, the 
following conclusions are drawn: 

1. The flow data, when obtained by different viscometers, are consistent. There­
fore, different viscometers can be used to obtain shear data over a wide range of shear 
rate or shear stress. The principle of reduced variables will further extend these 
ranges by reducing the data obtained at different temperatures to an arbitrary base 
temperature. 

2. The temperature dependency of viscosity requires that viscosity variation with 
temperature at fixed shear stress be larger than that at fixed rate. 

3. An examination of the applicability of Eyring's hyperbolic sine relation to anal­
ysis of the flow of the two asphalts used reveals that (a) for these two materials there 
exist critical shear stresses, beyond which the hyperbolic sine relation fails to repre­
sent the flow behavior of each material, and (b) when these critical shear stresses are 
within the experimental range, the flow results cannot be represented by such a 
relationship. 
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Changes in Properties of Bitumen in the Surface 
Layers of Rolled-Asphalt Wearing-Courses 

Part I. Dependence of the Surface Texture of the 

Asphalt on the Type of Bitumen 

A. PLEASE and F. E. MAYER, Road Research Laboratory, 
Harmondsworth, Middlesex, England 

The influence of the type of bitumen on durability and surface 
texture of rolled-asphalt surfacing has been examined in a full­
scale experiment using binders from ten different crude sources. 
It has been found for the majority of the binders that, provided 
sufficient binder is used, rolled-asphalt surfacings are very 
durable but that very different surface textures, and hence 
resistances to skidding, were developed by the surfacings. 
Materials made with some bitumens became very smooth, 
others became very rough although still durable, and the re­
mainder developed a texture intermediate between these two 
extremes. The performances of the materials in this respect 
are traced to the susceptibility of the constituent binders (a) 
to harden by weathering, (b) to be fluxed with lubricating oil 
dropped by vehicles, and (c) to resist the leaching action of 
water. The effect of these processes has been examined by a 
technique involving recovery and measurement of viscosity of 
very small quantities of bitumen from the top few hundredths 
of an inch of the surface. 

•ANALYSIS OF road accidents occurring in the United Kingdom has shown that in 33 
percent of the personal-injury accidents on wet roads skidding has been reported. The 
United Kingdom has one of the highest densities of traffic in the world, and with the in­
creased speed and braking power of modern vehicles the demands made by the frictional 
contact between tire and surface have risen and surfacings that at one time were re­
garded as acceptable are now unacceptable. Research has been in progress for many 
years with the aims of setting minimum standards of resistance to skidding for various 
types of site and of improving bituminous materials so that these standards can be met 
reliably and economically. 

The most important type of wearing-course material in the United Kingdom, partic­
ularly for heavily used high-speed roads, is rolled asphalt. Although this is a dense 
material , it differs from asphaltic concrete in that a gap-graded aggregate is employed, 
the fine aggregate being a fine natural sand. Moreover, the binder employed is harder, 
usually of 40-60 penetration. For motorway surfacings , a rolled asphalt of low stone content 
(30 percent of coarse aggregate) is the only material permitted; a heavy application of 
coated chippings of ½ -in. or ¾-in. size is made to the hot surfacing immediately after 
laying. 

The resistance to skidding of rolled asphalts depends both on the surface properties of 
the exposed coarse aggregate (including any applied chippings) and on those of the bitu­
minous matrix, which is a fine-textured mixture of natural sand, mineral filler and 

Pape r sponsored by Committee on Characteristics of Bituminous Materials and presented at the 45th 

Annual Meeting . 
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TABLE l 

PROPERTIES OF ASPHALTIC CEMENTSa 

Equlv.iscous Mixing Asphallene Insolubles 
Bitumen Pea Pea Viscosity Viscosity Logarithmic Temp (viscosity Plastic Ani;le or Elaslic Conlenl Content 

al 25 C Index al 25 C (106 poises) at 45 c (L06 poises) Temp. Coe((. L 6 poises), Flow Tndex Recovery (deg) (petcenl) (percent) 
Deg C 

Californian 66 - 1. 75 2.08 o. 022 11 • 142 1 01 0. 5 4. 6 0 
Venezuelan .. - 0. 6 2 58 0, 032 11 • 160 1 10 1.8 " 0 05 
Mexican 67 -0. I 4 51 0. 060 11. 2 177 119 3.8 20 0 05 
Lobitos 65 -1.l 271 0. 0:30 11, 1<2 1, 06 0 .• 1. 1 0 
Egyptian (waxy) 65 - 0.1 3_71 o. 016 13. 9 150 1, 01 1.6 18 , 8 0 
Egyplian (cracked) 66 - 0.7 1 BB 0 017 12 • "' l 02 29 0 
Trlnidad 5Ab 59 -0. 5 3 6 0 057 10 8 1 21 1.4 15 29 . 9 
Trinidad SA 
(soluble fraclion) 143 0 6 a. 011 10. 3 1 11 29 1B 7 0 
Trinidad 5Bc 66 -0. 6 208 o. 038 10.8 106 05 13 20 8 
Trinidad SB 
(solullle fraclion) 107 1 21 0. 019 10. 6 1, 06 24 15 0 
Cuban 67 41 5 84 1 0 423 13 8 1 89 2 6 16 20 

hard bitumen. Methods are well established for selecting coarse aggregate which 
maintains good resistance to skidding under the action of traffic. The present report 
gives the results of several years of research aimed at determining the properties of 
bituminous binder that affect resistance to skidding by the matrix, as well as those in­
fluencing the degree to which the coarse aggregate projects above the matrix. 

Between 1937 and 1940 a series of full-scale experimental sections of rolled asphalt 
were laid to examine the effect of binder properties on performance. For this purpose 
ten asphaltic cements of 60-70 penetration, drawn from several different sources, were 
used. The sections of rolled asphalt in the course of time developed very different 
surface textures (a fact having considerable bearing on the means whereby rolled as­
phalts might be designed to retain good non-skid characteristics). This paper describes 
work undertaken to examine the changes that occurred in the properties of the bitumen 
in the surface layers of these rolled asphalts and connects these changes with the tex­
tures finally developed. 

Physical and Chemical Properties of Binders 

Details of the ten bitumens or asphaltic cements in this investigation are given in 
Table 1. Further data on the viscosity of the binders have been given elsewhere (!., ~). 

Scope of the Full-Scale Experiment 

The site chosen for the experimental surfacings was a straight 30-ft-wide three-lane 
carriageway, carrying in 1938 about 23,000 tons a day; by May 1956 the traffic had in­
creased to 32, 000 tons a day. The experimental surfacings were dense rolled asphalt 
2 in. thick containing 50 percent coarse aggregate, 34 percent fine silica sand, 8. 5 per­
cent filler (portland cement) and 7. 5 percent soluble bitumen. This composition would 
conform to the medium-rich Schedule 2 of the British Standard 594:1961 (3) for rolled 
asphalt. -

To examine the effect of reducing the bitumen content, five of the binders were used 
in an additional series of rolled asphalts laid in 1940. Each binder was used at two 
binder contents, making a total of ten extra sections . 

Performance 

The performance of the experimental sections was assessed by an inspection panel 
( 4) at various times up to and including 1956, when the experiment was terminated. The 
results of these assessments showed that the main factor influencing the durability of 
the surfacings was the binder content. The five leanest asphalts made with 3. 5 to 
5 percent bitumen disintegrated within 5 years, while the slightly richer asphalts made 
with 5. 25 to 5. 75 percent bitumen were in only fair-to-poor condition after 14 years 
with severe fretting. On the other hand, with the higher binder content of 7. 5 percent, 
durability was normally no problem; eight out of the ten sections were still in fairly 
good condition after 16 to 19 years' service and only one section, that made with the 
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Figure l. Surface textures developed by rolled asphalts. A-Smooth texture ot rolled asphalt con­
tainingVenezuelan 60-70 pen. bitumen after 19 years (50 percent coarse aggregate). B-Roughtexture 
of rolled asphalt containing Trinidad 5A 60-70 pen. asphaltic cement after 19 years (50 percent coarse 

aggregate). 

Egyptian cracked bitumen, proved less durable in that it began to fret within 5 years of 
laying. 

Surface Texture 

The main difference in the performance of the ten rolled asphalts containing 7. 5 per­
cent bitumen lies in the surface textures they developed. The three sections made with 
the Lobitos, Californian and Venezuelan bitumens had, after 15 to 18 years, a very 
closely-knit mortar which was level with the exposed surfaces of a few particles of 
coarse aggregate. Although these surfacings contained 50 percent coarse aggregate, 
they eventually had the same appearance as very lightly chipped sand asphalts. Fig­
ure lA illustrates the typical smooth texture; a particularly noticeable feature is that 
thin "veins" have appeared on the surface. On the other hand , the rolled asphalts 
made with the blown Venezuelan, the Trinidad lake asphalt 5Aand the Egyptian "cracked" 
binders are very rough-textured with a sandpapery mortar, leaving the coarse aggre­
gate well-exposed and proud of the surface (Fig. lB). Between these two extremes of 
surface texture are the rolled asphalts made with the remaining four binders-Trinidad 
lake asphalt 5B, Mexican, Cuban and Egyptian waxy. 

The importance of surface texture lies primarily in its influence on resistance to 
skidding. All the sections in the experiment were too short for the measurement of 



TABLE 2 

HARDENING OF THIN FILMS OF BITUMEN 
DURING EXPOSURE ON ROOF 

Penetration at 25 C Ratio 
Binder Pen. 2 Yr/ 

Original 2 Yr Pen. Original 

Californian 63 26 0. 41 
Venezuelana 65 27 0. 42 
Mexican 69 30 0. 43 
Soluble Cuban 75 32 0. 43 
Egyptian 

(waxy) 65 22 0. 34 
Soluble 
Trinidad 5B 107 35 0. 33 
Soluble 
Trinidad 5A a 143 37 0. 26 
Cuban 67 34 0. 51 
Trinidad 5B 65 24 0. 37 
Trinidad 5A 60 17 0. 28 

aA 143-pen. Venezuelan bitumen hardened to 56 pen. 
after 2 yr exposure to give a ratio of final to original 
penetration of 0.39. 
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resistance to skidding by methods then available but experience gained in other full­
scale experiments shows that a rough texture is desirable for maximum friction be­
tween smooth rubber-tired wheels and the road surface, particularly at high speeds (~). 

Weathering of Binders 

In the present work the influence that weathering of binders had on the performance 
of the experimental surfacings was examined. First, a measure was obtained of the 
extent to which the binders themselves hardened on exposure to weather in the absence 
of traffic. Second, the hardening of the binders in the bulk of the road surfacings was 
studied over a period of years by measurements of penetration on the recovered binders 
and determinations of their asphaltene contents. Finally, the change in the flow prop­
erties of the binders, recovered after many years from the top few hundredths of an 
inch of asphalt surfacing, was studied by using a microviscometer. 

Thin Films of Binders 

The weathering of thin films of binder was carried out in the following way. A tray, 
20 cm by 20 cm, was filled with binder to a depth of 0. 1 cm and exposed on the labo­
ratory roof. A muslin cover was placed over the film to give some protection against 
dust but allowing full exposure to the effects of light, water, oxidation and evaporation. 
Six trays of each of ten binders were exposed to weathering; these comprised all the 
binders used in the full-scale experiment except for the Lobitos, blown Venezuelan 
and Egyptian cracked. The three remaining bitumens were the soluble fractions of the 
three asphaltic cements. The penetrations of the weathered binders were measured 
over a period of two years (Table 2). 

The ten binders became more viscous with age; the rates of hardening were ex­
tremely rapid within the first three months, but became slower as the time of exposure 
increased. Within the first 36 days of exposure, the binder films had discolored pro­
gressively and developed extensive cracks, and although protection from dust was given 
by the muslin covers, increases in weight ranging from 0. 27 to 0. 50 percent were ob­
served. It is thought that oxidation was probably the main cause for the changes in 
appearance, consistency and weight. This suggestion is supported by tests using an 
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TABLE 3 

EFFECT OF WEATHERING ON RECOVERED BINDERS 

Penetrationa 

Binder 
From Before ½ 1 2 10 12 14½ 17 
Tank Traffic Yr Yr Yr Yr Yr Yr Yr 

Californian (26) 59 58 56 60 52 
Venezuelan (27) 60 47 54 54 50 60 67 64 50 
Mexican (30) 57 50 52 49 49 47 46 41 
Trinidad 5A (37) 192 145 123 127 105 93 75 67 45 
Trinidad 5B (35) 117 98 86 87 78 80 60 48 

Asphaltene Content (percent) 

Californian 6 7 7 7 
Venezuelan 13 14 14 15 13 16 14 
Mexican 20 21 21 22 21 24 25 
Trinidad 5A 15 18 19 18 18 24 24 
Trinidad 5B 12 14 15 16 16 18 20 

aThe penetration of the bitumen weathered for 2 years in the form of thin films is given in 
brackets for comparison. 

Ostwald-type viscometer which showed that the temperature susceptibilities of the 
weathered binders were lower than the temperature susceptibilities of binders hardened 
by loss of volatiles. Also, there was an approximate relationship between increase in 
weight and increase in viscosity-the binders with the greatest increase in weight (0. 5 
percent) hardened most. Further, the increase observed in the asphaltene content of 
bitumens recovered from weathered road surfacings suggest that chemical changes 
have been brought about by oxidation. 

In Table 2, the average rates of hardening of the bitumens are expressed in the form 
of the ratio of penetration after two years' weathering to the original penetration-the 
lower this ratio, the higher the rate of hardening. It can also be seen from Table 2 
that the greatest rates of hardening are found with the soluble portions of the Trinidad 
lake asphalt 5A and 5B asphaltic cements and the Egyptian waxy bitumen. Their ratios 
of penetration after two years to original penetration ranged from 0. 26 to 0. 34, whereas 
the corresponding ratios for all the other soluble bitumens ranged from 0. 39 to 0. 43. 

Recovered Bitumens 

At intervals throughout the lives of the road surfacings, bitumens were recovered 
from the bulk of road samples by the solvent extraction method described in B. S. 598: 
1950. This work has been reported by Gough and Green (6) and by Lee and Nicholas (7). 
It is summarized here in Table 3. - -

After two years, bitumens weathered in the form of thin films are considerably 
harder than the corresponding binders recovered from the bulk samples of the road 
surfacings - showing that a large measure of protection from weathering is given to 
the binder in the body of the surfacing. 

Measurements were also made of the changes in asphaltene content of the binders 
recovered from road samples following weathering. The summary of these results 
(Table 3) shows that, for some binders, in particular the two Trinidad lake asphalt 
binders, the asphaltene contents increased markedly with age and in general the 
hardening of the recovered binders is associated with an increase in asphaltene con­
tent. The conclusion that chemical changes such as oxidation are responsible for some 
of the change in the consistency of the weathered binders agrees with the results of the 
tests on the thin films of binders exposed on the laboratory roof. 
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It will be shown in the next section that, in rolled asphalts, the main changes in the 
consistencies of the weathered binders occur in quite thin layers near the exposed sur­
face and it is therefore not surprising that these determinations of penetration, which 
have been obtained on bitumens recovered from the bulk of the surfacings, do not explain 
the different performance of the asphalts. Nevertheless, the tests described in this 
section have shown that Trinidad lake asphalt 5A, Trinidad lake asphalt 5B and Egyptian 
waxy bitumen are far more susceptible to hardening by weathering than the other 
binders. It should, however, be noted that the Egyptian cracked, the blown Venezuelan 
and the Lobitos bitumens were not included in this comparison. 

Changes in Viscosity 

By 1955, although it had been shown that the bitumens in the road surfacings changed 
their properties owing to weathering, the reasons for the varying surface-texture of the 
experimental sections were not clear. For example, after 17 years' service, the binder 
recovered from the bulk of the rough-textured asphalt made with Trinidad lake asphalt 
5A had a penetration of 45, which is not significantly different from the value of 50 ob­
tained for the Venezuelan bitumen recovered from the veined, smooth-textured asphalt. 
Apparently binder properties on the top surfacing layers, which are the most exposed 
to the atmosphere, were almost completely concealed by properties of larger quantities 
of binder in the body of the material protected from the weather. Accordingly a new 
method involving the use of a small-scale solvent-recovery and a simple-shear micro­
viscometer, needing only 0. 2 g of bitumen, was developed to study the variation of 
viscosity of the recovered binder with depth below the top surface (8 ). 

The properties of binders recovered from the six rolled asphalts made with Trinidad 
lake asphalt 5A and 5B cements and the Mexican, Lobitos, Californian and Venezuelan 
bitumens were studied in relation to depth within the surfacing and location across the 
road. The results are shown in diagrammatical form in Figure 2 for the rough-textured 
rolled asphalts, and in Figure 3 for the smooth-textured rolled asphalts. Each single 
result is the mean of three independent determinations of viscosity. There are four 
main features of the results. 

1. The viscosities of the six binders recovered from the three top layers cover a 
considerable range of values (103 to 109 poises at 25 C). At any particular point across 
the road the binder from the top layer (Oto 0. 02 in. below the surface) which is most 
exposed to weather is always harder than the binder from the layers immediately below 
(0. 02 to 0. 06 in. below the surface). 

2. At depths exceeding 0. 5 in. below the surface, the fluxed Trinidad lake asphalt 5A 
is the only binder of the six which has hardened significantly. In 18 years the viscosity 
of its soluble portion increased from 0. 5 x 106 poises to about 3 x 106 poises. The 
Trinidad lake asphalt 5B shows a considerably smaller increase, and the remaining 
five binders recovered from the interior of the surfacings have very nearly the same 
viscosities after 18 years as the corresponding original binders. Furthermore, the 
viscosities of all six binders recovered from the body of the surfacing do not depend 
on the position of the sample across the road. 

3. For the three upper layers (i.e., at depths of up to 0. 06 in. below the surface) 
the viscosities of the recovered binders depend on the position across the road from 
which the sample was taken. In the "oil lane" (a strip at a distance of 6 to 7 ft from 
the curb darkened by oil droppings from vehicles) the bitumens are softer than the 
bitumens recovered from the curb or the crown of the road. This effect is most marked 
for the smooth-textured rolled asphalts. 

4. For the sections which have become smooth and veined, namely those made with 
the Lobitos, Californian and Venezuelan bitumens, the viscosities of all three top layers 
in the oil lane of each section have decreased from the ori ginal values of about 2 x 106 

poises to very low values between 103 and 105 poises. 

The investigation shows that in these six rolled asphalts the greatest changes in the 
viscosities of the binders occur at the surface. For five of the six binders no significant 
change has occurred in the body of the rolled asphalt after 19 years. 
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TABLE 4 

VISCOSITY OF BITUMEN RECOVERED FROM THIN LAYERS OF 
MORTAR ABRADED FROM THE SURFACE OF 

Source 

Top layer 

2nd layer 

3rd layer 

Interior 
Original 

soluble 
binder 

ROLLED ASPHALTS-SAMPLES TAKEN 
FROM OIL LANE AFTER 16 YEARS 

Viscosity at 25 C (106 poises) 

Egyptian Waxy 
Egyptian Cracked Cuban A. C. 

(intermediate- (intermediate-
textured) 

(rough-textured) 
textured) 

34. 4 __ a 3. 7 

12. 8 25. 0 2. 8 

3. 6 15. 3 1. 4 

3. 7 6. 6 1. 3 

2. 9 1.8 4 to 8 

aThis binder separated into two phases on recovery. 

Blown Venezuelan 
(rough-textured) 

No quantitative 
result 

No quantitative 
result 

No quantitative 
result 

10. 3 

? 

It should be remembered that the Venezuelan and Californian bitumens exposed to 
weather for two years on a roof as thin films increased their viscosities at 25 C from 
2 x 106 poises to about 13 x 106 poises, a value estimated using Saal' s formula (9) from 
the values of penetration given in Table 2. It would be expected that, if weathering 
were the only factor affecting the viscosity of the bitumens in the road mixtures, the 
combined viscosities of the binders in the two top layers would be considerably greater 
than 107 poises after 18 years. Referring to Figure 3, it will be seen that in the 
Californian and Venezuelan asphalts the viscosities of the binders recovered from 
the two top layers of the inner and outer wheel tracks are in fact significantly lower 
than 107 poises, and the corresponding viscosities for the two top layers in the oil lane 
are even lower. The general pattern of results is consistent with the fluxing action of 
lubricating oils dropped froni vehicles opposing the tendency of binde1~s to harden with 
weathering. 

The study of the viscosity /depth dependence for the bitumens recovered from the 
rolled asphalts made with the two Egyptian bitumens, the blown Venezuelan bitumen 
and the Cuban asphaltic cement has been less extensive; it was restricted to the in­
vestigation of samples from the oil lane with the objectives of confirming the general 
pattern of viscosity distribution with depth, and of finding out whether the test method 
is suitable with these rheologically-more-complicated binders. 

The wax content of the steam-reduced Egyptian bitumen presented no difficulty in 
the measurement of viscosity, and the dependence of viscosity on depth for the bitumen 
recovered from the oil lane followed the same pattern, i. e., there has been no significant 
change of binder viscosity in the interior, and binder from the three top layers has high 
viscosity which is in accord with the previous results for bitumens producing rough­
textured asphalts. 

The test method has not been entirely successful with the three remaining binders, 
because (a) the Egyptian cracked bitumen recovered from the topmost layer (0 to 0. 02 
in.) of mortar consisted of two separate phases-a continuous lightly colored medium 
and a darker dispersed phase, and (b) the Cuban and the blown Venezuelan binders re­
covered from the two top layers formed a hard elastic skin which made the preparation 
of the viscometers difficult for the Cuban and often impossible for the blown Venezuelan. 
In all tests on these two weathered binders there was evidence of nonlinear deformation/ 



TABLE 5 

VISCOSITY OF BITUMEN RECOVERED FROM SAND ASPHALTS EXPOSED 
ON THE LABORATORY ROOF FOR 10 MONTHS 

Specimen 

Viscosity at 25 C 
(106 poises) 

45 

Venezuelan Fluxed Trinidad 

Original soluble binder 
(stress 3500 dynes/ cm2

) 

Recovered bitumens from weathered 
sand asphalts (stress 3. 9 x 105 dynes/ cm 2 ) Top layer 

2nd layer 
3rd layer 
Interior 

75 Pen. 75 Pen. 

2. 3 

2240 
31 
10 

7 

0. 45 

252 
17 

3. 6 
0. 9 

time relationships, making the determination of viscosity rather doubtful with this 
viscometer. 

When these qualifications have been made the results for these binders do show a 
pattern of viscosity distribution similar to that obtained for the rough- and intermediate­
textured rolled asphalts. 

The results collected in Table 4 show that: 

1. Where obtainable, the viscosities of the four binders recovered from the upper 
layers of mortar (0 to 0. 06 in.) in the oil lane are either greater than or (for the Cuban 
A C.) about equal to the corresponding original viscosities. 

2. In the intermediate- textured asphalts made with the Egyptian waxy and the Cuban 
binders, the viscosities of the soluble bitumens in the interior of the surfacing are 
approximately equal to the viscosities of the original binders. 

3. The viscosity of the Egyptian cracked binder that was recovered from the interior 
of a rough-textured asphalt has increased by about four times-a result similar to that 
obtained on the rough-textured asphalt made with the fluxed Trinidad lake asphalt 5A. 
The separation into phases of the weathered binder recovered from the top surface of 
the asphalt is evidence of very marked changes produced by weathering. Changes of 
this magnitude may well account for the fretting and early disintegration of the asphalt 
made with this binder. 

Results for Laboratory- Prepared Mixtures 

The behavior of the asphalt on the road has been influenced by the fluxing action of 
motor oil. Specimens of sand asphalts conforming to B. S. 594 and containing a Vene­
zuelan and a fluxed Trinidad lake asphalt of 75 penetration were therefore prepared in 
the laboratory and weathered on the roof in order to study the effect of weathering alone 
without the action of traffic. The results for these sand asphalts after 10 months' ex­
posure to the action of weather (Table 5) show that both the Venezuelan and the fluxed 
Trinidad lake asphalt hardened considerably-by a factor of 1,000 for the top layer of 
the Venezuelan and a factor of about 500 for the top layer of the Trinidad. These 
hardening factors are considerably higher than those obtained on the corresponding 
binders weathered in the form of thin films of pure binder (hardening factor of 6 for 
Venezuelan and 18 for Trinidad lake asphalt 5A), which is not unexpected, because the 
exposed pure binders were voidless and their film thickness was considerably greater. 
What is surprising, however, is that the susceptibilities of the two binders to hardening 
by weather in the surface of the asphalts are in the reverse order to those observed for 
the thin films. In the form of thin films, the Trinidad lake asphalt binder had the higher 
rate of hardening (Table 2); in the bituminous mortars, on the other hand, it was the 
Venezuelan binder which had the higher rate of hardening. The explanation for this 
apparent discrepancy probably lies in the fact that a portion of the weathered binder 
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TABLE 6 

RESISTANCE TO SKIDDING OF ROLLED ASPHALTS 
ON A. 40, LONDON-FISHGUARD TRUNK ROAD 

Sideway Force Coefficient at 30 mph 

Binder Binder Content On Wet Surface 

Type (%) 
Mar .. May Aug. May Sept. May Aug. 
1953 1954 1954 1955 1955 1956 1956 

Venezuelan Petro- 5. 8 0. 72 0. 41 0. 32 0. 45 0. 45 
leum Bitumen 7.7 0. 58 0. 29 0. 34 0. 35 0. 25 0. 39 0. 37 

Fluxed Trinidad 5. 8 0. 63 0. 51 0. 55 0. 54 0. 54 0. 62 
Lake Asphalt 7. 7 0. 58 0. 45 0. 47 0. 50 0. 49 0. 52 0. 57 

in the bituminous mortars had been eroded, presumably by the action of water, leaving 
the clean sand particles on the surface (Fig. 4). This effect is considerably more 
marked in the case of the mortar made with the Trinidad lake asphalt binder, so that 
the Trinidad binder recovered from the topmost layer, for which the viscosity was 
measured, had not been subjected to the full ten months' weathering. It was at first 
protected by a thin layer of bituminous mortar and subsequently by the residual layer 
of clean sand particles from which the weathered binder had been leached away. This 
observation shows clearly that a sandpaper texture can be brought about without the 
action of traffic being necessary, presumably by the leaching of weathered binder from 
the surface. 

Comparison of the changes in the viscosities of these binders by weathering alone 
and by weathering in conjunction with road traffic is shown in Figure 5, where it will be 
seen that at the surface of the asphalts, down to a depth of about 0. 1 in., the binders 
from the road surfacings are softer, after 18 years, than the corresponding binders in 
the laboratory-prepared mixtures which were weathered on the roof for only ten months. 
This result is consistent with the suggestion already made that the fluxing action of 
lubricating oil spilled by vehicles opposes the hardening of the binders by weathering. 

Another Full-Scale Experiment 

A study similar to that described has been made of rolied asphalts on another heavily 
trafficked road in southern England, with similar results (8). On this road mixtures 
were laid with a range of binder contents and were given an extra application of chip­
pings, to give a rougher surface texture. Nevertheless, within 5 years of laying, sec­
tions made with a Venezuelan petroleum bitumen became smooth and lightly veined, 
whereas similar materials made with fluxed Trinidad lake asphalt became even more 
rough-textured, with the mortar worn down slightly to leave the coarse-aggregate 
particles proud of the surfacing. The association of these differences in texture with 
differences in resistance to skidding were reported elsewhere (5). The results are 
summarized in Table 6, where it can be seen that whereas the sections with fluxed 
Trinidad lake asphalt have maintained a fairly high value for the sideway-force-coef­
ficienta the sections made with the Venezuelan petroleum bitumen have fallen to sig­
nificantly lower values (~). 

DISCUSSION 

The investigation has shown that there are differences between the viscosities of the 
different binders within the top few hundredths of an inch of the asphalt surfacings and 
that these changes are reflected by differences in surface texture. 

aThe coefficient of friction between a smooth rubber-tired wheel and the road surface is assessed by 
measuring the sideway thrust on the loaded wheel while it is skidding in a direction inclined to its 
plane of rotation; the ratio of sideway force to wheel load is defined as the Sideway Force Coefficient. 
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Smooth-Textured Asphalts 

Smooth-textured rolled asphalts were produced by the Californian, Venezuelan and 
Lobitos bitumens. The Californian and Venezuelan bitumens have been shown by the 
weathering tests on the thin films of binder to have fairly low rates of oxidation, and, 
in the case of the Venezuelan, a relatively low susceptibility to leaching by water. 
Lubricating oil dropped by traffic tends to slow down the hardening produced by weath­
ering; traffic tends to knit the mortar into a closer texture thereby reducing further 
the effects of oxidation. A fair proportion of the lubricating oil dropped by traffic will 
penetrate the surface of the rolled asphalt and be largely protected from the action of 
weather by the closely knit skin of mortar at the surface; the oil-fluxed bitumen im­
mediately below the surface attains in time a very low viscosity. At an early stage in 
the life of the surfacing, traffic stresses produce fine cracks in the upper hardened 
skin through which the soft oil-fluxed bitumen exudes to form a strongly defined pattern 
on the surface resembling a network of veins. The process is continuous, developing 
after some years into the characteristic texture shown in Figure lA. 

Rough-Textured Asphalts 

Rough-textured rolled asphalts were produced by the Egyptian cracked bitumen, the 
Trinidad lake asphalt 5A and the blown Venezuelan. Although the soluble bitumen of 
the Trinidad lake asphalt 5A originally had a comparatively low viscosity, it has a high 
rate of oxidation and during weathering shows a high susceptibility to leaching by water. 
In this case the first drops of lubricating oil tend to produce a softer bitumen at the 
surface but, because of the higher rates of oxidation and erosion, some of the bitumen 
in the top skin begins to be removed by the action of the weather. The coarser mortar 
at the surface permits the weathering of a higher proportion of the lubricating oils 
which in turn tends to reduce the extent to which the binder at the surface is fluxed. 
The process is slow but continuous, developing after some years to give a sand-papery 
mortar and a well-exposed coarse aggregate (Fig. lB). 

The other two binders giving rough-textured asphalts are the Egyptian cracked and 
the blown Venezuelan. No evidence has been obtained to show whether either of these 
two binders are leached by water when weathered in the same way as the Trinidad lake 
asphalt 5A. The Egyptian cracked bitumen is unstable when weathered and separates 
into two distinct phases when recovered in carbon disulfide. This may well account 
for a friable mortar at the top surface. The lack of durability of the rolled asphalt 
containing this binder shows that its susceptibility to hardening by weathering (and the 
associated phase-separation that occurs) is too pronounced. A binder having this 
susceptibility to a more moderate degree may well be of practical value. 

Intermediate-Textured Asphalts 

Rolled asphalts with an intermediate texture are given by Trinidad lake asphalt 5B, 
Egyptian waxy, Mexican and Cuban bitumens. Of these four binders both the Trinidad 
lake asphalt 5B and the Egyptian waxy bitumen have intermediate rates of hardening as 
shown by the weathering tests on thin films. The Mexican and Cuban bitumens have 
rates of hardening of the same magnitude as the Californian and Lobitos bitumen. 

CONCLUSIONS 

The full-scale experiment has shown that, in the climatic conditions prevailing in 
southern England, rolled-asphalt surfacings conforming to Schedule 2 of B. S. 594:1958 
are very durable. With nine binders of 60-70 penetration obtained from various sources, 
a satisfactory life exceeding 15 years has been obtained and only one binder, the Egyptian 
cracked bitumen, gave an unsatisfactory material of poor durability . 

There are, however, important differences in the surface texture developed by the 
rolled asphalt made with these binders-some developed a smooth texture whereas 
others became rough. The development of different surface textures cannot be ex­
plained in terms of the original rheological properties of the binders but results from 
new properties brought about in the top surface of the rolled asphalt. 
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The type of surface texture developed after some years is related to the hardening 
of the bitumen within the surface layers. Three processes affect the development of 
ioudace Lexlure; (a) cl1angE:s produced by weathering, giving increa1:;e1:; in viscusily by 
a factor of up to 1,000 in some cases; (b) fluxing by lubricating oil, giving decreases in 
viscosity in a ratio of up to 1,000 despite the opposing action of oxidation; and (c) leach­
ing by water of the weathered binder to produce a friable condition in the exposed sur­
face of the sand/filler/binder mortar. 

The rough-textured asphalts are those made with the binders having a low resistance 
to weathering; binder at the surface has hardened despite the fluxing action of motor 
oil, and erosion of the top skin of mortar gives the typical sandpapery mortar. The 
smooth-textured rolled asphalts are those made with binders having the highest resist­
ance to weathering. Fluxing by motor oil offsets the action of weather sometimes to 
such an extent that softened binder immediately below the top skin exudes to the surface 
in the form of veins giving a smooth, rich appearance. 
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Part II. Changes In Bitumen Composition 

Causing Changes In Viscosity 

E. D. TINGLE and E. H. GREEN, Road Research Laboratory, 
Harmondsworth, Middlesex, England 

An examination has been made of experimental surfacings laid on a heavily 
trafficked road. These comprisedasphaltic concrete sections using refinery 
bitumen and fluxed Trinidad lake asphalt as binders, and rolled asphalt sec­
tions using refinery bitumens from two distinct crude sources. The changes 
in viscosity have been determined for the bitumen recovered from the upper­
most layer of the experimental surfacings and in successive 0. 5-mm layers 
of the rolled asphalt sections. Corresponding changes in composition have 
been determined by a newly developed solvent fractionation technique. 

Important factors in the behavior of binder in surface layers are changes 
in constitution brought about by atmospheric oxidation and by absorption of 
oil dropped from vehicles. The interaction of hardening by oxidation and 
softening by oil droppings helps explain why the nature of the binder plays 
an important role in determining the resistance to skidding of dense bitu­
minous surfacings. A correlation has been established between the com­
bined effects of weather and traffic, the change in properties of the binders 
in the surface layers, and the surface texture and skidding resistance. 

•FOLLOWING THE work reported in Part I, a further full-scale experiment was car­
ried out in 1960 designed to clarify the reasons why dense surfacings made with certain 
bituminous binders became slippery whereas those made with other binders retained a 
rough, skid-resistant texture. A laboratory investigation was begun to study in more 
detail the changes in the properties of the binder in service. Measurements were made 
of changes in viscosity and composition of binder recovered from different parts of the 
road surface and at successive depths below the surface. Most of the work is con­
cerned with binders used in rolled asphalt manufactured according to B. S. 594, but an 
investigation is also recorded of changes occurring in binders used in asphaltic con­
crete with a continuously-graded-aggregate structure. 

EXPERIMENT AL 

The Full-Scale Road Experiment 

The full-scale road experiment, begun in August 1960, comprised 38 sections, each 
70 yd long. The main aim of this experiment was to compare the behavior of eleven 
selected bitumen binders chosen to have individual properties significant for the main­
tenance of good skid-resistance. Five sections containing four different binders have 
been studied intensively and the results presented in this paper. The composition of 
two of these sections was selected inside the range of the specification given in Table 7, 
Schedule 1 of the British Standard Specification B. S. 594:1961. They contained 25 per­
cent (by weight) coarse aggregate, 57 percent fine silica sand, 9. 5 percent filler and 
8. 5 percent soluble bitumen binder; ½-in. nominal-size chippings coated with bitumen 
were rolled into these surfacings at a rate of 185 sq yd per ton. The other three sec­
tions were to a specification similar to that of wearing-course asphaltic concrete as 
used on the continent of Europe and in the USA. The material used in these sections 
had a continuously-graded-aggregate content of ¾-in. maximum size. The coarse aggre­
gate content was 46 percent by weight, fine aggregate 44 percent and filler 10 percent. 

Since laying in 1960, the experimental surfacings have carried heavy traffic of ap­
proximately 23, 000 vehicles per day, corresponding to a load of 64, 000 tons per day. 
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TABLE I 

PROPERTIES OF THE BITUMENS 

Property 

Penetration 
Softening point (ring and bal1) 1 deg C 
Penetration index 
Viscosity (measured at a rate of shear 

of 4 ;,; 10- • sec- 1
) 

at 25 C (x 106
), poises 

at 45 C (x 106
), poises 

aTemperalure susceptibility (m) 

hPlaslicily index (p) 

cr10!11a: 

ct Aging index (air) 
Aging index (nitrogen) 
Spot test (oliensis) 

X 

42 
58 
+0. 2 

9. 4 
o. 34 

3. 57 

I. 2 

1. 6 

4, 1 
1. 6 
-ve 

y 

45 
54 
-0. 7 

6. 1 
0. 17 

4. 01 

! , 2 

1, 55 

5. 5 
2. 4 
-ve 

z 

63 
51 
-0. 5 

4, 6 
0, 14 

3. 98 

1.1 

I, 25 

2. 7 

-ve 

0 f,om Walther formula log log 0/ + 0.8) = -m log T + C (where Vis kine-
6n,ot1c viscosity and T the tempera lvu, , deg K). 

hoin D = KsP where D is rate of shc:,04 and s is shear stress, 
cllo and 1lo: represent respectively the values for vi scosity at low and high 

totes of shear, calculated f1om a plot of the sheor stress ogoimt ongula1 
rotation in a conicylindrical viscomete1, The rati o Tb/a: gives a 

drncos ure o f the departure of the bitumen from Ne1w tonion be havio1. 
Me asured by the method of Griffin, Mil es and f1'~11t he r U), 

All sections of the full- scale road ex­
periment are in very good condition after 
five years under this heavy traffic and 
there is no indication that any of the 
sections will have a life significantly 
shorter than the 20 years expected from 
a standard rolled asphalt wearing-course. 

The Bituminous Binders 

The rolled asphalt sections contain 
two different residual bitumens of the 
same nominal penetration (50) and at the 
same nominal binder content (8. 5 per­
cent by weight). The first, bitumin X, 
is a product typical of road bitumen 
commercially available in Great Britain. 
The second, bitumen Y, is a specially 
imported road bitumen selected for the 
road experiment because of its particularly 
high sensitivity to hardening by photo­
oxidation. 

Two of the asphaltic concrete surfacings contain a residual bitumen Z from the 
same crude source as bitumen X but of a nominal 60 / 70 penetration. In one of 
these sections the binder content is 5. 3 percent by weight, in the other, a little 
higher (5. 5 percent by weight). The third sectionofasphaltic concrete contains fluxed 
Trinidad lake asphalt as binder. The naturally occurring lake asphalt after refining consists 
of approximately 35 percent by weight finely divided mineral matter and 55 percent by 
weight bitumen soluble in carbon disulfide. The remaining 10 percent consists of 
organic matter insoluble in carbon disulfide. The refined lake asphalt is fluxed to 
the appropriate penetration with about 15 percent by weight of a heavy petroleum flux 
oil. The soluble bitumen content of the asphaltic concrete made with fluxed lake asphalt 
was 5. 7 percent by weight. Some properties of the bitumens X, Y and Z are given in 
Table 1. 

Surface Characteristics 

In common with most roads carrying heavy canalised traffif'. there is a rlistinct dark 
strip approximately 3 ft wide, about 6 ft from the curb, caused by oil droppings from 
passing vehicles. The oil lanes on the rolled asphalt sections containing the two bitu­
mens are markedly different in visual appearance. On the section containing bitumen 
X the oil lane is very dark in color and smooth in appearance. The coated chippings 
applied to the surface appear to have been pushed into the mortar to a much greater 
extent than in the wheel tracks bordering the oil lane. On the section containing bitumen 
Y the oil lane is lighter in color and less clearly defined, and the whole surfacing is of 
more uniform appearance. The coated chippings in the oil lane are raised above the 
mortar to almost the same extent as in the wheel tracks. 

A similar difference in appearance is noted in the asphaltic concrete surfacings con­
taining the two different binders. In the oil lane on the section containing the residual 
bitumen Z, there has been considerably greater closing-up of the surfacing than in the 
wheel tracks. The mortar of fine aggregate is level with the exposed coarse aggregate 
giving the surface in the oil lane a smooth dark appearance. The section containing 
Trinidad lake asphalt has a surface of much more uniform roughness and color. The 
difference in appearance between the rough wheel track of the asphaltic concrete con­
taining Trinidad lake asphalt and the smooth oil lane of the asphaltic concrete containing 
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bitumen Z is illustrated in Figure 1. Measurements of the differences in texture depth 
of the surfacings that were so apparent on visual inspection have been made by the 
"sand-patch" method. In this method a measured volume of fine, single-size, dry sand 
is poured in a conical heap on the road surface. It is carefully distributed to just fill 
the interstices; the diameter of resultant circular sand patch is then measured. The 
volume of sand divided by the area of the patch gives an average value of texture depth. 
Texture depths of less than 0. 010 in. are difficult to measure by this technique. Where 
necessary, on smooth surfaces, the texture depth has been measured by a complementary 
method similar in all ways except that a weighed quantity of soft grease replaces the 
sand. The results of these roughness measurements on both rolled asphalt sections 
and on the asphaltic concrete sections containing Trinidad lake asphalt and bitumen Z 
(higher binder content) are given in Table 2. 

It is still too early to give a complete assessment of s. f. c. measurements. How­
ever, a preliminary assessment has been made based on monthly measurements of 
s. f. c. using data (2) on liability to skidding accidents of roads with different s. f. c. 
Table 3 gives an order of merit for the surfacings in terms of relative liability to 
skidding accidents. The tentative results show that the rolled asphalt containing bitu­
men X is 43 times as dangerous as the best surfacing, the asphaltic concrete containing 
fluxed Trinidad lake asphalt. 

The s. f. c. measurements were made in the wheel track of the road. The resistance 
to skidding in the oil lane was measured by means of the Road Research Laboratory 
portable pendulum tester. The results are given in Table 4. The results given in 
Tables 2, 3, and 4 show that for both rolled asphalts and asphaltic concretes a change 
in the nature of the bitumen binder can lead to marked differences in the surface texture 
developed and in the resistance to skidding. For each pair of surfacings of the same 
type, the rougher the surface texture, the higher the resistance to skidding. 

Examination of Bitumen Recovered from Road Sections 

The general technique used for investigation of viscosity changes in the binders was 
similar to that reported in Part I, but the investigation was carried deeper into the 
surfacing and refined methods of recovery and measurement of viscosity were used. 
In addition, composition changes in the binder used in the rolled-asphalt sections, in 
layers at increasing depths below the surface, were examined by a specially developed 
solvent-fractionation method. 

Two cores 6 in. in diameter and the full depth of the surfacing were cut from each 
road section of rolled asphalt, one in the wheel track (3 ft 6 in. from the curb) the other 
in the oil lane (6 ft from the curb). 

In the laboratory the sand/filler / binder mortar was removed from between the applied 
coated chippings using a small sharpened steel spatula. This was done in such a way 
that successive layers, each approximately 0. 5 mm thick, were separately removed. 
The bitumen was recovered from each sample by extracting with carbon disulfide, 
centrifuging out the mineral matter and recovering the bitumen under controlled con­
ditions . 

The viscosity of the recovered bitumen was determined with the sliding-plate micro­
viscometer (3) and the results are given in Table 5. 

To obtain more information on the changes in composition that occur during weather­
ing, the bitumens were divided into fractions using a series of solvents of increasing 
dispersing power, as recommended by Krenkler (4). The solvent-fractionation method 
devised by Krenkler requires 2. 5 g of bitumen for determination of a single fraction, 
i. e., 25 g for a complete analysis in duplicate using the five recommended solvents. 
For the present investigation the technique was modified to give a micro-method which 
uses only 400 mg of bitumen for a complete analysis. Results of the solvent fractiona­
tions of the bitumen recovered from successive layers removed from all cores from 
the rolled-asphalt sections are given in Table 6. 
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TABLE 2 

TEXTURE-DEPTH MEASUREMENTSa 

Surfacing Binder 

Texture Depth in 
1/1000 in. 

Oil Lane Wheel Track 

Rolled Bitumen X 12. 6 18. 6 
asphalt Bitumen Y 14. 3 16. 5 

Asphaltic Bitumen Z 9. ob 12. 4c 
concrete Trinidad lake 

asphalt 18. 2 18. 3 

aAII values given are 1·he averages of at least 12 measure­
bments. 
Measu red by grease-patch method. 

cMeasured by both grease-patch and sand-patch method. 

TABLE 3 

RELATIVE LIABILITIES TO SKIDDING ACCIDENTS 

Relative 
Surfacing Skidding 

Liability 

Asphaltic concrete containing fluxed 1 
Trinidad lake asphalt 

Rolled asphalt containing 15 
bitumen Y 

Asphaltic concrete containing 24 
bitumen Z 

Rolled asphalt containing bi tum en X 43 

TABLE 4 

Order 
of Merit 

Best 

Worst 

RESULTS OF SKID-RESISTANCE MEASUREMENTS 
WITH PENDULUM TESTER 

Surfacing 

Rolled 
asphalt 

Asphaltic 
concrete 

Binder 

Bitumen X 
Bitumen Y 

Bitumen Z 
Trinidad lake asphalt 

(fluxed) 

Skid Resistance in 
Oil Lane 

47 
55 

52 
60 

55 
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TABLE 5 

VISCOSITY OF BITUMEN RECOVERED FROM SUCCESSIVE 
T,AYE.!I.E ffl<' MnwrAP ffl<' POT.T.F.n .AB!'!!ALT SECTIQ!'l'Sa 

Bitumen :xb Bitumen ye 
Site 

Wheel Track Oil Lane Wheel Track Oil Lane 

First layer, 0-0. 5 mm 1, 4 0. 5 (40) (40) 
2nd layer, 0.5-1.0 mm 2. 4 0. 3 13 3. 1 
3rd layer, 1. 0-1. 5 mm 4. 5 0. 6 7.0 4. 5 
5th layer, 2.0-2.5 mm 8. 2 4. 5 9. 7 9. 2 
lOU1 layer, 4.5-5.0 mm 10. 2 10. 0 10. 0 10. 1 
Approx. 18 mm (¾ in.) 15. 5 15. 0 12 

a All viscositi es in poises, X Hl6, at 25 C. Shear rate : 0.04 sec-1 except the two results in 
parentheses, which were interpolated from me asurements at lowe r rates of shear or higher 

6
temperature of testin g. 
Origina l binder (ofter recovery ), 8.5. cOrigina l binder (ofte r recovery), 5.3. 

TABLE 6 

SOLVENT FRACTIONS OF BITUMENS RECOVERED FROM SUCCESSIVE LAYERS OF MORTAR OF ROLLED-ASPHALT SECTlONSa 

Bitumen X, Oil-Lane Bitumen X, Wheel-Track Bitumen Y, Oil-Lane Bih.m1en Y, Wheel-Track 

Sile 
(percent in fraction) (percent in fraction) (percent in fraction) (percent ln fraction) 

Original Bitumen 39 e 32. 9 18 4 8 , 4 0 7 39. 6 32 9 10, 4 8. 4 o. 7 36. 6 3L 7 11. 8 18. 9 1, 0 36, 6 31. 7 11 8 18. 9 1.0 
First layer, 0-0. 5 mm 61. 0 10, 8 8. 2 18. 6 o. 9 58, 0 9. 7 12. 5 18. 2 1, 6 52. 4 7. 2 9, 0 7. 2 24. 2 48. 7 12 1 5. 0 14. J 20 I 
2nd layer, 0, 5-1, 0 mm 62. I 12. 9 12 0 11 , 4 1. 6 53. 6 16. 9 13, 2 14. 6 1. 7 51. 0 15, 7 7. 3 16. 0 10. 0 45. 7 20. 8 9. 5 13. 7 10, 3 
5th layer, 2. 0- 2. 5 mm 54 0 19, 5 14 5 12. 0 47 . 3 25 3 16, 9 10, 5 43 . 6 25, 2 10 7 17 . 8 2, 7 42, 8 25. 7 10. 7 18, 0 2, 8 
10th layer, 4.. 5-5. 0 mm 47, n 27 , 1 16, 2 9. 1 44, 3 29. 7 17, 0 9, 0 43 . 1 27, 1 9, 8 16, 1 3, 9 41 . 9 28. 6 8. 1 16. 5 4.9 

a Fraction 1. (Jaw-molecular-weight maltenes) solut,Je in n-butanol. 2, (resins) soluble inn-heptane, insoluble in n-butanol. 
3. (low-molecular-weight asphallenes) soluble in 2:1 heptane/cyclohexane mixed solvent, insoluble inn-heptane. 
4. (medium-molecular-weight asphaltenes) soluble in 1:2 heptane/cyclohexane, insoluble in 2:1 heptane/cyclohexane mixed solvent 
5. (high-molecular-weight asphaltenes) insoluble in 1:2 heptane/cyclohexane mixed solvent. 

From each of the selected sections of asphaltic concret e four 6-in. diameter cores 
were cut, one pair from the oil lane, the other pair from the wheel track. Examination 
of recovered binder was by a different technique from that used in the case of rolled 
asphalt because of the stonier nature of the material. The thinnest layer that it was 
possible to r e move from the surface and thal was at all 1·epresentative of the surface 
was on average about¼ in. thick. This layer was removed by hand from the sm·face 
of each core heated to a temperature of 100 C. The amount of material so removed 
(15-20 g) was just sufficient to allow the use of a small-scale method described by 
Green (5) for solvent recovery of the binder. The remainder of the core was then 
broken down and a sample equal to a quarter of the total material was taken for re­
covery of the bitumen. The penetrations of the recovered bitumens were measured in 
calibrated small-scale cups, 14 mm in diameter; absolute viscosities were measured 
with the sliding-plate microviscometer. The results obtained are compared in Table 7 
with those obtained on the original bitumen and fluxed lake asphalt. These original 
binders were submitted to the recovery process for comparison of results with those 
obtained with the binders from the road samples. Results of penetration tests on binder 
recovered from the road materials immediately after mixing at the asphalt plant are 
included in Table 7. 

Oxidation Tests on Binders 

The effect of oxidation on the consistency and composition of the bitumens used in 
the experimental road sections of rolled asphalt has been examined. Films, 2 mm 
thick, of the binders were subjected to oxidation, under conditions that allowed no evapo­
ration of volatile components, by storing for 70 hours in a bomb in which a pressure of 



TABLE 7 

RESULTS OF VISCOSITY TESTS ON BITUMENS RECOVERED FROM 
THE ASPHALTIC-CONCRETE SECTIONSa 

Nature 
Oil Lane Wheel Track 

57 

of Section 
Viscosity, Viscosity, 

Binder Pen. at 25 C P en. at 25 C 
Poises x 108 Poises x 108 

Bitumen Z, Top¼ in. 210 o. 17 61 3. 5 
5. 3'.li by wtb Remainder 38 11. 0 27 21. 8 

Bitumen Z, Top¼ in. 174 0. 26 69 3. 22 
5. 55' by wtb Remainder 41 8. 4 41 10. 4 

Fluxed Trinidad lake asphalt, Top '/4 in. 130 0. 6 67 2. 4 
5. 7% by wtC Remainder 78 1. 8 67 2. 1 

~All viscositi es at rate of shear 0.04 sec- 1, determined at 25 C. 
Origi nal bitumen (without aggregat e), pen . at 25 C = 50, viscosity in poises ( x H? )= 4.6; bitumen recovered from mixing 
plont sample, pen . at 25 C = 44. 

cOriglnol bitumen (without aggregate), pen . at 25 C = 100, viscosity in poises ( x 1Cl6)= 0.68; bitumen recovered from 
mixing plant sample, pen, at 25 C = 101. 

TABLE 8 

CHARACTERISTICS OF PRESSURE-OXIDIZED BITUMENS 

Softening Solvent Fractiona 

Binder Pen. Point Penetration (%by wt) 
at 25 C (R& B), Index 

deg C 1 2 3 4 5 

Bitumen X Original 42 58 +0. 2 39. 6 32. 9 18. 4 8. 4 0. 7 
Pressure-

oxidized 19 70 +0. 6 44. 8 18. 0 15. 8 20. 5 0. 9 

Bitumen Y Original 45 54 -0. 7 36. 6 31. 7 11. 8 18. 9 1.0 
Pressure-

oxidized 16 77 +1. 5 40. 6 15. 9 11. 1 10. 9 21. 5 

~For definition of fractions see Table 6. 

20 atmospheres (300 psi) of oxygen and a temperature of 65 C were maintained. After 
this treatment the penetration and softening point of the oxidized material were meas­
ured. In addition, the composition changes as measured by the Krenkler solvent-frac­
tionation method were determined. The results are given in Table 8. 

The results show that the susceptibilities to increase of consistency of the bitumens 
on oxidation under these conditions are not dissimilar. Bitumen Y is a little more 
susceptible than bitumen X. The effect of oxidation on composition is to increase the 
content of the high-molecular-weight (fractions 4 or 5) at the expense of fractions of 
lower-molecular-weight resins (2 and 3). Surprisingly, in both cases there has been 
an increase in the lowest-molecular-weight oily (fraction 1) from which it might be 
inferred that a degradation reaction producing lower-molecular-weight material ac­
companies the association reactions producing higher-molecular-weight material. 
However, there is a marked difference between the two bitumens in the nature of the 
high-molecular-weight material produced in the oxidation reaction. In bitumen X 
practically all the increase occurs in the medium-molecular-weight asphaltene (frac­
tion 4) whereas in bitumen Y there has been a decrease in this fraction but a large 
increase in the high-molecular-weight asphaltene (fraction 5). 



58 

RESULTS 

Tt iLl lrnn,un that thf" nl"rH-.nccnc thClt lnan tn th" r>hClnrrno in hinrln,-, nl"nnnl'"Hnc •.:\l1 n rnnct .,._., ........................... ., .. _ ............. I:' .. ...,....,...,...,..., ........ ....... _ ..................... ..,..., ........ ..., .................. 0 ................. ..., ........ ..,,...., .. .t"'""' '-'I:'..., ................... ................................ ... 

complex and in many cases interacting. Some of the most important of the processes 
occurring are: 

1. Oxidation reactions, accelerated by the influence of light in many cases; 
2. The softening or fluxing action of oil dropped on the road surfacings by passing 

vehicles; 
3. The leaching of water- soluble oxidation products by rain; and 
4. The degradation of certain bitumens by water alone that can occur in the absence 

of oxygen and light. 

It is clear from observations of different binders that their success in providing a 
skid-resistant surfacing depends on some or all of these processes. It is also clear 
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that the mechanisms to which binders of approximately equal performance owe their 
success can be very different. 
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Only long-term research can clarify this complex situation. The discussion here 
will be mainly in terms of the first two processes mentioned, i.e., oxidative hardening 
of the binder and softening by oil droppings . 

Viscosity Changes 

To facilitate the discussion of the results given in Table 5, they are shown graph­
ically in Figure 2. Samples of bitumen X recovered from the uppermost (O. 5 mm thick) 
layer of the mortar of both the oil-lane core and the wheel-track core are considerably 
softer than that recovered from the layer at the greatest depth (approx. 18 mm) below 
the surface, to which depths it can be assumed that the effects of neither weather nor 
oil droppings penetrate. The surface bitumeri is, in fact, considerably softer than the 
original bitumen; in the case of the oil-lane sample by a factor of 17, in the wheel track 
somewhat less. In the second layer in the oil lane the bitumen is still softer. It is ap­
parent that oil droppings on the road, in greater quantity in the oil lane, have penetrated 
and softened the binder to a considerable extent. Tests made of the effect of filtered, 
used, sump oil in the original bitumen show that to obtain the amount of softening ob­
served, in the absence of other factors that might change the viscosity of the binder, 
approximately ten percent of oil would be required. 

At a depth of around 2. 5 mm the softening is much less, and at 5 mm there is no 
significant difference in viscosity from that of the original bitumen, i.e. , this repre­
sents the limit of penetration of the oil droppings. 

The second binder, bitumen Y, behaves in a quite different fashion. Both in the oil 
lane and in the wheel track the binder recovered from the first layer of mortar is harder 
by a factor of about ten than the original bitumen; it is about four times as hard as the 
bitumen recovered at a depth of 18 mm in the bulk of the cores. This hardening has 
taken place despite the fact that there is no reason to believe that the amount of vehicle­
oil droppings on the road sections containing this bitumen was any different from that on 
the sections containing bitumen X. Evidence that oil has penetrated the surfacing is 
given by the fact that bitumen in the second layer is much softer than in the lower layers 
both in the wheel track and the oil lane. The fluxing effect of oil is apparent to a depth 
of 2. 5 mm after which no further change in viscosity occurs. 

It is deduced that the fluxing effect of oil droppings is counteracted to a much greater 
extent by oxidative changes in bitumen Y at the exposed surface than with bitumen X. 
The evidence for this is discussed later. 

The changes of viscosity in successive layers of binder cannot be compared directly 
with those reported in Part I because different bitumens are concerned and because the 
length of exposure in the road was different in the two cases. However, the behavior 
pattern is very similar in the two cases, bitumen X behaving similarly to the Venezuelan 
bitumen observed by Please and Mayer, bitumen Y behaving in a fashion intermediate 
between the Venezuelan bitumen and the Trinidad lake asphalt. 

Turning now to the results of viscosity tests on the bitumen recovered from the 
asphaltic-concrete sections assembled in Table 7, it can be seen that the behavior pat­
tern is again similar to that shown in the rolled-asphalt sections. In this case the con­
sistency of the recovered binder was measured in terms of penetration and absolute 
viscosity. The agreement between the measurements, although showing some slight 
anomalies, is satisfactory in view of the known precision of the measurements. 

Here again, considerable softening has occurred in the binders in the oil lanes of all 
sections and in the wheel track of the sections containing the residual bitumen. The 
softening (to a penetration of 210) is most marked in the oil lane of the lower-binder­
content section containing bitumen Z and is equivalent to the effect of addition of about 
ten percent oil to the original bitumen. The binder in the surface layer of the section 
made with Trinidad lake asphalt has the same consistency as in the thicker bottom layer 
and, in this case, as in that of bitumen Y in the rolled-asphalt section, it appears that 
the fluxing effect of oil dropped on exposed binder has been counteracted by the effect 
of oxidation. 
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Changes in Composition of the Bitumens on Exposure 

The use of fractionation by selective solvents, one of the oldest methods of composi­
tion analysis of bitumens, is open to criticism on the grounds of its arbitrary nature 
and relatively low accuracy. Nevertheless its use has been very helpful in explaining 
the behavior of bitumens and, in the present case, the simple procedure adopted has 
been remarkably successful in providing important clues to the reasons for the differ­
ences in the viscosity changes between bitumens X and Y discussed previously. 

The modified Krenkler system adopted for the investigation has been found particu­
larly appropriate. It divides the heptane- soluble portion (maltenes) into an oil (fraction 
1) soluble in butanol and a low molecular-weight resin (fraction 2). The heptane­
insolubles (asphaltenes) are divided into low-molecular-weight asphaltenes (fraction 3), 
medium-molecular-weight asphaltenes (fraction 4) and high-molecular-weight asphaltenes 
(fraction 5). The fraction insoluble in cyclohexane (fraction 6) is absent or insignifi­
cantly small in all the bitumen samples observed. This division has been useful in that 
estimation of fraction 1 has allowed some assessment to be made of the quantity of oil 
dropped on the road. The division of the asphaltenes into three molecular-weight ranges 
has indicated important differences between the bitumens in composition changes on 
weathering and on laboratory oxidation. 

Figure 2 shows simultaneously, in diagrammatic form, the composition changes and 
the viscosity changes measured in the binders in the roHed asphalt sections. Composi­
tion analyses of the bitumen in the successive layers of mortar removed in the oil lane 
only are given. Analyses relating to the wheel track show a similar pattern and are 
omitted for the sake of clarity. In Figure 2 the composition changes found on pressure 
oxidation of the bitumens are also illustrated. 

The composition analysis of bitumen recovered from the first layer of mortar shows 
a striking feature common to both bitumens X and Y. The lowest-molecular-weight oil 
(fraction 6) has increased considerably (approximately 20 percent). 

On pressure oxidation, as has been already noted , the oil fraction does increase 
(between 4 and 5 percent) but to a much smaller extent than the increase observed in the 
first layer of mortar. The data are consistent with an increase of about 15 percent in 
the oil fraction due to the oil dropped from vehicles onto the road surface. The changes 
in the other fractions of the recovered bitumens follow the same pattern as when the 
bitumens are subjected to pressure oxidation. Bitumen X on oxidation in the laboratory 
shows a large increase in the medium- molecular-weight asphaltenes (fraction 4) but an 
insignificant increase in the high-molecular-weight asphaltenes (fraction 5). By con­
trast, bitumen Yon pressure oxidation increases markedly in the high-molecular-weight 
asphaltenes (fradion 5) and shows a decrease in the medium-molecular-weight asphal­
tenes (fraction 4) . The proportions of resin and asphaltene fractions in the recovered bitu­
men from the first layers show a close correlation with those measured after pressure oxida­
tion; where a fraction increases on pressure oxidation, a corresponding increase is noted in 
that fraction in the bitumen recovered from the road surface. The results of this com­
parison lend strong support to the conclusion that the changes in resin and asphaltene 
fractions measured in the sample of recovered bitumen are due to oxidation. 

Although the data are not sufficient for accurate comparison, it is clear that the 
degree of oxidation of the bitumen in the uppermost layers of the mortar is fairly similar 
to that in the corresponding laboratory-oxidized bitumens. Comparison of the propor­
tion of that part of the asphaltene fraction that has increased on pressure oxidation with 
the corresponding proportions in the recovered bitumen (recalculated to take into ac­
count the assumed increase of 15 percent in fraction 1 caused by oil droppings) suggests 
that bitumen X has oxidized on the road rather less than in the laboratory test, bitumen 
Y more. This extra oxidation of bitumen Y could well be due to the known greater ef­
fect of light on the rate of oxidation of this bitumen. 

The bitumen in the top layers of the road surfacing is softened by oil droppings and 
hardened by atmospheric oxidation. The result in terms of viscosity changes will de­
pend on the opposition of these processes. The first simple hypothesis to explain the 
observed facts that bitumen X is softer than the original bitumen, and bitumen Y harder, 
is that in the case of bitumen X the oxidative hardening is less than the oil-fluxing action, 
the reverse being the case for bitumen Y. 
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Besides the differences in viscosity in bitumens X and Y recovered from the surface 
layers, there are indications that other changes which affect the binding power of the 
materials have taken place. The marked increase in high- molecular-weight asphaltenes 
and corresponding decrease in the peptising resin fraction indicate a decrease in sta­
bility of the colloidal system of bitumen Y with a transition toward the gel type of struc­
ture. The increase of penetration index on oxidation is a witness to this transformation. 
It must also be remembered that, because photo-oxidation is an important factor in 
bringing about the composition changes in bitumen Y, and because ultraviolet light pene­
trates only a few microns, the bitumen in the very top surface of the road is probably 
extremely rich in high-molecular-weight asphaltenes and therefore very unstable. The 
action of oil droppings, paraffinic in nature, could well be to further decrease the sta­
bility to the stage where a breakdown of the colloid structure occurs and the system 
ceases to function as a binder . 

Discussion has centered on the behavior of the bitumens used in the rolled-asphalt 
sections. The differences in viscosity observed between equivalent samples of bitumen 
Z and fluxed Trinidad lake asphalt recovered from the asphaltic- concrete sections can 
be explained in a similar fashion, although in the case of Trinidad lake asphalt the 
presence of natural mineral filler and the effect of water on this binder are complicating 
factors. 

Changes in Binder Properties and Surface Characteristics of the Road 

The changes that occur in the appearance of the surfaces of the experimental sections 
have been studied by observation of enlarged photographs of a small area of each sec­
tion taken at regular intervals of about six months. These photographs show clearly 
that in those surfacings that have become slippery the applied coated chippings have 
been pushed by the action of traffic into the plastic mortar. At the same time the sur­
face of the sand/ filler / binder mortar has become smoother by migration of binder to the 
surface. In the surfacings that retain good skid resistance, the coated chippings stand 
proud of the mortar which itself has a rough sandpaper appearance. It is also clearly 
shown that in these surfacings the mortar is suffering a continuous slight attrition as 
evidenced by the slow appearance of coarse aggregate from the body of the asphalt, 
originally hidden under a thin layer of mortar. 

The measured differences in surface-texture depth reported earlier are explicable 
in terms of the changes in viscosity and compositions of the binders. The softening of 
bitumen X in the surface layers (particularly in the oil lane) favors the migration of 
durable bitumen to the surface of the mortar and may favor the penetration of the coated 
chippings. The hardening and change in composition of bitumen Y will result in the em­
brittlement and loss of binding power of the binder and in an abrasion of the mortar 
which helps to maintain the chippings proud of the surface. In addition, the penetration 
of the coated chippings may be counteracted to some extent. 

In the asphaltic- concrete sections the photographic evidence shows that the softening 
observed with bitumen Z allows a greater compaction to a smooth surface in the oil lane 
than in the wheel track in spite of the greater compacting effect of traffic in the wheel 
track. The hardening of the fluxed Trinidad lake asphalt is the process that governs the 
greater rugosity and resistance to skidding of the asphalt made with this binder. 

CONCLUSIONS 

This study of the constitution changes in service goes some way to explaining why 
the nature of the binder plays an important role in determining the resistance to skidding 
of dense bituminous surfacings. 

The method of constitution analysis by solvent fractionation used in the research has 
shown that bitumens with similar rheological properties and similar molecular weight 
gradings behave in very different ways on atmospheric oxidation. The differences in 
composition brought about by oxidation are crucial for the road performance of the 
bitumens. 

An interacting factor, the change in composition of the binder brought about by oil 
droppings from vehicles, has been shown to be of great importance. Some quantitative 
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estimate has been made both of the quantity of oil dropped and of the depth of its pene­
tration. It has been estimated from the observed changes in properties of the bitumens 
that, in four years on the heavily trafficked road studied, about O .15 pint of oil is ab­
sorbed per square yard of the oil lane of the road. This quantity is equivalent to an 
addition of 15 percent flux oil to the binder in the important surface layer of asphalt 
mortar (with an original binder content of 8. 5 percent by weight) . The road concerned 
has three lanes carrying a total of about 24, 000 vehicles per day, of which 5, 000 are 
heavy commercial vehicles that use the near-side lanes almost exclusively. A rough 
calculation shows that, even if it is assumed that only the heavy vehicles are responsi­
ble, an average of 1 pint of oil deposited and absorbed for every 15,000 miles of travel 
would be sufficient to account for the observed action of oil droppings. There is evi­
dence from the data of Part I to show that the effect of oil droppings can increase with 
the years. This factor in the behavior of bituminous surfacings has been little studied. 
Further research is in progress to examine the effect with the aim of including the oil­
droppings factor in future performance-testing procedures. 

In addition, research presently in progress will increase the understanding of the 
complicated weathering process on which reliable performance tests must be based. 
The work will also supply important clues for suitable modifications to produce binders 
of improved performance. 
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Temperature-Flow Functions for 
Certain Asphalt Cements 
S. K. SHOOR, K. MAJIDZADEH, and H. E. SCHWEYER 

Engineering and Industrial Experiment Station, University of Florida, Gainesville 

•ASPHALT CEMENTS and the intimately associated mineral aggregates which are 
used in paving operations are subjected to environments ranging from subzero to above 
ambient temperatures. In such extreme mixing and service conditions, the perform­
ance of the road surface may be controlled by the response of the bituminous binder to 
induced temperature gradients . To analyze the anticipated behavior of the bituminous 
binder caused by temperature variations, parameters describing its rheological re­
sponse must be determined. 

Among the parameters of great theoretical significance are temperatures at which 
flow regimes are greatly altered. One such characteristic temperature is the glass 
transition temperature, below which viscoelastic substances exhibit glassy, brittle 
behavior. The great reduction in the mobility of asphalts below this temperature re­
sults in excessive brittleness which may be a critical factor in reducing the durability 
of asphaltic concrete or other bituminous highway pavements. 

In this paper the theoretical significance of glass transition temperature and its re­
lation to a proposed temperature-flow function for certain asphalt cements will be 
presented. 

REDUCED VARIABLES 

Literature Background 

The method of reduced variables which was initiated as an empirical technique for 
construction of composite curves has been applied successfully to polymeric systems 
as presented by Ferry (12) and Tobolsky (30) in the last decade. This method, which 
is now strongly supported by molecular theories, also has been used successfully by 
many investigators for materials other than polymers. For asphaltic materials the 
first investigations using this principle were made by Brodnyan (6) and Gaskins et al. 
(13) who showed the similarity between the behavior of asphalts -and some viscoelastic 
polymers. The latter-authors also used the Williams-Landel-Ferry relation (commonly 
referred to as the WLF equation) to reduce viscoelastic measurements to a common 
temperature. They suggested that the ASTM ring and ball softening point is very simi­
lar to the temperature of equal corresponding states on which to base the WLF equation. 
Among other similar work is that of Sisko (28), where the significance of this method 
in interpretation of rheological data was demonstrated. Similarly Wada and Hirose (33) 
found that the dilatometrically measured glass transition temperature was an import:­
ant parameter for asphalts. They showed that the temperature- time dependence of 
asphalt retardation times obeys the WLF equation. The same dependence for a dynamic 
modulus of asphalt has been indicated by Sakanoue (25). 

Theoretical Development of Method of Reduced Variables 

Although the use of reduced variables developed empirically, it can be shown as a 
logical consequence of the Rouse theory (21, 12) where a molecule is considered as 
subdivided into N submolecules, each with some monomer units. The resistance en-
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countered by a submolecule junction moving through its surroundings is characterized 
by a friction coefficient. It is assumed that an average value can be used for all such 
junctions. It was shown that relaxation or retardation time of any relaxation or retarda­
tion process is given by 

( 1) 

where 

r, steady flow viscosity, 
p summation index for all contributions to relaxation or retardation, 
n number of molecules per cc, 
rr 3. 1416, 
k Boltzmann's constant, 
T absolute temperature, and 
t; relaxation or retardation time. 

The ratio of t~ at temperature T to that at an arbitrary standard temperature TO can 
be shown to be given by 

(2) 

where aT(T) is called the shift factor, and p and Po are densities at T and T0, respec­
tively. 

The effect of temperature increase from TO to T on a logarithmic plot of a visco­
elastic function is to shift the curve upward by log p0 T 0/ aTpT and horizontally by log 
aT. It is assumed here that every contribution to the steady flow viscosity is propor­
tional to pRT, R being the gas constant. Thus, the reduced variables are defined as 

nTT r­o 0 

For reduced viscosity, and for reduced rate u.f shear 

(3) 

(4) 

The datum temperature TO serves to designate a standard reference state somewhat 
analogous to the standard state used in thermodynamics. A series of experimental 
measurements at several different temperatures, when each is reduced to TO using the 
appropriate value of aT, should superpose to give a single composite curve representing 
r, at T0 . If n is known at T0 it can be readily obtained at any other temperature by 
reversing the procedure. 

The molecular theories based on flexible chains (12) for polymers predict that a 
single composite curve will be obtained if a single average friction coefficient governs 
the motions reflected in the measured quantity. To apply this method it is necessary 
that the shapes of curves originally determined at different temperatures, each over a 
substantial range of the time variable (rate of shear), be similar. Further, the tem­
erature dependence of the shift factor should be consistent with the past experience on 
polymers. 

Significance of Shift Factor 

The function log aT when plotted against temperature gives a smooth curve with no 
gross fluctuations or irregularities. These empirical values can be fittl:'d to ;i_n expres-
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sion which has proved to be widely applicable for polymers. The equation is 

0 
-C 1 (T - T0 ) 

(5) 
c? + (T - T 0 ) 

c? and C? are constants corresponding to T0 , T0 = reference temperature. 
The values of log aT, if compared for different viscoelastic substances all based on 

the same T 0 , generate a family of curves crossing at the same T 0 , but differing in 
their slope. However, if a separate reference temperature Ts is suitably chosen for 
each system and log aT is expressed as a function of T - Ts, this function turns out to 
be identical for a wide variety of polymers and a variety of organic and inorganic glass­
forming substances over a wide temperature range above the vitrification point noted by 
Williams, Landel and Ferry (34). 

The function expressed analytically is 

-8.86(T- T5) 

101.6 + (T - Ts) 
(6) 

where Ts is a characteristic temperature which when properly selected permits all the 
asphalt cements studied to superimpose on a single curve according to Eq. 6. Williams 
(35) and Payne (20) also have shown from a study of many materials that temperature 
Ts lies 50 C above the glass transition temperature T g, with an average deviation of 
±5 C. Brodnyan (6), and Gaskins et al. (13) have founa the above relationship to hold 
for certain asphalts. Further, they foundthat the reference temperatures Ts are very 
similar in value to the ring and ball softening points. 

Wada and Hirose (33) found that the temperature dependence of steady flow viscosity 
as well as retardationtimes obey the Williams-Landel- Ferry equation when the refer­
ence temperature is taken 56 C higher than the glass transition temperature Tg. Barran 
et al. (1) calculated the viscosities of certain asphalts with this expression. The agree­
ment between the calculated and experimental values was fairly good for reasonably 
wide temperature ranges. 

Bueche (7) has shown that the WLF relation for glass-forming substances at temper­
atures somewhat above the glass transition temperature is not only an empirical rela­
tion, but that it has a firm theoretical foundation. The constants in the relation have 
been shown to have the significance assigned to them by WLF. Further, the author 
states that the existance of the WLF relation, together with the fact that it can be de­
duced from previous concepts of the glass transition region, is a very strong indication 
that the basic concept is correct. It would, therefore, appear that the anomalous be­
havior observed for materials near Tg is primarily the result of the fact that molecules 
within the melt must move by a cooperative effort with their neighbors. 

GLASS TRANSITION TEMPERATURE 

The close similarity between the behavior of asphalts and the behavior of viscoelastic 
polymers suggests that the glass transition temperature may be an important charac­
teristic parameter for asphalts. Several investigators have shown the usefulness of this 
temperature in reducing the rheological measurements to a single temperature. Wada 
and Hirose (33) determined glass transition temperatures for some asphalts, and they 
then showed1Tiat asphalt behaves viscoelastically above T g · They also demonstrated a 
definite relationship between glass t r ansition temperature and asphaltene content of 
asphalts. Barran et al. (!) determined glass softening points (Tgsp), which could be 
discussed interchangeably with T~, by a differential thermal apparatus and maintained 
that this temperature was a funct10n of both the asphaltene and peh·olene conte11t of the 
asphalt. 
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Definition and Significance 

By d0finition tho (;hcc t:r[l.n!:'-ition point is th8 t8mpArahirA at. whi ~h a_ suhst:an~f! shows 
a marked change in its physical , mechanical, and optical properties (4) . One concept 
of the glass transition temperature is that it is the temperature below- which there is 
insufficient space between the molecules for them to rotate or move except for in-place 
vibration. This means that there is very little tendency for the material to flow ( 1), and 
the elastic modulus is very high. Below this temperature the substance is characterized 
mainly by dimensional stability and a tendency to be relatively brittle. Above this tem­
perature , creep and rubber like properties make their appearance. The presence of 
crosslinking and orientation complicates the situation. In general the transition tem­
perature is the dividing line between plastic and rubber like properties (j ). 

Methods of Measuring Glass Transition Temperature 

Numerous experimental methods have been used to determine glass transition tem­
peratures. In each case variation with temperature of some physical , optical or me­
chanical property is followed. The temperature at which the particular property shows 
a sudden change is taken to be a glass transition temperature. Some of the more im­
portant properties include specific volume (4, 3), specific heat (2), viscosity (31), ther­
mal expansion (1, 5, 9, 17), differential pressure (16), differential thermal analysis 
(8, 18, 27 , 29),-and penetration (10, 11, 14, 22, 2~24) . 
- Mostof these methods are either complicated in operation, or require costly ap­
paratus. The penetrometer method is an adaptable and inexpensive apparatus for this 
purpose. The results obtained are of reasonable accuracy. Therefore, this method 
was used for exploratory research in determining the glass transition temperature of 
the eight asphalt cements used in this study. 

The use of the penetrometer to determine melting points and glass transition tem­
peratures of polymers has been described by Edgar and Ellery (10, 11) . Rynbikar (22 , 
23 , 24) also used the peneb.·ometer to obtain the temperatures fortheonset of viscous 
flow of the amorphous polymer. Grieveson (14) used the same technique to obtain glass 
transition temperatures for linear polymers and concluded that they were above 5 C 
above the dilatometric glass transition temperature Tg. 

MATERIALS AND TESTING PROCEDURE 

In this investigation eight 85 to 100 penetration grade asphalt cements (AC-8) have 
been used. The selected group of materials includes asphalts obtained from different 
sources and with expected different chemical compositions; they were used as part of 
a research program for the Florida State Road Department. Two air- blown asphalts 
have also been included in this group in order to obtain properties on a type of material 

TABLE 1 

PROPERTIES OF ASPHALT CEMENTS 

Asphalt Penetration Softening 
Ductility 

Specific Percent Percent 
Sample Source and Type 77 F , Point , 

77 F. cm Gravity Sulfur Hexasphaltene 
No. 100 g/5 sec F 60 F / 60 F 

S63-4 Smackover 90 116 125 1. 021 3,56 12. 9 
S63-5 Steam refined 

Venezuelan blend 96 115 150+ 1. 021 3.06 12. 0 
S63-6 Florida AC-8 95 118 140+ 1,037 5 . 83 19. 4 
S63-9 Steam refined 

inter mediate 92 115 200+ 1.033 4, 24 16,8 
S63-12 Steam refined gulf 

coast naphthenic 99 114 166 1.001 0,70 9,8 
S63-13 Air blown, low 

sulfur naphthenic 100 119 170 0, 988 0,69 12,8 
S63-14 Air blown, high 

sulfur 92 120 160 1. 017 3. 94 18, 7 
S63-15 Steam refined 90 113 200+ 1.016 3_54 8.7 
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demonstrating different flow characteristics from normal steam-refined asphalts. The 
test characteristics of these asphalts are given in Table 1 (19). 

In this study the rheological data have been determined attemperatures of 15.5 C, 
25 C, 35 C, 40 C and 50 C by utilizing a Shell sliding plate microviscometer described 
by several investigators (15, 26, 32). The testing procedure followed the recommended 
method described by the manufacturer. The samples were tested at different rates of 
shear. The velocity of movement was measured on a Varian recorder. 

Glass Transition Temperature Measurement 

A schematic diagram of the apparatus is shown in Figure 1. A silicone liquid (Dow­
Corning 200 fluid) bath was used to control the temperature of the asphalt sample. It 
was made of Plexiglas and had dimensions of 8 in. square by 5½ in. deep. It was in­
sulated with ½-in. Styrene plastic insulation. The bath was kept uniformly stirred. An 
immersion heater was used to heat the bath. The rate of heating was controlled by an 
autotransformer. A 4-in. high and 3-in. square platform was made as a support for 
the sample tray. The top perforated plate of the platform was fitted to the base plate 
by four bolts at the four corners. This arrangement was also used for levelling of the 
sample tray. The sample tray was % in. in diameter and¼ in. in height and was made 
of stainless steel. A screw fitted to the bottom of the tray was used to center the tray 
in a hole in the center of the top plate of the platform. The penetration readings were 
recorded by means of an Ames dial (0.001-in. divisions). The needle used was a 
standard penetrometer needle which had been ground to produce a right cylinder instead 
of a needle. Initial low temperatures were reached using dry ice. 

The asphalt sample was gently heated in a 3-oz. can; care was taken that the sample 
was not oxidized. The sample wa s then poured into the sample tray to about 3/iG in. 
height and the sample was allowed to cool to room temperature. The sample was then 
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placed in the silicone bath cooled to at least 30 deg below the expected glass transition 
temperature. The foot of the loaded penetrometer was placed on the quenched sample 
a.Her avvruximalely Leu miuule::,. Tl1e ualh wa::, Lhen healed al a cu11::,La11L lemµeralure 
rate of 2 F /min. The readings of the dial gage were taken at every 2 F rise in tem­
perature and the corresponding temperatures were recorded. A load of 50-200 gm is 
required to obtain the desired penetration readings. However, for the asphalt cements 
studied with this method, the optimum load required was found to be 200 gm. 

RESULTS AND EVALUATION 

Viscosity vs Rate of Shear 

Figure 2 shows a plot of viscosity against rate of shear at different temperatures for 
a low sulfur naphthenic asphalt cement. The procedure adopted to reduce all viscosity­
rate of shear data at different temperatures to an arbitrarily chosen reference tempera­
ture T0 is the same as described by many investigators (28, 34, 35). 

The reduced curves (Fig. 3) obtained are almost straight linesTn the intermediate 
range of rate of shear, but tend to bend down at high rates of shear. The curves for 
asphalt cements S63-13 and S63-14, which are air-blown samples, have higher slopes 
than those of others. This indicates that they show greater non-Newtonian flow charac­
teristics. In all cases the range of rate of shear has been increased because of plotting 
the data in terms of reduced variables. 

The Shift Factor 

The values of shift factors [ a T(T)] obtained at different temperatures have been 
tabulated in Table 2. They were plotted against temperature on semilog paper. The 
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TABLE 2 

VARIATION OF aT (T) FUNCTION WITH TEMPERATURE 

Asphalt 
Sample 15.5 C 25 C 35 C 40 C 50 C 

No. 

S63-4 1. 695 X 101 1.0 1. 333 X 10-l 4 . 019 X 10-2 7,047 X 10-3 

S63-5 1. 393 X 101 1.0 1,034 X 10-1 3 . 932 X 10-2 7 .415 X 10-3 

S63-6 1. 300 X 101 1.0 1,273 X 10-l 4 . 427 )( 10-2 8.180 X 10-3 

S63-9 1. 210 X 101 1.0 9. 754 X 10-2 3 . 405 X 10-2 1.010 X 10- 2 

S63-12 1. 870 X 101 1.0 9. 781 X 10-2 3 . 187 X 10- 2 5.495 X 10-3 

S63-13 1 . 650 X 101 1.0 1. 252 X 10-1 4.239 X 10-2 6.033 X 10-3 

S63-14 1,340 X 101 1.0 1,235 X 10-l 5 . 560 X 10- 2 7 .396 X 10-3 

S63-15 2 . 337 X 101 1.0 9.437 X 10-2 4 . 084 X 10-2 5. 775 X 10-3 
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TABLE 3 

DIFFERENCE BETWEEN CHARACTERISTIC 
TEMPERATURE (Ts) AND GLASS 
TRANSITION TEMPERATURE (Tg) 

Asphalt 
Sample 

No. 

S63-4 
S63-5 
S63-6 
S63-9 
S63-12 
S63-13 
S63-14 
S63-15 

Ts 
(deg C) 

38.0 
37.5 
36,0 
34.0 
40.0 
39.0 
37.0 
41.0 

Tg 
(deg C) 

- 11. 8 
- 12.7 
- 12.2 
- 13. 9 
- 9.7 
- 10. 8 
- 12.8 
- 12 .1 

49 . 8 
50.2 
48 . 2 
47.9 
49. 7 
49.8 
49.8 
53.1 

curves obtained were in general smooth 
with a value of unity at the reference tem­
perature TO • Figure 4 shows such a plot 
for one of the asphalt cements (S63-13). 
These curves show that the temperature 
dependence of the function aT(T) is of a 
form which is in agreement with previous 
experience on polymers. In accordance 
with the observations of other investiga­
tors (6, 13, 33), it was found that the WLF 
Eq. 6- holds good for the AC-8 asphalt ce­
ments used in this study. To fit the ex­
perimental aT(T) data to the above equa­
tion, and to determine the characteristic 
temperature Ts (34), the experimental 
plots of log aT against temperature were 
matched against the standard plot of Eq. 6 
with horizontal and vertical adjustments 

to obtain the best conformance in shape. The values of T and T - Ts were read at any 
vertical line from which values of Ts were obtained. The values of Ts for different 
AC- 8 asphalt cements are given in Table 3. Figure 5 shows how closely aT(T) data 
obey the WLF equation when it is reduced to a standard temperature Ts. 
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Figure 5. Comparison of asphalt data on asphalt cements with the Williams, Landel and Ferry relation. 

The Glass Transition Temperature 

To evaluate the glass transition temperature, penetration readings were plotted 
against temperature. Figure 6 shows a typical plot. In all cases the curves consist of 
three portions-the lower and the upper portions which are approximately straight lines 
and the intermediate portion where the change in penetration with temperature is grad­
ual. This intermediate region is a transition region. The lower and upper portions 
were extended so as to intersect each other. The point of intersection of the two straight 
lines was taken to be the glass transition temperature. It may be concluded from these 
curves that there is a definite transition in the properties of these asphalt cements, 
although this is somewhat gradual rather than sudden and sharp. The relevant tempera­
tures obtained by this method have been given in Table 3. (To obtain greater sensitivity 
with the available equipment, the experimental data were determined in degrees Fahr­
enheit. The glass transition temperatures were then converted to degrees centigrade 
as listed in Table 3 for subsequent use.) 

To check the glass transition temperature obtained by this method with the more 
usual dilatometric measurements, one of the asphalt cement samples (S63-14) was sent 
to the California Research Corporation for test. The volumetric expansion vs tempera­
ture curve indicated a temperature of -12. 5 C corresponding to the upper discontinuity 
in the data obtained. This agrees quite closely with the glass transition temperature of 
-12. 8 C (9. 0 F) obtained by the penetrometer method used in this study (Fig. 6). 

Relation Between Ts and Tg 

In accordance with the findings of other workers (6, 13, 33) it was found that the dif­
ference between Ts and Tg, i.e., Ts - Tg, was very close to 50 C for all the asphalt 
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Figure 6. Typical glass transition temperature evaluation, air blown, high sulfur asphalt, S63-14. 

cements used in this investigation (Table 3). This further supports the concept that 
discontinuities obtained in penetration vs temperature curves and by dilatometric meth­
ods represent true glass transition temperatures of the asphalt cements. It may be 
pointed out that the glass transition temperatures of all the asphalt cements tested lie 
quite close to each other. It has been found by Wada and Hirose (33) that the glass 
transition temperature increases with the asphaltene content for certain types of as­
phalts. Barran et al. (1) maintain that this is true if the asphalts are produced from 
the same source. Those authors suggest that the reverse is more likely to be found 
because, usually where a high asphaltene content is found in a given grade of asphalt, 
the petrolenes will have a much lower viscosity (and a correspondingly lower molecular 
weight) to compensate for the high specific viscosity of asphaltenes. Such results on 
asphalts having a high asphaltene content and a low Tgsp, as indicated by Barran et al. 
(1) would be explained by the presence of the lower molecular weight petrolenes having 
correspondingly lower viscosities. The results for the asphalts used in this study are 
not sufficiently broad to discuss this variable . The hexasphaltene contents of the dif­
fere nt asphalt cements have been tabulated in Table 1 for information. 

CONCLUSIONS 

The method of reduced variables has been applied to viscosity-rate of shear data 
obtained at different temperatures for eight AC-8 aspha lt cements (85 - 100 penetration) 
having different physical and chemical properties. The data superpose fairly well to 
give composite master curves for each asphalt cement . The shift factor has an antici­
pated temperature dependence . The data fit reasonably well with the analytical expres­
sion of Williams, Landel and Ferry which evaluates a characterizing temperature (Ts) , 
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A penetrometric technique has been used to determine the glass transition temperature 
(Tg) of the asphalt cements. The (Tg) obtained by this method agrees quite closely with 
the dilatometric glass transition temperature for one asphalt run in another laboratory. 
The difference between the characterizing temperature (Ts), which permits the super­
position of all aT(T) data, and the glass transition temperature (Tg) is found to be 50 ± 
3 C. This constant difference checks the accuracy of Tg obtained by the penetrometric 
method. Since the other investigators have found the same magnitude for the difference 
with other polymeric systems, this emphasizes that the glass transition temperature 
may be an important characteristic temperature for viscoelastic substances such as 
asphalt. 
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Asphalt Durability and Its Relation to 
Pavement Performance-Rheology, I 
A. W. SISKO and L. C. BRUNSTRUM , American Oil Company 

ABRIDGMENT 

•ASPHALT roads are two-phase systems-stones of various sizes and shapes held to­
gether by a viscoelastic binder . Road durability depends on, among other things , how 
well the binder resists changes in strength properties. Because roads are loaded dy­
namically under traffic, the dynamic mechanical properties of the binder were evaluated. 

The four asphalts studied were selected from the current cooperative survey being 
conducted by the Bureau of Public Roads and The Asphalt Institute. They represented 
viscosity grades, AC-5, AC-10, AC-20, and AC-40. Routine tests and special tests 
for composition, wax, molecular weight , and glass transition temperature were run. 
Asphalts were aged in the thin film oven test (TFOT) for 5 and 24 hours and by weather­
ing Marshall specimens. Instrument requirements were met by modifying a Farol 
rheogoniometer to permit accurate measurements of stress and strain and their phase 
relationship at low service temperatures (0 to 40 F). 

Viscoelastic properties (storage modulus , loss modulus , and dynamic viscosity) of 
aged and unaged asphalts were measured at 0, 20 , 40, 60 , and 80 F over a 1000-fold 
range of stress frequencies. The data were combined into master curves for compari­
son of properties at 20 F. Storage and loss moduli increase with frequency and level 
off at high frequencies to ultimate values of about 5 x 109 and 8 x 10 8 dynes/ cm 2, respec­
tively. Dynamic viscosity depends on frequency in a manner similar to the dependence 
of steady shear viscosity on shear rate with limiting values at low frequencies and 
limiting slopes at high frequencies . 

Comparison of unaged asphalts shows that the more viscous asphalts also have higher 
elastic moduli. Differences between grades are large at low frequencies but all have 
about the same modulus at high frequencies. Dynamic viscosities behave similarly. 

Aging increases the elastic and loss moduli and the dynamic viscosity at low fre­
quencies; however, the properties at high frequencies are the same as for the unaged 
asphalts. The moduli curves are shifted so that the ultimate values are reached at 
lower frequencies. In addition, relaxation times increase with age. These changes 
suggest that asphalts become more like solids and less like liquids and that the failure 
mechanism changes from ductile to brittle fracture. The viscoelastic properties of 
asphalts extracted from Marshall specimens are very similar to those of the 5-hr TFOT 
residues. Rheological properties do not appear to change significantly at the glass 
transition temperature. 

Measurements of durability by relative changes in relaxation time with age showed 
that the four asphalts are equal in durability. 

Paper sponsored by Committee on Characteristics of Bituminous Materials and presented at the 45th 
Annual Meeting. 

Note: The complete paper is available from the Highway Research Board at $1.00 per copy 
(Supplement XS-8). 
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