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ABSTRACT 

Highway Research Project HR-298 was undertaken to study the 
relationships between the performance of locally available asphalts and 
their physicochemical properties under Iowa conditions with the ultimate 
objective of development of a locally and performance-based asphalt 
specification for durable pavements. 

Physical and physicochemical tests were performed on three sets of 
asphalt samples including: (a) twelve samples from local asphalt suppliers 
and their TFOT residues, (b) six core samples of known service records, 
and (c) a total of 79 asphalts from 10 pavement projects including original, 
lab aged and recovered asphalts from field mixes, as well as from lab aged 
mixes. Tests included standard rheological tests, HP-GPC and TMA. Some 
specific viscoelastic tests (at +5'C) were run on (b) samples and on some 
(a) samples. DSC and X-ray diffraction studies were performed on (a) and 
(b) samples. Furthermore, NMR techniques were applied to some (a), (b) 
and (c) samples. 

Efforts were made to identify physicochemical properties which are 
correlated to physical properties known to affect field performance. The 
significant physicochemical parameters were used as a basis for an improved 
performance-based trial specification for Iowa to ensure more durable 
pavements. 



I. INTRODUCTION 

1.1 Background 

Current specifications for asphalt cement contain limits on physical 

properties based on correlations established in the past with field 

performance of asphalt pavements. Recently, however, concerns have arisen 

that although current asphalts in use meet these specifications, they are 

not consistently providing the long service life once achieved. 

There are a number of logically possible explanations of this situation: 

(I) A considerable concern is associated with the recent world crude oil 

supply and the economic climate after the 1973 oil embargo which may have 

affected the properties of asphalt of certain origin (Hodgson, 1984). 

Blending several crudes, as routinely practiced in refineries to produce 

asphalts meeting current specifications, may have upset certain delicate 

balances of compatibility between various asphaltic constituents, which 

may manifest itself in their long-term field performance but not in original 

physical properties specified in the specifications (Goodrich et al., 1985; 

and Petersen, 1984). 

(2) The increased volume and loads of traffic on highways, which have 

occurred over the decades, may have shortened the life span of pavements, 

indicating the necessity of revising specification limits and/or imposing 

new provisions to maintain desired durability. 

(3) Inadequate mixture design, particularly poor gradation of aggregates, 

changing construction practices and improper use of additives may also be 

responsible for early deterioration of asphalt pavements (Anderson and 

Dukatz, 1985; and Hodgson, 1984). 

(4) Specifications based only on physical properties of asphalts do not 

guarantee adequate performance. 



While the performance of the asphalt pavements could be improved by 

judicious application of improved mix design techniques, more rational 

thickness design procedures, and better construction methods and quali'ty 

control measures, the selection of asphalts based on performance-related 

properties, tests, and specifications is one of the key factors to durable 

asphalt pavements. 

Highway Research Project HR-298 was approved by the Iowa Highway 

Research Board on December 2, 1986 to study the relationships between the 

performance of locally available asphalts and their physicochemical 

properties under Iowa conditions with the ultimate objective of development 

of locally and performance-based asphalt specifications for durable 

pavements. A Task 1 Report (Lee and Enustun, 1988) describing work performed 

and findings resulting during the first year of the study was submitted 

in January 1988. Progress Report No. 2 (~nGst;in, Kim and Lee, 1989) 

describing work accomplished during the second year of the study was 

submitted in March 1989. This final report presents work performed during 

the third year and summarizes the findings and recommendations resulting 

from the three-year study. 

1. .2 Objectives 

The objective of this study was to establish locally-based quality 

and peformance criteria for asphalts, and ultimately to develop performance- 

related specifications based on simple physicochemical methods. In addition 

to physical tests, three of the most promising chemical methods (high 

performance liquid chromatrography or HPLC, thermal analysis or TA and X- 

ray diffraction or XRD) were selected to analyze samples of: 

(a) Virgin asphalts and their residues from thin film oven tests and 

laboratory accelerated aging tests, 



(b) Asphalts extracted from selected field projects including plant 

mixes, core samples, laboratory mixes prepared using the virgin 

asphalts and project aggregates, both before and after they are ' 

artifically aged in the laboratory, and 

(c) Asphalts extracted from pavements with known performance records. 

The results obtained would be analyzed to find the fundamental asphalt 

physicochemical parameters (such as viscosity, molecular size, micelle size, 

transition temperatures, temperature susceptibility, resistance to oxidative 

hardening, functional groups, etc.) which directly affect the field 

performance in Iowa. 

On the basis of the laboratory-field-performance correlations, 

specifications would be formulated based on testing procedures which can 

be performed in the transportation materials laboratories of the Iowa DOT 

and ISU. 

1.3 Program of Study 

The ultimate objective of this study was to establish locally-based 

quality and performance criteria as a basis for asphalt specifications, 

in other words, the development of performance-based specifications for 

the state of Iowa. 

This research was carried out in six tasks completed in three years. 

The specific tasks to be performed were presented in the research proposal 

and are shown in Figure 1. 

2. EXPERIMENTAL 

2 1 Materials 

A total of 12 virgin asphalts commonly used in Iowa and obtained from 

two suppliers, as well as two sets of asphalt samples recovered from 



pavements of known performance, were studied within the Task 1 (Lee and 

Entistiin, 1988). To accelerate the study and to gain an additional year 

of field performance record, it was decided to proceed with Tasks 2 and 

3 at the same time. Ten hot mix field pavement projects were selected by 

the engineers of the Iowa Department of Transportation to represent a range 

of asphalt source, asphalt grade and type of projects in Iowa. The selected 

projects included four AC-5s, two AC-10s and four AC-20s. The projects 

consisted of two Interstate projects, three primary and five secondary 

highways, three of which were placed as surface, two as binder and five 

as base courses. A summary of these projects is given in Table 1. The 

project locations are shown in Figure 2. 

From each project, one gallon of original asphalt cement, 30 to 50 

lbs of virgin aggregates and 30 to 50 lbs of plant mix were collected. 

In addition, 2 to 3 core samples were taken after compaction. These samples 

were obtained between August and November 1988. Between September 1989 

and January 1990, an additional 8 to 10 core samples were taken by Iowa 

DOT engineers at each project. 

2.2 Methods and Procedures 

From each of the 10 sets of field samples, the following asphalt cement 

samples were derived for physicochemical characterization: 

PAO: Virgin or original asphalt. 

PAR: Thin-film oven test residue following ASTM D1754. 

b PO: Laboratory aged asphalt following pressure-oxidation procedure 

(20 atm of oxygen at 150°F for 46 hrs) developed under HR-124 

(Lee, 1968 and 1974). This procedure was developed to simulate 

field in-service aging under Iowa climatic conditions. 

P05: Laboratory aged asphalt following pressure-oxidation procedure 

(20 atm of oxygen at 150°F for 5 hrs) 



- 
o PM: Asphalt cement extracted and recovered from plant mix. 

e PC: Asphalt cement extracted and recovered from core samples taken 

right after compaction. 

PC1: Asphalt cement extracted and recovered from core samples taken 

after one year of service. 

e LM: Asphalt cement recovered from laboratory prepared hot mix 

following plant job mix formula using virgin aggregates and 

asphalt cement from the project. 

e L35: Asphalt cement recovered from laboratory mix, compacted by 

35-blow Marshall procedure and aged in oven at 140°F for 

12 days (Goode and Lufsey, 1965 and Page et al., 1985). This 

procedure was developed to simulate in-service asphalt aging 

in pavements of high voids. 

L75: Asphalt cement recovered from laboratory mix, compacted by 

75-blow Marshall procedure and aged in oven at 140°F for 12 

days. This procedure was designed to simulate in-service 

asphalt aging in pavements of low void levels. 

In the following discussion these asphalt sample codes will be preceded 

by a project number identified in Table 1. 

2.2.1 Rheological properties: Penetration at 5'~ (100 g, 5 s~c), 

penetration at 2S0C (100 g, 5 sec), penetration at 4'~ (200 g, 60 sec), 

viscosity at 25, 60 and 135OC, and ring-and-ball softening point tests were 

performed on original (PAO), TFOT aged residue (PAR) and pressure-oxidation 

aged asphalts (PO and P05), as well as asphalts recovered from plant mixes 

(PM), core samples (PC and PC1) and laboratory mixed (LM), compacted and 

aged samples at two void levels (L35 and L75). From these data penetration 

ratio (PR), penetration index (PI), pen-vis number (PVN), viscosity 



temperature susceptibility (VTS), cracking temperature (CT), critical 

stiffness and critical stiffness temperature were calculated (The Asphalt 

Institute, 1981; Button et al., 1983). Based on viscosity data at 25OC, 

shear index (SI, the slope of log viscosity versus log shear rate plot) 

and complex flow (CF, the slope of log shear stress versus log shear rate 

plot) were also determined (Lee, 1974). 

To correlate with low temperature field performance, the dependence 

of viscoelastic properties of selected asphalt samples, on their thermal 

history was studied at a low temperature. Newtonian viscosities and elastic 

shear moduli of these samples were determined at +5OC after cooling from 

+25OC, as well as after warming from a quenching temperature of -30°C. 

The instrument used for these measurements was a cone and plate viscometer 

modified to measure rotational displacements as small as 1/100 degree. 

Theoretical analysis of the experimental results showed that it was possible 

to estimate the Newtonian viscosity from the slope of the linear asymptotic 

section of the rotation versus time plot, and to estimate the elastic shear 

modulus from its intercept. The instrumentation, procedure and the theory 

were described earlier (Lee and ~niisth, 1988). 

2.2.2 HP-GPC: High performance liquid chromatography (HP-GPC) is a 

technique by which the molecular size distribution of asphaltic components 

is determined by means of gels of selected pore sizes. As an asphalt 

solution is forced through a column of such gels, the Brownian motion compels 

the smaller molecules to take longer times than larger molecules to pass 

through the labyrinths of this column. 

Recent reports from a Montana asphalt quality study using this technique 

have shown considerable promise and have led the Montana State Department 

of Highways to institute special provisions based on requirements based 



7 

on HP-GPC (Jennings et al., 1982, 1985 and 1988). While there were 

unresolved exceptions, it has been concluded that large molecular size 

asphaltic constitutents contribute to low-temperature cracking of asphalt 

pavements. Other studies (Zenewitz and Tran, 1987; and Button et al., 1983) 

have related the amounts of small molecular size fractions to rutting and 

tender mixtures. Garrick and Wood (1988) reported correlations between 

asphalt chemical composition by HP-GPC and performance characteristics of 

asphalts and asphalt mixtures. Edler et al. (1985), in South Africa, found 

correlations between pavement deformation and bleeding and asphalts of 

certain molecular profiles as determined by HP-GPC. More recently, Goodrich 

(1988) found association between asphalts with wide distribution of molecular 

sizes as determined by HP-GPC, aging, and desirable mix characteristics 

with respect to low-temperature creep (rutting resistance). Work underway 

at Indiana, Kansas and Georgia Highway Departments (Bishara and Wilkins, 

1989; Noureldin and Wood, 1989; and Caylor and Sharp, 1987) have also shown 

that the HP-GPC technique can be used as a reliable test to relate chemical 

composition and aging characteristics of asphalts. An interesting 

development in the field of GPC characterization of asphalts was reported 

by Pribanic et al. (1989) in which the wavelength of detection light is 

used as a variable. Using a multichannel UV-visible detector, this method 

makes it possible to obtain GPC chromatograms at eight different wavelengths 

simultaneously in one run. As wavelength scanning provides information 

on distribution of aromaticity and the functional groups over the molecular 

size range, this sophistication may prove to be valuable in asphalt 

characterization. 

A high performance gel permeation chromatrography (HP-GPC) system 

(Waters) was used during this study. The instrumentation and procedure 

were described earlier (Lee and Eniistiin, 1988). To better characterize 



the molecular size distribution of the asphalts, the HP-GPC profiles were 

analyzed by three different procedures: The normalized chromatograms were 

divided into three, four and eight slices following Montana State (Jennings 

et al., 1980), Iowa State (Lee and Eniistijn, 1988) and Purdue (Garrick and 

Wood, 1988) procedures, respectively. 

Twelve virgin asphalt (0) samples, their TFOT residues (R samples), 

six recovered core samples from seven-year old pavements, and 72 asphalt 

samples related to ten field projects were analyzed by HP-GPC. 

2.2.3 Thermal analyses: Thermal analysis techniques have been used 

extensively by chemists to identify and characterize polymers. Breen and 

Stephens (1967) and Schmidt and Santucci (1966) recommended the use of glass 

transition temperature from thermal analysis data for predicting 

low-temperature cracking of asphalt pavements. 

The glass transition point, which is known to depend to some extent 

on the scanning rate, is identified by a discontinuity in the expansion 

coefficient versus temperature plot, or in the specific heat versus 

temperature plot (Mascia, 1989). In actual practice, the former 

discontinuity is reflected to a thermomechanical (TMA) plot, i.e. a plot 

of linear dimension of the sample versus temperature, as a rounded break. 

The latter discontinuity manifests itself as an inflexion point in a 

differential scanning calorimetry (DSC) plot. Both methods are in use to 

determine glass transition points. 

The application of DSC to asphalts has also revealed another 

transformation that takes place as they are heated from a low temperature. 

It is an endothermic transformation which may be interpreted as melting 

of crystallizable components (Noel and Corbet, 1970), or dissolution of 

these components in the liquid matrix (Albert et al., 1985), or dissociation 



of agglomerates of asphaltene micelles (Lee and ~niisttin, 1988). The presence 

of these species in an asphalt is believed to effect its low-temperature 

performance adversely. The enthalpy change associated with these 

transformations measurable by DSC (Albert et al., 1985) may measure the 

amount of these species in the sample. 

In the present study twelve virgin asphalts and their TFOT residues 

and six recovered core samples were analyzed by a DuPont 1090 DSC instrument 

to determine their glass transition points, as well as endothermic enthalpy 

changes mentioned above. 

Some of the samples in Task 1 as well as 79 samples related to 10 

projects (Tasks 2 and 3) were also subjected to TMA tests to determine their 

glass transition points and other characteristics to be discussed below, 

using DuPont 943 TMA attached to the DuPont 1090 thermal analysis unit. 

The procedural details of the DSC and the TMA methods were previously 

presented (Lee and EnUstUn, 1988; EnGstUn, Kim and Lee, 1989). 

2.24 Nuclear magnetic resonance (NMR): It has been shown that valuable 

information can be obtained by 13c and proton NMR studies, of asphalts 

regarding the average chemical functionality, e.g. carbon and hydrogen 

aromaticity, carbons with attached and non-attached hydrogen, as well as 

heteroatom (nitrogen and hydrogen functionality, in asphaltenes) for 

characterization of asphalts (Gerstein, 1983, 1986). 

Four samples studied in Task 1 were subjected to 13c and proton NMR 

analyses, using a home-built solid state NMR spectrometer operating at 100 

1 MH for H and 25 MH for 13c. This unit has extensively been used for studies 

of pyrolyzed pitches and coals supplied by Mobil Oil Research, the Argonne 

Coal Bank, and Iowa and German coals. 

To fingerprint the heteroatom functionality by NMR, labeling with a 

ligand containing phosphorus was attempted. 



- 
Solution 13c NMR was employed for the two recovered Task 1 field 

asphalts, two Task 2 asphalts, and n-pentane insoluble asphaltenes of the 

Task 2 asphalts. For this purpose, Bruker WM-200 was used operating 'at 

50 MHz for 13c. This unit is a research grade multi-nuclear NMR spectrometer 

for both routine and long-term experiments. Relaxation constant, Tip 

(Gerstein, 1986) was measured by proton NMR using Bruker MSL-300, a high 

performance dedicated solid-state NMR spectrometer operating at 300 MHz 

1 for H. 

2.2.5 Water-sensitivity of mixes: On the one-year old core samples, 

pavement performance against moisture damage was evaluated by measuring 

resilient modulus (RM) and indirect tensile strength (ITS) before and after 

an accelerated Lottman conditioning procedure (Lottman, 1982). A set of 

randomly selected three cores among the 8-10 cores from each project were 

subjected to RM measurement followed by ITS measurement. Another set of 

three random cores were subjected to RM and ITS measurements after the 

Lottman conditioning procedure which consisted of 30 min. vacuum saturation 

at 26 in. Hg, followed by 30 min. submerging under water at atmospheric 

pressure, 15 hr at -O.Q°F, 24 hr at 140°F water bath, and 3 hr at 77'~ water. 

RM was measured with a Retsina Mark IV resilient modulus device at 77'~, 

0.33 Hz frequency, and 0.1 sec load duration (Schmidt, 1972). ITS was 

measured at 77'~ and a loading rate of 2 inches per minute (Kennedy, 1977). 

2.2.6 Aging of asphalts: Age hardening characteristics of asphalt samples 

were studied in the laboratory by use of three different aging procedures; 

thin film oven test (TFOT), Iowa durability test (IDT), and mix aging. 

TFOT simulates age hardening due to conventional batch mixing (Goodrich 

and Dimple, 1986). The IDT or pressure-oxidation procedure consists of 

two aging stages: TFOT to simulate hardening during hot-plant mixing followed 

by pressure-oxidation under 20 atm of oxygen at 150'~ for oxidative hardening 



during field pavement service (Lee, 1968 and 1974). In this study, two. 

different durations of pressure-oxidation, 46 and 5 hour, were used. It 

was found that 46 hours of IDT on asphalt was equivalent to 5-year aging 

of in-service pavement under Iowa climatic conditions. The previous IDT 

data indicated that 5 hours of IDT on asphalt was roughly equivalent to 

one year of field aging. Aging characteristics of asphalts were determined 

based on a theory that the changes in physical properties of asphalt are 

hyperbolic functions of time and approach a definite limit with time. An 

equation to express the hardening of asphalts in the field has been suggested 

as follows (Brown et al., 1957): 

A Y  = change in physical property with time T 
a,b = constants 
l/b = the ultimate change of property at infinite time 

Constants a and b, and the ulimate change, l/b, were determined from the 

measured physical property changes after 5 and 46 hour IDT. By use of the 

above equation, physical properties after 10, 20, and 30 year field service 

were estimated. 

The hardening of asphalt in a mix is believed to be affected by air 

void content, asphalt film thickness, characteristics of aggregate, and 

the durability of the asphalt. To examine the age hardening of asphalt 

in a mix, Marshall specimens were prepared by use of the same materials 

and job mix formula used at each project. To simulate asphalt aging in 

pavement of high and low void levels, mixes were compacted by 35 blows per 

side and 75 blows per side, respectively, and oven-aged at 140'~ for 12 

days, equivalent to eight years of in-service asphalt aging in pavement 

(Goode and Lufsey, 1965 and Page et al., 1985). 



3. RESULTS AND DISCUSSION 

3.1 Rheological Properties 

The rheological properties of the Task 1 samples were reported and 

discussed previously (Lee and Eniistiin, 1988). Penetration and softening 

point data of the 79 asphalts from the ten pavement projects are given in 

Table 2. The variability and changes in asphalts due to hot mixing and 

laboratory aging as indicated by penetration are shown in Fig. 3. Viscosity 

data including shear index and complex flow at 25'~ are given in Table 3. 

Shear index or shear susceptibility (the rate of change of viscosity with 

rate of shear) and complex flow (the rate of change of shear stress with 

the rate of shear) have been found related to the aging characteristics 

of asphalts and useful indicators for pavement performance (Kandhal et al., 

1973; Kandhal and Wenger, 1975; and Lee, 1974). 

Asphalt cements of high temperature-susceptibility may contribute to 

rutting at high pavement temperatures and cracking at low pavement 

temperatures. Temperature susceptibility of an asphalt can be evaluated 

by penetration ratio, PR (penetration, g°C, 200 g, 60 sec/penetration, 25OC, 

100 g, 5 sec), the Penetration Index (PI), the Pen-Vis Number (PVN) based 

on viscosity at 60°C or viscosity at 135'C, the viscosity-temperature 

susceptibility (VTS), and the Asphalt Class Number (CN). Lower PR, large 

negative values of PI, lower PVN and greater VTS indicate greater temperature 

susceptibility. The temperature susceptibility indices in terms of PR, 

PI, PVN, VTS and CN of the asphalt cement samples studied are given in Table 

4. The variability and changes in PVN at 60°c of asphalts studied are shown 

in Fig. 4. 

The characteristics most relevant to asphalt performance and indirectly 

specified in the current ASTM D3381 and AASHTO M226 specifications are 



temperature-susceptibility and resistance to aging. These important 

properties are plotted in Fig. 5 in terms of PVN (both 60°C and 135OC) 

and viscosity ratio at 60°C due to thin film oven treatment. The basic 

intent is that the most desirable asphalts should be limited to the upper, 

left corner. These asphalts have the best combination of properties of 

high resistance to aging and low temperature susceptibility. The ten 

asphalts supplied in Iowa during the 1988 construction season appeared to 

be rather uniform and well within the specifications. 

Low-temperature asphalt stiffness has been correlated with pavement 

cracking associated with nonload conditions. The low-temperature behavior 

of asphalts can be evaluated either by estimating the temperature at which 

asphalt reaches a certain critical or limiting stiffness (the limiting 

stiffness temperature) or by comparing the stiffness of asphalts at low 

temperatures and long loading times (The Asphalt Institute, 1981; Kandhal, 

1978). 

Table 5 presents the results of estimated low-temperature cracking 

properties of the 79 asphalts from the ten projects. The properties include 

cracking temperature (CT), temperature corresponding to asphalt thermal 

cracking stress of 72.5 psi (5 x 10 Pa), based on penetrations at 5'~ and 

25OC, temperature of equivalent asphalt stiffness of 20,000 psi at 10,000 

sec loading time (TES), estimated stiffness at -23OC and 10,000 sec loading 

time (S23), and stiffness at -2goC and 20,000 sec loading time (S29). 

Goodrich (1988) found excellent correlation between low-temperature 

penetration (~OC, 200 g, 60 sec) and limiting stiffness temperature or 

temperature at which asphalt reaches a critical stiffness (e.g. 20,000 psi 

at 10,000 sec loading time), defined as temperature of equivalent stiffness 

(TES) in this study. He also found strong correlations between penetration 

at 4OC (200 g, 60 sec) and mix flexural fatigue life. Penetration at low 

temperature appears to be a good indicator for low-temperature cracking 



and fatigue of asphalt and has been recommended as a criterion for cold 

climate asphalt specifications. 

Statistical values of all properties of the ten asphalts were presented 

earlier (~niistiin, Kim and Lee, 1989), to show the variability of asphalts 

supplied in Iowa during the 1988 construction season. While, due to the 

small sample sizes, these data must be viewed with caution, and the 

significance of the variability must be interpreted and correlated with 

performance data, the following general comments can be made: 

o There were larger variabilities in AC-20 asphalts than in AC-5 

asphalts. 

a Within each asphalt grade, there were more differences in stiffness 

at low temperatures, PI, class number, and PVN, than in cracking temperature, 

softening point and VTS. 

a Laboratory aging seemed to increase the differences among asphalts 

of the same grade in some properties but decrease the differences in other 

properties. 

The measured rheological properties of the Task 1 samples and the 

results of viscoelastic measurements at +5OC with three virgin asphalts 

and two recovered core samples of known field performance as described in 

2.2.1 .were presented earlier (Lee and ~niistiin, 1988). Here in Table 6 a 

summary of these measurements are given to show the striking differences 

between the responses of these samples to low temperature conditioning and 

the lapse of time. 

All samples studied exhibit an increase in viscosity at +5OC after 

cooling from +25OC in various extents. This trend is more pronounced in 

more viscous asphalts. With virgin asphalts of high viscosity this increase 

is accompanied by a decrease in elastic modulus. Among the three samples 

conditioned at -30°C, the effect of low temperature on viscoelastic 



properties of SC-S is drastically different from those of the other two 

samples. In this respect, while the samples 505 and WR-S resemble each 

other, the viscosity and elastic modulus of SC-S drop drastically. The 

latter sample is known to have had a poor low-temperature field performance. 

This type of viscoelastic tests to be run on aged samples may, therefore, 

prove to be rewarding for predicting their low temperature performance. 

This method of testing turned out to be the only one to differentiate 

conclusively the Sugar Creek sample from the Wood River sample. 

3.2 Chemical Properties 

3.2.1 HP-GPC: The results of HP-GPC analyses of 12 virgin asphalts, their 

TFOT residues and six recovered core samples mentioned in 2.2.2 were 

presented in the Task 1 Report (Lee and Eniistiin, 1988). The asphalt samples 

related to ten field samples were also analyzed by HP-GPC, and the normalized 

chromatograms of these samples were presented in Report No. 2 (~niistiin, 

Kim and Lee, 1989). For better chemical characterization of these samples, 

as well as those related to 12 original asphalts of Task 1 of the present 

project, the chromatograms were analyzed by dividing them into four slices 

as suggested earlier (Lee and Enhstiin, 1988) and eight slices as practiced 

by Garrick and Wood (1988), as well as three Montana type slices (Enistin, 

Kim and Lee, 1989). The analytic data pertaining to 10 field samples, 

including asphalts recovered from one-year old core samples, are presented 

in this report in Tables 7-11. Discussions based on these data, regarding 

their correlations with other properties and their potential bearing on 

prediction of field performance, will be presented in Sections 3.4, 3.5 

and 4.2. The other significant findings can be summarized as follows: 

1. The LMS contents of the virgin asphalts, as defined by the Montana 

research group varied between 20.6 and 35.9%, are higher than the 

maximum allowable (16-178) for the Montana climate (Jennings and 

Pribanic, 1988). 



2. A weak correlation was observed between LMS content and temperature 

susceptibility inferring that the higher the LMS the less is the 

temperature susceptibility. This correlation is parallel to what has 

been found by Glover et al. (1986). They and other workers (Zenewitz 

et al., 1987; Button et al., 1983) have also found that the lower the 

LMS and higher the SMS contents, the higher is the asphalt tenderness. 

In view of the results of the Montana researchers, it is likely that 

for a given climatic zone there is an optimum range of $ LMS for the 

best pavement performance; too high LMS causes low temperature cracking, 

too low LMS causes high-temperature rutting and tenderness problems. 

3. Percent LMS is unidirectionally sensitive to TFOT; virgin asphalts 

suffer an increase of 1.2-14.4% in their LMS contents. Therefore, 

the UP-GPC technique can be used to monitor and predict aging, as also 

concluded by other authors (Brule et al., 1987; Bishara et al., 1989; 

Noureldin et al., 1989; Caylor et al., 1987). The earliest-eluted 

fraction may serve as a better index for this purpose, as it is even 

more sensitive to aging. It is likely that the age-ability, i.e. the 

increase in LMS rating, rather than the initial LMS rating is a 

performance predictor. 

4. Since the higher the concentration and the larger the molecules of 

solutes of a solution, the higher will be its viscosity; qualitatively 

speaking, the fact that aging increases the LMS content of an asphalt 

and its viscosity at the same time may appear to be a logical 

consequence. However, the quantitative aspect of these mutual shifts 

deserves attention: In Table 12 the differences in $ LMS and the log 

of viscosity at 25OC of the virgin asphalt samples from 10 projects, 

induced by 46 hrs oxidative aging (PO), are tabulated. Given in the 

last column of this table are the ratios between these changes. It 



is interesting to observe that as far as this ratio is concerned, eight 

samples out of 10 resemble each other regardless of their type and 

source. However two of these samples (Projects 2 and 7) significantly 

differ from the others, as the said ratio for these samples is about 

half of that of the majority, again irrespective of their type and 

source. The physical meaning of this observation is the fact that 

the structural and/or compositional nature of the smaller molecular 

size components of some samples may tolerate the growth and 

overpopulation of asphaltene molecules more than others, before they 

severely harden. In this respect, the samples from Projects 2 and 

7 are expected to be different performers than the others. 

3.2.2 T.A.: Considering the suggested bearing on low-temperature 

susceptibility of asphalts (Breen and Stephens, 1967; Schmidt and Santucci, 

1966; Noel and Corbett, 1970; Albert et al., 1985; Brule et al., 1987) the 

samples related to Task I of this project were studied by the DSC technique 

in the heating mode and the results were presented earlier (Lee and Entisttin, 

1988), in terms of estimated glass transition point, the enthalpy of 

endothermic transformations and their location in the temperature scale. 

Following Albert et al. (1985) the latter transformations can be interpreted 

as dissolution of some crystallized components formed at low temperatures 

In the asphalt matrix. Since the presence of such components in asphalt 

may affect its low-temperature performance adversely, it is expected that 

the smaller the enthalpy change (AH), the better will be its low-temperature 

performance. It is noteworthy that the samples supplied by Jebro Inc. appear 

to have significantly higher AH values than those supplied by Koch Asphalt 

co. 

A total of 79 samples of virgin, aged and recovered asphalts from the 

lab and plant mixes and cores from 10 different paving projects in Iowa, 



were subjected to thermomechanical analysis (TMA) in the heating mode to 

determine their glass transition temperatures (Tg) by this method as 

described in Progress Report No. 2. The results were reported earlier, 

including a reasonable correspondence observed between the values obtained 

by DSC and TMA (Encstiin, Kim and Lee, 1989). Figure 6 illustrates how the 

glass transition points were determined. Table 13 summarizes the TMA results 

including one-year old core samples (PC1). 

During the final phase of the present project, in addition to Tg values, 

three other parameters associated with TMA thermograms were also determined 

for the above mentioned 79 samples. They are the following (see Fig. 6): 

1. The slope of the initial straight line (ML) which measures the low- 

temperature thermal coefficient of expansion of the sample at the glassy 

state. This slope has been proposed as an index to predict the 

performance quality of an asphalt (Lee, 1972). 

2. The slope of the nearly straight adjacent section of the plot at higher 

temperatures (MU), which measures the coefficient of expansion after 

glass transition. 

3. The softening temperature (Tsp ) at which the displacement of the TMA 

probe reaches a maximum. 

From Table 13 it can be observed that: 

1. The glass transition temperature, Tg, of the original asphalts ranged 

from -34OC to -22.F°C, increasing with viscosity from AC-5 to AC-20. 

2. In general, aging at high temperature (PAO-> PAR+ PC1) reduced Tg, 

Tsp, ML and MH while aging at low temperature (PC1-> P05-> PO) increased 

the thermal responses. In other words, a different aging mechanism 

resulted in a different trend of thermal responses. Projects 10 and 

12 asphalts are presented in Figs. 7 to 10. 



3. Among the asphalts recovered from one-year old cores, asphalt in the 

project 2 showed exceptional thermal responses as shown in Figs. 11 

to 14. Theoretically it is expected that this asphalt would behave 

differently than the others. 

Correlations between TMA parameters and other properties will be 

discussed in Section 3.5. 

3.2.3  Nuclear Magnetic Resonance (NMR): The samples studied by NMR 

spectroscopy were the virgin asphalt sample J10-02-0, its oven treated 

version J10-02R and the core samples SC-Bi and WR-Bi from the Sugar Creek 

and Wood River projects, respectively. As reported earlier (~niistiin, Kim 

and Lee, 1989), their spectra indicate that: 

(1) Oven treatment decreases the amount of aliphatic quaternary carbon 

in the virgin sample. 

(2) The quaternary carbon content of the Sugar Creek sample is strikingly 

less than those of all other three samples. 

( 3 )  The line-width of proton NMR spectra of the Sugar Creek sample is 

also significantly larger than those of other samples, meaning that 

this sample is more rigid than the others. It is significant to note 

that this asphalt was earlier identified as a poor performer. 

From the efforts to ligate the asphalt samples with the phosphorus 

marker, it was concluded that the small amount of heteroatoms in asphalt 

made this technique not tb be viable. Solution I3c NMR spectra of SC-Bi, 

WR-Bi, 7PAO and 7PO did not indicate any significant differences among them. 

The spectra of the n-pentane insoluble asphaltenes of 7PA0 and 7P0 showed 

no significant difference between them. Removal of the n-pentane soluble 

portion of asphalts only increased the intensities of aromatic peaks relative 

to aliphatic peaks. Effect of solvents was examined by using three different 

solvents (duetrated chloroform, duetrated tetrahydrofuran (THF), and 



duetrated toluene), and no noticeable effect on 13C solution NMR was found. 

Measurement of relaxation constant, Tip indicated that 7P0 with 1.50 ms 

of Tip was slightly harder than 7PA0 with 1.&0 ms of TI,,. However, this 

difference could not be considered as significant when the instrumental 

error was considered. 

Due to the nature of the asphalt, a complex mixture of hundreds of 

thousands of different molecular structures, to find differences in chemical 

shifts or intensities among asphalt samples1 NMR spectra for the purpose 

of asphalt cement characterization seems to be problematic. 

3.3 Water Sensitivity of Mixes 

Resistance to moisture-induced damage of one year old cores were 

evaluated by using retained tensile strength ratio and retained resilient 

modulus ratio after Lottman-accelerated moisture conditioning. As shown 

in Table 14, the cores taken from the project 11 showed the least resistance 

to moisture-induced damage in terms of resilient modulus and the indirect 

tensile strength retained. Also, the cores taken from the project 10 with 

the highest percent air void among those of all projects could be considered 

as susceptible to moisture damage in terms of indirect tensile strength 

retained. 

Levels of aging or property changes due to thin film oven test (TFOT) 

were compared with those due to actual construction operations by comparing 

rheological properties of TFOT residues (PAR) and asphalt samples recovered 

from plant mixes (PM), cores taken right after construction (PC), and lab 

mixes (LM) . In general, TFOT caused more hardening for soft asphalt (AC- 

5) than the harder asphalt (AC-10 or AC-20). In AC-20 asphalts, TFOT caused 

about the same hardening as hot mixing in terms of P5, P25, P4, and Vis 

25. However, in other properties, TFOT caused more changes than the hot 



mixing process. Examination of CF and SI revealed that TFOT residues showed 

less hardening (higher CF and lower SI) than asphalts mixed and recovered- 

(PM, PC, LM). 

Based on pressure-oxidation treatment for 5 hrs and 46 hrs, considered 

to be equivalent to 1 yr and 5 yr of field aging under Iowa climatic 

conditions, respectively, rheological properties and HP-GPC parameters were 

predicted for 10, 20, and 30 year field service, using the method suggested 

by Brown et al. (1957) as given in Tables 15 and 16 together with the 

ultimate properties. Predictive equations of penetration at 4OC and R&B 

softening point for AC-5 asphalts were plotted in Figures 15 and 16. In 

some cases, the prediction based on two point measurements resulted in 

mathematically impossible expressions. As can be seen from Table 15, the 

project 2, 3 and 7 asphalts would become stiffer than others beyond five 

years. In this study, it was found that the 2nd and the 7th size fraction 

(X2 and X7) of the HP-GPC profiles based on the 8-slice method were very 

closely related to most of the asphalt properties (see Section 3.5). Table 

16 gives the predicted percentage of these two slices along with XI. The 

project 2 asphalt yielded high X1 and X2 and the lowest X7 value for long 

term prediction. This prediction indicates that this particular asphalt 

would become too stiff to perform well. The project 3 asphalt was predicted 

to give the highest X1 and the second lowest X7 after 10 year field service. 

The asphalt used in the project 12 resulted in the highest X2 at the ultimate 

stage. These three project asphalts could be categorized as susceptible 

asphalts, especially as far as low-temperature cracking properties are 

concerned. 

Generally, the asphalt in a mix with high air void ages more than the 

asphalt in a mix with low air void. In this study, air voids of lab mixes 

compacted by 75 blows per side (L75 mixes) ranged from 3.31 to 7.11% and 



air voids of the mixes compacted by 35 blows per side (L35 mixes) ranged 

from 6.57 to 9.69%. The L75 mixes had 0.58 to 4.08% less air voids than 

the L35 mixes. The overall relationship between air voids and asphalt age- 

hardening was not consistent. Only with AC-10 asphalts, it was observed 

that the higher the air void, the more aged was the asphalt. 

The rheological properties of TFOT residues (PAR) and the recovered 

asphalts after one year field aging (PC1) are compared in Tables 2 and 3. 

The recovered asphalts of the project 4, 5 and 10 were found aged more than 

TFOT residues in all properties, while the recovered asphalts of the rest 

of the projects were aged less in terms of all properties except complex 

flow (CF) and shear index (SI). Goode and Lufsey (1965) pointed out that 

air permeability, air voids and asphalt film thickness were major factors 

affecting age hardening of asphalt pavement. Indeed, as seen in Table 14, 

the cores from these three projects showed the highest air voids among the 

projects of the same grade of asphalt. 

In terms of rheological properties, asphalts pressure-oxidized for 

5 hours (P05) aged more severely than PC1 asphalts. The order of aging 

withln a project, in general, was PA0 < PC1 < PO5 < PO in terms of 

rheological and HP-GPC properties. However, in thermomechanical analyses, 

only three aged asphalts showed a general trend as PC1 < PO5 < PO in terms 
of glass transition temperature (Tg), softening temperature (Tsp) and the 

lower temperature expansion slope (ML), as shown in Figures 17, 18 and 19. 

Previous studies have shown that aging characteristics of asphalt during 

high temperature plant mixing (short-term), as with thin film oven tests, 

may or may not reflect the aging characteristics of the asphalt during low 

temperature aging in pavement (long-term), as with low temperature 

pressure-oxidation tests. This is demonstrated in Figure 20, in which the 

long term rate of age-hardening or long term aging index, defined as the 



ratio of viscosity of 46 hr pressure-oxidized asphalt (PO) at 60°c to 

viscosity of TFOT residue (PAR) at 60°C, were compared with short term aging 

index, which is the ratio of viscosity of PAR at 6OoC viscosity of original 

apshalt (PAO) at 60'~. The project 2 asphalt showed a drastic difference 

between short-term and long-term aging indices; it was the least aged in 

terms of short-term aging index and the most aged in terms of long-term 

aging index. 

3.5. Correlations 

In this section the discussion will be confined to correlations between 

physical properties, TMA and HP-GPC parameters of all samples related to 

the 10 field projects. 

Regression analyses were performed among physical parameters, TMA 

parameters, and molecular weight profile derived from HP-GPC tests. Table 

17 gives results of regression analyses between TMA parameters and HP-GPC 

parameters for 73 samples. It indicates that TMA parameters, Tsp and ML 

correlate with HP-GPC parameters by the 8-slice method fairly well. Results 

of multiple linear regression between physical properties and TMA parameters 

are given in Table 18. These results show significant correlations between 

TMA parameters and almost all the physical properties with the exception 

of temperature susceptibility. Among the temperature susceptibility 

parameters only penetration ratio (PR) and pen-vis number at 6O0C (PVN60) 

significantly correlate with Tsp and ML. Tsp correlates well with both 

rheological and low-temperature properties, while Tg correlates well with 

low-temperature properties. The initial slope, ML, appears to be a strong 

predictor of rheological properties. Results of multiple linear regression 

analyses performed between physical properties and HP-GPC parameters are 

given in Table 19. Molecular size distribution is best characterized by 

the 8-slice method thus correlating well with almost all physical properties. 



Our results support findings by Garrick and Wood (1988) and Price and Burati 

(1989) that molecular size profiles derived from HP-GPC data can be used 

to predict many of the physical properties. HP-GPC parameters do not however 

correlate well with temperature susceptibility in terms of PI, CN, and VTS. 

Since TMA and HP-GPC parameters were significantly correlated with 

rheological properties and TMA and HP-GPC parameters had less significant 

correlation with each other, it was worthwhile to try to treat these two 

sets of parameters as independent but complementary variables to correlate 

with rheological properties. Table 20 gives a summary of regression analyses 

performed as such on physical properties against TMA and HP-GPC parameters 

combined. These regression analyses give considerably higher r square values 

than the regression analyses using TMA or HP-GPC parameters alone. Figures 

in Appendix I1 compare the actual physical properties with predicted 

properties from regression equations which are given in Appendix I. Among 

TMA and HP-GPC parameters, more significant parameters were identified by 

using the step-wise linear regression technique. While, as indicated above, 

Tsp among TMA parameters was significantly correlated with rheological 

properties, X2 and X7 among HP-GPC parameters most predominantly control 

the rheological and low-temperature properties. 

4. PROPOSED TRIAL ASPHALT SPECIFICATIONS FOR IOWA 

4.1 Rationale 

The selection of the proper grade of asphalt for a given paving project 

must be based on consideration of climate (temperature), traffic, thickness 

of the layer and the prevailing construction conditions. The selection 

of an asphalt within a given grade must be based on temperature 

susceptibility and durability. The temperature susceptibility of asphalt 

influences the mixing, placing and compaction of the paving mixture as well 



as the high and low temperature performance of the pavement. Durability 

of asphalt or asphalt's resistance to hardening and aging, during 

construction and in-service, affect the pavement life. 

In spite of the fact that a great deal of research has been accomplished 

with regard to asphalt properties and pavement performance, there is still 

no agreement as to the critical characteristics of asphalt that control 

the performance of asphalt pavement except hardness. Hardening of asphalt 

may cause the mixture to become brittle and susceptible to disintegration, 

cracking and moisture damages. The mechanisms contributing to asphalt 

hardening are many and varied. It is generally accepted that the major 

. causes of asphalt hardening are volatilization during mixing at high 

temperatures (short term) and oxidation during service in pavement (long 

term). Current asphalt specifications, while containing requirements for 

indirect control of temperature susceptibility and asphalt hardening during 

hot-plant mixing, have no control over long-term durability. 

As early as 1892, paving engineers became aware of the fact that the 

durability of the asphalt pavements often depended on the ability of asphalt 

cement in resisting changes and that it must be capable of cementing together 

the aggregate and it must be elastic and in no way brittle. They realized, 

shortly after the first asphalt pavements were constructed in the United 

States, that test methods were needed to measure the properties of asphalt 

and realistic specifications were necessary to assure the use of durable 

asphalts (Welborn 1984). 

Many durability test and evaluation methods have been used since the 

early 1900's (Tables 21 and 22). Of the various methods proposed for 

evaluating the durability of asphalts, only the thin-film oven and rolling 

thin-film oven test methods have been adopted as standard by ASTM and AASHTO. 

Nearly all the agencies have adopted one of the methods as a means of 

measuring potential hardening of asphalt during hot-plant mixing. 



Methods are available in the current specifications to predict the 

properties of asphalt at the time of construction; however, they do not 

provide adequate information on changes in properties during service in 

the 'pavement. This is particularly true of the low-temperature properties 

and long-term aging characteristics. In order to develop performance-related 

specifications for asphalt pavements, there is a real need for the 

development of a rational method to predict long-term asphalt durability 

during service in pavements. A trial specification based on Iowa pressure 

oxidation test is proposed. It is of significance to note that (a) 

researchers associated with SHRP projects consider pressure oxidation 

procedure the most promising for long-term aging evaluation, (b) the SHRP 

AO02A team at Laramie is evaluating our test procedure for adoption and, 

(c) a performance-based asphalt specification similar in concept is being 

contemplated by SHRP as a major product of its asphalt research. 

The specification is proposed with the belief that: (a) there is a 

wide range of differences in durability among paving asphalts; (b) current 

specifications do not discriminate nondurable asphalts; (c) simple methods 

can be developed to evaluate the relative durability of asphalts, and (d) 

pavement service can be improved by more durable asphalts. 

The key element of the proposed specification is the Iowa Durability 

Test (IDT) developed under HR-124 based on the following rationale: 

1. Hardness of asphalt in the pavement is the one property most closely 

associated with pavement performance. Therefore the extent and rate 

of asphalt hardening is considered to be indicative of the relative 

durability of asphalt. 

2 .  The hardening and other pertinent changes that may occur in asphalt 

in an asphaltic concrete mix take place in two stages under two entirely 



different environments or conditions: hardening during short periods 

in the mixer at higher temperatures and higher rates, and hardening 

during longer periods of road service in pavement at relatively lower 

temperatures and lower rates. The hardening mechanisms and effects 

in these two stages are believed to be quite different. 

3. Any realistic durability test for asphalt should include consideration 

of the two stages of hardening processes of asphalt in their logical 

order and of their differences in mechanisms and effects. 

4. Hardening during the mixing process may be simulated and predicted 

in the laboratory by the thin film oven test (ASTM D1754; AASHTO Ti79). 

Additional hardening and other changes in the asphalt in service may 

be simulated by laboratory pressure-oxidation tests at road service 

temperature on residue of the TFOT (Iowa Durability Test). 

5. A definite correlation may be established, at least on a local basis, 

between field hardening and performance of asphalt and 

laboratory-accelerated hardening during a logically conceived and 

realistic durability test. The asphalt hardening in the field in terms 

of years could be reasonably predicted in terms of hours or days. 

6.. Results from this and more recent other studies confirm that chemical 

or compositional factors have a major impact on the performance of 

asphalt. While specifications based solely on chemical composition 

would be costly and difficult to implement, a rational specification 

based on both short-term and long-term accelerated aging test, 

containing time-honored physical tests and temperature susceptibility 

control, coupled with minimum chemical and low-temperature requirements 

is both desirable and feasible. 

It must be recognized that selection and/or establishment of durability 

criteria and critical values of critical properties are complex problems 



and-require long-term field performance data. Therefore the recommended 

tests, properties and limits must be considered preliminary and tentative. 

When additional performance data become available these tests and limits 

should be modified and refined to reflect Iowa conditions. However, it 

is believed that the Iowa Durability Test (IDT) procedure can be considered 

logical, realistic, and simple; the equipment is inexpensive and the 

procedure is reproducible and effective. If parameters, tests and critical 

values of asphalts are properly selected, the results of this investigation 

can be applied to asphalt specifications for assurance of durable paving 

asphalts. 

4.2 Proposed Trial Specification 

Many researchers have proposed physical properties of asphalts and 

their critical limits for acceptable pavement performance. Some of these 

properties are penetration at 4'~ and 25OC, R&B softening point, viscosity 

at 25OC, shear index, pen-vis number and stiffness at a low temperature, 

as summarized in Table 23. No critical values for penetration at h°C (P4) 

exists in the literature. Studies showed significant correlation between 

P4 and low temperature properties (Goodrich 1986 and 1988, Kemp and Predoehl 

1981). Stiffness at -23'C and 10,000 sec loading time (S23) was correlated 

with P4 to estimate its critical value. Indeed, as presented in Figure 

21, P4 was significantly correlated with S23 with r square = 0.906 in the 

present study. The critical value of P4 corresponding to stiffness of 20 

ksi was found as 5. Although, due to insufficient field performance data, 

direct correlations between HP-GPC and TMA parameters and field performance 

are not yet available at this stage, critical values of HP-GPC and TMA 

parameters were indirectly estimated from correlations with the performance 

related physical properties as given in Table 23. Since changes of asphalt 

properties after 5 years of aging are usually small, the critical values 
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discussed above are recommended as limiting values in specification for 

an asphalt pressure-oxidized for 46 hours at 150°C and 20 atm oxygen. 

To prevent a low-temperature asphalt pavement transverse cracking 

problem, use of cracking temperature criteria in pavement design has been 

suggested (The Asphalt Institute, 1981). In this design method, the cracking 

temperature determined from penetration at 25 and 5OC should be lower than 

the pavement design temperature. For Iowa climate, a minimum pavement 

temperature of -35OC was estimated. The minimum penetrations at 5OC for 

AC-5, AC-10 and AC-20 and this cracking temperature were determined from 

the cracking temperature nomograph as 10, 8 and 7, respectively. 

To assure long term durability, it seems necessary to limit the long- 

term aging index, i.e. ratio of viscosity at 60°C after pressure-oxidation 

for 46 hours to viscosity at 6o0C after TFOT, as defined in Section 3.4. 

The long term aging indices for the 10 project asphalts range from 2.9 to 

3.5 except the project 2 asphalt of which the long term aging index was 

as high as 6.3. Based on this observation, a critical long term aging index 

of 5 is tentatively suggested. The proposed specification, based on the 

pressure oxidation test and existing AASHTO M226, Table 2, is given in Table 

24. Some of the limiting values can be increased or decreased as more field 

performance data become available. 

Usefulness of the LMS fraction in the original asphalt and its amount 

of 'change after laborator; aging to predict asphalt pavement performance 

has been recognized (Jennings et al., 1982, 1985 and 1988). Although they 

are not included in the trial specification due to insufficient performance 

data, it is recommended that they be included when long-term performance 

data become available. 



5. SUMMARY AND CONCLUSIONS 

Three groups of asphalt samples were tested during this investigation 

including: (a) twelve samples from local asphalt suppliers and their TFOT 

residues, (b) six core samples of known service records, and (c) a total 

of 79 asphalts from 10 pavement projects including original, lab aged and 

recovered asphalts from field mixes and pavement cores, as well as from 

lab aged mixes. They were studied by physical and physicochemical tests 

including standard rheological tests, HPGPC and TMA. Some specific 

viscoelastic tests (at +5OC) were run on (b) samples and on some (a) samples. 

DSC and X-ray diffraction studies were also performed on ( a )  and (b) samples. 

Furthermore, NMR techniques were applied to some (a), (b) and ( c )  samples. 

Efforts were made to identify physicochemical properties which are 

correlated to physical properties known to affect field performance. The 

significant properties formed the basis for a recommended performance-based 

trial specification for Iowa to ensure better pavement performance. 

The conclusions of a general nature are summarized below: 

(1) Within each viscosity grade of asphalts available in Iowa and meeting 

AASHTO Specification M226, there were differences in temperature 

susceptibility between the samples supplied by different suppliers 

and between samples from the same supplier over time. 

( 2 )  Distinctly different GPC chromatograms, TA results and X-ray patterns 

were obtained among asphalts of the same grade, same supplier, but 

supplied at different times. 

(3) The strikingly different effect of a cold shock (-30°C) on the 

viscoelastic properties of the core sample from the surface course 

of the Sugar Creek project from the other samples might have an 

important bearing on its poor field performance. 



4 Elastlc shear modulus measured at a low temperature may be correlated 

to low temperature field performance. 

(5) No decisive correlation is observed between GPC, DSC and X-ray results. 

(6) In contrast to thermal analytic behavior and x-ray diffraction spectra, 

LMS rating is found to be conclusively and unidirectionally sensitive 

to aging and when analyzed over the entire spectra of molecular size 

distribution by the 8-slice method, can be used to predict behavior 

and performance of asphalts. However, for specification purposes, 

both original and lab-aged asphalts must be tested. 

(7) The endothermic peaks on DSC thermograms indicate the presence of 

crystallizable components, while the LMS rating measures the presence 

or tendency of gel formation. Therefore, the extent of these peaks 

(AH) may be used to evaluate the low-temperature-susceptibility of 

asphalts, together with their LMS rating. AH values are on the whole 

more pronounced in virgin asphalts of Jebro origin than Koch asphalts. 

(8) Asphalts used in the 1988 construction season from a limited number 

of sources in Iowa showed differences not obvious by either physical 

or physicochemical tests alone. For example, the asphalt used in 

Project 7 had a large percent increase in LMS due to aging, but not 

reflected by changes in physical properties, e.g. viscosity ratio. 

On the other hand, A.C. No. 11 had a high viscosity ratio after TFOT 

aging, but this was not reflected in an increase in LMS. 

(9) Aging, both in the field and in the lab, is accompanied by hardening, 

reduction in temperature susceptibility by most measures, an increase 

in shear susceptibility, decrease in complex flow, increase in 

temperature for limiting stiffness, increase in stiffness at low 

temperatures, increase in LMS and a decrease in SMS. For some asphalts, 

aging characteristics during high-temperature (short-term) and service 

temperature (long-term) were very different. 



(10) The glass transition points determined by TMA are in general agreement 

with those determined by DSC, and correlate fairly well with 

low-temperature cracking properties. 

(11) Both TMA and HP-GPC parameters correlated well with physical properties. 

Tsp correlates well with both rheological and low-temperature 

properties, Tg correlates well with low-temperature properties and 

ML is a strong predictor of rheologlcal properties. Molecular size 

distribution based on HP-GPC and the 8-slice method can be used to 

predict many of the physical properties. 

(12) While TMA parameters and HP-GPC parameters did not correlate well, 

physical and low-temperature properties can be predicted by combinations 

of these two sets of parameters, especially using Tsp, ML, X2 and X7. 

(13) The relative significance of the more than 30 physicochemical parameters 

in predicting the field performance can only be established through 

correlation with field performance data. It is possible that the 

predictive equation must contain both physical and physicochemical 

parameters. 

6. RECOMMENDATIONS 

1. A tentative specification for paving asphalts, including durability 

requirements based on IDT, as well as chemical and low-temperature 

requirements, is recommended. 

2. To improve the tentative specifications (weaknesses due to lack 

of sufficient data on critical values of critical properties under Iowa 

weathering and traffic conditions), continued observations and tests of 

the 10 pavements are recommended. continued study of the 10 pavements is 

needed to refine the critical specification values for Iowa conditions for 

a truly performance-based asphalt specification. 



- 
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Table 1. Summary of field samples. 

Project County AC source Pavement 

Monona AC-10 KOCH, Algona surface, sa 
3/4" AGG. 70% gravel 

30% crushed gravel 

Story AC-20 KOCH, Tama binder, P b 

3/4" AGG. 65% 3/4" crushed limestone 
10% 3/8" chips 
25% sand 

Dallas AC-20 KOCH, Dubuque surface, 1' 
3/4" AGG. 50% 3/4" crushed gravel 

35% 3/4" quartzite 
15% concrete sand 

Grundy AC-5' KOCH, Dubuque base, S 
1/2" AGG. 70% 3/4" gravel 

12% 3/4" crushed gravel 
18% 1/2" crushed limestone 

Hardin AC-5 KOCH, Dubuque base, S 
3/4" AGG. 70% 3/4" gravel 

30% 3/4" crushed limestone 

Webster AC-5 KOCH, Algona 
3/4" AGG. 60% 3/4" crushed limestone 

40% 3/4" gravel 

Plymouth AC-5 KOCH, Algona 
3/4" AGG. 17% 3/4" wash rock 

83% 3/4" pit run 

Harrison AC-20 JEBRO, Sioux City 
3/4" AGG. 35% 3/4" quartzite 

14% concrete sand 
51% 3/4" crushed rock 

Harrison AC-10 KOCH, Algona 
3/4" AGG. 30% 3/4" limestone 

30% 3/8" limestone 
40% crushed gravel 

Pottawattamie AC-20 KOCH, Omaha, NE 
3/4" AGG. 50% 3/4" stone 

35% 3/8" stone 
15% sand 

base, S 

base, S 

surface, P 

binder, P 

binder, I 

a Secondary road. 
b~rimary road. 
'~nterstate Highway. 



Table 2. Rheological properties - I. 

sample 1 P 5 P25 P4 S.P. 
ID 1 C 

I 

(AC-5s) 
I 

4PAO 
I 
1 19 181 64 41.5 

4PAR 1 14 100 5 2 45.5 
4PC1 I 11 98 3 5 44.6 
4P05 1 11 86 3 1 48.8 
4PO 1 10 52 25 54.0 
4PM 1 18 144 56 43.5 
4PC 1 15 105 45 46.5 
4L35 1 15 105 54 54.0 
4L75 1 12 55 29 55.0 

I 

(AC-10s) 
I 

1 PA0 
I 

1 PAR 
I 

1 PC1 
I 

1P05 
I 

1 PO 
I 

1 PM 
I 

1L35 
I 

1L75 
I 
I 
I 



Table 2. (continued) 

sample 1 P5 P25 P4 S.P. 
ID 1 C 

I 

3PAO i 9 7 5 30 47.0 
3PAR 1 8 48 22 54.5 
3PC1 I 11 89 36 47.2 
3P05 1 5 41 16 55.8 
3PO 1 6 26 14 63.0 
3PM 1 9 4 1 22 58.0 
3PC I 9 40 24 58.0 
3L35 1 7 30 16 66.5 
3L75 1 6 33 18 61.5 

lOPAO 
I 
I 9 82 29 49.0 

1 OPAR 1 7 47 19 50.5 
lOPCl 1 6 36 18 59.0 
10P05 I 5 40 16 56.5 
1 OPO 1 5 24 14 62.5 
10L35 1 8 3 2 19 65.0 
10L75 1 10 8 1 30 48.5 

12PAO 
I 
1 8 8 2 28 47.0 

12PAR I 6 47 20 53.5 
12PC 1 1 9 67 27 49.6 
12P05 I 5 40 15 56.2 
12PO 1 4 23 14 63.0 
12L35 1 9 54 21 56.0 
12L50 I 10 65 27 53.0 
12L75 I 9 51 24 54.0 

P5: penetration @ 5C, 100g, 5sec; P25: penetration @ 25C, lOOg 
5sec; P4: penetration @ 4C, 200g. 60sec; S.P.: Ring & Ball 
softening point 



Table 3. Rheological properties - 11. 

sample 1 VIS 25 VIS 60 VIS 135 
ID 1 poise C.FLow S.Index poise cSt 

I 



Table 3. (continued) 

sample 1 VIS 25 VIS 60 VIS 135 
ID 1 poise C.Flow S.Index poise cSt 

I 

1 OPAO 
1 OPAR 
lOPCl 
10P05 
loPo 
10L35 
10L75 

VIS 25: viscosity @ 25C; C.Flow: complex flow; S.Index: shear 
index; VIS 60: viscosity @ 60C; VIS 135: viscosity @ 135C 



Table 4. 

sample 1 
ID I 

I - 
(AC-5) I 

4PA0 1 
4PAR 1 
4PC1 1 
4P05 1 
4PO 1 
4PM 1 
4PC I 
4L35 1 
4L75 1 

I 
5PAO 1 
5PAR 1 
5PC1 1 
5PO 1 
5PM 1 
5L35 I 
5L75 1 

I 
7PA0 I 
7PAR I 
7PC1 I 
7P05 1 
7PO I 
7L35 1 
7L75 1 

I 
8PA0 1 
8PAR I 
8PC1 I 
8P05 I 
8PO 1 
8L35 1 
8L75 1 

I 

Temperature susceptibility. 

VTS 

(AC-10) 
1 PA0 
1 PAR 
lPCl 
1P05 
1 PO 
1 PM 
1L35 
1L75 



Table 4. (continued) 

sample 1 PR PI CN VTS PVN.60 PVN, 135 
ID I 

I 
11PAO / 0.331 -0.165 8.504 3.175 -0.174 0.307 
llPAR 1 0.420 -0.026 -1.686 3.463 -0.033 -0.151 
llPCl / 0.396 0.113 2.210 3.409 -0.166 -0.146 
llP05 / 0.414 -0.080 -3.036 3.517 -0.051 -0.259 
llP0 1 0.600 0.103 -6.383 3.618 -0.034 -0.417 
llL35 / 0.450 0.436 -1.676 3.449 -0.024 -0.117 
llL75 / 0.431 0.419 -2.453 3.442 0.044 -0.057 

1 OPAO 
lOPAR 
lOPCl 
10P05 
loPo 
10L35 
10L75 

PR: pen. ratio, ~4/~25; PI: pen. index; CN: 
VTS: viscosity-temp susceptibility; PVN,60: 
@ 60C; PVN.135: pen-viscosity number @ 135C 

class number; 
pen-viscosity number 



Table 5. Low-temperature cracking properties. 

sample I CT TES S ,  -23 S ,  -29 
I D  I c c ks i ks i 

I 

(AC-10) 
1 PA0 
1 PAR 
l P C l  
1 PO5 
1 PO 
1 PM 
1L35 
1L75 



Table 5. (continued) 

sample 1 CT TES S , -23 S, -29 
ID 1 C C ks i ksi 

CT: cracking temp.; TES: temp. of equivalent stiffness @ 20ksi, 
10,000sec; 5,-23: stiffness @ -23C. 10,000sec; S,-29: stiffness 
@ -29C. 20,000sec 



Table 6. Viscoelastic properties of thermal cycled samples at +5OC. 
n : Viscosity, MP 
G : Elastic shear modulus, psi 

% variation 
3rd day value in the first 3 days after 
after cooling % change* 
from +2T°C 

Sample cooling warming 
from +25 C from -30 C 

SC-S 29200 130 71 0 160 650 -140 -118 
WR-S 9720 54 '1 3 20 16 -14 13 -2 5 

*: % difference between third day value after warming from -30°C, and that 
after cooling from +2s0C. 



Table 7. HP-GPC results - 3-slice and 4-slice methods. 

sample 1 
ID / LMS MMS 1 MMS 2 SMS LMS+MMS 1 

8PAO 
8PAR 
8PC1 
8P05 
8PO 
8L35 

(AC-10s) 
1 PA0 
1 PAR 
lPCl 
1 PO5 
1 PO 
1 PM 
1L35 
1L75 



Table 7. ( c o n t i n u e d )  

sample 1 
I D  1 LMS MMS 1 MMS 2 SMS 

IOPAO 
lOPAR 
1 OPC 1 
10P05 
1 OPO 
10L35 



- 

Table 8. HP-GPC results - 8-slice method. 

sample 1 
ID / X1 X2 X3 X4 X 5  X6 X7 X 8  

(AC-10s) 
l PA0 
1 PAR 
1 PC1 
1 PO5 
1 PO 
1 PM 
1L35 
IL75 



T a b l e  8. (continued) 

sample 1 
ID / XI X2 X 3  X4 X 5  X 6  X7 X8 



Table 9. HP-GPC results - 
molecular weight distribution characteristics. 

sample 1 
ID / WTMWT ZMWT Z l M W T  POLYIDX 

I 

(AC-10s) 
1 PA0 
1 PAR 
lPCl 
1P05 
1 PO 
1 PM 
1L35 
1L75 



Table 9. (continued) 

sample 1 
ID I WTMWT ZMWT ZlMWT POLY IDX 

WTMWT : weighted average molecular weight. 
ZMWT : Z average molecular weight. 
ZlMWT : Z+l average molecular weight. 
POLYIDX : polydisperse index. 



Table 10. HP-GPC results - percent changes, 
3-slice and 4-slice methods. 

sample I 
ID / LMS MMS 1 MMS 2 SMS LMS+MMS 1 



Table 10.  (continued) 

sample 1 
I D  / LMS MMS l MMS 2 SMS 

I 



Table 11. HP-GPC results - percent changes, 8-slice method. 

sample 1 
ID I X1 X2 X3 X4 X5 X6 X7 X8 

I 

(AC-10s ) 
1 PA0 
1 PAR 
lPCl 
1 PO5 
1 PO 
1 PM 
1L35 
1L75 



Table 11. (continued) 

sample 
ID 

1 OPAO 
1 OPAR 
lOPCl 
10P05 
loPo 
10L35 



T a b l e  1 2 .  Effects of O x i d a t i v e  Aging 
on LMS and Log V i s  25 

A Log VIS 25 
Type P r o j e c t  Source  A(LMS, 8) ALog VIS 25 

A(LMS, 8) 

4 Koch, Dubuque 5 .61  
5 Koch, Dubuque 6.74 
7 Koch, Algona 14.37 
8 ~ o c h ,  Algona 5.05 

1 Koch, Algona 5 .62 
11 Koch, Algona 5.74 

2 Koch, Tama 6.76 
3 Koch , Dubuque 6.16 

1 0  J e b r o ,  Sioux C i t y  5 .77 
1 2  Koch, Omaha 5.17 



Table 13. Summary of TMA results. 

sample 1 Tg T ~ P  ML MH 
ID / C C u m / ~  um/C 

(AC-10s) 
1 PA0 
1 PAR 
lPCl 
1P05 
1 PO 
1 PM 
1L35 
1L75 



- 
Table 13. (continued) 

sample 1 Tg T ~ P  ML MH 
ID / C C u m / ~  u m / ~  

Tg: glass transition temp., Tsp: softening temp., ML & MH: slopes of 
the expasion curve below and above Tg, repectively 



Table 14. Water sensitivity of mixes. 

One Year Old Core Samples 
Project 

% Air RM ratio ITS ratio 



Table 15. Predicted rheological properties from Lab aging test. 

I 
Project 1 Y5 Y10 Y 20 Y30 Ult.Pi-op. 

Penetration at 5 C 
4 I 10 
5 I 11 
7 I 10 
8 1 10 
1 1 6 
11 I 7 
2 1 6 

Penetratior 
4 
5 
7 
8 
1 

11 
2 
3 
10 
12 

Penetration 
4 
5 
7 
8 
1 
11 
2 
3 
10 
12 

R&B softeni 
4 
5 
7 
8 
1 
11 
2 
3 
10 
12 

g point, C 
54.0 
54.0 
56.0 
56.0 
61.5 
59.5 
67.0 
63.0 
62.5 
63.0 



Table 15. (continued) 

I 
Project 1 Y 5 Y10 Y20 Y30 Ult.Prop. 

I 

Viscosity at 
4 
5 

I 
7 

I 
8 

I 
1 

I 
11 

I 
2 

I 
3 

I 
10 

I 
12 

I 
I 

Viscosity at 60 C, poise 
4 I 4682 
5 1 4509 
7 1 6383 
8 1 5080 
1 1 13210 

11 1 10426 
2 1 39716 
3 1 2 1408 
10 I 18360 
12 I 22624 

Viscosity at 135 C, cSt 
4 I 553 
5 I 500 
7 I 619 
8 I 550 
1 1 788 

11 1 770 
2 1 1655 
3 I 1202 
10 1 1091 
12 1 1140 



Table 16. Predicted HP-GPC properties from lab aging test. 

I 
project ( PA0 PC1 Y 1 Y 5 Y 1 0  Y 2 0  Y 3 0  Ult.Prop. 

I 



Table 17. Regression analyses between TMA and HP-GPC parameters 
(n=73). 

I 
Dependent I LMS+MMSl 

I 
LMS 

I 
1 1 3-SLICE 

Variables / P-value R**2 / P-value R*"2 I P-value R**Z 

Dependent 1 4-SLICE i a-SLICE i MWT+POLYIDX 
Variables 1 P-value R:':*2 1 P-value Rfc*2 1 P-value R*:':2 

I I I 

Dependent / 
Variables I Selected variables by stepwise regressions 

I 

I 
1 None 
I LMS+MMSl, MMS1, X2, MWT, POLYIDX 
I MMS2, LMS, MMS2, X5, MWT 
1 None 
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Table 20. Regression analyses: 
physical properties against TMA and HP-GPC parameters (n=73). 

Dependent 
Variables 

TMA & HP-GPC 
parameters 

Selected variables 
from stepwise reg. 

TMA parameters HP-GPC parameters 

Rheological properties 

Temperature susceptibility 

PR 
PI 
CN 
VTS 
PVN60 
PVN135 

CT 
TES 
S23 
S29 

Low-temperature cracking properties 

Bold face indicates significantly correlated variable. 



Table 21. Durability Tests on Neat Asphalts 

Ref 

14, 
66 

51 

light and heat and 
observed under micr 

"deterioration index" is 
calculated based on 

Field Correlation 
No 

No 

Year 
1897 

1905 

Name 
Dow 

LOSS on 
heating 

Test Method 
Heating 20 g of asphalt 
in a 2-02 glass retort at 
400 F for 30 hrs. 
A 50 g sample is placed 
in a 3-02 can and 
maintained at 325 F for 5 
hrs in a standard 
revolvinq shelf oven 



ifornia weathering 

1985 

oven 
Durability 
Test) 
Edler et 
a1 

Extended RTFOT (8 hrs) 
followed by further aging 
of 30-micron asphalt 
films in a POB at 300 psi 
oxygen and 65 C for 96 
hrs . 

No 16 



4.0 g. (160-micron) of 
asphalt is deposited into 



Table 22. Durability Tests on Mixtures 

r 30 min. in a pan 
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Table 24. Proposed Trial Specification for Asphalt Cement 

Test I AC-5 I AC-10 I AC-20 . 

Original Asphalt: 
Viscosity @ 60 C, poises* 
Viscosity @ 1 3 5  C, cSt, min. * 
Penetration, 2 5  C, min. * 
Flash point, C, min. * 
Solubility in trichlo, % min.* 

*AASHTO M226, Table 2 

Residue from TEOT: 
Viscosity, 6 0  C, p.,max. * I 2o00  I l 0 O 0  

Residue f rom pressure-oxidation, 46 hrs. @ 150 F: 
I 

20,000 
20 
5 
8 
160 
20,000 
2 0 
0.55 
2 0 
5 
-1 0 
2 8 
0.4 

Viscosity at 60 C, poises, max. 
Penetration, 25/100/5, min. 
Penetration, 4/200/60, min. 
Penetration, 5/100/5, min. 
Softening point, F, max. 
Stiffness,-23 C, 10,000 sec., psi 
Viscosity, 25 C, megapoises, max. 
Shear susceptibility, max. 
X2 (HP-GPC), Pi, max. 
X7 (UP-GPC), %, min. 
T~(TMA), C, max. 
Tsp(TMA), C, max. 
ML(TMA), max. 

10,000 
2 0 
5 
10 
160 
20,000 
2 0 
0.55 
2 0 
5 
-10 
2 8 
0.4 
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PROJECT 4 & 5, AC-5 

PROJECT 7 & 8, AC-5 

Figure 3. Penetration at 2 5 ' ~ .  
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PROJECT 4 & 5, AC-5 

PROJECT 7 & 8, AC-5 
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Figure  4 .  PVN a t  60°C. 
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Figure 4 .  PVN a t  60°C (continued) . 
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Figure  5 .  PVN vs viscosity ratio at 60°C. 
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Figure 7. Glass transition temperatures (Tg), asphalts 10 and 12. 

Figure 8. Softening temperatures (Tsp), asphalts 10 and 12. 
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ONE YEAR OLD CORES (PC1 SAMPLES) 

4 5 7 8 1 11 2 3 10 12  

PROJECT 

Figure 11. Glass transition temperatures (Tg), one-year old cores. 

ONE YEAR OLD CORES (PC1 SAMPLES) 

4 5 7 8 1 11 2 3 10 12  
PROJECT 

Figure 12. Softening temperatures (Tsp), one-year old cores. 



ONE YEAR OLD CORES (PC1 SAMPLES) 

PROJECT 

Figure  13 .  Low-temperature expansion s lopes  (ML) ,  one-year o ld  co res .  

ONE YEAR OLD CORES (PC1 SAMPLES) 

PROJECT 

Figure 1 4 .  In termedia te  temperature expansion s lopes  (MH), One-year o ld  co res .  
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Figure 15. Predictive penetration at b°C vs time. 
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Figure 16. Predictive R&B softening point vs time. 
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Figure 17. Glass transition temperatures (Tg), PC1, PO5 and PO samples. 

4 5 7 8 1 1 1 2  3 1 0 1 2  

PROJECT 

Figure 18. Softening temperatures (Tsp), PCl, PO5 and PO samples. 
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Figure 19. Low-temperature expansion slope (ML), PC1, PO5 and PO samples. 
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Figure 20. Short-term and long-term aging indices. 



r sauare = 0.906 

Figure 21. Stiffness at -23OC vs penetration at 4OC.  



APPEXDIX I: 

Regression Coefficients Matrix 



APPENDIX I. Regression coefficient matrix. 

Intercept 
X1 
X2 
X3 
X4 
X5 
X6 
X7 
X8 

MWT 
POLYIDX 

Tg 
T ~ P  
ML 
MH 

Intercept 
X1 
x2 
X3 
X4 
X5 
X6 
X7 
X8 

MWT 
POLY IDX 

Tk' 
TSP 
ML 
MH 



P I  CN VTS PVN60 P V N 1 3 5  

I n t e r c e p t  
X I  
X 2  
X 3  
X4 
X 5  
X6 
X7 
X 8  

MWT 
POLY I D X  

T g  
T ~ P  

ML 
MH 

CT TES S 2 3  S 2 9  

I n t e r c e p t  
X I  
X 2  
X 3  
X4 
X 5  
X 6  
X7 
X 8  

MWT 
POLY I D X  

T g  
T s p  

ML 
MH 



APPENDIX 11: 

Predicted vs. Heasured Properties 



Measured Penetration at 5'C, 1/10 mm 

Measured Penetration at 25% 1/10 mm 
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Measured Penetration at 4OC. 1/10 mm 

Measured R&B Softening Point, "C 



Measured Viscosity at 25°C. poise 
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penetration Ratio 
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