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1 Introduction 

1.1 Background 

Over the past 3 decades there have been profound changes made to the ways asphalt binders and 

mixtures have been specified and manufactured in North America. In fact, it could be argued that some 

of these changes date back to the 1970s when the Oil Embargo forced the asphalt pavement industry to 

develop new approaches such as using reclaimed asphalt pavement (RAP) in order to maintain its 

viability and the introduction of rejuvenators to ensure that higher quantities of RAP could be used 

effectively. In the intervening years, numerous other changes occurred, which have had both positive 

and negative impacts on asphalt, including: 

 The use of larger and more numerous cokers at refineries to more efficiently separate light ends 

from crude bottoms, making asphalt more of a commodity and thus more expensive. 

 The increased use of polymers to improve both high-temperature and low-temperature 

properties of asphalt. 

 The increased use of Polyphosphoric Acid (PPA) to economically improve the high-temperature 

properties of asphalt. 

 The increased use of Re-Refined Engine Oil Bottoms (REOB) to economically improve the low-

temperature properties of asphalt. 

 The development, adoption and modification of the Superpave approach to mix design. 

 The development and adoption of the Superpave Performance Grading (PG) asphalt purchase 

specification. 

 Increased use of RAP in mixtures during the dramatic asphalt binder price increase of 2008. 

 The use of mechanistic design principles to ensure the structural adequacy of asphalt pavements 

including the use of Perpetual Pavements for long-life applications. 

 The use of improved methods and specifications to achieve mixture density in the field. 

These changes in methods and materials have impacted the state-of-the-practice which, in turn, 

resulted in some changes in the performance of the materials. Other issues such as the presence of 

excessive amounts of waxy components in certain asphalts have been infrequent but noticeable ever 

since asphalt was originally used to pave modern roads.  It should also be noted that other factors such 

as the increased volume and weight of commercial trucks, and the change from green field construction 

to maintenance and rehabilitation have changed the performance of existing roadways. 

Performance problems in asphalt pavements rarely have their roots in a single cause.  For instance, the 

use of rounded sand particles in an asphalt surface mix has been related to excessive rutting in a 

pavement surface course but higher-than-anticipated truck traffic would certainly be a contributing 

factor. Another example could be the cracking caused by the embrittlement of an asphalt binder, but if 

the asphalt mixture containing that binder was placed as an overlay on a cracked underlying pavement, 

reflection cracking due to the temperature induced movement of the underlying pavement could be as 

much, if not more, to blame for the distress. 
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In 2016, the Ontario Auditor General’s (OAG) office performed a review of asphalt practices that 

included the Ministry of Transportation for Ontario (MTO) and the provincial asphalt industry including 

asphalt refiners and contractors, especially those companies represented by the Ontario Road Builders 

Association (ORBA). Through interviews with selected individuals and focusing on six early failures that 

occurred over a ten-year period, the OAG drew a number of conclusions regarding specifications, 

specification development, refinery practices, construction practices, user-producer relationships, and 

accountability.  

1.2 Objectives 

The objectives of this work were to: 1) review the recent Ontario Auditor General’s (OAG) Report 

concerning performance problems with specific asphalt roads in the Province, 2) conduct forensic 

analyses on these sections to find the causes of the performance problems, 3) review recent 

Specification Special Provisions (SSPs) proposed by the Ministry of Transportation of Ontario (MTO) to 

understand the efficacy of changes in specifications, and 4) develop a proposal for a partnering structure 

between ORBA and MTO that will result in a culture of continuous improvement in the performance of 

asphalt roads.  The last proposal was somewhat amended when a partnering consultant was hired to 

accomplish the work of communicating with the MTO. 

1.3 Scope 

This project has relied upon the contents of the OAG report, information available in the literature 

concerning Ontario’s asphalt performance, information concerning the performance of asphalt in similar 

provinces and states, a forensic investigation of the specific asphalt pavements noted in the OAG report, 

pavement design records, mixture design records, pavement performance records, quality  

control/quality assurance (QC/QA) records, contractor interviews, and experiences discussed in the 

literature with tests required in the MTO’s recent SSPs.  

1.4 Research Approach 

Task 1:  Perform Review and Forensic Analysis of Specific Roadway Sections 

This task focused on the causes of premature cracking of roadways identified in the OAG report. It 

entailed a literature review; physical identification of the pavement sections; retrieving material samples 

from two roadways that had been just rehabilitated and not yet been rehabilitated; design, 

construction, traffic, and performance information were gathered; and a laboratory study was 

performed.   

The literature review of performance problems associated with asphalt pavements in Ontario helped to 

understand the causes of the pavement cracking, methods of predicting cracking, and proposed 

remedies. This information was used to provide a background for the remainder of Task 1.  Test 

methods to predict embrittlement of binders and mixtures were explored from the standpoint of their 

efficacy as well as their practicality.  

Pavement sections that failed prematurely according to the OAG report were identified. Only one 

mainline roadway (Highway 12) remained in service and was visited by the Principal Investigator (PI) and 

an ORBA representative, and a sampling plan for obtaining cores was devised and executed. 
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Additionally, core samples were taken from adjacent side roads of Highway 12 and Highway 10 that 

were constructed at the same time as the projects, and so, may have had mixtures made with the same 

binders. Samples from the RAP taken from the distressed pavement on Highway 10 were taken to 

perform physical and chemical tests on the binders.   

Sufficient field cores were taken to obtain representative samples from Highway 12 of extracted and 

recovered asphalt binders and mixtures to complete the characterization tests described below.  The 

samples were taken by the contractor for Highway 12 and were divided between the MTO and TTI. The 

contractor arranged for shipping the materials to TTI for testing.  

In order to understand all aspects of the premature failure of the pavement sections it was necessary to 

obtain information regarding the roadway construction history, traffic and performance. This included: 

 Pavement design prior to the newest rehabilitation. 

 The quality control/quality assurance data. 

 Pavement performance data in terms of distress surveys and ride quality measurements for five 

years prior to the newest rehabilitation. 

 Average annual daily traffic and percent commercial vehicles. 

Construction records provided by the contractors were important to understanding the as-produced 

material properties, production and paving practices. The QC/QA records during the production and 

paving of the mixtures were vital pieces of information regarding the level and the consistency of quality 

as well as any discrepancies between the contractor’s and the agency’s. The job mix formula (JMF) of 

the asphalt mixtures were needed for comparison against QC/QA data. Plant production records were 

useful regarding matters such as the aggregate moisture, the rate of production, and plant temperature. 

Information concerning the haul time, types of trucks used, roller types and rolling patterns, and the 

type of paving equipment were useful in evaluating potential problems during paving. Certificates of 

compliance for the virgin asphalt binder, any additives, and/or aggregate materials were used in 

documenting the quality of the mixture ingredients.    

Traffic loadings obtained from MTO pavement design reports played were use in the structural 

evaluation of the pavements. As a minimum, the researchers needed the annual average daily traffic 

(AADT), the amount of truck traffic (percent of heavy trucks, for instance), and any unusual features of 

traffic loading (unequal loadings in one direction, for instance).  

The materials evaluation was done at TTI on the samples from Highways 12 and 10.  Specifically, the 

following types and quantities of samples were used: 

 100 (150 mm) cores and 50 kg of RAP from Highway 12 and Sturgeon Bay side road and Highway 

10 side road High Point  

 50 kg of RAP from Highway 10 mainline 

The testing of the materials included binder testing and mixture testing. Binder testing included the 

following: 
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 PG classification 

 X-ray fluorescence (XRF) testing to identify potential presence of REOB 

 Fourier transform infrared spectroscopy (FTIR)  

 Saturates-asphaltenes-resins-aromatics (SARA) analysis 

 Rheological testing in terms of the Glover-Rowe Parameter to ascertain aging susceptibility 

 Extended aging bending-beam rheometer (BBR) testing 

 Double-edge notch tension (DENT) test 

 Other testing as may be needed 

The core samples were subjected to volumetric testing to determine the air void content which could 

affect the subsequent modulus and cracking test results. The resilient modulus of the cores was 

determined at 4, 25, and 40oC. Core samples were subjected to the Illinois Fracture Index Test (IFIT) at 

25oC and the Disk-shaped Compact Tension (DCT) test at -18oC. The DCT is a low-temperature cracking 

test and the IFIT is a useful means to distinguish between brittle and ductile materials.   

Task 2:  Perform a Review of Auditor General’s Report 

This task consisted of a review of the Auditor General’s report and a brief report. The Auditor General’s 

report was reviewed for accuracy in terms of assertions made regarding the magnitude and causes of 

pavement distress in the Province. The research team considered the assertions regarding asphalt 

binder test methods to predict cracking and their suitability for inclusion in specifications. Furthermore, 

the collaborative relationship between ORBA and the MTO was compared to other user-producer 

relationships in North America.  

Task 3:  Perform a Technical Review for Implications of Recent Specification Special Provisions 

In response to the OAG’s report, the MTO changed several items in their specifications including adding 

asphalt binder tests such as the extended-aging bending beam rheometer (EBBR) and the double-edge 

notch tension (DENT) test, eliminating incentives from specification pay items, and changing the density 

requirements for in-place asphalt mixtures.  

At the request of ORBA, the following MTO Special Provisions and other documentation were reviewed: 

 No. 111F09M: Additional Test Results and Samples for Performance Graded Asphalt Cement 

(March 2017) 

 No. 103F31M: Asphalt Concrete Surface Smoothness (March 2017) 

 103F03: Amendment to OPSS 313, November 2016 (March 2017) 

 SP 103F03: Asphalt Mix Properties/Compaction (March 2017) 

A comparison between MTO specifications and those from other similar provinces and states is 

presented.  
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2 Literature Review 

Different test methods, failure criteria, and aging/conditioning parameters have been used to describe 

the low temperature performance of asphalt binders and mixtures over the years.  Theories tying 

damage to “limiting stiffness” have been gradually replaced.  Binder phase angle and failure strain are 

now recognized to be important variables contributing to cooling damage resulting in transverse 

thermal cracking, and especially age-induced surface damage such as raveling and block cracking.   

Oxidative aging is an important contributor to surface damage.  Performance Grade (PG) grading, 

particularly with inclusion of shift factors for physical hardening, generally ranks binder performance 

well, so long as Pressure Aging Vessel (PAV) laboratory aging simulates field aging.  Unfortunately, as 

recognized on the Ontario 655 project near Timmins, PAV aging may not properly rank the rheological 

properties of aged materials.  Under such circumstances, binders must be extracted from aged 

pavement mixtures before failure parameters can be ranked for performance.  This problem is now the 

subject of National Cooperative Highway Research Program (NCHRP) Project 9-61, and needs further 

investigation in Ontario    

Furthermore, literature citations provide universal agreement that wax crystallization causes binders to 

stiffen with isothermal conditioning at low temperatures.  Researchers have proposed an array of test 

methods and conditioning sequences to measure and predict this effect, but disagreement remains 

regarding the minimum conditioning time that is both practical and sufficient for capturing the effects of 

physical hardening.  As is also true for oxidative aging, the loss in the PG limiting low temperature (PGL) 

after physical hardening is dominated by changes in the limiting temperature for phase angle, whereas 

changes in the limiting stiffness temperature are relatively small.  Hence, damage parameters with 

strong dependence on phase angle, such as ΔTc or loss tangent, should be impacted much more by the 

effects of physical hardening.  

Unfortunately, test results for asphalt mixtures are even less clear as to whether low temperature 

reversible physical hardening impacts pavement surface damage.  Laboratory mixtures are rarely 

subjected to long-term ageing protocols before testing, so the damaging effects of slow stress relaxation 

due to low binder phase angles are not often replicated in predictive procedures for thermal cracking.     

The following section provides a synopsis of studies performed on low temperature cracking properties 

of Ontario binders, mixtures and pavements.  

2.1 Low Temperature Cracking Studies in Ontario  

Early alarms regarding premature surface distress on Superpave pavements came from Canadian test 

roads, including projects built for C-SHRP.  Simon Hesp and a long list of co-authors from provincial 

agencies, FHWA, plus academics from Queen’s and other universities have published over one hundred 

papers since 2000. Most of this research deals with binder characterization at low pavement 

temperatures, including validation trials for Hesp’s concepts on Canadian test sections and FHWA’s ALF.   

Many causes have been cited for failing pavements, including REOB modifiers, air blown asphalts, and 

high wax contents which led to excessive physical hardening.  This collective Canadian effort helped to 

clarify weaknesses in PG binder specifications with regard to cracking.  Research recommendations led 
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to local adoption of the extended BBR test to control physical hardening, the DENT test to control binder 

failure strain, and a revised PAV-aging protocol to better simulate in-situ pavement aging.  

Roy and Hesp (2001) conducted thermal stress restrained specimen tests (TSRST) on asphalt mixture 

samples prepared with one unmodified and three polymer-modified binders to evaluate their effect on 

overall their thermal behavior. The three polymer-modified binders were prepared by blending the 

unmodified binder with the same percentage of styrene-butadiene, styrene-butadiene styrene and 

ethylene-vinyl acetate polymers by total weight of binders. The researchers also conducted three-point 

bending tests, yield stress tests and restrained cooling tests on unnotched and notched samples of these 

binders after conditioning them at subnormal temperatures for several hours/days. Test results showed 

that thermal conditioning only had an impact on binder failure tests, and this effect was more 

pronounced when notched binder samples were used. Previously, Lu et al. (2003) and Soenen et al. 

(2004)  subjected a total of twenty unmodified and modified asphalt mixtures to TSRST testing for 

different durations and observed that the conditioning temperature affected low temperature behavior 

of mixtures independent of conditioning time. Soenen et al. (2004) also observed that isothermal 

conditioning increased stiffness and elasticity of binders in the viscoelastic region, but did not have any 

effect on fracture properties of mixtures. However, they observed that isothermal conditioning does 

enhance stiffness of mixtures at low deformations. 

Basu et al. (2003) conducted bending beam rheometer (BBR) tests on nine different unmodified and 

polymer-modified binders that were originally used in the construction of two highways in Ontario - five 

binders from Highway 118 and four binders from Highway 17.  BBR tests were run at their limiting low 

PG grade temperature (PGL) and PGL+10°C after 1 hour and 72 hours conditioning time.  Most 

importantly, the authors note that the increase in limiting temperatures governed by the stiffness 

criterion ranged from 2.2°C to 3.8°C, whereas for the m-value criterion, the increase in limiting stiffness 

temperatures ranged from 2.8 to 12.7°C, signifying the impact of physical hardening was much greater 

on m-value than on stiffness.  

Andriescu et al. (2004) conducted double-edge notched tensile (DENT) tests on thirty unmodified and 

modified binders obtained from several locations to evaluate their low temperature cracking properties. 

These binders represented five sections from the Federal Highway Administration’s (FHWA) Accelerated 

Load Facility in Virginia, seven sections from Highway 655 in Ontario, three from Highway 631 Canadian 

Strategic Highway Research Program (C-SHRP) test sections in northern Ontario, eight from the US 

Strategic Highway Research Program (SHRP) Materials Reference Library in Nevada, four from Highway 

118 in Ontario, and three from overlay contracts on Highways 410, 416 and 417 in Ontario. The binder 

DENT test specimens measured 40 mm x 30 mm in dimensions with two 5-25 mm long notches at the 

middle of the longitudinal edges as shown in Figure 1(a). These tests were conducted at a rate of 100 

mm/min. Researchers also conducted DENT tests on mixture samples prepared using the five ALF 

binders and the three contract binders to study their thermal behavior. The mixture test specimens 

measured 180 mm x 85 mm x 36 mm with two 20-60 mm long notches at the middle of the longitudinal 

edges as shown in Figure 1(b). These tests were conducted at a rate of 5.4 mm/min at 25+1oC which is 

different from the MTO test method conducted at 15oC. Test results showed that binder and mixture 

essential fracture energies (area under force-displacement curve for the fracture process zone, i.e., we) 
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ranked eight mixtures in the same order despite a nearly tenfold difference in their absolute values as 

shown in Figure 2(a). Similarly, plastic works of fracture (the area under force-displacement curve 

outside the fracture process zone, i.e., βwp, where β is a scaling factor describing the shape of the 

plastic zone, also similarly ranked four out of eight binders and mixtures as shown in Figure 2(b).  Based 

on these correlations, the researchers recommended using binder DENT tests to rank mixtures for low 

temperature cracking performance instead of using labor-and-cost intensive mixture DENT tests. 

  

(a) Binder 

 

 (b) Mixture 

Figure 1: Schematic of Geometies Used for Fracture Tests  

 

(a) Essential Work 
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(b) Plastic Work 

Figure 2: Comparison between Binder and Mixture Fracture Properties 

(Andriescu et al., 2004) 

Iliuta et al. (2004) measured low temperature cracking properties of binders that were used in 

seventeen different pavement sections in Ontario, and then compared these properties with in-situ 

cracking severity. The pavement sections selected in this study included four sections on Provincial 

Highway 631 pavement that were constructed using two modified and one unmodified asphalt, seven 

sections on Provincial Highway 118 that were constructed with three unmodified and five modified 

binders with various PGs and six sections on TransCanada Highway 17 that were constructed with one 

pen graded and four PG binders.  Researchers conducted Superpave PG and single-edge notched 

bending (SENB) tests on these binders (see Figure 3), and determined limiting temperatures based on 

several different criteria such as limiting value of m, stiffness, fracture energy, etc. (see Figure 4).  

Limiting fracture energy from SENB predicts a warmer cracking onset temperature than other criteria. 

There was a distinct correlation between the critical PGL obtained after 72 hours of isothermal 

conditioning and the temperature at which the pavement will most likely start cracking (i.e., probable 

cracking onset temperature). This result provided strong evidence supporting physical hardening as a 

contributing cause for excessive low temperature cracking on northern Ontario pavements. The 

researchers also concluded that cracking was possibly aggravated by other factors such as fatigue, 

oxidative aging, and the presence of numerous flaws in the pavement.  

 

Figure 3: Schematic of Single Edge Notched Bend Test Set Up 
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Figure 4: Comparisons of Limiting Temperatures obtained from Different Criteria  

(Iliuta, Hesp, et al., 2004) 

Iliuta et al. (2004) again tested binders recovered from the seventeen sections using DENT, BBR and 

single-edge notched beam (SENB) tests to determine low temperature fracture properties. SENB and 

DENT test results showed that the ductile and brittle fracture properties reflected the difference in 

cracking severity of pavements sections having similarly graded PG binders (see Figure 5 and Figure 6).  

This difference was attributed to the chemical, physical and steric aging properties of asphalt binders. 

Researchers recommended specifying lower limits for ductile and brittle state fracture properties to 

prevent early thermal cracking in pavements. 

  

Figure 5: Cracking Severity in C-SHRP Test Road on Highway 631 near Hearst, Ontario  

(Iliuta, Andriescu, et al., 2004) 
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(a) Brittle State Fracture Properties Obtained from SENB Tests 

 

(b) Ductile State Fracture Properties Obtained from DENT Tests 

Figure 6: Fracture Energies of Binders Recovered from Highway 631 

Note: Binder tests from Section #4 were not subjected to these tests  

(Iliuta, Andriescu, et al., 2004) 

In terms of PG, Iliuta et al. (2004) showed that M320 grade of PAV-aged original binders did not 

correlate well with cracking severity on C-SHRP test road on Highway 631 near Hearst, Ontario after 12 

years of field-aging. However, Manolis (2016) determined that M320 binder PGL obtained from 

recovered binders strongly correlated with crack severity after 12 years (𝑟2 = 0.87).  In another study 

evaluating extracted binders from these same sections taken 5 years after construction, Huber (2012) 

also observed a strong correlation (𝑟2 = 0.81) between the M320 PGL of recovered binders and 

cracking severity. Note that this correlation is much better than that between crack severity and LS-308 

grade (𝑟2 = 0.63).  Curiously, the correlation between crack severity and LS-308 grade loss (𝑟2 = 0.83) 

was better than the correlation with the LS-308 grade itself. Unless wax crystallization dominates low 

temperature performance regardless of stiffness, this latter correlation with grade loss during physical 

hardening should not hold up when multiple grades are considered for different climates.  These studies 
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of field-extracted binders indicate that the M320 grade may yet be a better predictor for cracking in PG 

specifications than the LS-308 grade, but only if a long-term laboratory aging procedure can better rank 

field aging.   Directionally, MTO’s decision to make the PAV aging protocol more severe by either 

doubling the aging time or by reducing film thickness should be a step in the right direction, but field 

confirmation of these changes is needed.  The impact of isothermal physical hardening on binder 

properties is clear and significant, even when extracted from aged field mixtures.  However, correlations 

between LS-308 performance predictions for extracted binders and pavement cracking were 

disappointing.  Thus, the impact of physical hardening on mixture performance remains unclear.   

Likewise, Iliuta et al. (2004) showed that cracking severity of C-SHRP test road in Lamont, Alberta did not 

correlate well with M320 grade of binders used in these sections (𝑟2 = 0.61).  But Manolis (2016) found 

it curious that Iliuta excluded results from the best performing test section that also had the lowest PGL, 

yet included results from a section that had high voids and low pavement thickness (Section 2).  He 

noted that by including Section 3 and excluding Section 2, the correlation between cracking severity and 

M320 PGL would have been significantly higher (𝑟2 = 0.81).  In agreement with observed crack 

severity, M320 ranked the binder from Section 3 (PG XX-38.4) as the best, followed by the binder from 

Section 7 (PG = XX-35.8).  These PGLs were closer to the PGL climatic value determined with 98% 

reliability using LTPPBind software.  PGLs of the remaining binders, which did not rank well with cracking 

severity, were closer to the PGL climatic values determined for 50% reliability.  The on-going question 

regarding use of reliability levels below 98% for PGL needs continuing scrutiny, as binder costs savings 

may not be sufficient to overcome reduced pavement life.     

Zhao and Hesp (2006) evaluated seven different binders originally used in C-SHRP test sections in 

Lamont, Alberta, and Hearst, Ontario using both penetration and BBR performance protocols. A new 

method to determine PGL with extended periods of conditioning time was proposed.  The researchers 

also measured essential and plastic fracture energies of binders in ductile and brittle states using DENT 

and SENB tests. Test results showed that PG determined using an extended BBR test (proposed as LS 

308) had a better correlation with cracking severity than the PG determined from a regular BBR test 

(AASHTO M320).  Furthermore, m-value limiting temperatures better correlate with cracking severity 

than the PG grade determined from the creep stiffness (see Figure 7).  Hence, binders that physically 

harden during low temperature conditioning appear to crack more, and phase angle loss is an important 

contributor to the problem.  DENT results indicate that ductile fracture also correlates with pavement 

cracking severity, and that essential and plastic works of fracture are lower at lower temperatures. 

Pavements should start cracking at a much lower thermal stress when temperatures are reduced. Test 

results also showed an insignificant difference in brittle state fracture properties obtained from SENB 

tests and the ductile state fracture properties obtained from DENT tests. Therefore, researchers 

recommended using the latter to explain the difference in pavement cracking severity. These seven 

binders were again used later for more in-depth studies by Hesp and co-workers (Edwards & Hesp, 

2006; Evans, Marchildon, & Hesp, 2011; Freeston, Gillespie, Hesp, Paliukaite, & Taylor, 2015; Marchildon 

& Hesp, 2011; Soleimani, Walsh, & Hesp, 2009; Wright, Kanabar, Moult, Rubab, & Hesp, 2011; Zhao & 

Hesp, 2006). 
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(a) Cracking Severity vs. BBR test results after 1 hr. of conditioning 

 

(b) Cracking Severity vs BBR test results after extended period of conditioning 

Figure 7: Correlations between Lamont Cracking Severity and LTLGs Obtained from Regular and 

Extended BBR tests  

(Zhao & Hesp, 2006) 

Edwards and Hesp (2006) conducted compact tension tests (proposed as LS 298) on seven binders used 

in Highway 655 sections in northern Ontario, one SHRP binder obtained from Reno, Nevada and one 

SBS-modified binder obtained from Oildale, California. Compact tension (CT) specimens were tested at 

0.01 mm/sec after conditioning for 20 hours.  Fracture toughness and fracture energy were measured. 

The geometry of the CT sample is illustrated in Figure 8.  Fracture toughness was independent of 

specimen width (B), specimen depth (W) and notch depth (a), while fracture energy was dependent on 

all three factors. Authors recommended that fracture toughness be required for performance grading of 

asphalt binders. They further suggested directly measuring the crack tip opening displacement (CTOD) 

as indicator of strain tolerance, and thus as a predictor for low temperature cracking. 
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(a) Schematic of Compact Tension Geometry of Binder 

 

(b) Photographs of Binder Sample 

Figure 8: Compact Tension Test of Binders  

(Edwards & Hesp, 2006) 

Yee et al. (2006) obtained three PG52-34 binders used in surface courses of three new Ontario 

pavement sections and one PG64-34 binder from a nearby old overlay contract on the same road as one 

of the three sections.  BBR (AASHTO M320), extended BBR (LS 308), SENB (LS 296) and DENT (LS 299) 

tests were used to determine deviations from specification requirements and the shift in low 

temperature cracking potential due to cold conditioning. Test results from this study provided more 

evidence for physical hardening of binders and its detrimental effect on pavement performance. 

Hesp et al. (2007) obtained a group of twenty-three asphalt binders from various locations and 

performed EBBR, X-Ray diffraction, optical microscopy and mass spectrometry tests. The list included 

fourteen different binders originally used for the Lamont test sections in Alberta and the Timmins test 

sections in Ontario, as well as one binder from the SHRP Materials Reference Library, two extracted 

binders from pavement cores, and six binders originally used in regular contracts in Ontario.  As in 

previous studies, the PGL of these binders increased by between 0.4°C to 14°C after 72-hour isothermal 

conditioning at the BBR test temperature.  As noted earlier, the grade change was largely due to m-

value (phase angle), and a good correlation with pavement cracking severity was found (see Figure 9).  

The wax area, cluster size (Lc) and aromatic sheet size in asphaltene structures (La) was determined 

using X-ray diffraction tests.  Wax area signifies an area under a certain part of the diffraction spectrum, 

Lc signifies average height of the stack of aromatic sheets perpendicular to the sheet plane, and La 

signifies average diameter of an aromatic sheet in asphaltenes. Test results showed that more grade loss 

was observed with higher wax content or larger asphaltene clusters, but smaller aromatic sheet sizes. 

The loss in PGL during extended conditioning was attributed to the partial destruction of the mobile 

aliphatic fraction during air blowing, and increased separation of phases (incompatibility) at low 

temperatures. 
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(a) Grade Losses (b) Cracking Severity vis. LTLGs. 

Figure 9: Extended BBR Results after 72-hr. Conditioning  

(Hesp et al., 2007) 

Hesp et al. (2009) obtained a group of twenty asphalt binders (seven penetration-graded and thirteen 

performance graded) from core samples from pavement sections in eastern and northeastern Ontario.  

DENT tests were run to obtain ductile failure properties, conventional BBR tests were run to determine 

PGL, and EBBR tests yielded PG grade loss after 1-, 24- and 72-hour conditioning time. Researchers 

surveyed transverse cracks (longer that ¼ lane width) within three different 250 meter stretches for 

each of eleven sections that were performing well, and three 100 meter stretches for the nine sections 

that showed significant cracking.  PGL with grade loss after 72-hour conditioning grade (EBBR) separated 

the good from the distressed sections with a 95% success rates, whereas the standard PGL using 1-hour 

conditioning had only a 55% success rates (see Figure 10).  The approximate crack tip opening 

displacement (CTOD) calculated from DENT tests distinguished poorly performing pavements from good 

pavements with an 85% success rate (see Figure 11). Therefore, researchers suggested first using DENT 

tests to screen binders for poor low temperature properties, and then subject those to further analysis 

using EBBR tests.  

Again, Manolis (2016) questioned some of Hesp’s conclusions leading to preference for EBBR.  Most 

importantly, by shifting the M320 reliability factor to 98% (YY=M320), the predictions for good and bad 

pavements in the Hesp series of 20 pavements each approach 90% accuracy, which almost equals the 

EBBR predictions.  He argues that results for this type of boundary analysis are sensitive to the reliability 

level used for the pass/fail boundary.   

The most glaring outcome from Hesp’s data on Figure 10 is that there is a very clear pass/fail barrier for 

PGL, however it might be determined.  When that barrier is crossed even by a small amount, substantial 

damage may result.      
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(a) (b) 

 

(c) 

Figure 10: Correlations of Cracking Severity with (a) PGLs from AASHTO M320 (b) PGLs from LS-308, (c) 

3-day Grade Loss at -10°C from LS-308  

(Hesp, Soleimani, et al., 2009) 
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Figure 11: Correlations of Cracking Severity with CTOD 

(Hesp, Soleimani, et al., 2009) 

Soleimani et al. (2009) measured loss tangent for the same group of extracted binders using torsion bar 

specimens (40 mm x 12.5 mm x 5 mm) at a 0.1% shear strain and a frequency of 0.4 rad/second.  Data 

was collected at ten-minute intervals over a two-hour period while isothermally conditioning specimens 

at -10°C.  After two hours of conditioning, the loss tangent, an indicator of the relaxation capacity of 

binders, discriminated good from bad performance with a 95% success rate as shown in Figure 12(a).  

Researchers also measured loss tangents at -12°C, -18°C, -24°C and -30°C after conditioning them for both 

30 minutes and 72 hours, and then estimated critical temperatures for a loss tangent value of 0.300.  

The loss tangent as measured after 72 hours of conditioning also separated poorly performing 

pavements from better pavements with a 95% success rates as shown in Figure 12(b). Researchers also 

used X-ray fluorescence and Nuclear Magnetic Resonance to determine the presence (or absence) of 

specific metals in binders.  Binders obtained from the poorest pavements contained Zn – the signature 

element of waste engine oils (WEOs) or REOBs. Based on these findings, researchers hypothesized that 

the elevated level of thermal cracking in pavements can be potentially attributed to the use of waste 

lubricants or their re-refined residues. (Reviewers’ Note:  Hesp’s review of cracking on 10-15 year old 

Ontario pavements is extensive and informative.  Several issues are brought to light that need further 

consideration.   As evident from Figure 10, there appears to be a very clear transition point with respect 

to low temperature grade and when cracking severity escalates. Extended BBR does drop the PGL for the 

materials with significant physical hardening, so that failure is better defined.  Numerous premature 

cracking problems are also attributed to use of PPA.  This problem seems isolated to one region, and 

could be a single supplier issue.  The early cracking could be related to the use of PPA, or it could be that 

PPA is added to a very low quality asphalt to extend its PG range for better high temperature properties. 

Binder quality may also be negatively impacted by air-blowing to extend the PG grade.  ) 
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(a) 

 

(b) 

Figure 12: Correlations between Cracking Severity with (a) Loss Tangent Measured after (a) 2 hr.-

Conditioning, and (b) PGLs Determined Based on Loss Tangent of 0.300 after 72-hr. Conditioning  

(Soleimani et al., 2009)  

At the request of MTO and the Ontario Hot Mix Producers Association (OMHPA), Huber et al. (2012) 

evaluated cracking severity for the seven different test sections constructed on both northbound and 

southbound lanes of Highway 655 near Timmins.   Structure and traffic were generally similar, with the 

exception that southbound trucks were more heavily loaded than the northbound trucks.  Although 

more damage was observed on each of the southbound sections, the majority of the surface damage 

appeared to be related to differences in binder properties.  In addition to analyzing RTFO/PAV-aged 

binders, researchers also extracted binders from each of the field test sections after five years in service 

(2003-2008).  Binder test procedures evaluated as predictors of cracking included BBR, Extended BBR 

(EBBR), and DENT, the latter two tests as specified for current Ontario binder purchase specifications as 

LS 308 and LS 299.    

Pavement surveys revealed large differences in cracking severity even though PGLs for all seven original 

binders were within 2°C below the -34°C grade (-34.6 to -36.5°C).  However, the binders as extracted 

from in-service pavements showed PGL differences of 14°C (-25 to -39°C).  When using extended BBR, 
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these differences between PGLs increased to 18°C (-19 to -37°C).  Although PGL of PAV-aged original 

binders showed no correlation with cracking severity (authors note narrow range in PGL), PGL of 

extracted binders showed better correlation with cracking severity (r2 = 0.81) (see Table 1).  However, 

extended BBR grades of recovered binders and PAV-aged original binders had only moderate correlation 

with cracking severity (r2 = 0.63 and r2=0.55, respectively; see Table 1).  Huber et al.’s findings here are 

very important, in that AASHTO M320 PGLs for extracted binders show the best correlations with crack 

severity.  Researchers concluded that the previously reported lack of correlation between M320 PGL and 

crack severity was largely due to differences between PAV laboratory aging protocols and field aging.  

Note that the problem is not that final PAV results will over or underestimate aging severity, but rather 

that the final material rankings are wrong.   

Huber et al. (2012) further report that crack-tip opening displacement from DENT tests conducted on 

both the original and the recovered binders following LS-299 showed very weak correlation with 

pavement surface cracking. Huber therefore concluded that CTOD is not a major indicator of cracking in 

the selected sections on Highway 655.  (Reviewers’ Note:  It is important to remember that CTOD is run 

in the ductile region, and several of the Highway 655 test sections contain polymer-modified binders.  

Elastomeric polymers greatly improve binder failure strain when the binder is ductile, but networked 

polymers loose effectiveness as the asphalt matrix around them becomes brittle.  CTOD may be effective 

for unmodified binders, but further review is needed to determine whether CTOD can be extended to 

PMA specifications.   Huber encourages the testing of extracted binders from in-service pavements as an 

important step in verifying previous conclusions leading to adoption of LS-308 and LS-299.)   

Table 1: Correlations of Crack Severity with BBR, EBBR and DENT Test Parameters 

(Huber et al., 2012) 

Parameter Binders 

AASHTO 

M320 

Grade 

MTO 

LS-308 

Grade 

MTO 

LS-308 

Grade Loss 

MTO 

LS-299 

CTOD 

Correlation 

Coefficient 

Original Not Correlated 0.55 0.64 0.172 

Recovered 0.81 0.63 0.83 0.386 

 

Hesp & Shurvell (2010) used a portable X-ray fluorescence (XRF) instrument to detect the presence of 

waste engine oil sludge in asphalt cements and determined that the presence of zinc and molybdenum 

is a good predictor of the presence of WEO. They also determined that the higher thermal cracking 

potential of WEO-modified binders can be attributed to physical and chemical hardening, and 

particularly to fact that paraffin-rich WEOs promote the precipitation of asphaltenes from the base 

asphalt cement. 

Rubab et al. (2011) studied the effect of engine oil residue (EOR) on chemical hardening properties of 

binder by doping a binder obtained from Imperial Oil with 10%, 20% and 30% REOB as obtained from a 

local supplier.  Authors used Fourier-Transform Infrared Spectroscopy (FTIR) to determine carbonyl 
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concentration at different aging conditions. Measured carbonyl concentration showed that there is an 

increase in both instantaneous and steady state carbonyl concentrations in REOB-modified binders.  

However, D’Angelo (2013) reported that EOR does not affect FTIR oxidation rates versus unmodified 

binders, seemingly contradicting Rubab’s finding. 

Burke and Hesp (2011) considered the effect of aging on one unmodified and one 20% WEO-modified 

binder with the same PGL (-34°C) by measuring their penetration indices, an older measure for asphalt 

temperature susceptibility. They reported that unmodified binders have a higher pen index which 

increases more significantly with PAV aging than does a WEO-modified binder. Authors suggesting WEO-

modified binders are prematurely “aged”, and are therefore prone to early thermal cracking. The 

researchers attributed this effect to the transformation of binders from sol-type to gel-type material due 

to paraffin-rich WEOs.  This observation reflects the insignificant impact of REOB on oxidation rates as 

suggested by D’Angelo and co-workers. The researchers also confirmed the presence of zinc and 

molybdenum in binders obtained from poorly performing sections on Highway 655 in northeastern 

Ontario and on Highway 138 in eastern Ontario.  Overall, the study suggested that early and excessive 

thermal cracking can be attributed to reduced temperature susceptibility as signified by a lower 

penetration index resulting from the use of WEO as a binder flux. 

Togunde and Hesp (2012) obtained seven asphalt binders and mixtures from eastbound lanes of 

highway 417 in eastern Ontario. Double-edge notched tension (DENT) tests and extended BBR tests 

were run on binders. They observed that ductile strain tolerance (CTOD) and physical hardening (EBBR 

expressed as grade loss after 72-hours conditioning) differed only modestly from one binder to another.  

The mixture samples were subjected to single-edge notched tensile (SENT) tests at 20 μ per minute at -

22°C after 1, 24 and 72 hours of conditioning at -10oC.  The researchers measured strain endurance of 

mixtures in terms of crack mouth opening displacement at peak load (CMODp) and damage 

accumulated during conditioning and subsequent testing in terms of crosshead displacement at peak 

load (CDp). As conditioning time increases, strain tolerance decreases and total damage increases.  

Togunde argues that these results provide clear evidence that physical hardening exists in mixtures (see 

Figure 13).   The various binder and mixture properties were compared to the number of cracks and 

total crack length in each of the seven 500 m long trial sections that accrued over a three-year period 

(see Figure 14).  Mixtures obtained from the highly cracked sections exhibited lower strain tolerance 

(CMODp) and higher damage (CDp), thereby supporting the value of the SENT test and associated 

parameters in discriminating pavement surface cracking. 
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(a)        (b) 

Figure 13: Single-Edge Notched Tension Test Results: (a) Crack Mouth Opening Dispalcement at Peak 

Load, and (b) Crosshead Displacement at Peak Load 

(Togunde & Hesp, 2012) 

 

(a)        (b) 

Figure 14: Pavement Distress Per Section: (a) Total Number of Cracks (b) Total Length of Cracks 

(Togunde & Hesp, 2012) 

Marchildon and Hesp (2011) revisited the seven test sections on Highway 655.  Ride quality was closely 

correlated with crack severity (see Figure 15).   Binders were extracted and tested using indentation 

creep tests as well as standard BBR and DSR.  Properties evaluated included BBR stiffness and m-value, 

stiffness and elastic/total work of indentation, viscous creep compliance, dynamic storage, loss, and 

complex moduli and phase angle.  Dynamic tests had better reproducibility than creep tests.  As shown 

in Figure 16, the best predictors of cracking included viscous creep compliance, indentation creep 

stiffness, and dynamic phase angle (considered a surrogate for stress relaxation).    
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Figure 15: Pavement Distress Indicators: (a) Pavement Condition and Ride Comfort Ratings: PCR And 

RCR,  (b) Number of Tranverse Cracks, and (c) Length Of Transverse Cracks  

(Marchildon & Hesp, 2011) 
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(i)        (ii) 

Figure 16: Binder Test Reults from (i) Creep Tests, and (ii) Dynamic Indentation Tests  

(Marchildon & Hesp, 2011) 

Wright et al. (2011) again evaluated aging behavior of the seven binders extracted from Highway 655 

tests sections (identified as 655-1 to 655-7) by using FTIR to measure carbonyl concentration. They 

found that carbonyl content ranks binders in the same order as crack severity. Binders extracted from 

good sections 1 and 5 exhibited low carbonyl concentration, and kinetics for both “spurt” and “steady 

state” oxidation rates were relatively slow.  Sections with moderate cracking (2, 3, 6 and 7) exhibited 

intermediate carbonyl concentrations, and kinetics for both oxidation mechanisms were faster (see 

Table 2).  The binder from the badly cracked section (4) exhibited anomalous oxidation kinetics, 

hypothesized to be due to the inability of maltenes to disperse additional asphaltenes during oxidation. 

Authors further attributed severe cracking to the early formation of gels and the resultant increase in 

physical hardening rate when WEOs were added to binders. They further noted that phase angle, 3-day 

grade loss, CTOD obtained from DENT tests, and PGL as obtained from DSR or BBR tests can all 

discriminate surface cracking in pavements. 
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Table 2: Spurt and Steady State Oxidation Rates for Short-Term Aged Asphalt Cements 

(Wright et al., 2011) 

Pavement 

Section 

Spurt Rates 

at 65°C 

(𝐱 𝟏𝟎𝟒 𝐡𝐫−𝟏) 

Spurt Rates 

at 85°C 

(𝐱 𝟏𝟎𝟒 𝐡𝐫−𝟏) 

Steady State Rates 

at 65°C  

(𝐱 𝟏𝟎𝟒 𝐡𝐫−𝟏) 

Steady State 

Rates a at 85°C  

(𝐱 𝟏𝟎𝟒 𝐡𝐫−𝟏) 

1 3.0 8.3 0.1 2.3 

2 2.4 13 1.5 9.4 

3 5.6 40 1.7 7.9 

4 5.7 19 1.0 4.3 

5 2.4 9.5 1.2 5.5 

6 5.8 52 2.2 11 

7 3.2 13 1.8 6.5 

 

Evans et al. (2011) also reported on the 2008 survey describing the extent of cracking for the seven tests 

sections that had been constructed on Highway 655 in 2003.  One section had no cracking, a second 

section had only recently started cracking, four sections had moderate cracking, and one section 

exhibited an excessive amount of surface cracking.  The binder extracted from the section with no cracks 

did not show significant physical hardening (~2°C), the binder from the second best section lost 6°C with 

conditioning, while the PGL for the other five binders lost 7°C -11°C after 72 hours of iso-thermal 

conditioning at the BBR test temperature.  For the most hardening-sensitive materials, the residual 

thermal stresses more than doubled after thermal conditioning. Again, binders with an unstable 

colloidal structure were found to be most sensitive to physical hardening.  Authors emphasize the need 

for thermal conditioning as an essential element of low temperature binder grading criteria.  Authors 

favor a combination of DENT and EBBR for predicting surface cracking, but the Extended BBR data 

appears to be quite effective on its own.  Once again, it is important to note that laboratory aging via 

RTFO/PAV did not adequately mimic rheological properties of binders after 5-years of pavement aging.   

Hesp and Shurvell (2012) describe the use of X-Ray Fluorescence (XRF) techniques to approximate 

concentrations of waste engine oils (WEO) in asphalt.  XRF results indicate that zinc and other heavy 

metals can be detected when binders are blended with WEOs, and that zinc concentration is directly 

proportional to the amount of the WEO residue in the blend. Test results showed that that binders 

extracted from highly cracked pavement sections tested positive, whereas binders recovered from good 

sections tested negative for zinc.  The use of zinc concentration versus known percentages of WEO 

suggested that the poorly performing pavements mentioned in this study were probably modified with 

5–20% waste engine oil by total weight of binder.  Authors then ran EBBR and DENT tests to evaluate 

the impact of WEO on binder rheology.  Results showed that significant concentrations of WEO tend to 
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degrade low temperature properties of binders.  Their presence leads to increased rates of physical and 

chemical hardening, thereby accelerating pavement surface cracking.  

In a very comprehensive CTAA paper, Freeston et al. (2015) reviewed physical hardening from a more 

theoretical perspective, and found that Avrami’s theory for kinetics of  polymer crystallization best 

describes the physical and rheological changes occurring in asphalt during isothermal conditioning.  

Rather than using hardening shift factors as proposed for early PG specifications, authors used Avrami’s 

equations to predict the 72-hr-conditioned stiffness and m-value from BBR data collected after 1, 3, and 

24 hours of conditioning at the specified temperature.  As shown in Figure 17, shorter conditioning 

times can reasonably predict the continuously-graded PGL expected after 72 hours of conditioning.  

  

Figure 17: Measured versus Predicted 72 hr. Low Temperature Limiting Grades 

(Freeston et al., 2015) 

For the binder testing phase of this study, authors evaluated eight asphalts from a second trial on 

Ontario Highway 655 placed in 2007, plus another six binders used for the construction of Highway 417 

in 2006, as well as revisiting the seven test sections from the original Highway 655 project near Timmins.  

Given previous concerns that RTFO/PAV did not correctly rank binder aging for project materials, 

original binder PAV aging was extended to 40 hours and/or film thicknesses in the PAV pan were cut in 

half to more aggressively age the virgin binders in the laboratory.  Different combinations of PAV aging 

time and different isothermal conditioning temperatures were then evaluated to determine best 

predictors for extracted binder rheology and for pavement surface cracking.  The preferred PAV 

procedure is now MTO LS-228.  Approximately the same amount of aging occurs by decreasing binder 

film thickness by ¾ (i.e. 12.5 g of binder rather than 50 g) as one sees by doubling the standard PAV 

aging time to 40 hours.  (Reviewers’ note: PAV aging is the subject of the new NCHRP 9-61 project.)  After 

aging binders using the modified PAV procedure, DSR frequency sweeps were run using 8 mm plates and 

a 2-mm gap at -8°C.  Additionally, DSR torsion bar geometry was used to study physical hardening for 

PAV aged binders and extracted field binders after specimens were cooled slowly from +20°C to -20°C at 

rates of 0.5 (field aged) and 1.0°C per hour (PAV aged).  For DSR tests, binder phase angle showed a 

surprisingly close ranking with crack severity, suggesting that plots of rheological parameters in Black 

Space should have value for crack prediction.  Authors also used the modified PAV aging procedure to 
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condition original binders before running extended BBR tests (LS 308) to determine limiting 

temperatures for m-value and stiffness after 72 hours of conditioning.  Note that the researchers ran 

these tests on both laboratory-aged (modified PAV) and recovered binders. (Reviewers’ Note: Diagrams 

plotting critical PGL for m-value vs critical PGL for stiffness before and after isothermal conditioning 

suggest the term “physical hardening” may be misleading with respect to crack prediction.  The large 

changes in PGL post-conditioning are not due to substantial hardening, but instead are dominated by 

large changes in phase angle leading to substantial increases in 𝑇𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 for the m-value as waxes 

crystallize or asphaltene platelets agglomerate).  Authors note that the PGL for extracted binders that 

were isothermally conditioned for 72 hours can adequately distinguish well from poorly performing 

binders.   (Reviewers’ Note: It would be particularly interesting to view plots of log stiffness vs phase 

angle (Black Space Diagrams) to determine which rheological function (phase angle, tan delta, Glover-

Rowe) can better predict cracking.)  This is true for both laboratory-aged and field-recovered binders. 

The researchers also noted that phase angle alone as measured from torsion bar specimens can serve 

this purpose successfully, and further proposed using Avrami’s predictive tools to estimate the 72-hr 

conditioned PGL using stiffness and m-value (or modulus and phase angle) as measured after shorter 

conditioning times.  The final part of the study was developed primarily to answer the controversial 

question, “Are mixture properties and performance impacted by physical hardening of the binder”. 

Mixtures were collected from the various field test sections and brought to the laboratory, where they 

were subjected to short-term oven aging conditions before compaction.  No long-term mixture aging 

was done, so these tests were not intended to duplicate aged binder properties at the point of crack 

initiation.  Instead, these specimens were isothermally conditioned at low temperatures for up to 72 

hours to capture changes in mixture properties that might occur as a direct result of physical hardening 

within the binder.  Dog-bone shaped specimens were cut and then tested in tension. Properties 

including peak stress, Young’s modulus, and strain at failure were determined before and after 

isothermal conditioning at -20°C.  Authors reported that all three properties change substantially for 

binders exhibiting significant physical hardening, and hypothesized that changes of such magnitudes 

would almost certainly impact crack resistance.   

Manolis et al. (2016) reviewed the field of physical hardening, including theory, rheological changes in 

binder properties after isothermal conditioning, and impacts on mixture performance tests.  (Reviewers’ 

Note: There appears to be some confusion regarding the temperature range within which physical 

hardening occurs in asphalt. Authors cite hardening as occurring below the glass transition 

temperature 𝑇𝑔, whereas cited publications for asphalt physical hardening clearly measure the impact of 

hardening and phase angle loss at temperatures above 𝑇𝑔.)   Publications covering many pavement test 

sections constructed in Ontario to validate predictive binder specifications for thermal cracking were 

then reviewed.  Similar to conclusions drawn previously by Huber et al. (2012),  authors conclude that 

the most serious discrepancies between PG grading and observed pavement cracking are related to 

RTFO/PAV aging  tests which do not adequately simulate oxidative aging in the pavement.  They note 

that binder physical hardening is real, but quality rankings for extracted binders do not necessarily 

require extended isothermal conditioning times beyond the 1 hour as specified for standard PG grading 

protocols.   
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Manolis, Bhutta, et al. (2016) performed a comprehensive cracking study for test sections on Battersea 

Road in Kingston, Ontario.  This was the first road constructed using binders that met both the EBBR and 

the DENT specifications for the local climate (PGL ≤ -28°C; Grade Loss ≤ 6°C; CTOD ≥ 10 mm) along with 

modifier restrictions (no air-blown binders; no ortho-phosphoric acid; maximum 0.2% Polyphosphoric 

acid used as a polymer catalyst).  This particular road was constructed by pulverizing an existing 

pavement surface to a depth of 280 mm and resurfacing it with a 40-mm surface course (no RAP), a 50 

mm base course (15% RAP) and a 25-mm layer of granular materials over the pulverized base. The same 

PG 58-28 binder was used in both lifts. Test results revealed that binder recovered from the surface 

course after 6 years still met EBBR requirements; while the binder recovered from the base course (15% 

RAP) only met the M320 requirements.  Since cracks were observed either all the way through both 

layers or only partially through the surface source, classic thermal transverse cracking theory could not 

explain all cracks.  The researchers conducted mix performance tests, including TSRST for thermal 

cracking, four-point bending for fatigue, and the Asphalt Pavement Analyzer for rutting.  All tests were 

run on HL3 plant-prepared mixtures containing the original PG 58-28 binder, as well as PG 58-34 and PG 

64-28. Test results showed that the PG 58-28 mix was as good as or better than the other two mixes in 

terms of low temperature and fatigue performance, except rutting.  Binder extraction and recovery 

tests, and bulk specific gravity tests performed on the cored samples did not reveal any materials or 

construction problems, and falling weight deflectometer (FWD) tests did not reveal any deficiencies in 

structure. There were problems with permeability of the sub-grade in some areas, and longitudinal 

cracks were likely the result of low densities at construction joints.  Traffic counts were similar for all 

sections, so variability in cracking should not have been fatigue-related.  Authors observed significantly 

different cracking patterns and intensities on various sections, and as such, concluded that binder 

quality should not be linked to cracking observed on this project.  Binders from this project met newer 

EBBR and DENT specifications, and they do not appear to exhibit the age induced surface cracking 

patterns observed on Highway 655 and other trials.  However, providing good binders does not insure 

crack resistance when other damage mechanisms are in play.  Authors report that cracking patterns 

observed on Battersea road are more likely due to one or more of the following causes: 1) permeability 

variation within granular and base materials, 2) the separation of the longitudinal center line joint and 3) 

differential settlement due to widening for bike lanes during re-surfacing. 

2.2 Low Temperature Cracking Studies from Other Regions 

Over a period of time, Kandhal (1977) measured binder penetration, viscosity and loss of ductility for ten 

pavement sections as placed in five different Pennsylvania counties.   He observed that surface raveling 

began when ductility (15°C, 1 mm/min) fell to 5 cm, and random surface cracking became visible when 

binder ductility fell to 3 cm.  But despite having similar reductions in penetration or similar increases in 

viscosity, binders can have significantly different losses in ductility, especially when the penetration falls 

below 30 dmm. He attributes the severity of raveling and cracking to the loss in binder failure strain 

(ductility) rather than the change in pen or viscosity at higher temperatures. 

Ruan and Glover developed an improved method for screening asphalt binders for fatigue performance.  

As summarized is a comprehensive study on aging (C. Glover et al., 2005), Kandhal’s ductility criteria for 

surface raveling and cracking were shown to be highly correlated with a DSR rheological parameter G’/
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(n′/G′)  @ (15°C; 0.005 rad/sec), derived to mimic binder failure strain, so long as ductility remains 

within the range of 1-10 cm.   Glover determined that pavements constructed with binders that have 

ductility below 3 cm and a  G’/(n′/G′) −  value above 3kPa/sec would likely exhibit surface cracking. 

Anderson et al. (2011) measured rheological properties of laboratory-aged and extracted binders using 

BBR and DSR tests, and used them to describe non-load associated pavement distresses. The 

researchers showed that the difference in critical low temperature values obtained using creep slope 

(m-slope) of 0.300 and a creep stiffness of 300 MPa (i. e. ,ΔTc =  Tcm=0.300 − TcS=300 MPa) are closely 

correlated with Kandhal’s ductility and Glover’s fatigue cracking parameter.   Authors determined that 

pavements with binders that have a ΔTc greater than +2.5°C  would be at risk for age-induced surface 

cracking, while those with a value of ΔTc greater than +5.0C would likely exhibit visible surface 

damage. (Reviewers’ Note: During preparation as an ASTM standard, the equation for ΔTc was reversed, 

changing the signs so that negative values of -2.5°C and -5.0°C now reflect imminent and visible damage, 

respectively) 

Rowe (2011) rearranged Glover’s fatigue parameter G’/(n′/G′) = (𝐺∗𝑥 (cos2 𝛿 / sin 𝛿)𝑥 𝜔) to make it 

more user-friendly, and so that it could be compared to other proposed rheological cracking parameters 

(e.g. tan 𝛿, 𝐺∗ sin 𝛿) on Black Space diagrams.  This rheological parameter is likewise obtained from the 

DSR using the same test conditions recommended by Glover.  Based upon Kandhal and Glover’s work, 

Rowe proposed a damage zone for potential cracking that was meant to be equivalent to Kandhal’s 

failure criteria using the ductility test.  However, these failure limits were only intended to be applied to 

a typical Pennsylvania climate (PG 58-28).  Like all other PG parameters, the test temperature, test 

frequency, or failure limits must be adjusted to have predictive value for other climates.   

King (2012) further  discussed the value  of Black Space Diagrams as a tool to monitor asphalt rheological 

properties with aging, and the value of the Glover-Rowe parameter as a predictor for age-induced 

surface cracking.  Researchers also long-term aged mixtures before running BBR tests with 500 g load as 

per Marasteanu’s Sliver Test.  Unexpectedly, the very small unrestrained Sliver specimens showed 

significant damage on cooling, but only if the aging was fairly severe and the test temperatures were 

nearing PGL.  Authors hypothesized the existence of a second cooling damage mechanism in which 

asphalt mixtures can crack even when no external restraint is applied while cooling.    

Reinke et al. (2016; 2015) measured CTOD and ΔTc values of binders used in pavement sections of 

Olmsted County, MN and found that a strong relationship exists between G′/(η′/G′) and ΔTc.  Note 

that the researchers used the ASTM definition for ΔTc (TcS=300 MPa −  Tcm=0.300).  Because binder 

phase angles change rapidly with oxidative aging, the ΔTc − value can be a good parameter to follow 

cracking consequences related to chemical aging.  Reinke’s results showed that ΔTc obtained after 20 

hour PAV-ageing under predicts the aging observed for extracted binders, while the 40 hour PAV residue 

over predicts observed changes in ΔTc after field aging.  The researchers measured ΔTc for three 

different PG binders used for MnROAD sections (PG 58-34 climate) meeting grades PG 58-28, PG 58-34, 

and PG 58-40 as provided by a single supplier.  The PG 58-40 contained significant quantities of refined 

motor oil (REOB) to meet the strict low temperature grade while still satisfying minimum mass loss 

requirements.  As shown in Figure 18, the PG 58-28 showed some cracking as expected, and the PG 58-

34 had minimal cracking after 7 ½ years. But the PG 58-40 unexpectedly cracked early and severely.  
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Test results showed that ΔTc was more sensitive to aging, and captured the dramatic loss in aged 

binder phase angle that is believed to be the primary cause for the severe cracking damage on that one 

section.  In this case, REOB is suspected to have been a primary cause for loss of binder relaxation 

properties with aging.  The researchers recommend using ΔTc measured after 40-hr PAV to screen for 

binders that are sensitive to damage from thermal cooling.   

 

Figure 18: Correlation of Crack Severity with ΔTc Obtained from 40 hr-PAV Residue  

(Reinke et al., 2016)  

Gibson et al. (2015; 2017) blended PG58-28, recycled binders and three sources of REOBs at different 

proportions and measured the drop in high and both low temperature critical limits for PG grading.  At 

least 9% REOB would be required to drop the high temperature PG grade and the stiffness-based low 

temperature PG by one grade, while 21% REOB was required to drop the m-based low temperature PG 

by one grade. Results showed that the effect of REOB on binder properties was influenced by the REOB 

source, REOB dosage, and the binder source. TSRST test results showed that excessive use of REOB 

might make binders more susceptible to cracking as demonstrated by transition and failure 

temperatures shown in Figure 19.  (Reviewers’ Note: This FHWA study shows once again that REOB 

reduces the limiting temperature for stiffness much more than the limiting temperature for slope (m-

value).  This result is consistent with previous researchers’ conclusions that the drop in ΔTc appears to be 

the primary reason for premature cracking in certain REOB test sections.) 
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Figure 19: Transition and Failure Temperature vs. REOB Concentration 

(X. Li et al., 2017)  

Uzarowski et al. (2015) investigated premature low temperature cracking issues for three municipal 

roads in Ontario that were constructed with PG64-28 asphalt binder. The researchers conducted a visual 

inspection, and cut both cores and slabs in preparation for a forensic study which included: BBR, EBBR, 

MSCR and DENT testing on recovered binders. The two roads reported on in the study (Trussler and 

Portage) were constructed with binders containing zinc and molybdenum, indicating a high probability 

for REOB modification. The researchers also provided a table listing the many test methods adopted by 

different municipalities, as well as variations in acceptance criteria for a given test method.   

2.3 Low Temperature Cracking Studies - Negative Effects of Re-refined Engine Oil Bottoms  

Most of the studies mentioned in the foregoing section agree that physical hardening makes binders 

more brittle at low temperature and asphalt pavements more prone to cracking.  This collective work 

also suggests that REOB contributes to asphalt embrittlement and/or physical hardening.  But the 

Asphalt Institute’s Asphalt Binder Expert Task Group (2016), which included suppliers of REOB, found 

that half of the twenty-six papers on REOB published as of Jan, 1, 2015 did not find strong evidence to 

support this suggestion.  In fact, some reported beneficial effect of REOBs.  (Reviewers’ Note: Many of 

the publications cited in the task group report deal with mass loss, temperature susceptibility, short-term 

laboratory aging tests (RTFO), or high temperature rheological changes after oxidative aging.  Ontario’s 

primary binder related distress is low-temperature aged-induced surface cracking. Asphalt testing 

protocols for grading PG have not picked up the problems.  Certain studies cited by the AI report that do 

not subject binders to long-term aging (PAV, 2 x PAV) or preferably in-situ pavement aging are not 

relevant to Ontario’s binder problems.  Low temperature physical properties such as binder failure strain 

or rheological properties relatable to Black Space are critical, as is isothermal conditioning of test 

specimens.)   

The following section presents brief synopses of studies supporting use of waste oils, including a few 

papers published since the AI report was issued.  
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Herrington et al. (1992; 1993) investigated use of vacuum distillation bottoms produced during the re-

refining of waste lubricating oils called waste oil distillation bottoms (WODB or REOB) as extenders for 

bitumen used in pavement construction. In terms of chemistry, Herrington mentioned that lead, 

magnesium, chromium, cadmium, nickel, vanadium and iron are the key metallic elements identifiable 

in such residues. Authors investigated rheological properties of the extended blends before and after 

aging.  There was considerable variation in viscosity of WODB batches as collected over a period of 13 

months.  Temperature susceptibility of the base asphalt was reduced when up to 10 percent oil residue 

was added.  The researcher fittingly pointed out that “variation in bitumen-WODB blend properties with 

WODB batch at the same concentration might pose difficulties in terms of meeting road authority 

specifications”.  Traditional measures of oxidative hardening, such as viscosity ratios and penetration 

retentions before and after RTFO aging, suggest that WODBs had little impact on RTFO aging ratios.  As 

expected for re-refined oils, mass loss was relatively low after thin film oven heating to 200°C as shown 

in Table 3.  (Reviewers’ Note: This study did not use PAV aging, nor did it evaluate low temperature 

binder properties, so its conclusions that base binder and oil-extended blends age similarly cannot be 

extended to age induced surface damage.)   

Table 3: Weight Losses as Percentage of Total Weight Lost on Heating 

(Herrington, 1992)  

 

Herrington’s second paper described properties of Air Blown AC/REOB blends with up to 20% REOB.  As 

expected, air blowing improved temperature susceptibility as measured by PVN.  (Reviewers’ Note: 

Again, PAV aging was not run, and low temperate failure properties related to failure strain or phase 

angle were not measured, so this second paper by Herrington also has little relevance to the issue of age-

induced surface damage.  It is also worth noting here that air blowing destroys low temperature phase 

angle (more negative ΔTc) even as it extends the PG temperature range to improve temperature 

susceptibility.  Air blown asphalts are known to be sensitive to age-induced surface cracking.)  

Zamhari et al. (2009) used traditional asphalt test methods and PAV/DSR to investigate the effect of five 

different lubricating oils on an 80/100 penetration grade binder, and they explored options to improve 
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the characteristics of these oils to meet rejuvenating standards with and without recycled binders.  They 

found that used oils can restore target penetrations and viscosities for recycled binders, but chemical 

properties as defined by Rostler’s specifications for asphalt rejuvenators are not satisfied.  Ductility was 

high for most blends, but tests were only conducted at 25°C on un-aged specimens.  DSR was run on 

unaged and PAV aged materials, but only high temperature G*/sin δ results were reported.  Because 

waste oils had not been distilled in a vacuum tower, concerns were expressed regarding volatility (mass 

loss, flash point) of the oil-extended binders in recycled mixtures.  Some oil blends were heated in an 

oven for up to three hours, thereby increasing flash point before use as HMA rejuvenators.  (Reviewers’ 

Note: Recognize that this paper from Indonesia is citing waste oils that were not re-fined, and are 

therefore not REOB.  If not distilled in a vacuum column, waste oils have much higher volatility and lower 

viscosities than their re-refined counterparts.  These materials are usually unsafe from the perspective of 

flash point.  This paper has little relevance to Ontario.) 

D’Angelo et al. (2012) studied performance characteristics of two different PG 64-22 base asphalts as 

modified with up to 20% of two different re-refined heavy vacuum distillation oils (RHVDO or REOB).  

This report was prepared through sponsorship by Safety-Kleen, a major supplier of REOB, and appears to 

have been prepared in direct response to Hesp’s and MTO’s reported concerns with its use.  The report 

speaks to pertinent performance issues, such as chemical compatibility, physical hardening, extended 

PAV-aging, and low temperature BBR properties.  Because REOB performance predictions between this 

paper and the many publications of Hesp and MTO differ so much, this work deserves careful scrutiny 

and challenge where conclusions differ.  Some key observations from the paper:  

 Chemical and rheological tests were run on the various blends after PAV aging for 20 or 35 

hours.  Somewhat unexpectedly, decreases in m-value with extended aging were relatively 

small, especially for lower concentrations of REOB.  (Reviewers’ Note: This result differs from 

Hesp and most other research reports of REOB modification as presented to the binder ETG, and 

needs to be resolved.  The extended PAV aging time is important, since compatibility problems 

impacting performance are reported to arise shortly before surface damage becomes visible. An 

extended PAV aging time (usually 40 hr.) is now recommended by the binder ETG, especially to 

pick up inappropriate blending of waste oils.)   

 As noted in figure 2 of D’Angelo’s publication, m-value after aging remains relatively constant 

with REOB concentrations up to 20%.  (Reviewers’ Note: The aged results for BBR stiffness 

suggest the oil has indeed softened the asphalt at low temperatures, but stress relaxation 

properties related to m-value (phase angle) do not appear to be improving with softening as they 

should.  Although not reported in the paper, binder ΔTc would be falling as stiffness drops with 

REOB concentration, but m-value does not.  As would be verified later in publications by Gibson 

(2015; 2017), Reinke (2016, 2015), Bennert (2015; 2016) and others, a repeating concern with 

REOB performance at low pavement temperatures relates to low binder phase angles (high R-

value) after aging of REOB-modified blends.  If this is true, REOB blends would be particularly 

problematic if blended with aged asphalt for HMA recycling, because the RAP binder already has 

a very low ΔTc that must be restored for recycling to be effective.  It would be interesting to 

investigate whether cracking damage on some of the more recent Ontario test projects could be 

partially attributed to recycled mixes in underlying binder course layers containing 15% RAP.   
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 Early in the paper, authors argue that Hesp’s 2011 paper incorrectly analyzed FTIR spectra.  They 

suggest that oxidation rates for blended binders were not really higher than those for the base 

asphalt.  (Reviewers’ Note:  In general, researchers seem to agree that lube oils do not contain 

molecules particularly prone to oxidation, nor do metals in the oil appear to catalyze oxidation, 

so Hesp’s conclusions may be an outlier.  However, it is unfortunate that the authors neither 

showed data to confirm their re-analysis of Hesp’s work, nor did they cite references to or 

confirm their hypothesis by running comparable FTIR spectra for their own samples.) 

 Given concerns expressed by Hesp and others that poly-isobutylene components in waste oil 

may accelerate physical hardening, authors ran the European standard test for waxes (EN 

12606-1).  Results indicated that extractable wax content was below 0.3% for both samples of 

REOB, from which they concluded that physical hardening due to wax precipitation should not 

be a problem.  (Reviewers’ Note: Unfortunately, authors did not run BBR tests after isothermal 

conditioning to verify that hypothesis, nor did they provide DSC data to verify enthalpy changes 

caused by wax crystallization, nor did they run FTIR to quantify poly-isobutylene (see figure 25 

presented later in this report). Other researchers have postulated that poly-isobutylene from the 

waste oil could be a significant contributor to physical hardening.  Test data in this paper is 

insufficient to draw any conclusions regarding physical hardening.)  

 To override concerns regarding compatibility between asphalt and waste oils, researchers first 

ran SARA analyses. Authors used a polymer separation test to report no compatibility problems.  

However, blends with 20% oil exhibited nearly twice the concentration of saturates as the two 

control asphalts to which chemical data was compared, which most researchers accept as the 

definition for compatibility.  (Reviewers’ Note: Even though SARA results were available, 

Compatibility Index was not reported for any of the samples. The high saturates content in REOB 

should increase CI significantly, reflecting greater chemical incompatibility. Rather than using 

SARA results to express compatibility, authors chose to use a separation tests designed for 

polymers to determine whether asphaltenes settle out of solution during storage. The polymer 

separation test is inconsistent with the need to determine whether chemical incompatibility 

might contribute to deterioration of binder phase angles after extensive aging, which is thought 

to be an important signal for predicting age-induced surface damage. Although authors report 

no compatibility loss with use of REOB, their own SARA data implies the opposite.)   

 The authors note that asphalt/oil blends soften with increasing oil content.  But they report that 

PG temperature ranges (temperature susceptibility) show only minor reductions from what 

might be expected had those crudes been refined directly to grade.  Conventional BBR grading 

following RTFO/PAV aging is reported to fall in line with conventional materials.  On a positive 

note, figure 2 in the paper shows that m-value after extended PAV-aging (35 hr.) did not drop 

substantially from values as measured after the standard 20 hr.  However, that same figure 

shows that m-values for both 20 and 35 hr. PAV residues remained fairly constant during -18°C 

BBR testing, even though binders were softened substantially with addition of up to 20% oil.    

(Reviewers’ Note: The authors did not separately track the values of stiffness and m-value in 

reporting PG grades, nor the limiting temperatures derived therefrom.  Such data would be 

helpful for aging studies because PGL (m-value) changes so much faster than PGL (stiffness) as 
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REOB-modified binders oxidize, or as they physically harden.  Premature age-induced cracking of 

REOB-modified binders is reportedly due to rapidly falling phase angles (m-value).   Data here 

also shows that BBR m-value after PAV aging does not increase significantly with addition of oil.   

In a second publication, D’Angelo et al. (2013) evaluated effects of REOB on rutting, stripping and 

cracking properties of asphalt mixtures.  Notable findings: 

 Rutting: Predictions for rutting from the flow number test were in line with PG grading criteria 

for unmodified and blended binders.  HWTT rutting results (50°C, 7500 wheel passes) correlated 

well with flow number rankings, confirming that rutting is not a problem.  For stripping, the 

HWTT was extended to 20,000 wheel passes.  Results for the softer PG 58 binders with 6-10% 

REOB marginally failed specification criteria of 12.5 mm, but that specification is usually set for 

PG 64 binders, not PG 58 as noted for the softer binders containing more oil.   

 Moisture Damage: TSR results were highly variable and did not follow trends consistent with oil 

content, with the notable exception that the softest binder with 10% oil failed the retained 

strength requirement in both mixes.  This latter result is also consistent with results from HWTT.   

In general, REOB does not appear to create moisture problems beyond what is expected when 

using softer binders.   

 Fatigue Cracking:  Flexural Beam Fatigue tests were run in constant strain mode.  As expected, 

mixture performance ranked pretty much in order of binder stiffness, with harder materials 

failing first.  (Reviewers’ Note: authors claim better performance for oil blends than for control 

AC.  Although true, they did not long-term oven age the mixtures before testing, and they did not 

consider methods for equating fatigue life when materials have different mixture moduli.  

Constant stress fatigue tests would most likely result in the opposite ranking.  Most probable 

outcome is that fatigue life for all unaged mixes was approximately equal when stiffness 

corrections are made. Although fatigue tests run at intermediate temperatures are valuable for 

evaluating mixture performance under load given different deflections, they do not correctly 

rank low temperature cracking damage via mechanisms leading to age-induced surface 

cracking.  This was clearly demonstrated in one of the papers from Hesp’s group.  Perhaps the 

most definitive example was section 4 from the Highway 655 project near Timmins.  This section 

had by far the most severe age-induced surface damage, but ranked second of the seven sections 

in fatigue resistance.  This particular section was constructed using a good elastomeric modifier, 

but the base asphalt was brittle and had a very poor phase angle at low temperatures.  At the 

fatigue test temperature, the SB polymer was surrounded by ductile asphalt, enabling the 

recovery properties of the elastomer to improve fatigue performance.  But at very low 

temperatures, when surrounded by a brittle binder with a very low phase angle, the polymer 

behaved as if it was suspended in safety-glass, and offered little if any benefit in preventing age-

induced surface cracking. Fatigue tests as run at intermediate temperatures on short-term aged 

mixtures have little relevance to age-induced surface damage.) 

 Transverse Thermal Cracking:  DCT tests showed small increases in fracture energy in one mix 

as binders were softened with oil, suggesting the oil reduced brittleness in the binder.  The 
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other mix had almost equal fracture energies, with the exception of the mix with antistrip 

additive which had significantly higher fracture energy.   

Golalipour and Bahia (2013; 2014) investigated the effect of oil modification on low temperature 

cracking resistance of binders.  This study compared four very different oil sources, including petroleum 

aromatic, petroleum paraffinic, bio-oil, and re-refined waste oil all at 5% concentrations in the same 

Canadian-crude based PG 64-22.   PAV aging times were varied, and tests were run at multiple 

temperatures.  Key binder properties included DSR (frequency sweeps), BBR (creep stiffness and m-

value), and single-edged notched beam (SENB) tests which measure fracture properties of binders.  In 

addition, Golalipour developed a dilatometer-controlled glass transition test to measure non-linear 

thermal contraction rates as calculated to estimate thermal stresses at different cooling rates.  DSR 

results from high temperature frequency sweeps indicate that 5% waste oil softened the base binder by 

more than one full PGH grade, which was considerably more than both paraffinic oils and even 

exceeded the low viscosity bio-oil.  This was surprising, as other reports referenced herein suggest that 

higher REOB concentrations are usually needed to achieve such results. This softening effect also 

appears to have carried through to low temperature BBR values for stiffness, as well as SENB fracture 

properties, which all rank the materials in the same order as the high temperature DSR data.  As shown 

in Figure 20, modification with refined waste oils appeared to improve cracking resistance by increasing 

failure energy, as would be expected for a softer binder. One particularly encouraging result from 

Golalipour’s thesis (2013) is that the binder failure strain for the waste oil specimen improved by about 

6°C, much as other binder measures softened by approximately this same amount. Authors confirmed 

the importance of binder failure strain as a predictor for thermal cracking. This study suggested that oil 

modification of binders has a positive impact for low temperature paving applications even after 

significant aging. (Reviewers’ Note:  These two publications have a great deal of important data for 

establishing performance properties of the various oils.  However, it can be misleading to soften 

materials with oils to report better low temperature performance, when at the same time high 

temperature rut resistance has been sacrificed. In this example, a PG 64-22 binder is compared to a PG 

58-28 waste oil modified binder.   A second PG 58-28 straight run bitumen from the same crude source 

would have been a much better control for comparing benefits of oil on low temperature damage 

properties.  It is difficult to draw conclusions regarding performance enhancing value of these oils 

without that second control.  On a more theoretical note, fracture tests and TSRST are known to predict 

cooling damage in restrained specimens resulting in transverse thermal cracking.  It is less clear that 

these same fracture tests can predict the type of age-induced surface damage experienced by Ontario 

and prevalent on many pavements modified with higher concentrations of REOB or RAP/RAS. The 

problem may be that block cracking does not require specimen restraint for damage to occur. A second 

fundamental cracking/healing mechanism could be in play.  The loss in low temperature binder phase 

angle (low ΔTc), and the accompanying drop in binder failure strain, appear to be fundamental 

contributors to this type of damage.  This subject is being evaluated as part of NCHRP 9-60, a research 

project addressing PG binder specifications needed to correct the very problems with surface damage 

experienced by Ontario.)  
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Figure 20: Thermal Cracking Temperatures for Unmodified and Oil-Modified Binders  

Note: PA = Petroleum Aromatic, PP = Petroleum Paraffin, BO = Bio Oil and RW = Refined Waste  

(Golalipour & Bahia, 2014) 

Given ongoing problems with pavement surface damage and growing supplier concerns with new PG 

specifications, an MTO-industry partnership investigated different test methods to accept asphalt binder 

for contracts (2014).  They identified four tests for the study, including DENT, MSCR recovery %, EBBR 

(LS-308), and the ash portion of solubility test (D’Angelo et al., 2013), all to be run on quality assurance 

binder samples collected from thirty-one contracts between 2010 and 2013.  Authors identified fifty-

nine samples with both DENT and MSCR recovery test results.  Materials were deemed “rejectable” if 

CTOD was more than 6 mm below the required value for the DENT test, or the % recovery from MSCR 

was more than 10 % below the required value.  In 2011, the EBBR was dropped, while DENT and MSCR 

recovery were added to MTO specifications.  To compare test methods, understand test variability and 

validate failure limits, trial paving contracts were set up between 2011 & 2013, with a binder task group 

selected to evaluate performance annually starting at year three.  Although no performance data was 

available, this paper does provide test results for binder quality acceptance testing and test variability. 

Brown reported particularly high variability with MSCR % recovery, requiring acceptance criteria to be 

set 10% below target values.    

The Heritage Research Group (2014; 2014; 2015) conducted a study for the Illinois Department of 

Transportation about the potential effect of REOB on aging, moisture damage, rutting, stiffness and 

fatigue resistance of asphalt mixtures.  The study showed that a PG 64-22 binder could be converted 

into a PG 58-28 at around 9% dosage of REOB without affecting stiffness and aging properties 

significantly. The study showed that mixtures produced with REOB-modified binders have better 

resistance to moisture damage and fatigue damage than mixtures produced with unmodified binders. 

The study also showed that REOB-modified mixtures produced with and without unmodified binders 

have very similar aging, low temperature cracking, and rutting properties.  Heritage Environmental 

conducted research regarding EHS issues related to use of waste oils.  In one important finding, metals 

from the waste oils do not appreciably leach from asphalt mixtures made with REOB blends.  Their 
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research also showed that the polycyclic aromatic compound (PAC) content in unmodified and REOB-

modified binders is similar, meaning that PACs do not fume or leach, and therefore do not impose 

health or environmental risks. Additionally, Wielinski et al. (2015) provided further evidence from gel 

permeation chromatography (GPC) tests to support that unmodified and REOB-modified binders have 

similar molecular sizes both before and after aging.   

2.4 New England Agency Research 

Several New England agencies have observed premature surface cracking, and have particularly 

expressed concern that re-refined waste engine oils may be a primary cause of that damage.  New 

Hampshire banned its use, but was then sued by a Canadian supplier because products still met binder 

purchase specification.  Given the ensuing turmoil, agencies turned to local universities (UConn, UMass, 

and UNH) for help in determining whether pavement service life might be negatively impacted by use of 

REOB. DENT tests were included in binder testing, although recent research has focused more attention 

on binder rheological parameters emphasizing phase angle or location on Black Space Diagrams, which 

are thought to be indicative of age-induced surface damage.  Such parameters include R-value, ΔTc, the 

Glover-Rowe Parameter, loss tangent, and several cross-over parameters.  Given recommendations 

from the binder ETG and new specifications from MTO, PAV-aging is usually conducted for at least 40 

hours, because low temperature phase angle is highly dependent upon the level of oxidation.  Physical 

hardening is not always evaluated in the research, but should be if local binders are susceptible to wax 

crystallization during isothermal conditioning, particularly because the low temperature phase angle is 

likewise strongly impacted by changing molecular associations. Bennert and Mogawer each presented 

comprehensive papers at the 2016 AAPT Annual Meeting. 

Bennert et al. (2015; 2016) conducted an extensive series of binder and mixture tests particularly 

pertinent to MTO on two control specimens and six REOB-modified binders.  Controls were 

appropriately selected to match grades of oil-modified materials to eliminate confusion when materials 

of different stiffness are ranked for performance.  Binder tests included DSR (frequency sweeps, Glover-

Rowe), BBR and DENT.  PAV aging was conducted for 20 and 40 hours.  BBR tests were all run after the 

standard 1-hour thermal conditioning.  Asphalt mixture testing protocols included Dynamic Modulus, 

Flexural Beam Fatigue, Texas Overlay Tester, Semi-Circular Bending (SCB), TSRTS, AMPT Flow Number, 

and APA.  Mix specimens were Short-Term Aged and Long-Term Aged in Accordance with AASHTO R30.  

Researchers found: 

 “The magnitude of aging has a significant impact on the performance of REOB modified asphalt 

binders and mixtures.  When compared to neat asphalt binders of equivalent PG grade, asphalt 

binders modified with REOB exhibit higher degrees of aging, with small changes observed after 

RTFO aging and very significant changes observed after 40 hours of PAV aging.” 

 “As the dosage rate of REOB increased, the asphalt binders aged/hardened more than the lower 

REOB dosage/neat asphalt binders.”  PG grading and master stiffness curve comparisons after 

RTFO, 20-hr PAV, and 40-hr PAV were used to define aging.  Plots of rheological indices, such as 

crossover frequency vs R-value, indicated that properties of both 20% REOB-modified binders 

changed as much after 20-hr PAV as neat binders exhibited after 40-hr PAV.  The 10% REOB 

source #2 sample showed similar accelerated aging.” 
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 The REOB source had a slight impact on binder and mixture performance. 

 TSRST did not show any trends with respect to REOB dosage.  As expected, LTOA mixes failed at 

warmer temperatures than STOA mixes.   

 REOB did not have a detrimental effect on rutting performance vs controls with comparable 

PGH grades. 

 The BBR ΔTc from binder testing was a very sensitive when comparing the relative change in 

binder aging. Binder stiffness is only minimally sensitive to aging, but relaxation properties as 

captured by m-value are significantly affected by oxidative aging.  The other rheological indices, 

including Glover-Rowe and the DENT test (CTOD) were also sensitive to REOB dosage rate and 

degree of aging. It appears these parameters could be used as screening tools for binders 

susceptible to aging, such as REOB-modified asphalt binders.  

 Asphalt mixture tests for cracking were conflicting, as flexural beam and Texas overlay were 

inversely related to each other.  This difference appeared to be a function of the relative 

stiffness of the mixtures.  Data suggests that flexural fatigue life at low to moderate tensile 

strain levels is more controlled by binder stiffness, with limited influence of the relaxation 

properties.  Higher tensile strain and slower loading frequencies may result in flexural fatigue 

performance more sensitive to the relaxation properties of the asphalt mixture.  No direct 

trends could be determined from SCB tests using the Louisiana procedure. Authors suggest 

trying lower test temperatures per research in Wisconsin.    

 Asphalt binder parameters thought to be indicative of surface cracking correlated very well with 

Overlay test results for mixtures.  As the various binder tests indicated loss of stress relaxation, 

cycles in the Overlay tester decreased.  This of course means that since Flexural Beam and 

Overlay Test showed inverse correlation, the binder stress relaxation parameters also showed 

negative correlation with Flexural Beam results.  Author’s here cite an interesting hypothesis 

that binder properties responsible for crack initiation and crack propagation may be different.  

 At concentrations of 6%, REOB blends were similar to neat binders.  As the REOB dosage 

increased, much larger differences in performance were noted.  The difference is mainly 

attributed to accelerated hardening. (Reviewers’ Note: Research at WRI suggests that the 

accelerated change in rheology with aging is not identified by an increasing rate in carbonyl 

formation (oxidation), but rather by the fact that incompatibility between saturates in the oil and 

aromatic asphaltenes in the asphalt cause molecular structuring that inhibits molecular 

movement at low temperatures.  Stiffness changes only slightly, but phase angles drop 

dramatically as this incompatibility reaches critical levels.  Bennert also noted that a dozen US 

agencies have already enforced partial to complete bans on the use of REOB as of 2015, even 

though data and literature references supporting such actions may lack definitive evidence to 

support enforcement.)   

Mogawer et al. (2017):  New England agencies asked UMass to evaluate the effects of REOB and poly-

phosphoric acid (PPA) on physical and rheological properties of binders and mixtures after long-term 

aging.  Three local asphalts were selected, including neat PG 64-22, PG 58-28, and a PG 64-28 of 

unknown modification that is the standard grade for much of New England.  The PG 64-22 was blended 

with two sources of REOB (10%) and an aromatic oil (6%) to duplicate rheology of the neat PG 58-28.   
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Both PG 58-28 binders were also modified with PPA to create PG 64-28.  Binders were PAV-aged for 20, 

40, and 60 hours. Mixtures were tested after short-term aging (STOA) and long-term (24 hr. @ 135°C) 

aging. Mixture testing included HWTT, the Illinois version of SCB, and the DCT test.  Key findings: 

 Black space diagrams were plotted to represent binder aging, and values of Glover-Rowe were 

calculated.  In an interesting twist on Black Space parameters, Mogawer also created plots of 

crossover frequency vs R-value (ωc − R) to track binder properties as they age.  Using either of 

these indices sensitive to changes in binder phase angle, results showed that higher dosages of 

REOB can cause increased levels of binder aging despite delivering the same target PG grade.  

The aromatic oil blends did not show the same negative impact on phase angle with aging.  

 Rutting: All STOA mixtures passed the rutting/stripping requirement for HWTD as specified by 

the State of Massachusetts (45°C; <12.5 mm at 20,000 wheel passes).  The lower test 

temperature is used because most binders evaluated in this study per New England climates are 

PG XX-28.  Rutting for the three oil-blended PG 58-28s were only slightly higher than the neat 

control asphalt of the same grade.  PPA was beneficial in two of the oil blends, but the third PG 

64-28 with REOB and PPA rutted slightly more that the PG 58-28 oil blend without PPA.  When 

mixtures were subjected to long-term aging, no samples rutted more than 3 mm.   

 Stripping:  Although all mixes satisfied rutting requirements in the HWTT, all three oil-blended 

PG 58-28s failed the Massachusetts specification for stripping inflection point, but the neat PG 

58-28 passed.  The moisture damage failure was marginal, and not enough to cause failure in 

the total rutting results. This deficiency could probably be fixed with a small amount of 

antistripping agent or lime, and then only for higher volumes of traffic.  

 Cracking - SCB: The Illinois Flexibility Index Test (I-FIT) results indicate a reduction in fracture 

energy and the resulting flexibility index (FI) for REOB blends for STOA specimens. The aromatic 

oil blend showed only minor loss of fracture energy as compared to neat binder of the same PG 

grade.  Long-term oven aging reduced FI significantly for all binder combinations. Given that the 

Hamburg rut results for the neat asphalt were also slightly better; some quality may be 

sacrificed with oil modification at concentrations needed to soften asphalt by one PG grade.   

 Cracking – DCT: Contrary to SCB results, DCT tests on STOA mixtures indicate a small increase in 

fracture energy for REOB-modified blends vs the control neat binder, whereas the aromatic oil 

blend showed no change (see Figure 21).   
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Figure 21: DCT Results of Mixtures Prepared with REOB-Modified Binders 

(Mogawer et al., 2017) 

(Reviewers’ Note: Fatigue and fracture tests continue to perplex researchers.  Tests rank materials in very 

different orders, results are highly variable, and correlation with age-induced surface cracking in the field 

is generally poor.  And only the Texas Overlay Tester seems to rank mixture performance in a manner 

similar to the Black Space related binder properties believed to be important for future PG 

specifications.)  

2.5 Tying Chemistry to Critical Binder Properties  

Asphalt chemists and rheologists at the Western Research Institute have worked for years to relate 

molecular structure to asphalt rheology.  Their recent work with the federally-funded Asphalt Research 

Consortium (ARC) has been particularly enlightening, as physical chemical tests can now provide 

significant insight as to how chemical functionality contributes to rheology as needed to understand 

high temperature rut resistance and low temperature cracking resistance.  In a presentation to the 

Binder Expert Task Group, Planche (2017) described the experimental plan for NCHRP 9-60, a project 

tasked with revising the PG binder specification to better capture the age-induced surface cracking as 

observed on many Ontario pavements.  This project combines rheology, fracture tests, and chemistry in 

an effort to understand the impact of binders on performance, with particular emphasis on oxidative 

aging and physical hardening.  Low temperature binder rheological tests include PG grading, ΔTc, 

Glover-Rowe, tan δ, R-value, various crossover parameters and extended BBR.  Failure strain can be 

measured in the ductile region using DENT, or in the brittle region using DTT.  Mixture testing will focus 

on rheology using the BBR Sliver Test.  WRI has previously tied chemical properties to rheology by using 

a number of instrumental methods, including: 
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 SAR-AD:  generic fractions based on solubility to estimate compatibility 

 Fourier Transform Infrared Spectroscopy (FTIR): Semi-quantitative measures of oxidation 

(carbonyl), polymer contents, and additive identification for materials such as iso-butylene from 

REOB 

 Differential Scanning Calorimetry (DSC): Determine enthalpy changes caused by wax melting 

and crystallization, Tg (onset, width, inflexion), crystallinity of plastomeric polymers or warm mix 

wax additives 

 Size-Exclusion Chromatography: Monitor sol-gel structure in asphalt, identify polymers (neat, 

cross-linked, degraded) 

 Atomic Force Microscopy (AFM): Evaluate phase behavior of polymers, wax, or REOB 

WRI’s proprietary software model (Explifit) has been developed to predict key binder rheological 

parameters using specific parameters from these various chemical methods. Details of the test methods, 

software, and correlations between chemistry and rheology can be found in a series of white papers 

published by WRI as part of the Asphalt Research Consortium program.  One particular white paper of 

value to Ontario describes the use of these chemical tests to predict low temperature rheology as it 

relates to thermal cracking (Boysen & Schabron, 2015).    

(Reviewers’ Note:  Binders crack during thermal cooling events when molecular motion (stress 

relaxation) is severely hindered. Chemistry explains why oxidative aging, wax crystallization, and 

chemical incompatibilities substantially reduce binder phase angles, even though changes in binder 

stiffness may not be large.  Although REOB should be softening the asphalt and increasing the phase 

angle, most re-refined oils do not appear to do that when blended at higher concentrations and aged.  In 

fact, numerous field aging studies suggest that REOB can greatly exacerbate cracking, even though 

fatigue and fracture tests routinely predict good performance.  But FTIR tests do not indicate faster 

oxidation as measured by carbonyl formation.  Instead, chemical tests suggest damage results from a 

combination of physical hardening (possibly crystallization of iso-butylene) and a growing incompatibility 

between asphaltenes that are continually getting larger and more polar with aging, and saturated 

molecules from the lube oil.  As shown by D’Angelo (2012), asphaltenes do not precipitate out of 

solution, so physical separation on a macro-level can’t detect incompatibility early enough in the aging 

cycle to be useful.  But increasing molecular structure on a micro-scale inhibits molecular mobility. Hence 

tests like SAR-AD or Atomic Force Microscopy (AFM) can pick up incompatibility problems, whereas the 

polymer separation test with viscous measures of top and bottom samples from the tooth paste tube are 

not able to do so.  Without molecular mobility, phase angles drop and resulting stress relaxation 

processes slow.  Further complicating this problem, Hesp’s findings conclude that REOB may well 

exacerbate physical hardening.  Wax crystallization not only adds to molecular structuring, but also 

removes the most mobile molecules from the continuous phase.  Although called physical hardening, this 

process too negatively affects low temperature phase angles by increasing binder R-value.  Pavements 

crack at the surface on the coldest nights of winter.  But this is not transvers thermal cracking, and it is 

not load-induced fatigue.  Cracks initiate at the surface, crack patterns are generally random, and 

raveling often precedes or accompanies cracking.  Typical fatigue and fracture tests repeatedly fail to 

rank this type of mixture performance correctly.) 
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2.6 Beyond Ontario: Premature Pavement Failures Tied to Surface Distress 

2.6.1 Surface Distresses Attributed to Re-Refined Engine Oil Bottoms  

Numerous research studies have noted premature surface distress when asphalt blends are formulated 

with higher concentrations of REOB.  The New Hampshire DOT actually disallowed its use, but now faces 

a pending lawsuit from suppliers (Court Order, 2014).  A workshop on use of REOB was sponsored by the 

Asphalt Binder ETG in 2015(2015).  This workshop included updates from AASHTO (Ahearn, 2015) and 

FHWA regarding their ongoing studies of waste oil use in asphalt.  At the same meeting, Marks (2015) 

updated the ETG on PG-specification changes adopted in Ontario made to address premature surface 

distress, including extended BBR added in 2009 and Double-Edge Notched Beam (DENT) added in 2012, 

as well as changes to PAV aging procedures.    

The AASHTO Subcommittee on Materials’ Waste Engine Oil Task Force (Jamshidi, 2015) reported on 

REOB research and field performance at the Spring 2015 meeting of the AASHTO Standing Committee 

on Highways.  Jamshidi reported that approximately half of AASHTO agencies have received asphalts 

modified with re-refined waste oils, and thirty-six percent are conducting or funding research into use of 

waste engine oils.  The presentation included images of problematic REOB-modified pavements from 

Vermont and Ontario that had been surveyed by the task force. 

Two Vermont pavements (see Figure 22) exhibited significant raveling at year five (Ahearn, 2015).  The 

forensic evaluation of I-89 highway near Middlesex, VT indicated “loss of mastic and erosion through 

surface”.  The damage in US-2 highway near Montpellar, VT was described as “raveling through surface 

course, loss of mastic”.  

The second series of photos below come from a research trial constructed with 9% REOB-modified 

asphalt on Highway 655 near Timmins, Ontario (see Figure 23).   

Distress in the REOB section was reported as:  

 Severe alligator cracking from year 5; and  

 Transverse cracks sprouting from wheel-path and longitudinal joint. 

  

I-89 near Middlesex, Vermont U.S. 2 near Montpelier, Vermont 

Figure 22: Pavement Distresses in Two Vermont Pavements  

(Ahearn, 2015)   
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Year 5 

No REOB         

Year 11 

No REOB 

Year 5 

9% REOB 

Year 11 

9% REOB 

Figure 23: Pavement Distresses in Highway 655 near Timmins, Ontario 

As briefly discussed earlier, Reinke (2015) evaluated two different Minnesota pavement trials on which 

REOB-modified sections had unexpectedly severe surface cracking.   

 A MNRoad trial was built using three different PG grades from a local MN refiner running crudes 

from the Canadian pipeline. The section built with PG 58-28 had some surface cracking as 

expected for the PG XX-34 climate, while the PG 58-34 section performed much better.  

Surprisingly, the PG 58-40 section exhibited early severe cracking.  The asphalt from this section 

was extracted and tested by XRF to reveal high concentrations of REOB.  The extracted binder 

from the PG 58-40 section also had an extremely low ΔTc, but all PG-grading criteria appeared to 

have been met as specified and did not differentiate damage.    

 On another MN project built as part of WRI’s field aging study, three adjacent test sections used 

PG 58-28 binders coming from three different sources.   Again, one section contained large 

amounts of REOB, had very low values of ΔTc, and cracked much earlier than adjacent sections.  

In this case, the REOB-modified binder had been shipped from Texas, and so had a very different 

crude origin from the MnRoad trials.   

Although many pavement performance issues have been attributed to use of REOB as a blending 

component of the binder, more severe problems seem to occur when asphalt incompatibility arises with 

higher concentrations of the oil.  Further research is needed, but specifications should define the 

problem in terms of unsatisfactory rheological properties after accelerated aging, perhaps extending 

PAV aging time to 40 hours and including extended BBR testing to detect physical hardening.  The 

Asphalt Institute has issued guidelines for use in Information Series Pamphlet 235 (2016) entitled “The 

Use of REOB/VTAE in Asphalt”.  Section three of this paper includes twenty-six published papers on the 

subject.  The following excerpt quoted from the executive summary of the report provides a good 

description of the state-of-the-art in this area: 

“Some research indicates REOB/VTAE has an adverse effect on the aging characteristics of the asphalt 

binder and in turn the cracking resistance of in-service pavements. Other research indicates REOB/ VTAE 

blended asphalt has equivalent or better asphalt mixture performance relative to mixtures with neat 

asphalts of similar stiffness. The literature is largely inconsistent; with various authors suggesting that 

REOB/VTAE may be innocuous while others suggest its usage may be detrimental to performance. 

Further, there is data indicating that the performance of binders and mixtures containing REOB/VTAE is 
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dependent on the REOB/VTAE dosage, the REOB/VTAE source and the binder source. Many papers 

suggest improvements are needed to current binder specifications, such as extended PAV aging to 

better characterize all types of modified binders. X-Ray Fluorescence (XRF) technology was shown to be 

a qualitative tool to identify the presence of REOB/VTAE in asphalt; however, XRF is not a reliable 

quantitative measurement of REOB/VTAE without having the individual blend components available for 

evaluation.”  

A task force was appointed within the Binder ETG to investigate the performance of REOB-modified 

binders.  Rowe (2015) presented a report to the ETG detailing findings of the task force.  As shown on 

the picture below, severe raveling on a three-year old Wisconsin pavement (WI I90/94) typifies surface 

damage observed on a number of newer pavements containing REOB (see Figure 24).   

 

Figure 24: Severe Raveling in a Wisconsin Pavement after 3 Years of Construction  

(Ahearn, 2015; G. Rowe, 2015) 

2.6.2 Surface Distresses Attributed to use of RAP and RAS for HMA recycling  

Traditional recycling practice generally limited recycled binder ratios (RBR) to 15% of total asphalt, and 

often disallowed RAP in the surface course.  However, economic and environmental pressures are 

pushing recycling into a realm where very careful control on total blended binder properties is needed.   

With increasing quantities of highly oxidized asphalts coming into HMA mixes through reclaimed asphalt 

pavement (RAP) and recycled asphalt shingles (RAS), early surface distresses have been noted by a 

number of agencies.  As industry engineers strive to meet goals for 95% reuse of milled pavement 

materials, high RAP/RAS surface mixes with as much as 50% RBRs are being considered.  This topic is so 

important that a majority of the papers presented to the 2016 AAPT annual meeting addressed crack 

prediction, HMA recycling, or both.   

As a result of oxidation, aged asphalt in RAP significantly lowers the ΔTc even when blended with softer 

asphalts or rejuvenators to meet PG grade requirements for local climates.   RAS asphalt is much more 

highly oxidized yet, particularly when aged tear-off shingles (TOAS) are used instead of manufactured 

waste shingles (MWAS).  But with shingles, the asphalt’s softening point is so high that most of the aged 

asphalt may never blend with the virgin binder.   
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NCHRP 9-58 is tasked with developing binder and mixture controls for creating recycled high RAP/RAS 

HMA mixes with 30-50% RBRs.  Project research led by teams at Texas A&M (Epps-Martin), University of 

New Hampshire (Daniel) and Nevada-Reno (Hajj) have noted the loss in binder relaxation properties 

during aging, and particularly the importance of restoring the phase angle as part of designing recycled 

mixes.  As one important example, their collective research has shown much better resistance to 

cracking when changing the virgin asphalt in a given recycled blend from a PG 64-22 with a very low ΔTc 

to a PG 64-28 with a relatively high ΔTc.   Numerous papers from Phase I and Phase II of this study have 

already been published, as the project now moves into the Phase III field studies. Research includes:  

 evaluating effects of long term aging (Yin, Arámbula-Mercado, Epps Martin, Newcomb, & Tran, 

2017) and the impact of rejuvenators (Zhou et al., 2015) using tools that rank a materials ability 

to restore modulus and phase angle for RAP/binder blends in high RAP/RAS mixes.  

 the Uniaxial Thermal Stress and Strain Test (UTSST) as used as a predictor for thermal cracking 

by monitoring the thermo-viscoelastic properties of aged mixtures (Alavi, Morian, Hajj, & 

Sebaaly, 2015).  

 evaluation of RAP mixes using testing protocols and analytical methods developed for Simplified 

Viscoelastic Continuum Damage (S-VECD) theory (Sabouri, Bennert, Daniel, & Kim, 2015).   

2.6.3 Internal Restraint: A Source for Stresses Leading to Age-Induced Surface Damage  

Unlike traditional theories supporting transverse thermal cracking, the FAA study (King et al., 2012) 

(non-load induced damage on airport pavements) hypothesized and then experimentally confirmed that 

specimen restraint is not necessary for surface damage to accumulate during cooling cycles.  However, 

damage occurs in BBR Sliver Test specimens only after the mix has been long-term aged and then cooled 

to near the lowest climate temperature for the designated PG grade.  This finding is consistent with the 

observation that additional aging accelerates block cracking at the pavement surface even when 

individual “blocks” are small enough to shrink with cooling. One working hypothesis for the current 

NCHRP 9-60 research project is that a cooling binder shrinks faster than the aggregate matrix 

surrounding it, creating thermal stresses high enough to result in localized tensile failures only when the 

binder is brittle.  This hypothesized failure mechanism is consistent with observations correlating 

damage with binder failure strain.  It is also important to note that comparable damage is not seen 

when binders are extracted and tested in the BBR at the same temperatures.  With no external restraint, 

the homogeneous binder specimen with its unique coefficient of thermal contraction shrinks uniformly, 

so no damaging thermal stresses are created.  This observation is again consistent with the hypothesis 

that the differential between the coefficient of thermal contraction for the aggregate and that of the 

binder creates damaging stresses leading to age-induced surface damage.     

2.7 Chemical Methods for the Detection and Quantification of REOB 

As can be inferred from the conflicting conclusions referenced above, researchers have not reached 

consensus regarding the effects of REOB on binder properties and pavement performance, nor do they 

agree on acceptable concentrations for use.  However, a number of well-controlled field test sections 

containing REOB have seriously underperformed other sections with similar binder grades (e.g. Ont. 655, 

MnRoad, WRI field aging trial in MN).  The problem is that the asphalt research community does not 
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fully understand the mechanisms and binder properties responsible for age-induced surface cracking as 

experienced in Ontario and elsewhere.  Nevertheless, at least eleven state transportation agencies in 

the US have either banned the use of REOB-modified binders or fixed the maximum allowable 

percentage of REOB in binders (Bennert et al., 2016)). To enforce such regulations, state agencies need 

scientific methods that can accurately quantify REOB content in binders.  Complicating the issue even 

further, all waste oils are not the same.  Golalipour needed only 5% waste oil to soften neat asphalt by 

one PG grade, and his blends did not seem to show a serious deterioration of phase angle with aging.  

Most other researchers, including Bennert and Mogawer, needed approximately 10% REOB to soften by 

one PG grade, and they observed significant deterioration in m-value after 40-hr PAV aging.  Hence their 

research suggests that REOB seriously diminishes cracking resistance. Will the real REOB please stand 

up!?   

A number of researchers have developed chemical methodology to quantify REOB in asphalt blends, 

usually targeting either metal content from the waste oil or the iso-butylene additive found in most 

petroleum-based lubricating oils.  It is important to remember that the refining process distills off most 

of the base oil, and leaves the metal and polymer behind.  But depending upon the cut point in the 

vacuum tower, more or less base oil is distilled off, leaving highly-variable metal and polymer 

concentrations behind.   

Hesp and Shurvell (2010) used a portable energy dispersive X-ray fluorescence (EDXRF) instrument to 

show that asphalt binder samples modified with zinc always contain waste oil.  

D’Angelo et al. (2012) used Inductively Coupled Plasma (ICP) techniques to detect REOB, and found that 

the presence of higher than normal amounts of calcium, phosphorus, zinc and iron (Ca, P, Zn and Fe, 

respectively) are strong proof of binder modification with waste oils. 

Arnold et al. (2015) measured concentrations of several metal elements in asphalt binder samples using 

a benchtop X-ray fluorescence instrument.  Binders modified with REOB contained calcium, copper, and 

molybdenum in addition to zinc. The researchers (2015) developed calibration curves obtained by 

plotting calcium, copper, molybdenum and zinc (i.e., Ca, Cu, Mo, Zn, respectively) concentrations versus 

the known dosages of REOB.  But relative metal concentrations vary with source of REOB and the 

asphalt crude supply.  This approach to controlling waste oil concentrations is only effective if the 

calibration curve is made using materials representative of the local supply chain.  

Barborak et al. (2016) recommended quantifying oil blends by first matching sulfur vs. vanadium (i.e., S 

vs. V) intensities of an unknown sample with sulfur versus vanadium intensities of calibration standards, 

and only then determining REOB content in the unknown binder sample.  This new method reportedly 

reduced the estimation error. 

Karki and Zhou (2017) prepared 414 asphalt binder/REOB blends using sixteen different base binders 

and six different REOBs at five different dosages, and measured intensities of eleven key elements using 

a wavelength dispersive X-ray fluorescence (WDXRF) instrument. XRF readings are influenced by four 

different factors: binder source, binder performance grade, REOB source, and REOB content. The 

researchers developed a three-step method to determine the right calibration standard for estimating a 

more accurate percentage of REOB in binders.  The first step identifies potential sources and PG levels of 
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binders that were used to prepare an unknown sample based on its closeness with calibration standards 

in sulfur-versus-vanadium intensity plot; the second step determines potential sources of REOB based 

on calibration curves of the ratio of calcium and potassium intensities, and the final step estimates REOB 

content in an unknown sample using a calibration curve representing zinc intensity of the selected 

binder source, binder PG, and REOB source. The authors reported better accuracy of estimation with 

this method. 

Bell (2017) showed there is a REOB-related FTIR peak at a wavelength of 1229 cm−1 (Figure 25) which 

he attributed to poly-isobutylene, a high molecular weight polymeric additive used in engine oil.  This 

peak can be used to verify and even quantify concentrations of REOB as used for binder modification.  

The study also reported that ash content was highly correlated with XRF-estimated REOB contents for 

eighty binder samples.  Ash content also correlated surprisingly well with pavement cracking. The author 

suggested that this relationship could be used to prevent over modification of binders with REOB. 

 

Figure 25: FTIR Results of Unmodified Asphalt Cement, REOBs and Used Motor Oil 

(Bell, 2017) 

2.8 Summary 

Based on this review, poor binder stress relaxation properties at low pavement temperatures contribute 

substantially to age-induced surface damage.  Unlike limiting stiffness theories of the past, contributions 

of binder phase angle (m-value) are critical to the molecular motion that improves failure strain and 

healing.  When phase angles are low, pavements crack.   

And as recognized especially on the Highway 655 test sections, standard 20-hr PAV aging procedures do 

not properly rank the rheological properties for binders as extracted from aged field cores.  This is not 

just a problem of PAV conditioning time, because the rank order in expected performance between 

PAV-aged vs extracted field-aged samples is very different.   Based on controlled field studies, higher 

concentrations of REOB exacerbate age-induced surface cracking, but the effect of REOB is dependent 

upon concentration, source, and relative compatibility with the base asphalt.  This review also notes 

that many test methods and material parameters have been used to evaluate low temperature cracking 

properties of binders and mixtures. Strangely, many of the mixture fatigue and fracture tests believed to 
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be predictors for other cracking modes do not consistently rank age-induced surface damage as 

observed in the field.  Bending fatigue tests as run at ambient temperatures are particularly problematic 

for predictive damage models of low temperature cracking modes. Researchers seem to agree that one 

hour of isothermal BBR conditioning time is not long enough to induce physical hardening in binders. 

Table 4 and Table 5 present the list of test methods and material parameters used to study low 

temperature cracking issues in Ontario.  

Table 4: Tests Performed on Ontario Pavement Binders 

Test Methods Measured or Analyzed Parameters 

 Conditioning and  

 Testing Temperatures 

Can Differentiate Poorly 

from Well Performing 

Pavements? (References) 

Binder Yield Stress 

Tests 

Yield Stress  

 Conditioning: Within 0.3°C of test temp. 

 Testing: -30°C 

No 

(Roy & Hesp, 2001) 

Restrained Binder 

Cooling Tests 

Thermal Stress  

 Conditioning: Several min. @ -10°C 

 Testing: 10°C/hour 

No  

(Roy & Hesp, 2001) 

Torsional Bar Tests Loss Tangent (tan δ) 

 Conditioning: 1 hour @-10°C  

 Testing: -10°C 
 

 Conditioning: 72 hrs. @-10oC 

 Testing: -12°C to -30°C 

Yes  

(Soleimani et al., 2009) 

Phase Angle (δ) 

 Conditioning: 6 hrs. @ -8°C 

 Testing: -8°C 

Yes   

(Freeston et al., 2015) 

Microindentation 

Tests 

Creep Properties (e.g., Stiffness, m-value, 

Elastic/Total work ratio, Elastic recovery, Viscous 

compliance) 

 Conditioning: 30 minutes @-14°C 

 Testing: -14°C 

Dynamic Properties (e.g., G*, G’, G”, δ) 

 Conditioning: n/a 

 Testing: -8°C and -14°C 

Yes  

(Marchildon & Hesp, 2011) 
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Penetration Tests Penetration Index 

 Conditioning: 1.5 hr. and 1 week @ 25°C, 
1 week @ 0°C 

 Testing: 25°C and 0°C 

Yes 

(Burke & Hesp, 2011) 

Bending Beam 

Rheometer Tests 

(AASHTO M320) 

Low Temperature PG 

 Conditioning: 1 hr. @ test temp.  

 Testing: Negative temps. with 6°C 
difference 

No 

(Togunde & Hesp, 2012; 

Zhao & Hesp, 2006) 

Extended Bending 

Beam Rheometer 

Tests  

(MTO LS-308) 

Low Temperature Limiting Grade, LTLG  

LTLG Loss  

Black Space Diagram of Stiffness and m-value 

 Conditioning: 1 hr., 1 day, 3 days and 7 
days @ test temp.  

 Testing: Negative temps. with 6°C 
difference 

Yes 

(Soleimani et al., 2009; Zhao 

& Hesp, 2006); (Freeston et 

al., 2015) 

Compact Tension 

Tests 

Fracture Toughness 

 Conditioning: 20 hours within 0.1°C of 
test temp. 

 Testing: Negative temps. with 6°C 
difference 

Yes  

(Edwards & Hesp, 2006) 

Single-Edge Notched 

Beam Tests  

(MTO LS-296) 

Brittle State Essential and Plastic Fracture 

Energies 

 Conditioning: 3 days @ 10 ± 1°C above 
low temperature PG 

 Testing: Several negative temps. 

Yes  

(Iliuta, Andriescu, et al., 

2004; Zhao & Hesp, 2006) 

Double-Edge Notched 

Tension Tests  

(MTO LS-299) 

Ductile State Essential and Plastic Fracture 

Energies 

 Conditioning: n/a 

 Testing: 25°C  (Andriescu et al., 2004) 

Crack Tip Opening Displacement (CTOD) 

 Conditioning: n/a 

 Testing: 15°C (Togunde & Hesp, 2012) 

Yes  

 

 

Yes  

(Edwards & Hesp, 2006; 

Hesp, Soleimani, et al., 2009; 

Wright et al., 2011) 
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Table 5: Tests Performed on Ontario Pavement Mixtures 

Test Methods Measured or Analyzed Parameters 

 Conditioning, and  

 Testing Temperatures 

Can Differentiate Poorly from 

Well Performing Pavements? 

(References) 

Thermal Stress 

Restrained Specimen 

Tests 

Thermal Stress 

 Conditioning: Cooled from 0°C 

 Testing: 10°C/hr. 

No  

(Roy & Hesp, 2001) 

Single-Edge Notch 

Tension Tests 

Crack Mouth Opening Distance and 

Crosshead Displacement at Peak Load 

(CMODp and CDp) 

 Conditioning: 1 hr., 24 hr. and 72 
hrs. @ -10°C 

 Testing: -22°C 

Yes 

(Togunde & Hesp, 2012) 

Double-Edge Notch 

Tension Tests 

Essential and Plastic Fracture Energies 

 Conditioning: n/a 

 Testing: 25 ± 1°C 

Yes  

(Andriescu et al., 2004) 

 

2.9 Recommendations 

Based upon the results of this literature review, it is recommended that industry in cooperation with 

MTO consider the following recommendations: 

1. It is imperative that the PG binder grading system be implementable, and the time between 

sample arrival and full certification for pay should be minimized.  To insure compliance at time 

of shipping, materials should be certified within two days of sampling.  

2. Unacceptable differences between PAV aging and in-situ pavement aging must be understood 

and corrected. 

 As MTO has recognized from the Highway 655 project and others, there are serious 

discrepancies between PAV-aged materials and binders as extracted from field-aged cores.  

Although 20-hour PAV-aging generally under-predicts the extent of aging needed for 

damage to occur, the problem in Ontario is more serious, because material rankings of 

relative quality are not the same. No PG specification test for age-induced surface cracking 

can be viable until the laboratory long-term aging protocol ranks binders in the same 

relative order as field aging.  As the first highway agency to recognize the problem, new 

MTO modifications to the PAV procedure increase the amount of oxidation by either 

doubling the aging time to 40 hours, or reducing the binder film in the pan to one-fourth the 

original thickness. Directionally, these more aggressive long-term aging conditions are 
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appropriate and needed. The questions to be answered over time, “Do these new aging 

protocols better rank material performance, and do the two alternate procedures produce 

equal binder properties for specifications?” Consistent with MTO’s new PAV protocols, the 

binder ETG now recommends 40-hr PAV for all research. However, maintaining a dual aging 

system (longer aging time vs thinner films) could be problematic, because the two 

measurements may not always agree, and claims could result. Doubling the aging time 

delays final certification, but thinner films will require more pans and PAV ovens, 

particularly if specifications continue to require BBR, EBBR, and DENT tests.  Close 

cooperation with NCHRP 9-61 research could be helpful to both parties.  Rheology-based 

(DSR) cracking parameters such as ΔTc, loss tangent, or Glover-Rowe utilize much less 

binder for testing, and so become even more suitable for specifications if the quantity of 

aged residue is limited by thinner PAV films.  Further consideration might be given to other 

means for accelerating oxidation, such as changing the temperature in the PAV oven.  But 

most importantly, the selected PAV procedure must better match binder rheology to the 

ranking of materials during field aging.  

 FTIR can be a helpful tool to compare rates of oxidation between lab & field. 

3. Work with NCHRP 9-60 to evaluate rheological (Black Space) parameters for their ability to 

replace DENT as the PG parameter for age-induced surface cracking.  To reduce time and 

equipment costs, consider replacing DENT with a BBR or DSR parameter that can be related to 

Black Space and can be adapted to a climate-based grading system. 

 Consider ΔTc before and after extended BBR, Glover-Rowe, loss tangent, crossover 

temperature and frequency, R-value and crossover modulus.  

i. Authors’ note: These parameters indicate age-induced surface damage. They are not 

intended to be fatigue cracking parameters, nor should they correlate with flexural 

bending tests.  Recall that failures on Highway 655 showed no correlation with 

fatigue tests, which implies this was not structural damage resulting from heavy 

loads.  

ii. Second author’s note: Binder professionals interviewed for this report noted 

occasional problems with BBR-tests bottoming-out. This occurs when the binder 

stiffness is very low for the temperature at which the m-value meets the target 0.30 

such that the BBR deflects so much the sample reaches the limiting deflection in less 

than 60 seconds.  Such a problem is indicative of binders with a very low ΔTc.  Air-

blowing is one process known to dramatically reduce ΔTc, and such materials are 

also noted to be particularly prone to age-induced surface damage.  BBR test 

procedures (@ PG+10°C) should not be adapted to allow such materials.  Rather, this 

problem indicates the supply of problematic materials which can be controlled by 

adding a limiting ΔTc (other comparable Black Space parameters) to the 

specification.)    
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 Consider adapting Glover-Rowe or loss tangent by using the same failure functions, but 

change testing protocols to reflect damage at the lowest pavement temperatures by using 

BBR or DSR 4-mm plate methods.  Adapt these for extended BBR testing as well.  

 Validate proposed specification parameters for cracking against extracted residue properties 

from aged pavements of known performance wherever possible. 

4. Understand whether low temperature physical hardening is a contributing factor to age-induced 

surface cracking (again working closely with NCHRP 9-60).   

 There is no doubt that waxy binders stiffen as the phase angle (m-value) drops during 

isothermal conditioning at low temperatures.  However, questions remain as to whether 

this effect increases damage in pavements.  Initial results from Highway 655 favored its use 

in combination with DENT testing, but those predictions came from PAV-aged materials 

where physical properties were not close to those of extracted binders.  When extracted 

binders were tested, both standard and Extended BBR methods had relatively high, yet 

similar correlations with surface cracking, calling into question whether extended BBR or 

DENT can add enough value to justify testing costs and delays in product acceptance. It 

should be noted that Manolis et al. (2016) and Huber et al. (2012) both found the low 

temperature grade from recovered binders correlated to cracking observed in the field.  

(Author’s note: Although BBR results for binders extracted from pavement cores predicted 

cracking much better than for PAV-aged binders, there remains some question as to the 

mixing of surface and binder layer materials from Highway 655 before extraction when some 

layers contained RAP.  Going forward, field-aged materials are very important to final 

decisions regarding binder specification, but emphasis should be placed upon binder 

properties in the top 2.5-5 cm of the pavement surface.  If RAP is used in the surface layer, 

cracking cannot be predicted from virgin binder properties alone.)     

 According to Pavel Kriz, whose PhD thesis covered this topic well, isothermal conditioning 

times as short as 10 hours can reasonably predict 3 to 4-day conditioning.  If isothermal 

conditioning is needed, a shorter conditioning time (not to exceed 24 hours) would greatly 

accelerate sample acceptance, relieving a serious burden for suppliers that strive to ship 

only after certification.  Only one isothermal conditioning temperature should be needed.  

The choice of the specified PGL+10°C is a good one, because binder flow and relaxation 

properties should be similar regardless of actual grade.   

 Evaluate the predictive capabilities for standard BBR vs Extended BBR for binders as 

extracted from aged pavement surfaces.  

i. For both physical hardening and oxidative aging, the controlling temperature for 

phase angle (m-value) drops much more rapidly than the limiting temperature for 

modulus (stiffness).  Focus research attention on the dropping phase angle (ΔTc) 

rather than the increasing stiffness.   

ii. Validate isothermal hardening rates against Differential Scanning Calorimetry results 

wherever possible to compare crystallization enthalpies and glass transition 

properties with performance.   
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5. Volatile waste lubricating oils coming straight from an engine should be avoided.  The use of 

refined waste oils (REOB) continues to raise questions. REOB is high in saturate molecules, and 

most waste oils contain poly-isobutylene, which remains behind in the re-refined oils.  The 

saturates reduce the binder compatibility, and the poly-isobutylene may act as a seed for wax 

crystallization that leads to further physical hardening.  High concentrations of REOB should be 

avoided.  REOB modification at lower concentrations should be controlled by using the various 

rheological cracking indices discussed earlier or perhaps by applying a combination of DENT and 

EBBR. Compatibility problems accelerate as asphaltene agglomerations become larger with 

oxidation, so potential damage from REOB is often not evident until aging conditions become 

more severe.  MTO specification provisions for more severe PAV lab aging (40-hr or thinner 

films) may be sufficient.   

 REOB can be restricted with chemical identification tests.  

 Low concentrations of REOB are difficult to detect, and may not be harmful so long as 

asphalt compatibility remains intact after extended oxidative aging.     

 From a supply perspective, refiners may find it difficult to manufacture PG XX-34 and 

especially XX-40 grades directly from the vacuum tower and still satisfy mass loss 

requirements.  Since mix and compaction temperatures are reduced for softer PG grades, 

some minor adjustments in mass loss specifications (mass loss ≤ 1.25% for PG XX-34; mass 

loss ≤ 1.5% for PG XX-40) might alleviate the need for softer non-volatile fluxes without 

creating fumes problems at the HMA plant.  Without such changes, some refiners may 

continue to distill the crude residue to harder grades, and then back-blend with economical 

soft fluxes with low mass loss.  REOB, aromatic oils, vegetable oils, and very heavy gas oils 

are the primary options available to them at this time. These proposed limits on mass loss 

would be for binders graded by AASHTO M320.  Binders produced under the EBBR grading 

are typically softer than those produced under AASHTO M320. 

6. Hesp (2009) conducted an extensive survey of pavement cracking on 10-15 year old pavements 

throughout the province of Ontario.  A significant number of the early cracking failures were 

tested by NMR, and noted to contain significant amounts of phosphorous. This finding is a 

chemical indicator for the use of poly-phosphoric acid (PPA) or other forms of phosphoric acid 

additives as primarily used to extend the high temperature range of a PG graded binder.  

 Statistical variability is a critical component of decisions regarding selection of test 

procedures and threshold values for performance specifications.  It is generally accepted 

that variability inherent in production activities should be the responsibility of suppliers, 

thereby creating incentives to use best available technology to achieve product consistency.  

However, since specification test methods are selected by the agency, statistical variability 

inherent in materials testing of individual samples are commonly addressed through some 

allowance in meeting threshold values, so long as overall averages for given suppliers show 

evidence of compliance.  For example, highway agencies using BBR protocols typically allow 

a 1°C window for experimental error as defined by AASHTO M320 standards.  With the 

adoption of Extended BBR protocols, testing variability following long periods of isothermal 
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conditioning increases significantly.  Although measurements of BBR stiffness are not highly 

variable, changes in phase angle (m-value) related to wax crystallization depend greatly 

upon thermal history.  Since small changes in these low phase angles create large 

temperature differences in the controlling PGL (m-value = 0.30), the testing variability (d2s) 

for PGL increases from 1°C after 1 hour of thermal conditioning as defined by M320 to 3°C 

after 72 hours of thermal conditioning using MTO LS-308.  As confirmed later in an MTO-led 

inter-laboratory Study including 17 laboratories, the high statistical variability in the test 

method is real, and the 3°C allowance is large but justified.  It is important to remember that 

the EBBR threshold limits require binders to generally be softer and more crack resistant 

than their M320 counterparts, even with the 3°C allowance.  Waxy crudes should be greatly 

disadvantaged by LS-308.  Some diligence on the part of MTO is recommended to ensure 

that individual suppliers do not take advantage of this unusually high but necessary 

allowance for variability. Although the need for LS-308 in binder specifications still needs to 

be debated, this review of new MTO specifications finds the agency-industry cooperative 

effort to advance difficult specifications to be commendable.    

 Use of phosphoric acid modifiers should be investigated further.  One relatively small area 

within the province is particularly plagued by premature cracking problems related to this 

issue.  It is important to recognize that lower quality binders are most likely to need PPA as a 

grade extender.  Lower quality asphalts would be inherently more likely to contain wax or 

lack molecularly compatibility, so the cracking problem could be caused by low quality 

asphalts needing modification rather than the PPA modifier itself.  On the other hand, 

phosphorous pentoxide or other forms of phosphoric acid are used by the roofing industry 

to catalyze oxidation during air blowing, so the phosphorous compounds themselves could 

conceivably have a negative impact on phase angle after extended aging. 

 PPA is acidic, and therefore reacts with chemical bases such as liquid amine antistrips and 

hydrated lime. After the neutralizing reaction, the binder modulus is no longer sufficient to 

resist rutting, while antistrip properties are damaged or lost completely.   It is very 

important for the binder supplier (PPA user) and the asphalt contractor (antistrip user) to 

work together to avoid co-reactive materials in the same mix.  Some antistripping agents, 

such as polyphosphate esters, are not chemical bases, and should therefore remain 

compatible with use of PPA.       
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3 Research Methods 

3.1 Material Testing Procedures 

3.1.1 Asphalt Binder: Testing Procedures 

Table 6 presents a summary of different types of binder tests conducted on extracted binders for this 

study. Detailed descriptions of these test methods and relevant parameters, references, aging and 

loading conditions, results and discussion are provided in ensuing sections. 

Table 6: Selected Binder Tests. 

Type Tests Parameter Reference 

Chemical 

Properties 

Fourier-Transform Infra-Red (FTIR) Tests Carbonyl Area Glover et al. (2005) 

Saturate-Aromatic-Resin-Asphaltene 

(SARA) Tests 

SARA Concentrations, 

Colloidal Instability Indices 

IP 469:2001 (2006) 

X-Ray Fluorescence (XRF) Spectoscopy 

Tests 

REOB Detection Karki and Zhou (2017) 

Rheological 

or 

Mechanical 

Properties 

 Performance Grade (PG) Tests 

 Dynamic Shear Rheometer 

(DSR) Tests 

 Bending Beam Rheometer (BBR) 

Tests 

Performance Grade 

 High Temperature 

PG 

 Low Temperature 

PG, ΔTc 

AASHTO M320 

Glover-Rowe (G-R) Damage Parameter 

Tests 

Glover-Rowe* Parameter (R. M. Anderson, King, 

et al., 2011; King et 

al., 2012; G. M. Rowe 

& Baumgardner, 

2011) 

Extended Bending Beam Rheometer 

(EBBR) Tests 

Grade Loss, Low Temperature 

Limiting Grade 

MTO LS308 

Double-Edged Notch Tension (DENT) 

Tests 

Fracture Energies, CTOD MTO LS299 

 
3.1.2 Asphalt Binder: Chemical Properties 

Oxidative aging causes two significant chemical changes that significantly alter rheological properties.  

First, each carbonyl formed during oxidation creates a highly polar site that causes that aromatic-

carbonyl group to form a strong polar bond with another similar molecule.  But as polar molecular 

agglomerations (asphaltenes) become larger, each single carbonyl causes a much larger change in 

rheology.  At high temperatures, larger molecules increase the binder modulus much more than their 

smaller counterparts.  At low pavement temperatures, larger molecules are much less mobile, reducing 
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binder phase angle and thus decreasing ΔTc.  Hence, when original crude sources are high in 

asphaltenes, oxidation can create large changes in both PGH and PGL even when the measured carbonyl 

uptake is within expected ranges.  Various chemical analyses enable the binder formulator to 

understand how changing molecular interactions from blending or oxidative aging might influence 

asphalt rheological properties and performance.   

3.1.2.1 Fourier-Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) Spectroscopy is a technique used to determine chemical composition 

by measuring the amount of infrared light absorbed as it passes through, or emitted as it reflects from a 

material. Light from the infrared source first passes through an interferometer, which periodically 

transmits and then blocks the beams so that absorbance can be measured at individual frequencies 

covering the IR spectrum (as shown in Figure 26).  A detector then quantifies light passing through the 

specimen, and uses Fourier-Transform mathematics to create a distinguishing IR spectrum showing 

absorbance vs frequency (cm-1) that is unique to the chemical functionality found within the material.  

 

 

Figure 26: Schematic Illustration of FTIR Test Set-Up  

(Nasrazadani, Mielke, Springfield, & Ramasamy, 2010) 

FTIR is the key chemical instrument for monitoring oxidative aging in asphalt.  Numerous chemical 

functionalities formed during asphalt oxidation can be tracked, but the most deleterious rheological 

changes caused by oxidation are attributed to the formation of a carbonyl functional group (C=O) at the 

benzylic position of an aromatic molecule.  Carbonyl compounds absorb IR light with frequencies in the 

1650 cm-1 to 1820 cm-1 range. Benzylic carbonyl groups in aged asphalt show maximum absorbance 

(peaks) near 1700 cm-1 (see Figure 27(b)).  Hence, an increase in the peak area near 1700 cm-1 is usually 

correlated with an increased level of oxidative aging (C. Glover et al., 2005).  

Double-bonds are rarely found in asphalt, but this functionality is necessarily present at every fourth 

carbon-carbon bond in a polymer chain made using butadiene. Hence, the bands of the FTIR absorbance 
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spectrum at wavenumbers 699/cm and 965/cm are used to determine if binders contain polybutadiene 

(PB) and polystyrene (PS) (Masson, Pelletier, & Collins, 2001) – the compounds that make up Styrene-

Butadiene-Styrene (SBS) or random (SBR) polymers. Additionally, the band of FTIR absorbance spectrum 

at wavenumber 1229/cm can be used to determine the presence of Polyisobutylene, a lube oil additive 

commonly found in  REOB (Bell, 2017).  Polyisobutylene has no double bonds, and is known to crystalize 

at low temperatures.  If crystallization occurs, the result could be significant isothermal physical 

hardening at low temperatures. If metals are removed during processing, the polyisobutylene band in 

FTIR spectra provides secondary evidence for the presence of waste engine oils in asphalt.   

     

(a) FTIR Absorbance Spectrum Indicatiing Changes as Asphalt Oxidizes  

 

(b) FTIR - Magnified Spectum of Increasing Carbonyl Area as Asphalt Oxidizes 

Figure 27: Illustration of Changing FTIR Spectra Reflecting Oxidation 

Carbonyl functionality has a high IR absorption coefficient, virgin asphalt rarely contains carbonyl, and 

asphalt contains few other functional groups that strongly absorb near 1700 cm, so IR is an ideal tool for 

monitoring the oxidative aging process within individual asphalts.  However, carbonyl formation does 
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not impact rheological changes of the same order in all asphalts.  When asphalt is modified with certain 

additives or fluxes (bio-derived oils; amido-amine antistripping agents) which themselves contain 

carbonyl functionality, spectra may exhibit high absorption in the carbonyl area which is unrelated to 

oxidation.  In such cases, carbonyl attributed to aging can still be determined if original materials can be 

tested to calibrate peak areas accordingly.  Therefore, an IR spectrum for any binder extracted from an 

aged pavement can yield useful information on the state of oxidation, but it does not necessarily reflect 

a relative level of asphalt embrittlement, and quantities of carbonyl content can be shifted upwards by 

some asphalt additives.     

3.1.2.2 Saturate-Aromatic-Resin-Asphaltene Tests 

The thin-layer chromatography SARA test method IP 469 standard (2006) was used to separate the 

recovered binders into four chemical fractions: saturates, aromatics, resins and asphaltenes. SARA 

requires that 100 mg of binder first be dissolved in 5 ml of dichloromethane (CH2Cl2) solvent.  1 μl of 

diluted solution is spotted onto three quartz-coated silica gel rods. Those rods are then placed vertically 

in three different glass tanks each containing 70 ml. of a different solvent. The four SARA fractions 

slowly separate from each other as they adsorb differently on the silica gel as the solvent moves up the 

rod.   Once separation is complete, different bands on the rods are ionized by a constantly moving 

hydrogen flame using a technique called Flame Ionization Detection (FID). The corresponding response 

is recorded as a spectrogram with four unique peaks (see Figure 28).  Integration of the peak area 

quantifies the relative concentration of each of the four SARA fractions. 

 

Figure 28: Schematic Illustration of SARA Test Set-Up  

(Source: Iatroscan MK-6s) 
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Just as oil and water don’t mix unless an emulsifier is used to bridge the surface between the two, 

asphalt becomes internally incompatible when great differences in polarity between asphaltenes and 

saturates cannot be stabilized by the asphalt’s resin and aromatics fractions.   For an asphalt to remain 

homogeneous and perform appropriately, all four SARA fractions must remain compatible with each 

other.  The aromatic and resin fractions must disperse the highly-polar asphaltenes, and the saturates 

must remain in the mobile phase without crystallizing or separating so that they can improve flow at low 

temperatures  (Gawel & Baginska, 2004; J. Li, Huang, Zhang, & Xu, 2009; Yang, Cong, & Liao, 2003). 

Oxidative aging disturbs the equilibrium among these fractions by increasing the polarity of asphaltene, 

resin, and aromatic molecules. With sufficient change in polarity, aromatics become resins, resins 

become asphaltenes, and asphaltenes become large peri-condensed molecular agglomerations that are 

very difficult to stabilize in solution.  Saturate molecules rarely oxidize, so they remain non-polar and 

their relative concentration stays constant.   

Additives and fluxes can assist or destroy chemical compatibility.  Bio-oils naturally contain polar 

carbonyl groups which interact with polar asphaltenes and resins in the asphalt.  Aromatic plasticizing 

oils refined as by-products of lube oil processing restore balance as rejuvenators by replacing oxidized 

aromatic molecules.  But Re-Refined Engine Oil Bottoms (REOB), as recovered from distilled waste lube 

oils, contain primarily the saturate molecules that have no aromaticity and little polarity.  The re-refined 

oil softens the asphalt, but is ineffective in dispersing the highly polar peri-condensed asphaltenes 

forming during oxidation.  Hence, aging asphalt/REOB blends become increasingly incompatible with 

oxidation, leading to low binder phase angles which exacerbate age-induced surface damage on the 

pavement.   

As a first estimate of molecular compatibility, SARA concentrations can be used to calculate a colloidal 

stability index. This ratio, with the two chemical extremes for incompatibility in the numerator, and 

stabilizers in the denominator, helps a formulator to anticipate potential problems that might be 

induced by oxidative aging or a poor choice of a flux/modifier that has a negative impact on the colloidal 

stability of the final binder. As the value of this index increases, the binder is generally less stable.  

Colloidal Stabilty Index (CSI)  =
%Saturates + %Asphaltenes

%Aromatics + %Resins
 

It is generally theorized that asphalts with high CSIs (poor compatibility) and high carbonyl content 

(advanced state of aging) will be brittle, and thus more likely to exhibit surface cracking as pavement 

surface temperatures approach PGL.   

3.1.2.3 X-Ray Fluorescence Spectroscopy Tests 

X-ray Fluorescence (XRF) spectrometry is a non-destructive analytical technique used to quantify the 

elemental composition within asphalt binders.  X-rays excite electrons of individual atoms, which then 

generate secondary X-rays. Each chemical element emits a unique set of fluorescent X-rays ("a 

fingerprint") which can be detected and quantified (see Figure 29).  A benchtop sequential wavelength-

dispersive Rigaku Supermini200 XRF instrument was used for this study. The fluorescing element emits 

X-Ray light at specific wavelengths which are detected over time and recorded as kilo count per sound 

(kcps).  
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XRF is commonly used to detect the presence of waste engine oils such as REOB in asphalt. Five different 

elements are commonly found in engine oils, including sulfur (S), vanadium (V), calcium (Ca), potassium 

(K) and zinc (Zn).  However, concentrations of these elements vary with waste oil source.  More 

importantly, the re-refining process distills clean oil from the collected used oil.  Metal atoms are 

concentrated in the distillation bottoms (REOB).  Because metals aren’t likely to distill, the final metal 

content depends upon both the concentration in the original waste oil and the fraction of clean waste 

oil that has been distilled off to produce recycled engine oil.   Furthermore, some of these elements 

found in waste oil may also present in asphalt, or in aggregate dust that extracts during binder residue 

recovery.  Hence, separate averages for the five elements are used to make a best estimate for 

quantification of waste oils as used to flux or recycle bitumen, as described in a recent publication (Karki 

& Zhou, 2017).  Duplicate specimens were run for each binder. Predictions for waste oil concentrations 

improve markedly when XRF spectra are available for original binders.  

 

Figure 29: XRF Test Set-Up and Binder Sample 

(Source: Rigaku Technologies) 

3.1.3 Asphalt Binder: Rheological Properties 

3.1.3.1 High Temperature Rheological Tests – Rutting 

Binder high temperature performance grades (PG) are determined using the AASTHO M320 Standard 

Specification for Performance-Graded Asphalt Binder. 

G*/sin δ: A Dynamic Shear rheometer (DSR) is used in accordance with AASTHO T 315 [1] to determine 

the high temperature binder grade (PGH).   Five grams of heated binder are poured into a silicone mold 

to create a disc-shaped test specimen.  The disc is frozen, and then placed in the rheometer between 

two 25 mm circular metal plates.  The specimen is heated to the designated test temperature and 

compressed to create a 1 mm thick film. Independent values for complex shear modulus (G*) and phase 

angle (δ) are determined by oscillating the upper plate at a frequency of 10 rad/s (1.59 Hz). Two 

separate tests are run on the unaged binder and the RTFO-aged binder respectively.  Three test 

repetitions ensure reliability.  The binder’s contribution to rutting is controlled by setting minimum 

values of the rheological parameter G*/sin δ for the original binder (≥1.0 kPa) and the Rolling Thin Film 

Oven (RTFO)-aged residue (≥2.2 kPa) at the high temperature stipulated by LTPPBind software for the 

local climate and traffic count.  Since RTFO is intended to simulate binder aging in the hot-mix plant, it is 

generally assumed that binder in newly-placed HMA will have properties similar to those attributed to 

the RTFO residue.  Of course, these properties evolve with continuing oxidative aging in the pavement, 
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so extracted binders from aged pavements should have higher PGHs than those of their lab-graded 

counterparts.     

MSCR: The Multiple-Stress Creep Recovery test offers a second option for using a DSR to grade binders 

for rutting resistance at high temperatures.  The pertinent test method is AASHTO TP70, and the full 

binder PG specification using this test to control high temperature binder properties is AASHTO MP 19: 

Standard Specification for Performance-Graded Asphalt Binder Using Multiple-Stress Creep Recovery 

(MSCR) Test.   

As its name suggests, the test incorporates multiple creep and recovery cycles, 20 in total. The test is run 

at the high PG pavement temperature, using 25 mm plates in the DSR.  The first ten loading cycles apply 

a torsional stress of 0.1 kPa for 1 second, and then immediately remove the load and allow the 

specimen to recover strain for 9 seconds.  The second ten cycles increase the torsional load to 3.2 kPa.  

From these tests, non-recoverable creep compliance and % recovery can be determined.  Non-

recoverable Creep Compliance (Jnr) determines the rutting resistance, with lower numbers representing 

stiffer binders.  The % recovery is sometimes used to control levels of modification for elastomeric 

polymers.  

The MSCR test was developed to better rank rutting resistance for highly polymer modified soft binders, 

which had been found in accelerated loading trials to rut more quickly than predictions from values of 

G*/sin δ might have indicated.  This tool may have relevance when specifying more highly polymer 

modified binders as used in Ontario.  The compliance (Jnr) at 3.2 kPa replaces G*/sin δ as the failure 

parameter. % Recovery, a second parameter from the MSCR test, provides some indication of polymer 

modification (elasticity), although the temperature at which this test is run is much higher than 

temperatures usually used in PG+ specifications for elastic recovery.  % Recoveries at high test 

temperatures can be very low and difficult to reproduce.   

3.1.3.2 Low Temperature Rheological Tests – Transverse Thermal Cracking 

BBR:  The bending beam rheometer (BBR) is used to measure binder creep stiffness (S) and the stress 

relaxation capacity (m-value) at temperatures 10°C above a climate’s lowest wintertime pavement 

temperature (PGL). The standard procedure, AASHTO T313: “Determining the Flexural Creep Stiffness of 

Asphalt Binder Using the BBR”, is a stress-controlled test performed on a small asphalt beam placed in a 

temperature controlled liquid bath.  Beams are made by pouring hot asphalt into aluminum molds with 

dimensions of 0.246 x 0.492 x 5.000 inches (6.25 x 12.5 x 127 mm). The beams are conditioned for 

exactly one hour at the test temperature before loading.  Beam deflections are measured at regular 

intervals, a stiffness master curve is plotted, and values for creep stiffness and m-value are calculated at 

60 sec loading time.  The test measures the deflection of the beam over time, and is typically performed 

on binders that have been subjected to both RTFO aging and longer-term aging in the Pressure Aging 

Vessel (PAV).  

As defined by AASHTO M-320, the BBR delivers two independent low temperatures.  First, the 

temperature where the 60 sec creep stiffness equals 300 MPa is determined.  Then the temperature 

where the 60 sec stress relaxation capacity (slope of modulus vs time curve in a log scale) equals 0.300 is 

calculated.  Then the principal of time-temperature superposition (TTS) is applied to reduce both 
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temperatures by 10°C to account for differences in loading time between BBR deflections and thermal 

cooling events in the pavement. These two off-set temperatures, 𝑇𝑐𝑆 as the controlling temperature for 

binder Stiffness and 𝑇𝑐𝑚 as the controlling temperature for m-value, define separate failure criteria.  The 

higher (less negative) of these two temperatures defines the low temperature PG grade (PGL) as used to 

control transverse thermal cracking.   

3.1.3.3 Rheological Tests Used to Control – Age-Induced Surface Damage 

From a historical perspective, thermal cracking has long been addressed using concepts for a “limiting 

binder stiffness” above which cracking is likely to occur.  Recent research has shown the binder phase 

angle (or BBR m-value) is also a contributing variable to damage formation and healing at low 

temperatures.  A number of recent research papers have proposed different rheological concepts to 

exploit the knowledge that both binder modulus and phase angle are needed to limit age-induced 

surface damage.    

ΔTc:  The temperature difference between the two critical BBR temperature limits (𝛥𝑇𝑐 = 𝑇𝑐𝑆 −

𝑇𝑐𝑚) has been shown to correlate well with binder ductility (Anderson, 2011), which Kandhal had long 

ago shown to correlate with age-induced surface raveling and cracking (Kandhal, 1977).  Recent studies 

indicate that surface cracking is more likely to occur at low pavement temperatures when binders are 

highly controlled by m-value.  That is, values of  ΔTc are more negative  (Thomas Bennert et al., 2016; X. 

Li, Gibson, Andriescu, & Arnold, 2016).  Even if the limiting stiffness of 300 MPA is not exceeded when 

pavements reach their coldest temperatures, surface damage can still accrue if the binder phase angle is 

particularly low.   Hence, the parameter ΔTc is receiving increasing attention as a specification control 

for surface damage leading to raveling and/or block cracking.  When values of ΔTc fall below -5°C, as 

might be caused by years of oxidative aging or excess use of RAP in recycled mixes, surface damage 

accrues as pavements cool to temperatures approaching PGL.  It has been theorized that traffic loads 

may seriously exacerbate surface cracking when brittle surface mixes are already damaged by thermal 

stresses. Hence, combinations of low binder ΔTc and rolling traffic are particularly damaging when both 

are present as pavement surface temperature approach PGL for the given binder.   

Black Space Diagrams: As a binder ages, G* increases and the phase angle decreases.  To reflect the 

importance of phase angle on aged binder properties, it is best to view asphalt aging by observing its 

rheological consequences on a plot of Log G* vs δ, commonly called a Black Space Diagram, as 

exemplified by Figure 30. Three asphalts (Western Canadian – WC; Gulf-Southeast – GSE; West Texas – 

WTX), were lab-aged via RTFO, and then PAV-aged for 0, 20, 40, and 80 hours.   A DSR then determined 

G* and phase angle (15°C; 0.005 rad/sec).  As a binder ages, its position on the Black Space Diagram 

moves to the upper left on the diagram, or from more ductile toward more brittle behavior.  Because 

the changing phase angle is such an important part of aging, it is more appropriate to speak of the 

change as age-embrittlement, rather than age-hardening.  The Black Space Diagram also explains why 

aging ratios (pen retention; viscosity ratio) as used in previous specifications can be misleading.  The WC 

asphalt shows the greatest change in log G* after 40 hr PAV-aging, and yet has not reached the 

hypothesized damage zone.  The initial quality of the WC asphalt is so much better (lower to the right in 

Black Space) that it can have a higher aging ratio, yet still be a more ductile binder after 40-hr PAV aging.  
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Because initial binder quality is so important, aging must be evaluated by location in Black Space, rather 

than by some relative change in properties with aging.  

 

Figure 30: Asphalt Aging: Black Space Diagram 

(King, 2011) 

Glover-Rowe Parameter:  As the binder ages progressively toward the upper left corner of the Black 

Space Diagram, it is hypothesized that the binder passes through a damage zone as it becomes 

increasingly more brittle.  Kandhal (1977) had previously reported that pavement surfaces in 

Pennsylvania exhibited light raveling when binder ductility fell to 5 cm (15°C; 1 mm/min).  When aged 

binder ductility reached 3 cm, visible surface cracking was evident.  Glover-Rowe (G-R) is a rheological 

parameter proposed to capture Kandhal’s observations by creating a damage zone in Black Space, with 

two separate values of G-R proposed for damage onset (microdamage, light raveling) and visible 

damage (surface cracking).  Like ΔTc, G-R correlates well with binder ductility (15°C, 1 cm/min) when run 

at the same temperature and at a DSR test frequency of 0.005 rad/sec.  Figure 30 shows the G-R damage 

zone as projected for a PG 58-28 climate indicative of Kandhal’s Pennsylvania field study (1977).  The 

equivalent values of G-R are proposed to be 180 kPa for damage onset, and 600 kPa for visible surface 

cracking (R. M. Anderson, King, et al., 2011; King et al., 2012; G. M. Rowe & Baumgardner, 2011).  

Because G-R is a function of G* and δ, the two damage zone limits are represented by curves in Black 

Space.  These G-R values, or the test conditions used to obtain them, must be adjusted to account for 

local pavement temperatures (as can be determined from LTPPBind software).  Recent research reports 

more details regarding performance predictive capabilities and possible lower temperature applications 

for the Glover-Rowe concept (D. J. Mensching, Rowe, Daniel, & Bennert, 2015; G. M. Rowe, King, & 

Anderson, 2014).   

It is further important to recognize that thermal cooling stresses first lead to microdamage, as 

represented by the lower G-R onset parameter, as the pavement’s surface cools to the lowest 

temperatures expected for the local climate.  These same thermal stresses can increase to create visible 
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surface cracking as the binder further ages to a higher value of G-R, or if the pavement surface 

temperature drops below PGL.  Vehicle loads further complicate surface cracking by creating load-

induced stresses near the tires edge.  When thermal cooling stresses are sufficient to generate 

microdamage within the surface mixture, probabilities increase that stresses induced by traffic will 

cause microcracks in a damaged mix to coalesce into visible surface cracks.  This damage is very different 

from traffic-induced fatigue cracking, in which pavements crack from the bottom-up due to insufficient 

structure.   

Because surface raveling and cracking typically occur only as the pavement ages, the G-R value is usually 

determined after long-term PAV-aging.  Because 20-hour PAV aging is not sufficient to reach aged 

binder properties that lead to damage, most researchers now consider 40-hour PAV to be a more 

appropriate age-conditioning time at which to compare G-R values.  And like other rheological 

parameters, it is important to adapt failure limits to climate by adjusting test temperature, frequency, or 

G-R values which define a damage zone.   

The Glover-Rowe parameter is an offshoot of a proposed fatigue parameter derived by Glover from a 

basic spring & dashpot Maxwell model to convert rheological measurements into a predicted binder 

failure strain.  That parameter, 𝐺’/(𝑛’/𝐺’) was later rearranged by Rowe to create an equivalent 

rheological function which could be plotted on a Black Space Diagram (Rowe, 2011; King et al., 2012): 

𝐺’

(
𝑛’
𝐺 ’)

= 𝐺∗  (
cos2 𝛿

sin 𝛿
)  𝜔   

Where, G* refers to complex shear modulus, δ refers to phase angle, and ω refers to angular frequency 

(rad/sec) 

Glover-Rowe values are usually determined in a DSR at an intermediate temperature (15°C) using an 

angular frequency of 0.005 rad/sec and a strain of 0.10%. 

3.1.3.4 Extended Bending Beam Rheometer Tests – Low Temperature Cracking 

The Extended Bending Beam Rheometer (EBBR) test determines the low temperature performance 

grade of asphalt binders after 3-days of thermal conditioning.  The purpose of this test is to capture 

reversible physical hardening, which describes a deleterious binder embrittlement that occurs if waxes 

crystallize over a period of several days when the asphalt is held at low temperatures.  Based upon 

previous Ontario field trials, test method LS-308 was added to Ontario binder purchase specifications. 

Binder BBR specimens are conditioned for 1-hr, 24-hr, and 72-hr at 10°C and 20°C above the minimum 

design pavement temperature. The specimens are tested at 16°C and 20°C above the minimum design 

pavement temperature and resultant creep stiffness (S) and creep slope (m) based PGs are determined 

for each set. The specimen preparation method, test instrument and loading function are the same as 

AASHTO T313. Note that specimens are stabilized for 10 minutes at temperature prior to each testing 

step. From these tests, limiting temperatures for m = 0.300 and SS = 300 kPa, limiting grade and grade 

loss (°C) are obtained.  

Benefits of this test method are discussed in corresponding sections in Chapter 2.  
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3.1.3.5 Double-Edge Notched Tension Tests – Resistance to Ductile Failure 

Double-edge notched tension (DENT) tests are run to determine a binder’s resistance to ductile failure.  

Using test method LS-299, binders are heated and poured into DENT molds that have ligament lengths 

of 5, 10, and 15 mm. The specimens are conditioned at 15°C for 3 hours, and then tested in tension at a 

displacement rate of 50 mm/min.  Loading is continued to ductile failure, or to a maximum stroke length 

of 21000 mm. Load/displacement data is used to calculate the essential work of fracture, the plastic 

work of fracture and the approximate critical crack tip opening displacement (CTOD).  Two replicates are 

tested for each ligament length. Benefits of this test method are provided in corresponding sections of 

Chapter 2.  

3.1.4 Asphalt Mixture: Testing Procedures 

Table 7 presents different types of binder tests conducted on extracted binders for this study. The tests 

include two tests for volumetric properties and three two tests for mechanical properties of the 

mixtures. Detailed descriptions of these test methods and relevant parameters, references, aging and 

loading conditions, results and discussion are provided in ensuing sections.  

Table 7: Selected Mixture Tests 

Type Tests Parameter Reference 

Volumetic 

Tests 

 

Bulk Specific Gravity Tests Bulk Specific Gravity 
ASTM 

D2726/D2726M-17 

Themoretical Maximum Specific 

Gravity Tests 

Themoretical Maximum Specific 

Gravity 

ASTM 

D2041/D2041M-11 

Mechanical 

Tests 

Resilient  Modulus Tests Resilient  Modulus ASTM D7369-11 

Semi-Circular Bending Tests Fracture Energy ASTM D8044-16 

Disk-Shaped Compact Notch 

Tension Tests 
Fracture Energy ASTM D7313-13 

 
3.1.5 Asphalt Mixture: Volumetric Properties 

3.1.5.1 Bulk Specific Gravity Tests 

Bulk specific gravity (Gmb) represents the density of mixtures. Gmb tests are conducted following the 

ASTM D2726/ D2726M-17 Standard Test Method for Bulk Specific Gravity and Density of Non-

Absorptive Compacted Asphalt Mixtures. This test method measures the dry, the saturated surface dry 

and the water-submerged mass of cores at 25°C and yields Gmb values.  

Gmb =
Dry mass

Saturated surface dry mass in air − Submerged mass in  water
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3.1.5.2 Theoretical Maximum Specific Gravity Tests 

Theoretical maximum specific gravity (Gmm) represents the maximum possible density of mixtures. This 

is an ideal density at 0% air void content.  Gmm tests are conducted following the ASTM D2041/ 

D2041M-11 Standard Test Method for Theoretical Maximum Specific Gravity and Density of Bituminous 

Paving Mixtures. In this test method, the mass of the dry mixture in air, the mass of mixture and a flask 

filled with water, and the mass of a flask alone filled with water at 25°C are measured and used to 

calculate Gmm values.  

Gmm =
Dry mass

Dry mass + Mass of flask filled with water − Mass of flask and sample filled with water
 

The measured values of Gmb and Gmm were finally used to estimate air void contents in them. 

%Va =
Gmm − Gmb

Gmm
x100% 

3.1.6 Asphalt Mixture: Non-Damage Properties 

3.1.6.1 Resilient Modulus Tests 

Resilient modulus represents the stiffness of viscoelastic materials. The resilient modulus tests are 

conducted by ASTM D7369-11 Standard Test Method for Determining the Resilient Modulus of 

Bituminous Mixtures by Indirect Tension Test (IDT).  

For these tests, circular samples with fixed thicknesses are first kept in a controlled environmental 

chamber at desired test temperature for few hours. Then the samples are subjected to the haversine-

shaped load functions with fixed amplitude and frequency for 100 cycles. Each cycle consists of 0.1 s of 

loading and 0.9 s of rest. The vertically applied load and the resultant horizontal displacements are 

measured with linear-variable displacement transducers (LVDTs) during the last five cycles are then used 

to obtain resilient modulus values. Figure 31 presents a typical set up of resilient modulus test of asphalt 

mixture. 

For this particular study, a sample thickness of 40 mm, load amplitude of 334 N (75 pound), a frequency 

of 1.0 Hz, a low temperature of 4°C, an intermediate temperature of 25°C and a high temperature of 

40°C were used. The three different temperatures were selected to determine the relationship of 

resilient modulus with temperature. These relationships were used to estimate resilient modulus of the 

mixtures at other temperatures for mechanistic analysis of pavements. 
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Figure 31: Resilient Modulus Test Set-Up 

3.1.7 Asphalt Mixture: Damage Properties 

3.1.7.1 Semi-Circular Bending Tests – Intermediate Temperature Cracking 

The semi-circular bending (SCB) tests are conducted to determine the cracking resistance of mixtures at 

intermediate temperature. Cracking resistance is measured in terms of fracture energy. Fracture energy 

is an estimate of energy required by a material to reach a certain level of damage. Usually, brittle 

mixtures require less fracture energy for cracking than brittle mixtures do. 

SCB tests are conducted by following ASTM D8044-16 Standard Test Method for Evaluation of Asphalt 

Mixture Cracking Resistance using the Semi-Circular Bend Test (SCB) at Intermediate Temperatures. For 

these tests, the lab-mixed or the field-cored samples are cut into slices of desired thickness and then cut 

into two equal semi-circular halves. A notch is then made along the axis of symmetry starting at the 

middle of the flat edge and extending into the specimen. The notch is made to guide for any impending 

cracks through the specimen. In this study, a notch depth of 25 mm was used. 

For testing, the SCB specimens are conditioned at the desired test temperature of 25°C for at least two 

hours in a controlled environmental chamber. The specimens are then removed from the chamber and 

placed on a loading frame with two frictionless roller supports. The specimens are vertically loaded such 

that displacement would increase at a rate of 50 mm/min until total failure. The controlled displacement 

and the corresponding load are continuously recorded during these tests. The area under the load 

versus displacement curve until the peak load represents fracture energy required to reach a certain 

level of fracture damage. Ideally, the mixtures with lower fracture energy (or smaller area under load 

versus displacement curve) are more prone to cracking than the materials with higher fracture energy 

(or larger area under load vs. displacement curve). 

Figure 32 presents the schematics of the SCB test set-up (a) the displacement rate-controlled loading 

function (b) and fracture energy under the load versus displacement curve (c).  In this study, at least 

three specimens that were previously used for resilient modulus were cut into two halves and used for 

SCB tests, resulting in six 40 mm thick specimens per pavement section.  
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(a) SCB Test Set-Up 

  

(b) Loading Function (c) Load  vs. Displacement Curve 

Figure 32: Schematics of SCB Test Set-up, Loading and and Results 

3.1.7.2 Disk-Shaped Compact Tension Tests – Low Temperature Cracking 

The disc-shaped compact tension (DCT) tests are conducted to determine the cracking resistance of 

mixtures at low temperatures. This is done by determining the energy required by a specimen to 

completely damage by fracture at a given low temperature. Usually, mixtures that are more prone to 

cracking (e.g. brittle materials) have lower fracture energy than mixtures that are less prone to cracking 

(ductile materials).  

DCT tests are conducted following ASTM D7313-13 Standard Test Method for Determining Fracture 

Energy of Asphalt-Aggregate Mixtures Using the Disk-Shaped Compact Tension Geometry. For these 

tests, circular samples with a fixed thickness are trimmed 5 mm on one of the edges. Then, a 35-mm 

long notch is made along the axis of symmetry starting at the middle of the resultant flat edge. The 

notch provides a space to place a displacement gauge to measure crack mouth opening displacement 

(CMOD) and serves as a guide for ensuing cracks. Two holes for the loading bars that are 25 mm in 
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diameter are also drilled through the specimens at a distance of 35 mm from the flat edge and 25 mm 

from the central axis of notch (see Figure 33).  

For testing, the specimens are first conditioned at desired test temperature in a controlled 

environmental chamber for a couple of hours. A temperature usually 10°C greater than the design low 

temperature is used for this purpose. Then, a monotonic tensile strain is applied on the specimen at a 

CMOD rate of 0.017 mm/sec (0.00067 in/sec). The load required for maintaining this displacement rate 

and the resultant crack mouth opening displacement (CMOD) are recorded until failure. The load versus 

CMOD curve is then plotted and used to calculate the area under this curve until when load after the 

peak reduces is 0.1 kN or above. This particular area represents the energy required to totally fracture a 

given specimen. Ideally, mixtures that have higher fracture energy are more resistant to cracking and 

thus preferred in pavement design. 

  

(a) DCT Test Set-Up 

  

(b) Loading Function (c) Load  vs. CMOD Curve 

Figure 33: Schematics of DCT Test Set-up, Loading and and Results 
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4 Forensic Study of Highway Projects Identified by the Ontario Auditor General 

4.1 Introduction 

The Ontario Auditor General identified six contracts which showed premature cracking (Table 8). As 

described in the 2016 OAG report the premature cracking was identified as being caused by inferior 

asphalt binders. However, no information on these contracts was provided in the OAG report which 

substantiated this claim. Therefore, the authors of this study undertook the task of examining the 

materials in these sections, where possible; reviewing the purposes of the contracts; the history of 

pavement performance; the pavement design, where important; the mixture designs; and the quality 

control/quality assurance (QC/QA) data. 

Table 8: Contracts Identified by OAG for Premature Cracking 

Contract No. Highway 

2007-2263 12 

2007-2037 10 

2008-2012 400 

2009-2010 400 

2003-2012 403 

2010-2039 403 

 

The contract numbers in Table 8 will be used throughout the text to identify the projects to avoid the 

confusion when separate contractors worked on different parts of the same roadway. It should be noted 

that, although it was identified as a premature failure of Highway 403, Contract No. 2010-2039 was 

actually a patching contract after premature cracking occurred for Contract No. 2003-2012. Since the 

patching contract (2010-2039) was intended to temporarily repair the road, this contract was not 

subject to the forensic analysis. 

The general description is provided to understand the history of the construction of the roadway, the 

traffic levels, the topography, the soils, the purpose of construction under the contract number, and the 

composition of the structural section. This information helped to identify issues that could affect the 

performance.  Much of this information was obtained from Pavement Design Reports provided by the 

MTO. 

Pavement performance is discussed in terms of the rate of deterioration by examining the MTO 

Pavement Condition Evaluation Tick Sheets or reading the Pavement Design Reports. Additionally, 

photos from the roadways, with the exception of Highway 12, were obtained through dated surveys 

from Google Street View. Fortunately, many of these surveys were available for dates preceding the 
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rehabilitation of the sections. For Highway 12, the principal investigator was able to visit the site and 

photograph the roadway and witness sampling ahead of the rehabilitation of the pavement. 

A mechanistic forensic analysis of the pavement sections was attempted, but it was decided that it 

would be superfluous as these sections began cracking far ahead of their design lives. There were also 

issues concerning the number of assumptions needed to complete the analysis would lead to 

questionable results. As a result, the author’s chose to defer to MTO as having provided a sound 

structural section although some of the failures possibly had bonding problems as one of the primary 

causes.   

Although five out of the six roads identified by the OAG had been rehabilitated prior to the beginning of 

this forensic, it was still possible to obtain materials from two of them. These were 2007-2037 (Highway 

10) and 2007-2063 (Highway 12).  While 2007-2037 had been rehabilitated and cores were not available, 

material from paved side roads and bag samples of RAP from the recent rehabilitation effort were 

obtained. Cores from the mainline, cores from a side road, and millings were available from 2007-2263. 

Mixture testing on the cores included resilient modulus at three temperatures, cold temperature 

cracking resistance by the DCT test, and intermediate temperature cracking resistance by the SCB test. 

Binders were extracted and recovered for chemical and rheological testing. Chemical testing included 

SARA, XRF, and FTIR. Rheological testing included EBBR, DENT, AASHTO M320, and Tc. Descriptions of 

these tests and their interpretation are provided in Chapter 3. 

Mixture design and QC/QA data sheets were provided by the contractors for these projects.  These data 

provided important information on the volumetric characteristics of the mixtures, and indications of the 

quality of production and placement. 

Each evaluation ends with a summary of possible issues that could have led to the premature cracking. 

4.2 Highway 12 – Contract No. 2007-2263 

4.2.1 General Description 

This project was constructed on Highway 12 from 0.3 km west of County Road 23 to City of Orillia West 

Limit for 15.6 km in 2007 and 2008. The majority of the project was comprised of milling 50 mm of the 

HMA surface, treating 100 mm of the existing HMA in-place by pulverizing and stabilizing with an 

expanded asphalt to create a cold in-place recycled expanded asphalt mixture (CIREAM) and paving over 

this with a 90 mm overlay. The overlay was comprised of 50 mm of Superpave (SP) 19 mm mix and 40 

mm of 12.5 mm friction course. In the remainder of the project the pavement was constructed by 

milling 40 mm, pulverizing 300 mm, adding 50 mm of Granular A base, and paving with 140 mm of HMA 

(Shaheen & Peaker Ltd., 2007).  Along with the pavement rehabilitation the roadway was widened so 

that the road lanes were 3.75 m and the shoulders were 2.50 m.  

Prior to the 2007-2263 contract, Highway 12 was originally constructed in about 1962 and had been 

reconstructed in about 1978 (Shaheen & Peaker Ltd., 2007). The reconstruction consisted of about 105 

mm of HMA with about 440 mm of granular material.  

The project no. 2007-2263 was constructed in 2009 and had a 50 mm mill and overlay constructed in 

2017.  The MTO provided a history of pavement condition rating (PCR) scores from 2009 to 2014 as 
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shown in  Figure 34 (MTO 2009-2014). It is evident that the pavement started deteriorating early and 

then it accelerated, and it is presumed that the PCR continued to decline until the pavement 

rehabilitation which took place in 2017. In 2009, longitudinal meandering and mid-lane cracking were 

noted to be few and very slight. In 2010, distortion, centerline cracking, and longitudinal cracking were 

noted to be slight and few in number. Slight raveling in a few areas began to appear in 2011 along with 

intermittent single and multiple centerline cracks and moderate edge cracking in a few areas. In 2011, 

the distortions noted in 2010 were not present. Transverse and wheelpath cracking began to be noticed 

in 2012 with frequent centerline cracking and intermittent non-wheelpath longitudinal cracking. 

The pavement began showing early distress, and Golder Associates prepared a report to document 

possible reasons for the premature cracking in 2014 according to Peto-MacCallum (2017). According to 

Peto-MacCallum (2017),  Golder concluded that the most probable reason was that the asphalt binder 

was modified in order to meet the requirements of a PG 64-28 using materials and methods that would 

have negatively affected the physical hardening and the fatigue behavior of the HMA. However, the 

research team did not have Golder Associates’ report to verify this. The rehabilitation in 2017 was 

actually a strengthening where 50 mm of a SP19 (D) mix was used as the binder course and 40 mm of a 

SP12.5 mm (D) mix was used for the surface. 

Because the 2017 rehabilitation had already begun by the time material sampling had begun for this 

forensic study, the two areas (yellow pins) in Figure 34 were sampled. Area 1 was sampled from the 

eastbound side of the road and Area 2 was sampled from the westbound side.  

 

Figure 34: Highway 12 and Sturgeon Bay Road Focus Areas for Sampling and Testing  

(Source: Google Earth) 

4.2.2 Pavement Performance 

The 2017 rehabilitation consisted of milling off the top 50 mm of HMA and replacing it with 90 mm. 

During this construction it was noted that there was considerable cracking in the underlying CIREAM 

prior to the placement of the overlay (Figure 41). This could result in early reflection cracking of the 
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overlay in the future. One can see the decline in pavement condition rating that has been happening 

already due to the development of such cracking in Highway 12 (Figure 35). 

 

Figure 35: Highway 12 Pavement Performance History. 

4.2.3 Pavement Design Analysis 

The lack of bonding between the CIREAM and the old asphalt layer which was left in place is shown in 

Figure 42(a) and Figure 42(b). Although this occurred about 150 mm below the pavement surface and 

probably would not have contributed significantly to the early deterioration seen in the pavement 

surface, the lack of adhesion could cause the upper layer (CIREAM and HMA) of material to move 

independently of the material below it. This could create a condition in which the fatigue life of the 

pavement is less than half of its design life. A couple of the pavement cores taken over cracks showed 

full-depth cracking through the CIREAM base. 

4.2.4 Construction 

Records show there were two JMFs for the SP12.5 mixture, one for lots 1 through 3 (2007) and another 

for lots 4 through 6 (2008). QC/QA testing (Figure 36(a) and Figure 36(b)) show that the asphalt binder 

contents varied between 4.66 and 4.82% for JMF 1 and between 4.56 and 4.90% for JMF 2. In all cases, 

the asphalt content was within the specification band with none of the values for QC being above the 

target value. QA results compared well with the QC results. VMA results show that there were two 

targets, one for each JMF (Figure 36(b)), with JMF 1 having a target VMA of 14.9% and JMF 2 having a 

target of 14.5%. The QC data show that while the JMF 1 test results are just a little lower than the target, 

the values are all above the minimum level. For JMF 2 there were problems in meeting the minimum 

value of VMA. The QA data from lot 5 is likely an anomaly. 
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(a) Asphalt Content 

 

(b) VMA 

Figure 36: Highway 12 Contract 2007-2263 QC/QA Data: SP12.5 Mix 

4.2.4.1 CIREAM Layer 

This is a process of accomplishing cold in-place recycling (CIR) with an expanded asphalt mixture (EAM) 

using Ontario Provisional Standard Specification OPSS 335 (MTO, 2015). In the case of Highway 12 in 

contract 2007-2263, the top 50 mm of material were milled off the surface, and then milling the 

underlying asphalt to a depth of 100 mm and treating it with foamed asphalt. The 100 mm of CIREAM 

was compacted and a new 50 mm surface was placed on top. There were 84,221 m2 of CIREAM placed 

on the project. 

This material is designed by varying the amount of expanded asphalt and obtaining the desired density 

and an adequate TSR. The contractor reported a high variability of the CIREAM in both quality and 

thickness. 
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4.2.5 Job Mix Formula 

The surface asphalt mixture for this job was specified to be 50 mm of SP12.5 (traffic level D) with a PG 

64-28 binder over most of the project except a truck climbing lane that had an asphalt base with a 

Superpave (C) 19 mm NMAS mix. Traffic level D means that the mixtures were designed for 4% air voids 

at 100 gyrations of the Superpave Gyratory (SPG) compactor. The truck climbing lane is not considered 

in this review as it was not sampled or surveyed.  

The mixture was comprised of a dense-graded aggregate, a PG 58-28 asphalt binder, and no reclaimed 

asphalt pavement (RAP). The design asphalt content was 4.8% by weight of total mix, the design voids in 

mineral aggregate (VMA) was 15% while the minimum called for in specifications was 14%. There were 

two job mix formulas (JMF) shown as a green line and a red line in the gradation (Figure 37), and both 

are defined by the Asphalt Institute’s (2001) criteria as a coarse gradation. Given that the gradation 

closely parallels the line of maximum aggregate packing (blue line) indicates a densely graded aggregate.  

Moisture sensitivity was measured using the tensile strength ratio (TSR) and was 86.5% which was 

greater than the required TSR of 80%. 

Of the items reviewed in the mix design for the HMA surface of Highway 12, two stand out as possible 

contributing factors for premature cracking. One is the densely packed and coarse aggregate gradation 

and the second is the relatively low asphalt content (4.6%) for a mix with a 9.5 mm NMAS.  This would 

have left very little room for asphalt cement, and the design asphalt content of 4.8% supports this. In 

discussion with contractors, the consensus was that the design asphalt contents in their mixtures were 

considerably reduced from values of the past. 

 

(a) SP12.5 (D) Mix 
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(b) SP19 (D) Mix 

Figure 37: Highway 12 HMA Job Mix Formula: Aggregate Gradations 

4.2.6 Forensic Materials Sampling  

In late July 2017, this project was under construction for pavement rehabilitation.  Since this was the 

only project called out in the Auditor General’s report with in-situ materials left, it was important to 

retrieve samples from the roadway before the rehabilitation was completed. The existing pavement had 

many cracks that were from moderate to very severe in terms of density and width. Figure 38 and Figure 

39 show examples of how the pavement looked throughout the project at that time. 

 

Figure 38: Highway 12 Contract 2007-2263: Evidence of Cracking in CIREAM As Seen After Milling. 
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(a) 

 
(b) 

Figure 39: Highway 12 Cracking Pattern (a) Eastbound Direction and (b) Westbound Direction. 

In each of the two sampling areas, intact core samples (Figure 40) were taken from each wheelpath (10 

in the eastbound and 12 in the westbound directions) about 4 m apart and over 4 cracks (2 transverse 

and 2 longitudinal) as shown in Figure 41 from each location.  The MTO was provided half of the cores 

for their own purposes. 

 

Figure 40: Highway 12 Intact Core Example 

 

(a) 

 

(b) 

Figure 41: Highway 12 Cores with (a) Partial Depth Crack and (b) Full-Depth Crack. 



 
 

77 

During the process of sampling the materials it was noted that the bond between the CIREAM and the 

old HMA located below it was absent in some areas as shown in Figure 42. This was considered 

significant as pavements with unbonded interfaces cannot transfer strain from one layer to the layer 

below it. In this case, assumptions concerning the longevity of the pavement design could be 

jeopardized as the unbonded interface could critically shorten the fatigue life of the pavement. This will 

be discussed later in the report. 

 

 

(a) (b) 

Figure 42: Highway 12 Interface Lack of Bond from (a) Westbound Area and (b) Eastbound Area. 

4.2.7 Forensic Materials Testing 

The rehabilitation of Highway 12 took place in the late summer of 2017, and samples of the in-situ 

materials were obtained just ahead of construction. As discussed above, cores were taken from two 

roadway areas and from Sturgeon Bay Side Road. As stated in Peto McCallum (2017), one of the chief 

concerns regarding the paving in this project was the possible modification of the asphalt binder to meet 

a PG64-28 grade. The asphalt binder was extracted from the roadway cores and RAP millings taken from 

the surface mix as described in Chapter 3.  

4.2.7.1 Asphalt Binder Tests 

Different chemical and rheological/mechanical tests were conducted on binders extracted from cores 

obtained from both the main and side road sections. Three tests for chemical properties and four tests 

for rheological/mechanical properties were run as listed in Table 6. The following sections present the 

results from these tests and discuss their relationship with observed pavement performance. 

4.2.7.1.1 Fourier-Transform Infrared Tests 

Figure 43 presents FTIR carbonyl areas for binders as extracted from Highway 12 and Sturgeon Bay 

Road.  Sturgeon showed the highest carbonyl area, and therefore the most advanced state of oxidative 
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aging.  Keeping the caveats described in section 3.1.1.1 in mind, the differences in carbonyl formation 

among the three locations are not insignificant, and could explain grading differences in a range up to 

6°C, or one PG grade at high and low temperatures.  However, FTIR cannot explain the marked 

differences in surface cracking noted for these sections, particularly because the mainline Highway 12 

pavement with lower levels of carbonyl content displayed the most severe cracking.  

None of these spectra had FTIR peaks at 699 cm-1 (Polystyrene) or 965 cm-1 (Polybutadiene), indicating 

these binders were not modified with SBS or SBR polymers. Also, there was no obvious peak at 1229 cm-

1 (Polyisobutylene), which implies the binders were not modified with significant amounts of REOB.  

 

Figure 43: Highway 12 FTIR Test Results 

4.2.7.1.2 Saturate-Aromatic-Resin-Asphaltene Tests 

Results for SARA testing of recovered binders from the three locations near Highway 12 are presented in 

Figure 44(a).  Results suggest differences in chemical composition, particularly polarity, between the 

Sturgeon Bay binder and the less polar Highway 12 materials.  The saturate concentration for Sturgeon 

Bay is only slightly lower than that of Highway 12.  However, the asphaltene content ranged from a 

typical level near 20% for Highway 12, to a very high 40% on Sturgeon Bay Road.  As seen from Figure 

44(b), the high asphaltene concentration caused the CSI of the Sturgeon Bay binder to be much higher.  

Although oxidative aging leads to higher asphaltene content and the Sturgeon Bay RAP did have more 

carbonyl functionality as measured by FTIR, the carbonyl difference from aging does not likely explain 

the jump to 40% asphaltenes.   

When viewed in combination with carbonyl data, there are large chemical differences which are likely 

attributed to variations in the asphalt’s crude origin or blending formulas, rather than oxygen uptake 

from aging.  Saturate content is relatively uniform within ranges expected for conventional bitumen, and 

always below 8%.  Because waste oil additives are primarily saturates, it is unlikely that large 

concentrations (>5%) of REOB or other paraffinic oils were added to any of these asphalts. 
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The most puzzling part of this Highway 12 study is that there was less cracking in Sturgeon Bay sections 

where the extracted asphalt showed relatively poor compatibility as measured by CSI.  As with FTIR, the 

cracking resistance of the respective binders trend against conventional wisdom regarding binder 

oxidation and molecular compatibility.    

 

(a) SARA Concentrations 

 

(b) Colloidal Stability Indices 

Figure 44: Highway 12 SARA Test Results 

4.2.7.1.3 X-Ray Fluorescence Spectroscopy Tests 

Table 9 quantifies the XRF intensities for twelve different chemical elements present in the three 

extracted binders.  Highway 12 and Sturgeon Bay Rd tested slightly positive for Zn. This low Zn 
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concentration could be present in the extracted asphalt itself, or it could mean a small amount of REOB 

was added to the AC.   

Table 9: Highway 12 XRF Test Measurements 

Extracted 

Binder 

Measured Intensity (kcps) 

Ca K P Mo S Cu Zn Ni Fe V Si Mn 

Hwy 12 Cores 3.253 0.297 0.172 0.765 60.005 x 0.835 0.464 .300 0.201 1.488 
 

Hwy 12 RAP 3.388 0.276 0.177 0.985 62.597 x 1.002 0.501 1.092 0.154 1.809 
 

Sturgeon Bay 

Cores 
2.027 0.292 0.155 0.826 59.464 x 0.891 0.537 1.967 0.191 1.099 

 

 

A recently developed XRF technique was used to estimate REOB dosage for each binder.  As shown in 

Figure 45, REOB concentrations, if present at all, should not have exceeded 1.3 % of the total binder 

weight.  These estimates are based on a protocol that used sixteen unmodified, unaged binders blended 

with six REOBs to make 400 calibration standards (Karki and Zhou 2017). Since these are extracted 

binders, calibration standards with virgin binders and available waste oil sources would be needed to 

verify the presence of and quantify REOB. 

 

Figure 45: Highway 12 XRF Test Results 

4.2.7.1.4 High Temperature Performance Tests 

G*/sin δ:  Figure 46 presents PGH at 2.2 kPa for the three binders near Highway 12 as extracted without 

further aging.  In all three cases, the original PG 64 binder on Highway 12 (after only RTFO aging) has 

field-aged to a PG 82+ over a period of ten and eight years, respectively or more than three full grades 

stiffer than the RTFO-aged PG 64-XX binder.  This change in rheology would seem to represent a rather 
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severe state of aging in the pavement; much more so than would normally be expected for cooler 

climates as found in Ontario.  This large increase in binder modulus could be caused by excessive 

oxidation or the addition of RAP or RAS to the original mix but these possibilities are made less likely 

after noting that the increase in carbonyl concentration as determined by FTIR is not particularly high. 

This is consistent with mix design reports suggesting no RAP or RAS were included in the mix.  However, 

these three binders are relatively high in asphaltenes.  That would suggest that the amount of oxygen 

reacting with the asphalt is moderate, and as expected for the climate.  However, each oxidation 

reaction has a particularly strong impact on rheology, as occurs when large asphaltene agglomerates are 

being connected by the polar bonds formed during oxidation.  The large molecular clusters (peri-

condensed asphaltenes) have a particularly strong impact on high temperature binder rheology.  This 

hypothesis could be further verified by testing materials in an asphaltene-determinator, a chemical test 

developed at the Western Research Institute which can be combined with SARA (SAR/AD) to better 

understand the impact of these large molecular agglomerations on chemical compatibility and rheology. 

 

Figure 46: Highway 12 High Temperature PG Grade (PGH) 

MSCR:  Figure 47 graphs the % recovery vs non-recoverable creep compliance for the three samples 

from the Highway 12 series.  The very low values of Jnr (<0.25) are consistent with the very high PG 

grades (PG 82+) as determined using G*/sin δ, again confirming the severe impact of oxidative aging on 

rheological properties.  For a PG 64 climate, these values would be consistent with a binder suitable for 

extremely high traffic.  The % recovery values all fall near a line suggesting polymer modification, but 

this is almost certainly an artifact, as the modifier curve was not intented to be applied to such hard, 

highly aged binders. Elastic recovery or force ductility tests at intermediate temperatures would provide 

a better barometer for polymer modification.   
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Figure 47: Highway 12 MSCR Test Results 

4.2.7.1.5 Low Temperature Performance Tests 

BBR: Figure 48 presents the low temperature PGLs for the Highway 12 series, all of which are m-

controlled.  These binders were all supplied to respective projects as PG 64-28. Mixes were aged in the 

field, so no further laboratory PAV-aging was done.  Also recall that high temperature grading (PG and 

MSCR) showed the PGH for these extracted binders to have increased three full PG grades due to 

oxidation. 

The low temperature grades of Highway 12 and Sturgeon Bay binders as extracted were all PG XX-22 as 

controlled by the critical m-value (0.30).  Interestingly, all three binders met requirements for PG XX-34 

as controlled by the critical stiffness (<300 MPa).  The m-controlled binders from Highway 12 graded as 

PG XX-26.2° and XX-27.5° respectively, suggesting only small changes from oxidative aging.  The 

Sturgeon Bay Road binder, which other tests showed to be more highly oxidized, had fallen to -22.1°, 

and thus had lost at least one full low temperature grade.  It is important to note that low temperature 

PGLs do not exhibit the degree of modulus increase with aging as reflected by high temperature 

properties.  At low temperature, the PG grade loss with oxidation is almost fully attributable to the 

falling phase angle (m-value).    
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Figure 48: Highway 12 Low Temperature Grade (PGL) as Extracted  

4.2.7.1.6 Rheological Tests Used to Control Age-Induced Surface Damage 

ΔTc:  Using the extracted BBR data already reported in the previous section, the difference in the two 

limiting PGL test temperatures (ΔTc) was determined (see Figure 49(a)).  Binders extracted from 

Highway 12 and Sturgeon Bay mixes have highly negative values of ΔTc, all well below the -5°C limit 

commonly thought to cause troublesome behavior.  The Sturgeon Bay binder in particular had an 

extremely low ΔTc (-15°C).  As such, these binders should become very brittle at cold temperatures 

approaching their respective PGLs, and are therefore prone to surface raveling and cracking.  The 

project team’s field visit reported that both pavements are cracked, but Highway 12 damage is more 

severe than seen on Sturgeon Bay Road.  This ranking cannot be explained by comparing only ΔTc for 

the respective binders, because ΔTc for Sturgeon Bay Road is about 6°C lower than those of the two 

Highway 12 binders.  Thus, ΔTc predicts that thermal cooling stresses should damage the Sturgeon Bay 

Road binder relatively severely, and certainly more than the Highway 12 binder. This prediction is 

contrary to field observations.  However, Highway 12 carries far more traffic than Sturgeon Bay Road, so 

these findings could still be consistent with the proposed hypothesis that traffic is particularly damaging 

when thermal stresses have already weakend brittle mixtures.   

Somewhat surprisingly, Figure 49(a) and Figure 49(b) show that ΔTc values after one hour of thermal 

conditioning were better (less negative) when using the LS-308 procedure with testing at PG+10°C and 

PG+16°C than when using the M-320 procedure with conditioning and testing at PG+10°C and PG+4°C.  

Some procedural differences, such a time for temperature equilibration before testing, may have 

contributed to the noted variations.   

As expected, Figure 49(b) vs. Figure 49(c) show that ΔTc values obtained from LS-308 tests after 72 hr. 

conditioning were worse (more negative)  than comparable ΔTc values obtained from after 1-hr 

conditioning. These binders become more prone to age-induced surface damage following extended 

periods of conditioning at low temperatures. It is important to remember that these binders were 
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recovered from field-aged mixtures, so conclusions cannot be drawn regarding material properties at 

time of construction or during early pavement life.  

 

(a) M320 results after 1 hr. conditioning and testing at PG+10°C and PG+4°C 

 

 

(b) LS 308 results after 1 hr. conditioning at PG+10°C and testing at PG+10° and PG+16° 
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(c) LS 308 results after 72 hr. conditioning at PG+10°C and testing at PG+10° and PG+16° 

Figure 49: Highway 12 ΔTc Results 

Glover-Rowe Parameter: On Figure 50, DSR data points (15°C; 0.005 rad/sec) are shown on a Black 

Space Diagram for binders as extracted from RAP and as extracted from each of the three individual 

cores taken from the 10-year old Highway 12 pavement, as well as three cores from the Sturgeon Bay 

side road.   The curves for a PG XX-28 damage zone were also plotted using the Glover-Rowe equation 

with limits of 180 kPa (Damage Onset) and 600 kPa (Visible Cracking).  Findings: 

 Binders extracted from the Highway 12 materials were quite variable. G-R for the extracted RAP 

fell just below the damage zone.  Results for the three individual cores varied, with one binder 

just inside the damage zone, one just through the damage zone, while the third was well into 

the damage zone where visible cracking would be expected.   

 The three cores from Sturgeon Bay road were also variable, with the lowest value at the upper 

end of the damage zone, and the highest value approximately equal to the worst Highway 12 

core sample.   

The variability among supposedly similar core samples is puzzling.  However, these results confirm all 

other chemical and rheological findings that the Sturgeon Bay Road binder is more highly oxidized and 

should be more likely to crack than its Highway 12 counterpart, assuming all other variables are equal. 

Given that both binders are passing through the damage zone where thermal stresses should lead to 

microdamage on the coldest nights, traffic may well be the exacerbating factor which explains more 

cracking on the mainline highway.   
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Figure 50: Highway 12 Glover-Rowe Results 

4.2.7.1.7 Extended Bending Beam Rheometer Tests  

Figure 51(a) and Figure 51(b) present the low temperature limiting grade (LTLG) and the 72-hr. grade 

loss results obtained from extended BBR tests of Highway 12 and Sturgeon reclaimed binders. As 

mentioned above, these binders originally graded as PG 64-28.  

Figure 51(a) shows that PGLs of Highway 12 and Sturgeon Bay Road binders based on extended BBR 

tests are -17.9, -18.2 and -16.3. Note that each of these PG XX-16 grades were controlled by m-value 

(≥0.300). After eight years of field aging and then 72 hours of isothermal conditioning, the PGLs were 

about two grades higher (poorer) than the original RTFO/PAV lab aged binder (i.e., from PG=-28 to PG-

16). Original binders were not available for testing.  

Figure 51(b) shows that Highway 12 binders lost 6.3°C to 5.3°C while Sturgeon binders lost 4.6°C in low 

temperature PG just due to 72 hours of conditioning at PG+10°C.  This level of physical hardening is 

moderate, and not unusual for most North American crudes. Considering these materials are field aged, 

differences between Highway 12 and Sturgeon Bay Road binders are quite small. 
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(a) 

 

(b) 

Figure 51: Highway 12 Extended BBR Test Results 

4.2.7.1.8 Double Edged Notch Tension Tests 

Figure 52 presents the DENT CTOD results for Highway 12 and Sturgeon Bay Road reclaimed binders. 

Highway 12 and Sturgeon Bay Road binders all have similar but quite low CTOD values. As indicated by 

the other binder cracking parameters, the binder as extracted from the Highway 12 RAP was more 

ductile and had better fracture properties than did the binder extracted from the Highway 12 cores. This 

is to be expected, because the core sample came only from the surface mix, where oxidative aging 

conditions are harsher.  In line with observed cracking, Sturgeon Bay Road has slightly higher ductility 

(CTOD values) than Highway 12.  Both of these binders should have similar, but relatively poor cracking 

resistance.  
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Figure 52: Highway 12 DENT Test Results 

4.2.7.2 Asphalt Mixture Tests 

The core samples obtained from Highway 12 main and the side roads were sawed with a diamond blade 

to separate the surface layer (referred as top) from the immediate underlying layer (bottom). The 

thickness of each layer was measured at three or more points.  

The surface layer thickness of the cores obtained from Highway 12 and Sturgeon Bay Road ranged from 

38.4 to 47.0 mm. 83% of the surface layers had an average thickness of 40 mm or higher. As such, 40 

mm was selected as standard thickness for volumetric and mechanical tests as described in ensuing 

sections. The CIREAM layer specimens were also trimmed to 40 mm and subjected to the same test 

regimen. 

Several different tests were conducted on core samples obtained from the main and the side road 

sections (field compacted, field aged).  Two tests for volumetric properties (bulk specific gravity, 

theoretical maximum specific gravity) and three tests for mechanical properties (resilient modulus, 

semi-circular bending, and disc-shaped compact tension) were run as detailed in Table 7. The following 

sections present test results and discuss their relationship with observed pavement performance. 

4.2.7.2.1 Specific Gravity Tests 

Figure 53 presents the average bulk specific gravities of surface and CIREAM layer mixtures.  The 

underlying CIREAM mixtures have comparatively lower bulk specific gravities (Gmb) than the surface 

layers in both east and west bound lanes.  
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Figure 53: Highway 12 Gmb Test Results 

Figure 54 presents theoretical maximum specific gravities of the core samples obtained from surface 

layers of east and west bound lanes of Highway 12. The figure shows that east and west bound surface 

layers have different Gmm values.  

 

(b) Surface Layers from different highway sections 

Figure 54: Highway 12 Gmm Test Results  

Figure 55 presents air void contents in core samples obtained from surface layers of east and west 

bound lanes of Highway 12.  All but one mixture has similar air void contents when specimen-to-

specimen variability is considered.  
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Figure 55: Highway 12 Air Void Content Test Results 

4.2.7.2.2 Resilient Modulus Tests 

Figure 56 presents measured values of resilient modulus of cores obtained from different layers and 

lanes of Highway 12. The figure clearly shows that the surface layer mixtures have higher resilient 

modulus values than the underlying CIREAM layers. This difference becomes more pronounced as test 

temperature decreases. Probability for top-down cracking increases where surface layers are stiffer than 

underlying layers. The figure also shows that the CIREAM and the surface layer mixtures in the east 

bound lanes have generally higher resilient modulus values than the corresponding mixtures in the west 

bound lanes.  

 

Figure 56: Highway 12 Resilient Modulus Test Results 
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4.2.7.2.3 Semi-Circular Bending Tests 

Figure 57 presents the fracture energy values obtained from SCB tests of Highway 12 core samples. The 

figure shows the CIREAM cold-in-place recycled layer exhibits higher fracture energies than the HMA 

surface mixture for lanes in both directions. This is a condition favorable for top-down cracking. The 

figure also shows that surface layer mixtures in the east bound lane have significantly higher fracture 

energies than west bound lanes. Although there were some differences in volumetrics between the 

surface mixes in the two directions, this variation in fracture energy seems large.  The very low values of 

fracture energy, combined with the highly variable results between lanes, suggests that the surface 

specimens may well have been damaged before testing.  This observation would be consistent with the 

knowledge that the Highway 12 surface was highly distressed at time of sampling.  Even when 

specimens are cored from seemingly uncracked areas, microdamage can greatly reduce fracture 

resistance.  One should not conclude from this data that the HMA surface mix was weaker than the 

CIREAM mix after construction, but rather that possible damage in the surface mix cause by traffic and 

aging has substantially weakened it. 

 

(a) 
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(b) 

Figure 57: Highway 12 SCB Test Results  

4.2.7.2.4 Disk-Shaped Compact Tension Tests 

The specimens previously tested for resilient modulus were reused for DCT tests.  With one exception, 

at least three specimens were tested.  Because Highway 12 & Sturgeon Bay Roads fall within a PG XX-28 

climate, a temperature of -18°C was selected for DCT testing.  

Figure 58 presents the low temperature fracture energy for mixtures in surface and CIREAM layers of 

east and west bound lanes of Highway 12. The figure shows that both CIREAM mixtures displayed similar 

low fracture energies at failure, suggesting weak mixtures prone to cracking. The HMA surface mixtures 

had higher fracture energies than the CIREAM layers, but differences were not as much as might have 

been expected. The Sturgeon Bay surface mix had significant higher fracture energy than the 

corresponding mix from Highway 12, which could be the result of damage already accruing in the highly 

trafficked mainline pavement.  Differences between HMA surface vs CIREAM mixes showed a strong 

reversal from SCB test results, with rankings more in line with expectations.  
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Figure 58: Highway 12 DCT Test Results 

4.2.8 Summary 

4.2.8.1 Asphalt Binders 

As shown in Figure 43, the carbonyl area for the Highway 12 mainline binders was slightly lower than 

that of Sturgeon Bay Road. This result is consistent with SARA analysis (see Figure 44) where the 

colloidal stability index is higher (less compatible) for Sturgeon Bay Road. The XRF results (Figure 45) 

indicate probable small amounts of REOB present in the Highway 12 cores and RAP as well as in the 

cores from Sturgeon Bay. Best estimates predict no more than 1.30% by weight. REOB contents this low 

would not likely create problems unless the base asphalt was only marginally stable.  However, the very 

high asphaltene content observed by SARA does suggest potential compatibility problems leading to 

brittleness, as was confirmed by rheological measures such as ΔTc, G-R, and DENT. 

Sturgeon Bay Road exhibited less cracking than the mainline pavement, even though chemical and 

physical properties predicted better cracking performance for the binder in Highway 12.  Traffic also 

plays an important role in surface damage. 

The PGH grade of the asphalts as extracted from eight-year old Highway 12 and Sturgeon Bay was 82°C 

(Figure 46), and the PGL was -22°C (Figure 48).  The PGH, and particularly the high temperature binder 

modulus (G*), was highly sensitive to oxidative aging (+ 3 PG grades), even though the amount of 

oxygen transformed to carbonyls is within normal ranges. At low temperatures, the increase in binder 

stiffness with aging was quite small, but changes in m-value were relatively large, resulting in a net one 

PG grade loss versus that expected for 20-hr PAV aging.  The falling m-value with aging created large 

differences in critical low temperatures (Tc - Figure 49) and greatly increased values of G-R (Figure 50), 

again indicating that binder rheological properties responsible for cracking resistance fall dramatically 

with oxidative aging.  Binders from Sturgeon Bay Road appeared to be even more brittle than those 

extracted from Highway 12. This degree of aging along with appearance of widespread cracking does 

appear to be excessive for a 10-year old pavement. Although deteriorating binder quality likely played a 
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role in the cracking damage seen on two roads, and binder compatibility appears to be a contributing 

issue, there is no clear evidence that REOB or any other asphalt additives were present in high enough 

concentrations to be primary contributors to the premature cracking damage observed on these 

pavement sections.   

4.2.8.2 Asphalt Mixtures 

4.2.8.2.1 HMA Layer 

The HMA layer mixtures were subjected to volumetric, resilient modulus and cracking tests. The results 

of testing the cores showed that the air void content of the HMA was 4.9% for Highway 12 and 5.5% for 

Sturgeon Bay Road (Figure 55).  These are reasonable values for a pavement that had been in place for 

10 years. There was no rutting observed in any of the sections, indicating that the mixtures were stable. 

The resilient modulus values from the eastbound and westbound surfaces (Figure 56) showed a 

considerable difference with the eastbound HMA being somewhat stiffer than the westbound. The 

reason for this difference in stiffness is not evident but is also present in the SCB cracking results with 

eastbound cores showing more cracking resistance than the westbound (Figure 57). This trend did not 

appear in the DCT results which showed that the westbound HMA had slightly better low-temperature 

cracking resistance than the eastbound (Figure 58). 

4.2.8.2.2 CIREAM layer 

The CIREAM mixture was subjected to resilient modulus and cracking tests. Since there is no real point 

of reference for the CIREAM mixture, volumetric parameters were not tested. CIREAM resilient modulus 

values are very consistent between the eastbound and westbound directions at all test temperatures. 

The SCB results for fracture energy show that the CIREAM has greater cracking resistance than the 

surface HMA (Figure 57). At low temperature, the CIREAM showed lower fracture energy than the 

surface HMA (Figure 58).  These are contradictory results and do not provide a clear conclusion 

regarding the origin of the cracking. However, the core samples taken from cracked locations indicate in 

most cases that the mode of cracking was most likely top-down. 

4.2.9 Conclusions 

On the basis of the pavement performance, site survey, material testing and pavement design analysis, 

the following observations are made: 

1. The pavement design was adequate for the period of time that the pavement built under 

contract number 2007-2263 was in service. However, there should be a study concerning the 

bond between CIREAM and the material below it. There could be a need to thicken the 

pavement sections in order to prevent premature fatigue failure. 

2. Observation of the cores taken from Highway 12 point to top-down cracking although in two out 

of the eight cores the cracking had progressed all the way through the CIREAM. As of the date of 

this report there are no standard pavement analysis methods for top-down cracking. However, 

from a subjective point of view, top-down cracking is more likely when stiff (aged) material on 

the pavement surface is lying over a softer substrate such as CIREAM and heavy vehicle loads 

are applied.  
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3. The aged asphalts extracted from Highway 12 and Sturgeon Bay Road were brittle, suggesting 

appreciable changes in rheology due to aging.  But there was much more cracking in the 

mainline pavement even though the side road binder was more highly aged and brittle.  Heavy 

traffic certainly played an important role in the formation of the cracking distresses. 

4. Chemical testing of the binder suggests possible presence of REOB at low concentrations not 

exceeding 1.3%. Physical hardening of the binders was moderate.  Accelerated rheological 

changes with aging could be crude source dependent, but additives may have played some role.  

When combined with physical hardening, the result on Highway 12 was a marginal quality 

binder on a road carrying heavy traffic.  This pavement might have met its twelve-year design 

life with best possible mix design and construction practices, but binder quality was likely part of 

the cracking problem.   

5. Asphalt mixture testing reveals that the air void content of the HMA was 4.9% for Highway 12 

and 5.5% for Sturgeon Bay Road (Figure 55), which are reasonable values for a pavement that 

had been in place for 10 years. Test results also showed that eastbound HMA have better 

cracking resistance at intermediate temperature while being somewhat stiffer than the 

westbound HMA However, the westbound HMA showed slightly better cracking resistance at 

low-temperature than the eastbound HMA, which are reasonable values for a pavement that 

had been in place for 10 years. Test results also showed that eastbound HMA have better 

cracking resistance at intermediate temperature while being somewhat stiffer than the 

westbound HMA However, the westbound HMA showed slightly better cracking resistance at 

low-temperature than the eastbound HMA. 

6. The JMFs shows that very dense aggregate gradations were used in the SP12.5 surface mixes. 

While the target VMA in both cases exceeded the minimum requirement, relatively little room 

was left in the mixture for asphalt content as shown by the mix design values of 4.8 and 4.7%.  

Also, the QC data for JMF 2 shows that the VMA failed to make the minimum for lots 4, 5, and 6.  

4.3 Highway 10 - Contract No. 2007-2037 

4.3.1 General Description 

This portion of Highway 10 was originally built in the 1930s as a two-lane concrete road which was 

eventually overlaid with a granular base and surface with 105 mm of hot mix asphalt in the 1950s 

(Golder Associates, 2004). The road was widened for truck lanes and resurfaced in the 1980s. 

This forensics analysis begins with contract number 2007-2037. The project runs through a populated 

urban area with an average annual daily traffic (AADT) of 21,000 with 8.8% heavy vehicles and an 

average growth rate of 1.0% in 2010. Much of the cargo transported on this portion of the road is 

aggregates from various pits and quarries.  

Under contract 2007-2037, the major portion of the work was widening, placement of truck-climbing 

lanes and resurfacing the pavement with 40 mm of a dense-graded friction course with 50 mm of heavy 

duty binder course below (Golder Associates, 2004). The pavement was heavily cracked prior to the 

beginning of the construction as shown in Figure 59, and some of the cracks penetrated the full depth of 

the asphalt (Figure 59) with some of the cracks extending through the full depth of the asphalt mix 



 
 

96 

Figure 60). Although data on the pavement substructure for the portion of the road that was not 

widened was not available, the assumption was made that it was similar to the widened portion, i.e., 

150 mm Granular A and 550 mm Granular B. The work on this contract was begun in 2007 and ended in 

2009. 

 

Figure 59: Highway 10 Pavement Cracking Prior to Contract 2007-2037  

(Golder Associates, 2004)  

 

Figure 60: Highway 10 Cores Showing Full-Depth Cracking Prior to Contract 2007-2037 

(Golder Associates, 2004) 
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The rehabilitation of 2007-2037 was conducted under contract number 2016-2032 and was completed 

in 2017. This rehabilitation included a full depth and partial depth removal of the existing roadway (50 

mm) and a replacement with 50 mm of Superpave 19 mm (Level D) for a binder course topped with a 

surface mix of 40 mm of Superpave 12.5 mm (Level D). According to Whitnall (2015), this treatment is 

expected to provide 12 years of service. 

Most of the subgrade soils along this project are silty-sand and sandy-silt along with a few areas of silty-

clay and areas of buried peat and free water. The contractor for 2007-2037 stated that while these were 

areas where drainage was of concern, frost heave was not prevalent. 

4.3.2 Pavement Performance 

4.3.3 Pavement Design Analysis 

The condition of this pavement in 2015 was fair with a PCR score of 73 (Whitnall, 2015) with extensive 

yet moderate cracking. The construction for contract number 2016-2032 was completed in the summer 

of 2017. Golder Associates (2004) noted that the cracking at the southern end of the project was slight 

to moderate overall with extensive density, and that the cracking at the north end was generally worse 

(Figure 61 to Figure 62). 

 

Figure 61: Highway 10 Condition in the Truck Climbing Lanes (Contract No. 2007-2037)  

(Whitnall, 2015) 

In 2016, prior to rehabilitation, the pavement had severe cracking in certain areas, with most of the 

cracking being in the southbound direction (uphill) in the north end as shown in Figure 62 from Google 

Map Street View. While there is transverse cracking that extends through lanes in both directions, most 

of the cracking occurred in the southbound lanes where the traffic is traveling uphill. This is consistent 

with high shear stresses from heavily loaded trucks exerting tractive forces which might have overcome 

the bond between the upper pavement layers and shearing the top surface. Traffic flowing in the 
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downhill (northbound) direction would not create the same level of shear in the pavement surface, thus 

shear cracking did not occur in those lanes. A review of the other areas on Highway 10 from Google 

Street View in 2016 show intermittent transverse and longitudinal cracking that appear to be light or 

moderate in severity in both directions (Google Maps, 2016).   

Golder Associates (2004) noted that in coring over cracks, a number of transverse cracks had penetrated 

the full depth of the asphalt. Some of the longitudinal cracking is at the joints, some in the wheelpath 

and some in the center of the lane. 

 

(a) Near the High Point Side Road South Section 

 

(b) Near the High Point Side Road North Section 

Figure 62: Highway 10 Google Map Street View Image 

(Google Maps, 2016) 

4.3.4 Construction 

Discussions with the contractor on 2007-2037 revealed there was nothing unusual about the site or 

paving conditions. Three different mixtures were used: a SP12.5 surface mix, a SP19 binder mix and a 

SP25 base mix. Most of the construction took place in the summer and fall of 2008 and 2009.  
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QC records show that at the time of construction, mainline core densities for the SP12.5 surface mix 

ranged from 91.4 to 92.9%, the SP19 was between 91.6 and 92.8%, and the base mix (SP25) had 

densities from 93.2 to 94.7%. All pay factors for the SP12.5, SP19, and SP25 mix properties, except one 

lot for the SP12.5 surface was over 1.0, and a bonus was paid for the smoothness. These records were 

also reviewed for asphalt content and VMA values for the lots of materials produced.  

Figure 63(a) and Figure 63(b) are the production graphs for asphalt content and VMA for the SP12.5 mm 

mix. Average lot asphalt content values (Figure 63(a)) are all within the tolerance limits with the 

exception of lot 3 which was slightly high. The VMA for this mix (Figure 63(b)) drifted to lower values as 

production proceeded with 3 out 4 lots being below the target value and one value being below the 

minimum requirement. As was noted in the discussion of the JMF, the values for asphalt content and 

VMA are driven by the very dense aggregate gradation used. 

Figure 64(a) and Figure 64(b) show the QC data for the SP19 mixture. It can be seen that, in addition to a 

relatively low target value for asphalt content, that 6 out of the 8 lots had values below the design 

asphalt content.  The VMA measurements show that 2 out of the 8 lots had values below the minimum 

for this mixture and the rest were slightly above the minimum. Again, the gradation which paralleled the 

line of maximum packing was most likely the cause of the low asphalt content. 

For the SP25 mix used in this contract, the conclusions are much the same, as they were for the first 

two. All asphalt content values are lower than the JMF target of 4.45% (Figure 65(a)), and all VMA 

values, except one, are lower than the target of 12.6%, and 3 out 5 lots are lower than the minimum 

(Figure 65(b)). 

 

 (a) Asphalt Content 
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(b) VMA 

Figure 63: Highway 10 Contract 2007-2037 QC/QA Data: SP12.5 Mix 

 

 (a) Asphalt Content 

 

 (b) VMA 

Figure 64: Highway 10 Contract 2007-2037 QC/QA Data: SP19 Mix  
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(a) Asphalt Content 

 

(b) VMA 

Figure 65: Highway 10 Contract 2007-2037 QC/QA Data: SP25 Mix 

4.3.5 Job Mix Formula 

The JMF records for this contract showed that the SP12.5 (D) surface mix was designed with only 4.55% 

binder by weight of the mixture with a VMA of 14.6%.  The graph in Figure 66(a) shows that the 

gradation (green) falls on the coarse side of the line of maximum packing (blue) and follows it fairly 

closely.  For the SP19 (D) binder course, the design asphalt content was 4.8% with a VMA of 14% and the 

gradation (Figure 66(b)) follows the line of maximum density very closely. Finally, the SP25 (D) base 

mixture had an optimum asphalt content of 4.4% and a VMA of 12.6%. The gradation for the base mix is 

given in Figure 66(c), and once again the gradation is relatively close to the line of maximum packing. As 

The aggregate packing being fairly dense in these mixtures and the asphalt content being relatively low, 

the asphalt film thickness on the aggregates is likely to be low as well. This could lead to a lack of 

cohesion in the mixtures which would weaken their resistance to cracking. 
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(a) SP12.5 Mix 

 

 

 (b) SP19 Mix 
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 (c) SP25 Mix 

Figure 66: Highway 10 HMA Job Mix Formula: Aggregate Gradations 

Volumetric testing included bulk (Gmb) and maximum (Gmm) specific gravity and mechanical testing to 

include resilient modulus (MR), semi-circular bending (SCB) and disk-shaped compact tension (DCT) 

tests. The results are summarized here. Since core samples could not be taken from Highway 10 due to 

the recent rehabilitation, all mixture testing was conducted on core samples taken from the High Point 

side roads which were SP19 (D). 

The Gmb and Gmm tests are used to provide information concerning the in-place density of the asphalt 

mixtures. It can be seen in Figure 80 that the current air void levels vary between 3.5 and 5.6%.  These 

values are considerably lower than those reported from the construction, most probably because they 

were obtained after 8 years of service. There was no rutting or other type of distresses present in the 

High Point Road sections. The resilient modulus test was performed on the High Point samples, and as 

shown in Figure 81 these cores show a very high degree of stiffness, although cracking was not evident 

in August 2017.   

4.3.6 Forensic Materials Sampling  

The rehabilitation of Highway 10 took place in the summer of 2017 which was ahead this study. 

Although cores were not available, the contractor that performed contract 2016-2032 still had a 

stockpile of RAP from the mainline. Two bags of the mainline RAP material were obtained and shipped 

to TTI for testing. The High Point Side Roads (South and North) had driveways which were comprised of 

the same asphalt mixture used in the surface of the mainline (Figure 69). Core samples were retrieved 

from the side roads and shipped to TTI as well. 
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Figure 67: Highway 10 Side Road Forensic Sampling Site 

4.3.7 Forensic Materials Testing 

The binder and mixture testing procedures were discussed in Chapter 3. The results of the testing on the 

extracted binders and reclaimed mixtures from Highway 10 and its side roads are shown in Table 10 and 

Figure 68 to Figure 83. 

4.3.7.1 Asphalt Binder Tests 

4.3.7.1.1 Fourier-Transform Infrared Tests 

Figure 68 presents the carbonyl content for binders as extracted from Highway 10 RAP and High Point 

Side Road cores taken from North and South Sections. Highway 10 had been in place approximately 

eight years at time of sampling.  The highest and lowest oxygen content was detected in the South and 

North sections of High Point Road, respectively.  The carbonyl content in the RAP from Highway 10 fell 

between the other two.  Again, differences were not large, and do not explain the damage seen on the 

Highway 10 project.   

Additionally, none of these three FTIR spectra showed distinct peaks at 699 cm-1 (Polystyrene) or 965 

cm-1 (Polybutadiene), which implies that the Highway 10 main and side road binders were not modified 

with SBS or SBR.  But as mentioned before, a PG 58-28 is not typically modified. Likewise, there was no 

peak at 1229 cm-1 (Polyisobutylene), indicating these binders were not modified with significant 

amounts of REOB.  
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Figure 68: Highway 10 FTIR Test Results 

4.3.7.1.2 Saturate-Aromatic-Resin-Asphaltene Tests 

Figure 69(a) shows concentrations of saturates, aromatics, resins and asphaltenes binders extracted 

from. The figure shows that binders extracted from Highway 10 and High Point Side Road differ in 

chemical composition, possibly due to different levels of aging and modification that happened over the 

years.  

Results for SARA testing of recovered binders from Highway 10 RAP and High Point Side Road cores are 

shown on Figure 69(a).  Again, saturate contents fell in a typical range around 7-8%.  But there are even 

larger differences in chemical composition and polarity among the three binders than reported 

previously for Highway 12.  Asphaltene content ranged from a very low 10% for Highway 10, to a very 

high 40%.  Most notably, the Highway 10 RAP had more carbonyl than the North section of High Point 

Road, but much lower asphaltene content.  It can be argued with certainty that these two asphalts had 

different chemical origins.  FTIR and SARA data together suggest the two High Point binders have similar 

chemical origins, but the South Section has suffered more oxidative aging.    

Because waste oil additives are primarily saturates, it is unlikely that large concentrations (>5%) of REOB 

or other paraffinic oils were added to any of these asphalts.   

Figure 69(b) presents the Colloidal Stability Index (CSI) for the extracted binders. These ratios exemplify 

the differences in binder sources as noted above.  The Highway 10 specimen, with its low CSI, is highly 

compatible as would be expected for a high-quality binder, whereas the High Point binders have 

relatively higher CSIs.  Combining evidence from FTIR with SARA yields the following conclusions:  

1. Given its particularly low asphaltene content, the Highway 10 binder appears to be a unique 

crude source among those tested, and exhibits extraordinary internal compatibility even when 

aged.   
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2. The two High Point binders have much higher asphaltenes and much lower compatibilities than 

the Highway 10 binder, so they appear to be from a different origin in terms of crude chemistry.  

Their chemical properties are similar to those seen previously on Sturgeon Bay Road. 

3. The severe surface cracking on Highway 10 cannot be explained by asphalt chemistry, relative 

oxidation or compatibility, all of which predict excellent performance for this binder.     

 

(a) SARA Concentrations 

 

(b) Colloidal Stability Indices 

Figure 69: Highway 10 SARA Test Results 

Although extracted binder properties as represented by CSI do provide clues as to the chemical 

composition of these six binders, CSI and carbonyl content do not explain the relative surface damage 

noted for the six asphalt mixes surveyed in this study. 
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4.3.7.1.3 X-Ray Fluorescence Spectroscopy Tests 

Table 10 presents XRF intensities of the three binders from Highway 10 and Sturgeon Bay Road for 

twelve different chemical elements.  All three binders tested negative for zinc, and do not contain REOB. 

Neither did these binders contain any copper or molybdenum, two other elements used to fingerprint 

oils.  Per the pavement design report, binders for the North and South sections of High Point Road came 

from the same asphalt source.  

Table 10: Highway 10 XRF Test Measurements 

Extracted 

Binder 

Measured Intensity (kcps) 

Ca K P Mo S Cu Zn Ni Fe V Si Mn 

Hwy 10 Cores 1.684 0.235 0.303 x 69.983 x x 0.564 .757 0.132 0.818 
 

High Point 

North Cores 
2.552 0.352 0.150 0.528 56.303 x 0.546 0.498 .161 0.131 0.872 0.116 

High Point 

South Cores 
2.540 0.405 0.061 x 58.553 x x 0.506 2.581 0.245 0.997 

 

 

Per XRF analysis, as shown in Figure 70, Highway 10 had no waste oil, nor did the South section of High 

Point Road.  The very low (0.30%) waste oil concentration calculated for the North Section is almost 

certainly a testing artifact.   Highway 10 main and side roads do not appear to have been modified with 

any REOB. 

 

Figure 70: Highway 10 XRF Test Results 
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4.3.7.1.4 High Temperature Performance Tests 

G*/sin δ:  The Highway 10 binder and both High Point Road binders nearby have aged from their 

original RTFO-aged PG 58 to a PG 70, or only two PG grades. This result is less that the 3-PGH grade 

changes observed for the Highway 12 materials (see Figure 71).  The differences in FTIR carbonyl 

content among the six binders were relatively small, which again suggest similar and moderate rates of 

oxidation for both projects.  But here, the formation of each carbonyl has much less impact on binder 

modulus.  The Highway 10 binder is very low in asphaltenes, so the smaller change in rheology is easily 

explained by the lack of large peri-condensed asphaltenes after aging.  However, the two binders from 

High Point Road have considerably more asphaltenes, but still show relatively minor shifts is rheology 

with oxidation.    

 

Figure 71: Highway 10 High Temperature PG Grade (PGH) 

MSCR:  As seen in Figure 72, MSCR results for Highway 10 and the High Point cores indicate Jnr values 

run at 3.2 kPa fell between 1 & 2, as would be recommended for a Very Heavy Traffic grade.  This is 

consistent with the conventional PG grading results discussed above, in that oxidation has created a 

two-grade difference from the original binder.  The very high % recoveries are puzzling, as such high 

values indicate the presence of substantial amounts of elastomeric polymers.  A PG 58-28 would not 

normally be modified, and FTIR tests did not indicate presence of SBS or SBR.  It is still possible that 

elastomeric polymers with no double bonds, such as Elvaloy, could have been added to these binders.   

Better tests for elastomeric behavior, such as elastic recovery or force ductility tests would be needed to 

confirm modification.     
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Figure 72: Highway 10 MSCR Test Results  

4.3.7.1.5 Low Temperature Performance Tests 

BBR:  Figure 73 presents the extracted PGLs for the Highway 10 series, all of which are m-controlled.  As 

mentioned earlier, these binders were supplied as PG 58-28.  The extracted binders were not aged 

further in the laboratory.   

The Highway 10 binder just satisfied PG XX-34, with similar controlling temperatures for S and m-value, 

while the low temperature grades for High Point Road North and South Secitons were PG XX-28s.  

Although meeting different grades, Highway 10 and High Point North binders had very similar low 

temperature properties on either side of the PG XX-34 grade limit.  The PGL for the Southbound High 

Point section was about 3°C higher than the northbound section, which is consistent with previous 

observations citing higher levels of oxidative aging in the southbound binder.   

It is particularly interesting to note that the binder extracted from Highway 10 RAP actually grades 

better than the original binder, which had been subjected to 20-hr PAV aging as required by AASHTO M-

320. Hence this binder experienced less change in low temperature rheology over its eight-year lifetime 

at the surface of the pavement than it would have seen in the PAV.  This relatively low level of aging 

could be due to the addition of 1% lime in the mixture, which was reported by Petersen and others to 

inhibiit oxidative aging.  Yet even though deleterious effects of aging are not seen in binder properties, 

the Highway 10 pavement exhibits significant cracking, whereas High Point Road remained in good 

condition.  BBR results for the North High Point binders were similar to Highway 10, although its low 

temperature grade just missed the limiting control of PG XX-34 for m-value.  The South High Point 

binder was more highly oxidized, so its PGL as extracted was 3°C higher that its Northbound 

counterpart.  For the Highway 10 series, the observed large difference in cracking severity between the 

mainline pavement and side roads cannot be explained by their similar BBR low temperature properties.  

It is especially interesting to note that binder stiffness is very similar for both Highway 12 and Highway 

10 series, but the aged m-values are much better for the Highway 10 series binders.   
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Figure 73: Highway 10 Low Temperature Grade (PGL) as Extracted  

4.3.7.1.6 Rheological Tests Used to Control Age-Induced Surface Damage 

ΔTc:  Using the extracted BBR data already reported in the previous section, the difference in the two 

limiting PGL test temperatures (ΔTc) was determined for the Highway 10 series (see Figure 74(a)).  The 

ΔTc was neglible for the binder extracted from Highway 10, and the binder graded as a PG XX-34, 

suggesting less aging in the field than the equivalent 20-hour PAV long-term aging that graded the 

binder as PG 58-28.  The two High Point binders easily met PG XX-28 even though they had more 

negative ΔTc values of -7 & -3°C.  The Highway 10 binder in particular was a very high quality asphalt 

with excellent low temperature properties for a PG XX-28 climate. Given its high m-value, this binder 

should have satisfactorily resisted cracking even in a PG XX-34 climate, one grade colder than assumed 

by the delivered PG grade.  The relatively good performance on the binders on High Point Road are 

generally in line with measured binder quality.  However, binder properties for Highway 10 are even 

better, and cannot explain serious cracking in sections of the pavement.  Per extraced binder properties, 

Highway 10 and High Point Road should have much less cracking than Highway 12 and Sturgeon Bay 

Road.   

Referring to Figure 74(a) and Figure 74(b), it is puzzling to note large differences between ΔTc values as 

measured using BBR test procedures for LS-308 (-5.0°C) vs M-320 (-0.2°C) when both are measured after 

1-hr of thermal conditioning.  The M-320 ΔTc indicates outstanding resistance to cracking, whereas the 

LS-308 procedure indicates potential cracking problems even after 1-hr or thermal conditioning. This 

difference could be a test anomaly, but it does raise enough concern to be evaluated further.   

However, Figure 74(b) vs. Figure 74(c) show that ΔTc values obtained from LS-308 tests after 72-hr 

conditioning were worse or almost equal to ΔTc values obtained from after 1-hr conditioning, except in 

one case. This means, these binders became more prone to thermal cracking after extended period of 

conditioning atlow temperature. These results are consistent with the resuls obtained for Highway 12 

mainline and side road recovered binders 
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(a) M320 results after 1 hr. conditioning and testing at PG+10°C and PG+4°C 

 

 

(b) LS 308 results after 1 hr. conditioning at PG+10°C and testing at PG+10° and PG+16° 
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(c) LS 308 results after 72 hr. conditioning at PG+10°C and testing at PG+10° and PG+16° 

Figure 74: Highway 10 ΔTc Results 

Although binder properties do not explain observed cracking on this series, other factors may be at play.  

As will be decribed in more detail later in this report, Google Map photos show uphill lanes of Highway 

10 have much more transverse cracking and slippage than corresponding downhill lanes, even though 

binder properties such as ΔTc are similar.  Other factors such as layer-to-layer debonding might might be 

responsible for damage. The difference in traffic between the main highway and sideroads may also be a 

factor.  

Glover-Rowe Parameter: On Figure 75, DSR data points (15°C; 0.005 rad/sec) are shown on a Black 

Space Diagram for the extracted Highway 10 RAP and individual cores taken from North and South 

sections of High Point Road.   The curves for a PG 58-28 damage zone were also plotted using the 

Glover-Rowe equation with limits of 180 kPa (Damage Onset) and 600 kPa (Visible Cracking).  Although 

there is some variation among replicates, results agreed in line with observations from the many other 

chemical and physical tests reported previously.  Findings: 

 The first binder extracted from Highway 10 RAP exhibits has a very low G-R value for an eight-

year old surface mix, indicating high quality.  The second replicate falls in the damage zone, but 

still has not reached the limit at which thermal cooling alone should cause visible cracking.  

These results are consistent with previous findings that the Highway 10 materials are high-

quality materials that age relatively slowly.  All binder findings to this point would predict stellar 

performance of Highway 10 at year eight, which was clearly not the case.     

 Also consistent with all other study findings, binders extracted from the North Section of High 

Point Road are more highly aged that those from the South Section and the mainline Highway 

10, with the difference being approximately ½ PG grade at low temperatures.   



 
 

113 

 

Figure 75: Highway 10 G-R Damage Parameter Test Results 

4.3.7.1.7 Extended Bending Beam Rheometer Tests  

Figure 76(a) and Figure 76(b) respectively present the low temperature limiting grade (LTLG) and the 72-

hr. grade loss results obtained from extended BBR tests of Highway 10 and High Point Side Road 

reclaimed binders.  

Figure 76(a) shows that Highway 10 graded as PG XX-24.7 after 3-days of isothermal conditioning.  The 

High Point side road binders graded PG XX-15.0 and PG XX-17.6 respectively. The three PG grades would 

have been PG XX-22, PG XX-10, and PG XX-16 respectively, which is a surprisingly high range for what 

should have been similar binders placed in a similar time frame.  Of course, physical hardening also 

caused each of the binders to become more highly controlled by m-value, confirming reported trends 

that isothermal physical hardening actually impacts low temperature phase angle much more than 

binder modulus. 

Figure 76(b) shows that the continuous LTLG values for the Highway 10 binder fell by approximately 5°C, 

which again is typical of asphalt as refined from North American crudes.  The two High Point binders 

showed more change with thermal conditioning, with each showing a grade loss near 8°C.  Note that 

these drops in controlling temperature for m-value are reported for binders that have been extracted 

from aged field sections, so the damage to phase angle as caused by isothermal conditioning may be 

exaggerated by the fact that the binder phase angle has already been reduced by oxidative aging. 

Note that these drops represent the change from 1-hour conditioning to 72-hour conditioning with 

reference to current level of aging, not with reference to unaged binder. These results suggest that the 

Highway 10 binders would be less influenced by physical hardening than the binders on High Point Road. 

In other words, the side roads binders are more brittle, and become even more so with isothermal 

conditioning.   Again, traffic is the only obvious difference that could reverse performance from 

predictions. 
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(a) 

 

(b) 

Figure 76: Highway 10 Extended BBR Test Results 

4.3.7.1.8 Double Edged Notch Tension Tests  

Figure 77 presents the DENT CTOD results for binders recovered from Highway 10 RAP and High Point 

Side Road North and South cores. The figure shows that Highway 10 and the northern section of High 

Point Side Road binders have CTOD values of 4.9 mm and 4.0 mm, respectively, which are both 

considerably higher than results for comparable samples from Highway 12. The southern section of High 

Point Side Road binder has CTOD value of 1.8 mm, which falls within the range found for the more 

brittle Highway 12 materials. These results once again confirm the higher binder quality on Highway 10.  

Although neither section of High Point Road cracked, chemical and rheological predictions for their 
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relative cracking resistance had fairly consistently reported the Northbound section to be more highly 

aged and more brittle at low temperatures than its Southbound counterpart. The rankings for DENT are 

just the opposite, and also differ by a fairly wide margin. Since, no cracking was reported after 8-9 years 

of service for either of the High Point Road sections, no conclusions can be drawn as to relevance. And 

finally, the Highway 12 binder with the best CTOD result was milled from the mainline heavily-trafficked 

pavement at about the same age due to severe surface cracking.  Hence, CTOD did not predict observed 

cracking, even though performance rankings differed significantly from other test methods.  

 

Figure 77: Highway 10 DENT Test Results 

4.3.7.2 Asphalt Mixture Tests 

4.3.7.2.1 Specific Gravity Tests 

Figure 78 presents the Gmb of the surface layer cores obtained from Highway 10 and High Point Side 

Roads. The figure also shows that surface course mixtures in High Point Side Road North Section have 

slightly higher bulk specific gravities than surface course mixtures in the High Point Side Road South 

Section.  
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Figure 78: Highway 10 Gmb Test Results 

Figure 79 presents the Gmm values of core samples obtained from surface layers of Highway 10 and 

High Point Side Roads. The figure shows that Gmm value north and south sections of High Point Side 

Road have almost same Gmm values. 

 

Figure 79: Highway 10 Gmm Test Results  

Figure 80 presents air void contents in core samples obtained from surface layers of Highway 10 and 

High Point Side Roads. The figure shows that the surface course of High Point Side Road section in the 

south has comparatively lower air voids than its counterpart. However, the variation is large.   
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Figure 80: Highway 10 Air Void Content Test Results 

4.3.7.2.2 Resilient Modulus Tests 

Figure 81 presents the resilient modulus of cores obtained from surface layers of Highway 10 and High 

Point Side Roads. The figure shows that surface layer mixtures in the north and south sections of High 

Point Side Road have different stiffness. This is could be possibly due to the lower air voids in the north 

section than in the south section. 

 

Figure 81: Highway 10 Resilient Modulus Test Results 

4.3.7.2.3 Semi-Circular Bending Tests 

Figure 82 presents fracture energy values obtained from SCB tests of surface layer core samples 

obtained from High Point Side Road North Section.Since surface course of Highway 10 was already 

milled and no cores were taken from this section, SCB tests could not be conducted on them.  Similarly, 
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SCB tests could not be conducted on High Point Side Road South Section cores as well because the their 

surface layers were thiner than 40 mm in most cases. The comparison of Figure 57 and Figure 82 

together show that fracture energy of surface course is higher in High Point Side Roads than in Highway 

10 and Sturgeon Bay. This result suggests that Highway 12 and Sturgeon Bay roads are more prone to 

intermediate temperature cracking than Highway 10. 

 

(a) 

 

(b) 

Figure 82: Highway 10 SCB Test Results 

4.3.7.2.4 Disk-Shaped Compact Tension Tests 

Figure 83 presents the average fracture energy values of surface layer mixtures of High Point Side Road 

at two locations sections. The figure cearly shows that surface layer mixtures in High Point Side Road  
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surface layer in the north section needs less energy to manifest  low temperature cracking than the 

surface layer in the south section. This fact that these sections have different fracture energies despite 

been constructed with similar mixtures and binders shows that there are other factors that might 

influence cracking.  

 

 

Figure 83: Highway 10 DCT Test Results 

4.3.8 Summary 

4.3.8.1 Asphalt Binders 

Figure 68 shows that the amount of oxidation as determined by the Carbonyl Area from the FTIR testing 

is essentially the same between the Highway 10 mainline and the High Point side roads. Since the date 

of construction was essentially the same and the source of the asphalt was the same, this result was 

expected. 

Table 10 shows the results of XRF testing for elemental analysis. Highway 10 and High Point Road South 

showed no traces of zinc, and so they do not contain REOB. The High Point Road North showed a minor 

amount of zinc. None of the samples showed any copper content, which also indicates no significant 

concentrations of REOB (Figure 70). 

PG grades were determined according AASHTO M-320 for the binders as extracted from field aged 

materials. The Highway 10 and High Point binders had PGLs of 70°C (Figure 71). The mainline PGL was 

XX-34, and for the side roads it was XX-28 (Figure 73). The original grade of the binder was PG 58-28. 

These changes due to aging are relatively small for binders that had been in place for eight years. 

 As mentioned above, the difference in the critical temperatures (Tc) at low temperatures is 

significant in showing the tendency of an asphalt binder to crack. Although Tc is normally used 

to evaluate virgin binders that have been RTFO and PAV-aged in the laboratory, it also has 

relevance for field aged binders. The particularly good Tc (-0.2°C) noted for the binder as 
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extracted from the mainline surface of Highway 10 was surprising in light of the relatively severe 

cracking observed for this pavement.  Although High Point Side Road had lower Tc values, 

there was little traffic, and the surfaces had not yet cracked.  As described later in this report, 

given the excellent in-place binder properties on Highway 10, other causes for cracking were 

investigated. 

 DENT CTOD fracture tests confirm chemical evidence as well as ΔTc and G-R rheological findings 

that the binder used on Highway 10 should not be as brittle as Highway 12. Although binder 

extractions create more variability in test results, all binder tests confirm that the binder quality 

for the Highway 10 series is better than the Highway 12 series.  Cracking in the ten-year old 

Highway 12 sections is not unexpected.  From a forensic perspective, the surprising outcome is 

that binders from the side roads appear to be lower in quality than the mainline binders, yet the 

mainline pavements cracked significantly more.   

 Although Highway 12 comparisons between mainline and sideroad pavements was a bit 

puzzling, there is more concern regarding binder quality predictions for Highway 10.  Here, there 

was also a reversal between binder quality and cracking between mainline and sideroads, which 

might be explained by traffic differences on thermally-stressed pavements.  But unlike Highway 

12, the Highway 10 binder shows no evidence of REOB, and has not aged into the damage zone 

where thermal stresses should create microdamage to any significant degree.  In spite of 

modest aging and physical hardening, chemical and physical properties of the Highway 10 

binder remain excellent and indicate no presence of REOB.  Non-binder related causes for 

cracking damage, such as moisture, mix design or construction issues should be investigated. 

4.3.8.2 Asphalt Mixtures   

The SCB testing shows that the High Point samples (Figure 82) had fracture energy values somewhat 

higher than the Highway 12 and Sturgeon Bay samples (Figure 57), indicating a greater resistance to 

cracking. The DCT testing for low temperature cracking susceptibility shows that the High Point South 

Road shows the highest cracking resistance of the materials tested, while the north section shows 

fracture energy similar to the Highway 12 materials (Figure 83 and Figure 58).  This is somewhat 

puzzling, because the DENT CTOD results for the binder predicted exactly the opposite behavior by a 

significant margin!  Results from the various binder and mixture crack prediction models do not 

definitively rank performance for the materials obtained for this study. 

4.3.9 Conclusions 

Several previous Ontario test roads where placed in controlled studies with common traffic, climate, mix 

design, and construction practices so that binder properties could be compared and ranked for 

performance and specification development.  Results from those studies, as discussed in the literature 

review section above, rightfully noted deficiencies in PG specifications that fail to accurately predict 

pavement surface cracking as pavement’s age.  However, the projects described in this study had no 

such control of individual variables, and as such, better represent the multitude of issues influencing 

engineering decisions at every level of design and construction.  Given wide variations in traffic on the 

various sections, strong correlations between laboratory predictions for binder quality, or even mixture 
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performance tests, may not be possible.  However, there is strong evidence that binder properties are 

not the primary contributor to damage for all of the materials tested here, particularly when noting that 

the extracted binder from a badly-cracked Highway 10 met every expectation for a high quality material 

even as extracted after eight years in service. On the basis of the pavement performance, site survey, 

material testing and pavement design analysis, the following observations are made: 

1. Cracking was much more severe in the southbound lanes of Hwy 10 in the vicinity of High Point 

Road where the traffic climbs uphill. The cracking in this area appears to be due to slippage at 

some point below the pavement surface. As noted in a number of locations in the southbound 

direction, the longitudinal cracking in the wheelpath could also have been caused by a weak 

bond between surface and binder layers. Transverse cracking was likely caused by a 

combination of thermal cooling stresses and reflective cracking mechanisms. Confirming 

evidence for reflective cracking was not available because the pavement had already been 

overlaid before this investigation began.  However, pictures from preconstruction cores showed 

that cracking had extended completely through the pavement in some places. 

2. The extracted binder from Highway 10 exhibited excellent quality for a straight-run PG 58-28 

after an eight-year service life.  No presence of REOB was noted. Binder quality is not likely to be 

the cause for cracking in this pavement.  

3. All the mixtures used in Highway 10 were designed with very dense aggregate gradations and 

low asphalt content. Low asphalt film thickness is known to reduce mixture cohesion and 

exacerbate cracking.  Although the quantity of asphalt is low, there is no evidence of accelerated 

binder aging that may occur if mixture permeability is too high.   

As discussed above, an early forensic study of the Highway 12 project by Golder concluded that the 

most probable cause of cracking was that the asphalt binder had been modified in order to meet the 

requirements of a PG 64-28 using materials and methods that would have negatively affected the 

physical hardening and the fatigue behavior of the HMA (Peto-MacCallum, Ltd., 2017).  It is worth 

reviewing those conclusions again in view of the evidence collectively presented earlier.  

There is no question that the binders extracted from Highway 12 and Sturgeon Bay Road (PG64-28) after 

ten years in service had aged more severely and exhibited much more brittle binder behavior than did 

the PG 58-28 binders from Highway 10.  As such, the three binders no longer met the low temperature 

requirements for PG XX-28, while ΔTc, G-R, and DENT all predicted materials to be at risk for cracking.  

However, the cause is less clear.   

The chemistry of the Highway 12 binders suggests high percentages of very large agglomerated 

asphaltenes, which caused very significant changes in binder rheology even with moderate uptake in 

oxygen content.  There was no FTIR evidence for elastomeric polymer modification (SBR or SBS), but a 

PG 64-28 often requires some modification to meet the stretched PG temperature range. Given no 

information from project reports regarding the use of modifiers for Highway 12 binders and no NMR 

evidence for phosphorous content, evaluating Golder’s conclusions requires some intuitive knowledge 

(more aptly defined as speculation). First, it is possible to make a straight-run PG 64-28 binder from the 

best Canadian asphalt crudes, such as Lloydminster or Cold Lake, which are more commonly available in 

Western Canada.  If the crude source is a more typical Canadian pipeline blend, modification would be 
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required. The cheapest and most effective way to extend the PG grade range would be air-blowing. A 

second economical option would be to add a non-elastomeric additive such as Poly-phosphoric Acid 

(PPA) to extend the high temperature PG grade. Either method would be consistent with SARA data, 

which detected large asphaltene concentrations known to increase the high temperature modulus. XRF 

data does show relatively small concentrations of phosphorous in all three Highway 12 samples. This 

phosphorous could have come from the original crude, but is also consistent with presence of a small 

amount of PPA. XRF evidence indicated possible low concentrations of REOB, which could indicate that 

minor amounts of flux may have then been needed to restore the low temperature PG grade, either 

because the original asphalt was a bit too hard or the process/additive used to extend the high 

temperature had also moved the low temperature properties out of specification.  

Per Golder’s conclusion, the question then becomes, “How much would cracking performance be 

affected by these additives if they were used?” Usually, such a small amount of either additive would 

not be a problem.  However, there are some anomalies here that warrant further analysis.  First, as an 

acid, PPA is known to react with any base in the asphalt mixture, including liquid amine antistrips or in 

this case hydrated lime, which is known to have been added to the mix to reduce moisture damage. 

Secondly, REOB is known to damage asphalt compatibility, and is particularly deleterious when added to 

asphalt that contains large molecular agglomerates such as peri-condensed asphaltenes.  This makes 

REOB a very poor candidate to blend with PPA-modified or aged asphalts.  The poor CSI’s shown for the 

Highway 12 series suggest compatibility problems with the aged, extracted binders, and the SARA data 

indicates very high asphaltene concentrations. It is unclear whether this problem was caused by 

additives, or whether these properties originated with the base asphalt.  Either way, PPA and REOB 

would not be the preferred modifiers for this particular marginal quality asphalt, as both hurt 

compatibility.   

Secondly, air blowing is known to have a very negative impact on binder phase angle, inherently 

decreasing ΔTc, increasing G-R, and reducing ductility as measured by DENT or other procedures.  The 

Highway 12 binder series exhibited poor values for all three, so these results were particularly consistent 

with expectations for aged air-blown binders.   

If the original binder was not air-blown, then Golder could be right, in that adding both a saturate and 

an asphaltene agglomerator to asphalt with marginal compatibility would be a mistake leading to brittle 

binders. But these same additives might be OK if blended at low concentrations with more compatible 

asphalt such as that used for Highway 10. It is almost certainly futile to control additive sources through 

qualified products lists.  Even common chemical tests for compatibility can be fooled. For example, bio-

oil fluxes or rejuvenators with fatty acid functional groups extract as asphaltenes, yet may significantly 

improve both compatibility and low temperature cracking properties. Ideally, specification parameters 

which reflect binder brittleness after extended aging will guide formulators to make the right decisions.   

4.4 Highway 400 – Contract No. 2009-2010 

4.4.1 General Description 

The two sections on Highway 400 that were mentioned in the OAG report, contracts 2008-2012 and 

2009-2017, are south and north, respectively, adjacent sections running between Highway 11 and 



 
 

123 

Highway 93, completed by two different contractors as shown in Figure 84. The road is a 4-lane divided 

highway originally built in the 1970s. The work consisted of widening and strengthening the roadway in 

both directions. Golder Associates (2007) prepared a pavement design report that covered the entire 

length of the rehabilitation addressed by these two contracts. Thus, the general description of the 

projects is essentially the same.  

 

Figure 84: Highway 400 Locations of Contract 2008-2012 and 2009-2017 

The construction contracts were completed in 2009 for Contract 2008-2012 and in 2010 for 2009-2017. 

For both of these contracts the work consisted of milling 40 mm of the existing HMA and placing 90 mm 

of SP25 base (PG 58-28) under a SP19 binder course (PG 64-28) 50 mm thick and a SP12.5 surface (PG 

64-28) over the remaining 180 mm of existing asphalt and 600 mm of granular base. The subgrade was 

described as sandy-silt or silty sand with combinations of clay and silt at a few locations. The subgrade 

was reported to have low frost susceptibility (Ponniah, 2013). 

Ponniah (2013) of McIntosh Perry provided a very thorough forensic investigation for the MTO on these 

two projects after it was reported that cracking had occurred within one year for contract 2009-2017 

and in two to three years for 2008-2012.  The report covered many aspects that could affect the 

performance of the road including a field investigation, pavement design, materials testing and analysis 

for the binder, and recommendation for rehabilitation. Ponniah (2013) also included recommendations 

for design and construction details. Ponniah’s work (2013) will be referenced heavily in this portion of 

the report as well as information from other sources. The time between the observed cracking and the 

McIntosh Perry effort was 4 years for Contract 2008-2012 and 3 years for 2009-2017. 

4.4.2 Pavement Performance 

A review of PCR scores for Highway 400 provided for this study by the MTO showed a decline from a 

rating of 93 in 2010 to 83 in 2013 (Table 11 and Figure 85).  Ponniah (2013) showed a slightly higher 
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score for the two sections in 2013 (87 and 85 for 2009-2017 and 2008-2012, respectively).  He also 

noted that the distresses at that time were longitudinal wheelpath cracking, fatigue cracking, centerline 

cracking and edge cracking that were very slight to slight and ranged from intermittent to frequent. 

Raveling and coarse aggregate loss were noticed in the 2008-2012 section. A Google Street View picture 

dated September 2015 of Highway 400 is shown in Figure 86, during the period that it was being 

rehabilitated. Here it shows thermal cracking along with longitudinal cracking along the center line of 

the roadway and in the center of the lane. It also appears to show some fatigue cracking in the 

wheelpath. Other images revealed that the road was undergoing rehabilitation at this time. 

Table 11: Highway 400 MTO PCR Scores 

Contract No. 2009 2010 2011 2012 2013 

2008-2012  Under Const. 92 88 83 

2009-2017 93 93 90 85 84 

 

 

Figure 85: Highway 400 Decline in PCR Scores 

 

Figure 86: Highway 400 Google Street View (September 2015) 
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4.4.3 Materials Sampling 

McIntosh and Perry (Ponniah, 2013) took 71 total cores out of Highway 400 and noted that the average 

total thickness of the cores was 310 mm although it was planned to be 360 mm. The average thickness 

of the surface was 42 mm, the upper base layer was 54 mm, and the average thickness of the old 

pavement left in-place (lower base) was 214 mm.  The granular base and subbase materials were 

considered to generally pass for MTO Granular Base B Type 1. 

Ponniah (2013) stated that the materials tested from the cores included an upper binder layer and a 

lower binder layer (or base layer) in the newer construction in addition to the surface. In the test results 

discussed, it appears that the binder layer refers to the lower binder or base layer. 

4.4.4 Forensics Testing 

Testing of the asphalt materials from the roadway included in Ponniah’s report (2013) were: 1) binder 

recovery and extraction, 2) Performance Grade Asphalt Cement (PGAC) verification according to 

AASHTO 93 R 29, 3) Ash Content, 4) EBBR (MTO LS 308), and 5) DENT (MTO LSS 299). No test results on 

the mixtures were reported except core descriptions and physical dimensions. 

4.4.4.1 Asphalt Cement 

Ponniah (2013) reported using the centrifuge method of binder extraction and the Abson recovery 

method to obtain binder samples from cores for testing. The test results for the PGAC verification were 

unexpected as the low temperature grade of the PG 58-28 binder used in the lowest layer of the new 

pavement did not change significantly. The author believed that possible residual solvent in the tested 

sample may have caused this result. However, they noted that the 64-28 binder used in the surface layer 

had a grade loss of approximately 2oC. The fact that the surface had higher aging than the lower layer is 

expected as the surface has more exposure to oxidation (C. J. Glover et al., 2009).  Ponniah (2013) 

suggested the lack of evidence of substantial aging was due to the presence of solvent in the binder. 

While this may have happened, it is speculative evidence of physical hardening. The presence of lime, as 

shown in the mix designs, could also have acted to inhibit oxidation. 

The ash content test was presumably performed to ascertain the presence of REOB in the mixtures. 

These values were very high, and Ponniah (2013) correctly cautioned against trying to interpret results 

on recovered binders as residual fines used in some of the mixtures could have influenced the outcome 

of the testing.  

The recovered asphalt contents of the mixtures have very low values (Ponniah, 2013) between 4.16 and 

4.65%. The job mix formula sheets provided by the contractors show design asphalt contents ranging 

between 4.0 and 4.8%. These values are lower than expected and may indicate a need to change mix 

design practices or specifications to ensure durable mixtures. As Ponniah (2013) observed, the practice 

of requiring a minimum asphalt content may be one approach to accomplish this. 

Ponniah (2013) performed EBBR and DENT testing on the recovered asphalt samples from Highway 400. 

The EBBR testing showed a grade loss of 5.8 and 4.75% for the surface and binder layers, respectively, 

for Contract 2009-2017. The EBBR grade loss for Contract 2008-2012 was 5.01 and 4.7%, respectively, 

for the surface and binder layers. The difference in grade loss values for the surface and binder layers 
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were calculated and presented, although it is not clear what this represents as different grades of 

asphalt were used in each layer and the same issues are raised concerning the presence of solvent and 

fines in the recovered asphalt still exist. Further, EBBR for these materials was measured after 3 to 4 

years of aging, and it is not clear that the criteria of a grade loss of less than 3 would be applicable. The 

DENT test result presented in the report shows considerable variability. Again, the influence of 3 to 4 

years of field aging could be much different than laboratory aging. Also, the fact that the surface course 

has much more access to oxygen than the binder course is the most likely cause of the difference in 

values between the layers. 

4.4.4.2 Asphalt Mixtures 

As discussed before, McIntosh and Perry (Ponniah, 2013) examined the cores taken from the roadway. 

The surface layer debonded from the upper binder layer in 45% of the cores and the upper binder layer 

debonded from the material below it in 25% of the cores.  Testing of the materials from the cores 

consisted of measuring the total thickness of HMA over the granular base, as well as the thickness of the 

surface and binder courses. Ponniah (2013) also assessed the width and depth of cracking in those cores 

with cracks. The condition of the bond between layers was determined by examining the interfaces. 

Some of the cores with bonding problems are shown in Figure 87(a) through Figure 87(d). Not only are 

the upper layers of the cores debonded, but they also appear to have material chipped from the edges 

as if the mixture lacked cohesion, possibly from low asphalt content in the mixtures. 

 

 (a)      (b) 

 

(c)      (d) 

Figure 87: Highway 400 Cores Exhibiting Debonding in the Surface and Lower Layers 
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Gradations from the job mix formulas for the three types of asphalt mixtures placed on Highway 400 are 

shown in Figure 88(a) through Figure 88(c) for each of the two contracts. For contract 2008-2012, it can 

be seen that for the SP12.5 (D) mix (Figure 88(a)) the gradation does not fall on the line of maximum 

packing but is bent to the coarse side of the line in the region from the 2.36 mm sieve to the 9.5 mm 

sieve. While this creates room in the aggregate structure, being on the coarse side reduces the surface 

area of the aggregate, and thus can lower the asphalt content of the mix. For contract 2009-2017, the 

gradation is gapped on the fine side in the region of the 4.75 mm sieve to the 19 mm sieve, and the rest 

of the gradation closely parallels the line of maximum packing. The JMF asphalt for contract 2008-2012 

was 4.8% and 4.7% for 2009-2017. These are low design asphalt content levels for a 12.5 mm mix. 

In Figure 88(b) the SP19 (D) gradation shows the aggregate was gapped on the fine side of the mix in the 

vicinity of the 19 mm sieve and the 9.5 mm sieve for contract 2008-2012. While this should have created 

an aggregate structure, which should have allowed room for asphalt, the design asphalt content for this 

mix was 4.8%, probably due to the lower surface area compared to the 12.5 mm mix. For contract 2009-

2017 the aggregate gradation parallels the line of maximum packing down to about the 2.36 mm sieve 

size after which it bends down to slightly below the line and the JMF asphalt content was 4.6%.  

The results for gradations of the SP25 (D) mix (Figure 88(c)) show that the gradation for Contract 2008-

2012 crosses the line of maximum packing which allows for some room in the VMA for asphalt. The JMF 

asphalt content for the mix was 4.3%, most likely due to the low surface area caused by the large 

aggregate. For Contract 2009-2017, the gradation paralleled the line of maximum packing down to 

about the 2.36 mm sieve at which point it crossed the line for the finer sieve sizes. For this gradation, 

the JMF asphalt content was 4.0%. 

 

(a) SP12.5 (D) Mix 
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(b) SP19 (D) Mix 

  
(c) SP25 (D) Mix 

 Figure 88: Highway 400 HMA Job Mix Formula: Aggregate Gradations 

4.4.5 Pavement Design Analysis 

As Golder Associates (2007) described the structural section as being 360 mm of hot mix layers over 550 

mm of granular base there is little knowledge to be gained by conducting a mechanistic pavement 

analysis to assess the structural adequacy of the pavement. For the 3 or 4 years that the pavement was 

in service prior to rehabilitation, the amount of structural damage caused by traffic would have been 

minimal if all the layers had been bonded in the pavement. However, as shown in Figure 87 and 

described previously, the lack of bonding between layers was a likely cause for widespread cracking. As 

Ponniah (2013) noted the surface layer was not bonded to the material below it in 45% of the cores and 

the upper binder layer was not bonded to the material below it in 25% of the cores. 

When layers in a pavement are not bonded to the lower layers, the ability of the pavement to transfer 

horizontal normal and shear strains is eliminated. This results in higher strains in the upper pavement 

structure than intended during its design. These higher strains, depending upon the depth in which they 

occur, lower the life of the pavement dramatically. Wilson (2017) estimates that the fatigue life of a 

pavement structure could be lowered by as much as an order of magnitude or more. 
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Based upon these observations, it is suggested that consideration of a tack coat specification beyond the 

one currently used in Ontario might be advisable. 

4.4.6 Construction 

Quality control and quality assurance records for these projects were provided by each contractor.  As 

mentioned previously, the design asphalt content is somewhat low especially in a cold region where 

durability should be a primary consideration. Thus, the discussion below is focused on the QC/QA data 

pertaining to asphalt content and VMA. The QC/QA records show that the contractors maintained good 

control over their materials and meeting targets to the extent that both earned bonuses on their work.  

4.4.6.1 Contract 2008-2012 

A review of QC/QA records for Contract 2008-2012 shows that for the SP12.5 (D) mixtures all property 

requirements were met and qualified for a pay factor of 1.0 or higher for both lots of material. The 

asphalt content measurements for QC and QA (Figure 89(a)) show that the produced SP12.5 (D) 

mixtures were on the low side of the target value of 4.8% but met the requirements of + 0.3%. The in-

place density of the mix ranged between 92.0 and 95.0%. The VMA values calculated by the contractor 

(Figure 89(b)) were all fairly close to the requirement of 14.0%. The low asphalt content was most likely 

a result of the dense and coarse aggregate gradation discussed above, and is very likely one of the 

primary causes of premature cracking.     

The data for the SP19 (D) mixtures (Figure 90(a) and Figure 90(b)) show the same general trends in that 

the mixture met or exceeded the requirements. In-place densities were all between 92.0 and 95.4%. The 

asphalt content measurements for this mixture all exceeded the requirement of 4.5% and the VMA 

measurements were above the required minimum of 13.0%. Again, the asphalt content was lower than 

what is normally considered necessary for a durable mix. The same comments are pertinent for the 25 

mm mixture (Figure 91 (a) and Figure 91(b)). 

 

(a) Asphalt Content 
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(b) VMA 

Figure 89: Highway 400 Contract 2008-2012 QC/QA Data: SP12.5 (D) Mix 

 

 (a) Asphalt Content 

 

(b) VMA 

Figure 90: Highway 400 Contract 2008-2012 QC/QA Data: SP19 (D) Mix 
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(a) Asphalt Content 

 

(b) VMA 

Figure 91: Highway 400 Contract 2008-2012 QC/QA Data: SP25 (D) Mix 

4.4.6.2 Contract 2009-2017 

 For contract 2009-2017, the target asphalt content was 4.8% and the VMA target was 14% for the 

SP12.5 (D) mixture (Figure 92(a) and Figure 92(b)). For the 19 mm mix, all of the QC values for asphalt 

content were less than the 4.6% target and the VMA values were around 13.5% (Figure 93(a) and Figure 

93(b)). The 25 mm mix had than 4% asphalt according to QC with VMA values of all less than 13% (Figure 

94(a) and Figure 94(b)). As with all the other mixtures reviewed in this section, durability was very likely 

minimized due to dense aggregate packing and low asphalt content. 
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(a) Asphalt Content 

 

 (b) VMA 

Figure 92: Highway 400 Contract 2009-2017 QC/QA Data: SP12.5 (D) Mix 

 

 (a) Asphalt Content 
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 (b) VMA 

Figure 93: Highway 400 Contract 2009-2017 QC/QA Data: SP19 (D) Mix 

 

 (a) Asphalt Content 

 

 (b) VMA 

Figure 94: Highway 400 Contract 2009-2017 QC/QA Data: SP25 (D) Mix 

4.4.7 Conclusions 

Contracts 2008-2012 and 2009-2017 were the reconstruction of adjacent sections of Highway 400. 

These sections showed significant cracking within 3 or 4 years of the end of the contracts. The structural 

section of the road after the construction was designed to be very substantial with 180 mm of new 

pavement constructed over 180 mm of old asphalt pavement which was supported by 600 mm of 
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granular material. Based upon the report by Ponniah (2013), the report by Golder Associates (2007), a 

review of mix design data, and a review of QC/QA data, the following conclusions are drawn: 

1. The pavement had significant amounts of unbonded surface and binder layers. This lack of 

bonding between the layers likely contributed to early failure as the unbonded layers would 

have been subjected to very high tensile and shear strains. This manifests itself in premature 

fatigue and shear cracking of the unbonded layer which can take place very quickly in the 

pavement structure. 

2. Gradations and asphalt content values for the mixtures used in design could have hurt the 

durability of the pavement. Specifically, aggregate gradations which fall on the line of maximum 

density leave very little room in the VMA for asphalt. The lower asphalt content, in turn, 

provides little film thickness to coat the aggregate particles which reduces the cohesion 

(cracking resistance) of the mixture.  

4.5 Highway 403 – Contract No. 2003-2012 

4.5.1 General Description 

Highway 403 is an 8-lane freeway which runs through a suburban area to the west of Toronto. The 

portion of the road of interest for this study was from the intersection of Highway 407 to the 

interchange with Highway 401 as shown in the Google Earth photo in Figure 95.  

The construction projects on Highway 403 identified in the OAG report as having premature failures 

were Contract Nos. 2003-2012 and 2010-2039. The work done under 2003-2012 produced an award-

winning pavement which recognized that the contractor exceeded the expectations of the MTO. 

However, during the course of this study it became apparent that the roadway built under Contract 

2003-2012 had prematurely cracked, and that the work done under 2010-2039 was an effort to patch 

badly deteriorated areas. Since 2010-2039 was essentially a patching contract, the emphasis in this 

analysis is Contract 2010-2039. 

This portion of roadway was originally constructed in the late 1970s and early 1980s. In the late 1980s to 

the mid-1990s there were various resurfacing and widening efforts. Traffic projections on this highway 

showed the AADT to range from about 140,000 to 240,000 in 2011 and from 270,000 to 540,000 in 

2021. The 2000 estimate for commercial traffic was 15% of the AADT. These traffic loadings are very 

high in both volume and weight (Terraspec Engineering, 2000). 

According to the Pavement Design Report by Terraspec Engineering (2000), the roadway that existed 

prior to Contract 2003-2012 was a 6-lane road. Although the pavement varied along the length of the 

project, it was typically comprised of 200 to 300 mm of HMA over 300 mm of Granular “A” material. The 

work under Contract 2003-2012 was to widen the roadway with an additional lane in each direction and 

to resurface the existing pavement by milling 40 mm and replacing 40 mm of surface material. The soils 

in the area are mostly composed of sand and silt combinations with occasional clay and cobbles. It was 

reported that the subgrade had low frost susceptibility characteristics. 
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Figure 95: Highway 403 Contract 2003-2012 Limits (Google Earth, Oct. 9, 2016) 

4.5.2 Pavement Performance 

In 2000, at the time of the Terraspec Pavement Design Report  (2000), this portion of Highway 403 was 

reported to have mostly cracking distresses that were most severe for centerline and edge areas. Wheel 

track cracking and moderate raveling were also noted. The stretch showing the most distress was 

between Highway 407 and the Credit River Bridge. Terraspec  (2000) noted that extensive cracking and 

crack sealing had been done on the section between the Credit River Bridge and Central Parkway Bridge. 

They reported that the likely cause of the distresses in this area was cold weather paving. The 

construction for Contract 2003-2012 was completed in 2005. By 2007, the PCR had dropped to a score 

of 90, and by 2008, scores were in the range of 77 for the eastbound side and 87 for the westbound. The 

patching work under Contract No. 2010-2039 was completed in 2011 which raised the PCR back up to 

95. However, because 2010-2039 was a patching contract intended to “hold the road together”, the 

pavement condition rating continued to decline at about the same rate. 

The Pavement Design Report by Terraspec (2000) made no mention of layer debonding so it is assumed 

that the layers were adequately adhered. However, a later forensic study by Trow Associates (2006) 

showed that there were areas where the bond between the surface and binder layer had been 

compromised. 

4.5.3 Forensics Materials Sampling and Testing 

Because this project was completed in 2005, there were no materials available for testing in this study. 

However, by studying the mix design records, certain observations may be made. Mix designs JMF 

reports were performed for SP12.5 (E), SP19 (E), and SP25 (E) mixes and provided by the contractor. All 
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mixtures were Category E, meaning that they were subject to the highest level of compaction in the SGC 

of 125 gyrations. This level of compaction is no longer used in many states due aggregate fracture and 

over compaction. 

A forensic analysis of Highway 403 was conducted by Trow Associates (2006) in which a field 

investigation, density measurements, asphalt extraction and gradation measurements, asphalt cement 

testing, and emulsion testing were carried out. The results of this study showed that the central problem 

was that the tack coat between the surface and binder layers was placed on a dusty surface. This 

resulted in slippage cracking which manifested itself in the truck lanes by areas of the mat tearing in a 

classical cracking convex shape. The RAP from Contract No. 2003-2012 was not allowed for use in the 

next rehabilitation of the roadway. 

4.5.3.1 Asphalt Mixtures 

The gradation for the SP12.5 (E) mixture is shown in Figure 96(a). The gradation follows the line of 

maximum packing closely until it bends to the coarse side of the line between the 4.75 and 0.075 mm 

sieves. The mix design VMA was 14.3% compared to a requirement of 14.0% minimum. This indicates 

that the mixture was densely packed with aggregate with not much space for asphalt. This is validated 

by a design asphalt content of 4.5%. The asphalt grade for this mixture was a PG 70-28. 

The gradation for the SP19 (E) mixture in Figure 96(b) also shows a gradation which has some room for 

asphalt, but probably not enough. The VMA for this mixture is 13.0% which is the minimum requirement 

per specifications. The design asphalt content for the 19 mm mixture is 4.8% which is low when 

durability is of prime importance. The asphalt grade for this layer was PG 70-28. 

The SP25 (E) mixture had a very dense gradation as shown in Figure 96(c).  Here with the exception of 

the 4.75 mm to the 1.18 mm sieve the gradation follows the line of maximum packing. The VMA for this 

mix design was 12.6% which is slightly above the minimum requirement of 12.0%. The asphalt content 

was 4.5%, again very low. The asphalt grade used for this mix was a PG 58-28. 

 

(a) SP12.5 Mix 
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(b) SP19 Mix 

 

(c) SP25 Mix 

Figure 96: Highway 403 HMA Job Mix Formula: Aggregate Gradations 

4.5.4 Construction 

The quality control reports for the three mixtures used on this project show very good compliance for 

asphalt content values for pay lots (Lot 2 and later). VMA and QC data were not available at the time of 

this writing, but the trends for asphalt content are much the same as the other projects in this section. 

For the 12.5 mm mix (Figure 97(a)), all of the pay lot values are above the target level of 4.5% and below 

the upper limit of 4.8%. The asphalt content values for the 19 mm mix (Figure 97(b)) were all within the 

allowable limits around the asphalt content level of 4.8%, and the same is true for the 25 mm mixture 

Figure 97(c)). Again, the asphalt contents for these mixtures, while meeting specifications, are low in 

terms of providing the needed durability for performance. 
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The contractor stated that the source of the asphalt changed during the construction. Initially, a supplier 

was used that provided oxidized asphalt. This supplier went out of business and the next supplier on the 

job provided a heavily polymer modified asphalt. The workability of that product was so harsh, that a 

third supplier was brought in who provided another oxidized asphalt binder.  

 

(a) SP12.5 Mix 

 

 (b) SP19 Mix 

 

 (c) SP25 Mix 

Figure 97: Highway 403 Contract 2003-2012 QC Data: Asphalt Contents 
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4.5.5 Conclusions 

Contracts 2003-2012 showed premature cracking in its surface within 3 years of construction. The main 

cause of the cracking which was confined to the truck usage lanes seems to be a lack of bonding 

between the surface and binder layer (Trow Associates, 2006). As with the other projects in this chapter, 

mix design practices have allowed dry mixtures to fall within allowable specifications. Low asphalt 

contents caused by dense aggregate gradations and overly harsh mixture compaction have resulted in 

low asphalt contents and low VMA levels. There is not enough asphalt binder in the mixture to resist 

cracking, and that leads to early failures.  

Contractors Comments 

Contractors were interviewed to get their input on contracting and construction practices as presented 

in this section. Most contractors interviewed agreed with the conclusions drawn in this chapter. It was a 

common view that was held by many after the implementation of Superpave that the mixtures were 

densely packed with little room for asphalt. Ways of remedying this problem are covered in the chapter 

on Conclusions and Recommendations. 

Contractors also would like to see more constructability reviews being conducted ahead of large 

projects to have input on plans before they are finalized. Also, they would like to have more time in 

work zones to complete the projects in a more continuous and rapid manner. This means letting the 

crews get in and stay in to complete the work and then get out and stay out, rather than having to 

mobilize and demobilize every day. Contractors would also like to see earlier lettings to allow for better 

construction planning and plan reviews. 

4.6 Chapter Summary 

Although the OAG identified inferior asphalt binder to be the main culprit in early failures in these 

pavement sections, the research team has concluded that the main problem is the lack of cracking 

resistance due to poor volumetric proportioning sometimes exacerbated by a lack of bonding between 

pavement layers and/or the presence of cracks in existing underlying pavement layers. Specifically, the 

mixtures in these projects, while complying with all the specifications and methods required by MTO in 

the vast majority of instances, may have a lack of asphalt caused by low VMA and dense aggregate 

gradations which cannot provide the needed cracking resistance. A lack of bond between pavement 

layers is also detrimental to pavement life, as it creates high strains in the structure which cannot be 

transferred to lower layers. While this study has not completely dispelled the notions that there may be 

problems with the quality of asphalt in Ontario, there are indications in pavements such as Highway 10 

(2007-2037) that roadways made with high quality binders may not perform well if there is a lack of 

bonding or the mixture volumetrics are not optimal. Possible solutions to these problems will be 

discussed in the Conclusions and Recommendations chapter.



 
 

140 

5 MTO Specification Review 

5.1 Binder Specifications 

5.1.1 Material Specification for Performance Graded Asphalt Cement  

Special Provision No. 111F09, March 2017 - Amendment to OPSS 1101, November 2014:  

1. Revisions to Table 1 include several additional testing requirements for PGAC. In addition to Ash 

Content Test (LS-227), the new table adds threshold limits for three new procedures, including 

DENT Test (LS-299), EBBR Test (LS-308) and MSCR Test (AASHTO T 350). Since MTO is the only 

major North American transportation agency that has implemented EBBR and DENT tests for 

low temperature PG, TTI reviewed the tests and criteria used by other agencies in the North 

America (i.e., US state DOTs) to determine if they use similar or alternative methods to control 

surface cracking. From this review, no agencies in the US were found to have adopted either 

EBBR or DENT tests (Asphalt Institute, 2018). Therefore, these tests have no validation data 

beyond that collected in Ontario. Eight of fifty-one agencies have adopted the direct tension 

(DTT) test to control failure strain at low temperature (Asphalt Institute, 2018). DTT is run on 20 

hr PAV-aged binder specimens. Only five agencies have defined threshold limits for failure 

strain, whereas three others only require the test results to be reported.  A testing protocol for 

physical hardening comparable to EBBR was included in early PG specifications in a report-only 

format.  Over the short validation period for Superpave, it was difficult to validate physical 

hardening as a performance parameter in pavements, so this test was withdrawn without 

formal development as a specification with threshold limits. However, this subject remains 

controversial, and is being revisited as part of NCHRP research project 9-60. Ontario test 

sections should be included in that study, and Ontario MTO is represented on that research 

panel.  

2. 1101.02 – The amendment replaces the provisional AASHTO TP 70 with the newly adopted 

AASHTO T 350 to define MSCR testing protocols for high temperature grading. Approximately 

thirteen of fifty-one agencies in the US have adopted the newer MSCR test parameters for Jnr 

for determining high temperature PG as a means to control rutting performance (Asphalt 

Institute, 2018).  One state further uses the MSCR % recovery to control polymer modification, 

whereas eleven states continue to use PG+ specifications such as elastic recovery using a 

ductilometer (AASHTO T 301) to address binder durability (Asphalt Institute, 2018).   

3. 1101.08.06 – This provision allows contractors to invoke referee testing by an independent 

laboratory for any lot of PGAC within 5 days of receiving all the QA test results for the lot.  This 

may not be ample time given that PAV plus eBBR takes at least four days for testing. 

5.1.2 Extended Bending Beam Rheometer (BBR) Test Method   

LS 308 Rev. No. 26 Method of Test for Determination of Performance Grade of Physically Aged Asphalt 

Cement Using Extended Bending Beam Rheometer (BBR) Method 
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The test method requires multiple specimens to be tested at PG+10°C and PG+16°C after conditioning 

them at PG+10°C and PG+20°C for 1, 24 and 72 hours.  The test intends to capture the effect of 

extended period of conditioning in low temperature on the PG. Some of the issues are: 

1. LS-308 Steps 6.2 and 6.5 requires the samples preconditioned at the specified PG+10°C and the 

specified PG+20°C for 1, 24 and 72 hours to be stabilized for 10 ± 1.0 minutes at the specified 

PG+10°C and the specified PG+16°C before testing. This procedure assumes that the beam 

samples will be isothermally stabilized by the end of 10 ± 1.0 minutes.  Although certainly true 

when specimens are tested at their conditioning temperature, some question whether ten 

minutes is sufficient to insure stabilization when the temperature for testing is different from 

that of conditioning.  Conventional BBR testing calls for a 60 minute conditioning period to 

insure thermal stability.  

Table 12: Example of LS308 conditioning and testing temperature sequence 

PG 
Conditioning Temperature 

(°C) 

Testing Temperature 

(°C) 
Difference (°C) 

-34 

-34 + 20 = -14 
-34 + 16 = -18 -18+14 = -4 

-34 + 10 = -24 -24+14 = -10 

-34 + 10 = -24 
-34 + 16 = -18 -18+24 = +6 

-34 + 10 = -24 -24+24 = 0 

 

2. LS-308 Steps 6.6 to 6.8 requires that specimens be tested and then returned to the respective 

conditioning baths for retesting after conditioning for a total of 24 hour and 48 hours (Table 1). 

Though 6.9 recommends that a second spare specimen be tested if the original specimen is 

damaged after previous conditioning and testing.  This step relies on a technician to decide the 

level of damage at which to choose the spare sample. But problems have been noted with some 

materials that bend excessively (bottom-out), particularly when BBR test temperatures are PG + 

16°C.  Beam reuse could lead to errors and test variability.  Individual beams for each test would 

be preferred. 

LS-308 Step 5.1 requires the samples to be aged according to AASHTO T 240 and AASHTO R 28 

and tested following the standard BBR procedure (AASHTO T 313).  It is not clear how to 

anticipate the 72-hr grade loss when mixes include RAP or RAS.   

5.1.3 Hot Mix Asphalt-End Result Mixture Specifications 

Special Provision No. 103F03 (March 2017) - Amendment to OPSS 313, November 2016  

1. Section 313.07.01: Quality Control-2nd paragraph- “A single sample for QC purposes may be 

obtained at the same time and location as the acceptance sample.” 

FHWA recommends that independent samples be taken for QC and QA purposes for statistical 

reasons when “F” and “t” tests are used to compare data sets. 
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2. Section 313.07.02: Laboratory Correlations-The use of laboratory correlations prior to the start 

of large projects will help ensure that any differences in results can be narrowed to the 

materials or technician error. 

3. Section 313.07.01: Operational Constraints-specifications contains both environmental 

limitations during placement and compaction as well as in-place density requirement. Are both 

needed? An end-result compaction specification encourages contractors to consider best 

practices for while allowing the use of possible innovations to obtain the desired density.  

4. Section 313.07.08: Field Adjustments to the Job Mix Formula (JMF)-Target asphalt binder 

content can be reduced up to 0.2 percent from original Job Mix Formula (Table 1). Loss of air 

voids and VMA when comparing field mixed-lab compacted samples versus lab mixed-lab 

compacted samples is very common and typically results in a reduction in asphalt binder 

content for the JMF. This could contribute to the low asphalt binder content mixtures. The MTO 

requirement of using fine gradations as the default for mixture design is definitely a step in the 

right direction to incorporating more asphalt into the mixture. As a rule of thumb contractors 

usually design mixtures with one percent or more VMA than the minimum required. This will 

help to ensure that there is adequate room in the mixture for asphalt.  

5. Section 313.07.09.05: Warm Mix Asphalt-Lottman Tests are used for water sensitivity testing for 

information only. A review of these data would be useful for both HMA and WMA to establish 

correlations to performance and to assess the variability of the test method. 

6. Section 313.08.01: Asphalt Cement Physical Requirements-The allowance for 2 C colder than the 

high temperature grade or maximum of 2 C warmer that the low temperature grade is a typical 

specification for asphalt binder acceptance. 

7. Section 313.08.01.02.01.02: Optional Surface Trial-At the beginning of placement this 

information is very useful in setting rolling patterns and spacing between pavers and 

compactors. Unless the same mix has been recently used in another construction project with 

the same support and weather conditions, this trial should be mandatory. 

8. Section 313.10.01.02 and related Payment Adjustment section: The use of the bonus/penalty 

concept and not just penalty should be encouraged to obtain a higher quality product and to 

help balance the risk of statistical errors for either the buyer or seller. Impact on production and 

placement crews is significant. Profit margins ultimately may be the same as margins will need 

to be included in the pricing by the contractors. Initially contractors expect an impact on their 

margins of between 5 and 15%. It is important for the MTO to maintain its system of bonuses 

and penalties to ensure that contractors maintain their focus on the important qualities of 

asphalt mixtures. Small changes to the bonus/penalty schedule for asphalt mixture compaction 

in the PWL may result in large cost impacts to the industry.  

9. Section 313.10.01.02.01.02: Payment for Gradation-Many public agencies use only two sieves 

for pay factors and may use additional sieves for process control requirements. They do this so 

that more emphasis can be placed on other factors such as asphalt content,  

10. Section 313.10.01.02.01.04: Payment for Voids-VMA is used to control voids. VMA is calculated 

from the bulk specific gravity of a field mixed-laboratory compacted sample and the bulk specific 

gravity of the combined aggregate. Most public agencies use Air void content as compared to 

VMA for control of voids. Air voids are calculated from bulk specific gravity of the field mixed-
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field compacted sample and the theoretical maximum specific gravity of the field mixed HMA. It 

is preferable to use air voids as it is more dependent upon direct measurements from in-place 

properties. This difference could possibly be responsible for the low asphalt binder contents as 

the voids (both air and VMA) will typically be reduced during construction as compared to the 

lab mixture designs. Typical data should be reviewed to determine if air voids or VMA is the 

better approach. Bag house fines also play an important role in the voids reduction issue.  

11. Section 313.10.01.02.01.06: Payment Factor for Combined Mix Properties and Compaction-The 

compaction requirements should consider the lift thickness. Thin lifts should not have an in-

place density or air void requirement as typical core data are often misleading with thin lifts due 

to coring and trimming procedures. Compaction requirements have been changed from a 

minimum of 91.5 to 92 percent. While this should improve pavement life for Ontario 

pavements, changes are needed in the mixture composition to allow more room in the asphalt, 

making it easier to obtain density. However, the removal of the bonus pay makes the change 

riskier for contractors, and this should be reinstated. 

5.1.4 Material Specification for Superpave and Stone Mastic Asphalt Mixtures 

Special Provision No. 111F06, March 2017 - Amendment to OPSS 1151 

1. Table B: Range of Asphalt Cement Content-these asphalt binder contents for bidding purposes 

are low for typical Superpave mixtures. Contractors should bid according to typical asphalt 

binder contents used for their aggregate sources and gradations. 

2. The use of high gyration levels for Superpave mixtures has ceased for many DOTs in order to 

prevent over-compaction from reducing asphalt content. These DOTs typically use one or two 

levels for their mixtures. Typical levels are 50, 60, 75 or 80 gyrations. 

3. Use of coarse graded mixtures for “durability” in a northern climate is questionable. This has 

been addressed in that the MTO has made fine gradations the default. 

4. Table 6: Maximum Reclaimed Asphalt Pavement and Roof Shingle Tab Content-MTO’s move to 0 

percent recycled materials content for surface courses may not be justified from a life cycle cost 

standpoint, especially for RAP. Most states do allow some level of RAP in the surface mixtures by 

restricting the contribution of the recycled binder to no more than 20 to 30% of the asphalt 

binder content, sometimes with the additional requirement of reducing the high or low 

temperature grade of the virgin asphalt. 

5.1.5 Asphalt Concrete Surface Smoothness 

Special Provision No. 103F31M, March 2017 

1. Bonuses for ride quality are important in order to encourage contractors to remain focused on 

best paving practices.  However, one state experienced an unintended consequence when it 

shifted the weighting on pay factors from in-place density to ride quality. This resulted in 

contractors paying more attention to smoothness than quality and, as a result, the state had 

many premature failures. 
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2. Special Provision (SP) 103F31M determines sublot payment factor (PF) for pavements based on 

average international roughness index (IRI) of both wheel paths from a set of three 

measurements taken by an Inertial Profiler in each sublot. The provision uses different 

relationships between PF and IRI to determine the bonuses and the penalties – four in the case 

of Category B Pavement Treatment while five in the case of all other pavement treatment types. 

Irrespective of pavement treatment categories, a bonus of 20.0% (i.e., PF = 1.200) is paid if IRI is 

less than or equal to 0.500 m/km (31.67 in/mile) while a full repair is warranted instead if IRI is 

greater than 1.250 m/km (78.18 in/mile). SP 103F31M adopted a slightly steeper relationship 

between PF and IRI between 0.500 and 0.600 m/km (31.67 -38.01 in/mile) than the original 

provision, allowing slightly lesser amount of bonus between these levels of IRI than what would 

have been paid before. SP 103F31M neither gives bonus nor penalizes a contractor if IRI value is 

between 600 and 1.000 m/km (38.01-63.35 in/mile) but penalizes if IRI is between 1.000 and 

1.250 m/km (31.67 -38.01 in/mile) using a linear relationship. The provision does not penalize a 

contractor even if IR in Category B Pavement Treatment is greater than 1.000 m/km (63.35 

in/mile). 

3. TTI reviewed some of the methods used in US States. TTI found that US states generally use 

somewhat different methods and criteria for payment calculations (The TransTec Group, Inc., 

2016), such as Minnesota, Ohio, Texas, and Washington. Most have a dollar value for bonuses 

for IRI values that are below some threshold and a dollar value increase for each IRI unit 

dropped. Penalties are computed similarly, sometimes with penalties that are on a more severe 

schedule than the bonuses. 

5.1.6 Tack Coating and Joint Painting  

OPSS PROV. 308, April 2012 

1. Section 308.04.01: Submission Requirements - Dilution of the tack material may result in a 

weaker bond early in the pavement’s life. 

2. Section 308.05.01: Tack Coat and Joint Painting Material- Dilution of the tack material may 

result in a weaker bond early in the pavement’s life. 

3. Section 308.07.01.01: Tack Coat Rate of Application-0.35 kg/sq. m. (0.11 gal/sq. yds. emulsion or 

0.035 to 0.40 gal/sq. yds. residual asphalt binder) for the diluted emulsion. Applied to all existing 

pavement surfaces, milled pavement surfaces, expanded asphalt surfaces and any binder course 

surfaces that have been left open to traffic over at least one winter. The tack coat rates should 

be adjusted to the type of surface. Milled surfaces require greater quantities of tack coat. All 

pavement surfaces should be tacked prior to overlay regardless of the time between placement 

of the bottom layer and the next layer.  

4. Section 308.08.01.07.01: Acceptance of Tack Coat Application Rate-Equipment settings are used 

to determine application rate. Verification of the settings can be requested. Field checks on 

calibrations should be made to insure tack coat quantities are appropriate. Certificate of 

calibration of distributors should be requested on every job and calibrations should be annually 

or more frequently. 
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Comments from Contractors 

Interviews with contractors in Ontario show that they do not favor the removal of bonuses from their 

pay. The bonuses provide incentives for contractors to give their best effort in providing the highest 

quality product. It is important to their businesses as well as the morale of their crews. Furthermore, 

incentives are a way to balance risks between the agency and the contractor as the buyer’s and the 

seller’s errors are possible with PWL specifications. Contractors that were interviewed estimate revenue 

decreases of about 5% of their typical pay. 

Concern was also mentioned that in some municipalities, penalties for compaction would be enforced in 

cold weather paving operations. If contractors are required to pave in inclement weather, it is a normal 

practice to suspend penalties for certain pay items. 
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6 Review and Response to Ontario Auditor General’s 2016 Report 

6.1 Introduction 

This chapter is a review of Chapter 3 of the 2016 Ontario Auditor General’s Report entitled Ministry of 

Transportation – Road Infrastructure Construction Contract Awarding and Oversight.  The Ontario 

Auditor General’s (OAG) office produced this document to present its view of current practices by the 

Ministry of Transportation of Ontario (MTO) in terms of specifications, lettings, and industry 

relationships. 

6.2 Objective 

This chapter attempts to place many of the issues raised in the context of practices and specifications 

used in North America. It is intended to primarily address issues associated with specifications and 

industry relationships.  It is important to address these issues in context as many of them reflect the 

general approach used in North America by many highway agencies. Also, some of the technical issues 

raised as concerns in the OAG’s report are more complex than presented in the report.  

This chapter does not address the specific issues of data falsification, contractors’ safety practices, and 

engineers hired to work on bridge design.   

6.3 Excerpts from Auditor General’s Report and Responses 

6.3.1 Excerpt on p. 518 

Excerpt: 

“In 2004, the Ministry confirmed that poor quality asphalt cement was the primary cause of premature 

cracking. In 2007, two tests for assessing the quality of asphalt and the likelihood of it cracking 

prematurely were developed; however, at the time of our audit, the Ministry had fully implemented only 

one of them—five years after it was developed—and was using the second on only a limited number of 

projects.” p. 518 

Response:  

The characteristics of some asphalt cements are among the primary causes of premature cracking on 

Ontario roadways. However, not all asphalt cements have shown these characteristics, and these have 

not failed prematurely. Pavement failures are rarely the result of a single cause and the term “poor 

quality asphalt cement” can also have a very broad meaning.  The asphalt cements met specifications at 

the time of construction, and they were allowed for use. While research into cracking problems were 

underway at the time these roads were built, reliable, vetted test methods and standards take years to 

establish as discussed later.  In part thanks to Ontario’s experiences detailed below, the American 

Association of State Highway and Transportation Officials (AASHTO) only recently recognized the extent 

of this premature cracking problem and funded a $1 million research project, National Cooperative 

Highway Research Program (NCHRP) Project 9-60, to rectify the problems with PG specifications.  

Changes as recommended by this research are expected in three years.   MTO and the supporting paving 

industry in Ontario should be commended for recognizing and rectifying problems that are not easily 

solved.   
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On highway projects, a process of quality assurance is used to prevent substandard materials from being 

used on construction projects. For asphalt cement, the normal procedure is for the asphalt cement 

supplier to test the product in quality control (QC) and submit a certificate of compliance (COC) to the 

purchaser, the asphalt mixture producer. The mixture producer then keeps a record of the COC and 

provides the owner agency with a copy. The owner agency takes samples of the asphalt cement and 

tests them at a specified frequency in quality assurance (QA) to ensure that the materials meet 

specifications. 

In the late 1980s, efforts in Canada and the U.S. began on improving the process of specifying asphalt 

cement and asphalt mixture design through the Canadian Strategic Highway Research Program (C-SHRP) 

and the U.S. Strategic Highway Research Program (SHRP). The asphalt cement research program in SHRP 

alone had funding of $50,000,000 (US) out of a total funding of $150,000,000. The system of asphalt 

cement specification and mixture design was named Superpave and was widely seen as a vast 

improvement over the old standards of asphalt cement grading and mixture design that had been used 

since the 1930s. The asphalt cement grading requirements had provisions for considering the climate in 

terms of high and low temperatures. Almost all provincial and state governments in North America 

began using the Superpave PG system for specifying asphalt cement by 2000, and AASHTO led the effort 

to get this new specification accepted. Even with a massive research and development effort, it was still 

twelve years from the time research began (1988) and seven years from the time the specifications were 

developed (1993) to when they were widely adopted in 2000. While the PG system was a great 

improvement over the past methods of specifying asphalt cement, it was a purchase specification and 

did not account for every asphalt related problem. 

The MTO constructed a field trial on Highway 655 in late 2003 to compare the performance of a variety 

of asphalt cement sources. This study spanned 5 to 7 years from construction of the field trial to the 

conclusion of the performance monitoring (Wright et al., 2011). It was evident that the asphalt cement 

problems identified by the MTO were not addressed in the Superpave specification. During the field 

trials, the MTO funded research into performance tests that might better identify the tendency for 

asphalt to crack at low temperature. These test methods were the Double-Edge Notch Tension (DENT) 

test and the Extended Bending Beam Rheometer (EBBR) test. Both of these tests were first suggested in 

2006 according to the MTO (Marks, 2015). From there, extensive testing ensued to attempt to establish 

the tests’ repeatability and reproducibility (Manolis, 2014; Zofka & Marasteanu, 2007) as well as their 

relationships to performance (Andriescu et al., 2004; Iliuta, Hesp, et al., 2004). While the researchers 

concluded that the major causes of cracking were physical hardening and aging of the binders, these 

were aggravated by a number of contributing factors.  Thus, such efforts take years to yield conclusive 

results as they involve monitoring the performance of pavements over a number of years as the test 

results must be empirically related to performance, and a number of laboratories must participate in the 

testing to establish the expected variability of the test method. 

Before a test is accepted as a standard, it is necessary for engineers to know how much variability to 

expect in the results when it is repeated on the same material within the same laboratory. This 

information is critical when determining the number of replicate samples needed to ensure confidence 

in the outcome. Likewise, when multiple laboratories are performing the test on the same material it is 
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necessary to understand the likely variability inherent in the results so that reasonable comparisons can 

be made between the laboratories. The testing to establish the repeatability and reproducibility is very 

expensive and time-consuming, but it is an important component to implementing test methods to be 

used for specification compliance. The DENT test was reported to have poor reproducibility between 

laboratories in one reference (Manolis, 2014) and excellent repeatability in another (Hesp, Genin, Scafe, 

Shurvell, & Subramani, 2009). 

The relationship between measures of a material’s physical behavior and pavement performance is 

essential when using test results as an indication of expected pavement performance. In this case, the 

results of the DENT and EBBR tests were correlated to the cracking performance of asphalt pavements 

from two different causes.  The DENT test is intended to test the material for hardening through 

oxidation which occurs during the aging of asphalt, and the EBBR test is intended to detect the 

occurrence of physical hardening. Oxidation and the subsequent age hardening occur in all asphalt 

binders and the objective in testing is to detect early aging that may result in cracking. Physical 

hardening is more complicated in that it occurs only in certain asphalts that are exposed to prolonged 

periods of cold temperature. In this case the wax portion of the asphalt crystallizes and precipitates out 

of the asphalt which causes a mostly reversible hardening. However, through several cycles of heating 

and cooling, in combination with oxidative hardening, the material becomes embrittled. There are 

questions regarding the relationship between these tests and actual pavement performance (Huber, 

Marks, Brown, & Raymond, 2012; Manolis, Bhutta, et al., 2016). 

The MTO is a member of AASHTO which is an association of provincial, state, and territorial government 

agencies in North America.  AASHTO provides standards on highway materials and their test methods as 

well as accreditation for laboratories. It is the premier organization in North America for highway 

materials, testing, and roadway construction specifications. The DENT test has been adopted by AASHTO 

as a temporary provisional (TP) standard in 2015 as TP 113-15 (AASHTO, 2015). The EBBR test was voted 

for approval by AASHTO in 2016 as provisional standard TP 122-16 (AASHTO, 2016). 

It is not unusual for the adoption of new tests into practice to take years or even decades. The 

premature adoption of new standards can have legal ramifications, or lead to unnecessarily restrictive 

requirements that could have severe economic impacts on the cost of materials while potentially 

leading to an ineffective solution to the problem.   

It is also apparent in the results of this study that, of the six pavement sections that prematurely failed, 

there are other contributing, if not primary factors involved with the cracking. One of the problems 

evident is that, at the time of the sections’ construction, the newly introduced Superpave mix design 

method allowed for the use of very dense aggregate gradations and low asphalt contents to be used.  

This most likely produced mixtures with low cohesion, meaning that they were prone to cracking. Also, 

in some of the sections identified by the OAG, there was a lack of bond at various pavement layer 

interfaces. Because of this lack of bond, pavement fatigue lives were greatly shortened. These physical 

problems need to be addressed as soon as possible, because if they are not remedied, they will likely 

occur in more pavements. 
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6.3.2 Excerpts on p. 519 

Except: 

“When we asked why action was not taken sooner, the Ministry informed us that instead of a traditional 

client/supplier relationship between the Ministry and its contractors and suppliers, its approach is to 

work “collaboratively” with the industry. Thus, decisions such as implementing these tests were 

discussed and determined through a Joint Pavement Committee made up of OHMPA and Ministry staff 

and, in essence, allowed the Ministry’s suppliers to determine the quality of materials they would supply, 

even though premature cracking would result in additional revenue for the industry as a whole and incur 

additional costs for taxpayers.” p. 519 

Response: 

User-producer groups exist to develop standards for manufacturing practices and product quality and to 

validate and refine test methods at the international, national, regional, and provincial and state levels 

for a wide range of industries. One of the oldest user-producer groups is ASTM International which has 

been in existence since 1898. It has 12,500 standards for products ranging from sports safety to nuclear 

energy that fill 85 volumes. The membership of ASTM committees that develop and refine standards is 

comprised of individuals representing interests that use, regulate, manufacture, or supply products. On 

a national level, groups such as the Federal Highway Administration’s (FHWA) Expert Task Groups (ETGs) 

on Asphalt Mixtures and Asphalt Binders are comprised of State and Provincial highway agencies, 

contractors, materials suppliers, consultants and academics. These FHWA groups exist to share 

information, develop research needs statements, perform inter-laboratory studies, and accelerate the 

implementation of improvements in materials standards. At a regional level are the Asphalt User-

Producer Groups which perform similar functions for the Northeast, Southeast, North Central, Rocky 

Mountain, and Pacific Coast areas of the U.S. Almost all state agencies have some sort of industry-

agency specification review committee. In some states the industry is represented by the state asphalt 

pavement association (SAPA), similar to OHMPA, and in others the representation is handled by the 

Associated General Contractors (AGC), similar to ORBA.  

The state-level committees are the most important among those mentioned above because they serve 

as the communications mechanism between the state or provincial agency, the trade associations, the 

contractors, and the material suppliers. When all parties hear the same message at the same time, 

ambiguity and misunderstandings are held to a minimum. It provides a forum for all to discuss the likely 

impact of specification changes in terms of quality, delivery, and cost. Furthermore, important issues 

such as technician certification and laboratory accreditation can be discussed to improve the uniformity 

of testing, dispute resolution, and ensure compliance. If a test method that is desired for adoption has 

not been fully developed or validated, the committee should determine its current status and 

recommend further work or drop the method if it shows no promise. 

In addition to the committees for specification review, some SAPAs, including OHMPA, have formed 

Partners in Quality programs which are designed to provide state agencies, usually at the district level, 

with a forum to discuss product problems and possible resolutions. These programs provide agencies 

and contractors with educational opportunities and valuable feedback on product performance. 
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User-producer groups exist to facilitate communication between the private and public sectors, and to 

work collaboratively on products, education, practices, test methods, and standards. They do not 

implement specifications. That responsibility rests solely with the specifying agency.  

 Excerpt: 

“Ministry delayed implementing tests to identify asphalt likely to crack prematurely.” p. 519 

“…both tests are required in combination to understand if pavement will in fact crack early.” p. 519 

“…the Ministry waited five years to implement one of them—and still has not implemented the other one 

across all contracts nine years later.” p. 519 

Response: 

The two tests are the double-edge notch test (DENT) and the Extended Aging Bending Beam Rheometer 

(EBBR) test.  They are two different tests that have different objectives. The DENT test is intended to 

capture how a material behaves during long-term aging and the EBBR is to test a material for physical 

hardening. While it is true that aging and physical hardening work in concert to create premature 

cracking, there are also numerous other tests that have been used to characterize these phenomena. 

It should be noted that while both of these tests have AASHTO provisional standards, neither has been 

applied to state specifications in the U.S. that could be found in a literature search. It should be noted 

that the DENT test used in Ontario is slightly modified from the AASHTO provisional standard.  The DENT 

test is being used in a number of research projects in the U.S. 

The DENT test is fairly straight forward although some have reported difficulties in repeatability while 

others have found the repeatability to be good.  The EBBR test in its current form requires conditioning 

the sample at cold temperature for a period of 72 hours. This becomes problematic in implementation 

as asphalt suppliers are required to hold the material for this long before they can ship it. This 72-hour 

time period means that the binder must be stored either in tanks or rail cars which is disruptive to the 

operation of the refinery or blending facility.  There are other testing options available that may require 

only one procedure and 24 hours of conditioning.  It should be further noted that a physical hardening 

test comparable to the EBBR test was included in early PG specifications as a “report only” standard.  

Soon after implementation of PG grading standards, the EBBR equivalent was abandoned due to 

insufficient evidence that binder physical hardening leads to pavement damage.  Previous research 

recognized the hardening in binders, but was unable to replicate comparable damage in asphalt 

mixtures or field trials.  MTO implemented EBBR even though existing recommendations from the 

binder ETG do not support specifications for physical hardening.  AASHTO-sponsored research in 

National Cooperative Highway Research Program (NCHRP) Project 9-60 which is revisiting this issue, 

particularly given MTO’s observations from various field trials that binder physical hardening may 

exacerbate pavement surface cracking.    

To the research team’s knowledge, no highway agency in North America or elsewhere, except the MTO, 

has implemented the EBBR test in specifications, as it is a very time-consuming method. It is a very 

useful research tool and it is a good method to detect physical hardening. However, the research team 

believes there are less time-consuming methods that may be employed to identify physical hardening.  
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6.3.3 Excerpts on p. 519-520 

Excerpt:  

“Ministry informed us that instead of a traditional client/supplier relationship between the Ministry and 

its contractors and suppliers, its approach is to work “collaboratively” with the industry.” p. 519 

“…Ministry shared with ORBA an internal audit report of a review of its construction contracts program.” 

p. 520 

Response: 

As stated earlier, user-producer relationships exist across a broad geographic and industrial spectrum. 

These relationships are critical to delivering safe, reliable, and quality products and services. Projects 

and products suffer when the customers do not articulate their goals concerning specifications and the 

contractors are not allowed to ask questions about the implementation of specifications.  These 

discussions are sometimes very difficult, but the opinions of the two sides are heard. Thus, while 

working “collaboratively” may sound self-serving, the meetings are open and the exchanges, while they 

are respectful, can be tense. 

The industry’s request to review the internal audit was done to help the industry’s understanding of the 

MTO. As acknowledged in the OAG’s report such information would have been made available under 

the Freedom of Information and Protection of Privacy Act anyway. The MTO was maintaining its 

transparency as should most governmental institutions. It is not clear what could have been gained 

otherwise, other than suspicion and mistrust. Again, the development and implementation of 

procedures and policies become very confusing if dialog between the two parties is stifled. 

6.3.4 Excerpts on p. 520-521 

Excerpt: 

“…Ministry records show that between 2007 and 2015, contractors filed 12 lawsuits. Prior to 2007, 

lawsuits were virtually non-existent.” p. 520 

“There is a risk that referees may make middle-ground decisions instead of strictly applying the terms of 

the contract. This may create an incentive for contractors to file more claims and go directly to a 

referee.” p. 521 

Response: 

Most highway agencies in North America would consider 12 lawsuits in the space of 8 years as an 

excellent record of non-litigated resolutions. 

Third party referees do not work for either side in dispute resolution, so it is more likely that decisions 

will be made fairly. The statement seems to infer that decisions were made to favor the government 

under the previous rules. 
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6.3.5 Excerpts on p. 523 

Excerpt: 

“For example, highway pavement is expected to last about 15 years before requiring new pavement. The 

quality of this work will affect whether the road will need repair work, such as the sealing of premature 

cracks, before the pavement is replaced again.” p. 523 

Response: 

Pavements are very rarely reconstructed from the bottom-up in recent times; rather they tend to be 

resurfaced after some period of time that may range from 12 to 20 years. Thus, the time period of 15 

years should apply only to the pavement surface, and the sealing of premature cracks will have a 

significant impact on the life of the pavement surface as seen on Highway 12 (Figure 98(a) and Figure 

98(b)). On the portion of the pavement which had just a minimal amount crack sealing (Figure 98(b)), 

the severity of the cracking was reduced although the extent of cracking was consistent with other 

portions of the roadway. The pavement surface layer may be removed and replaced at a 12 to 20-year 

interval depending upon the traffic and the nature of the distress. The life of the pavement overlay will 

be affected by a number of factors, including the quality of the asphalt, quality of construction, quality 

of maintenance, condition of underlying pavement, bonding between layers, climate and traffic. Usually, 

there is more than one cause contributing to the distress.  

  

(a) Unsealed Cracks, High Severity         (b) Sealed Cracks, Moderate Severity 

Figure 98: Contrast Between Severity of Unsealed and Sealed Cracks on Highway 12 

Excerpt: 

 “In recent years, as the technology for extracting products such as gasoline from petroleum has 

improved, the asphalt cement remaining at the end of the process has become less adhesive than it used 

to be. This is one reason that asphalt cement suppliers have used other substances, such as recycled 

engine oil, as additives to asphalt cement.” p. 523 

Response: 

Asphalt is not a simple material and the complexity of its molecular structure requires that care be 

exercised in its modification to meet specification requirements. Adoption of the Performance Grading 

(PG) grading system during the late 1990s significantly upgraded performance requirements for asphalt, 
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particularly at low temperatures.  Satisfying more stringent low temperature requirements required 

softer binders that often failed mass loss specification limits when asphalt was taken directly from 

refinery vacuum towers.  Refinery economics work differently for different asphalt suppliers. For crude 

oil refineries that choose to produce asphalt, it may not be efficient to completely separate the asphalt 

in order to recombine it with other lighter ends to make binder grades for low temperature climates. For 

asphalt blending plants not located at refineries it may work best to buy “bottoms” from a refinery and 

then combine those with lighter end products such as vacuum gas oil, lube oil, or re-refined engine oil 

bottoms (REOB) to make a material that will pass specifications.  As with any commercially made 

product, the manufacturer seeks to produce it at the lowest possible cost while meeting the 

requirements of the customer. In particular, re-refined engine oil bottoms were not only inexpensive 

and “green”, but also appeared to be beneficial when targeting softer binder grades. But a flaw in the 

PG binder specification, which used an incorrect fatigue cracking parameter, misled suppliers into 

believing they were manufacturing a crack resistant product when they were not, resulting in overuse of 

REOB and inadvertent early failures.  Using results from a number of well-designed field trials, MTO was 

the first highway agency in North America to adapt PG binder specifications accordingly.   

6.3.6 Excerpts on p. 529 

Excerpt: 

“Although the Ministry’s Pavement Condition Index suggests that pavement conditions are getting 

better, it does not accurately reflect road conditions. The Index indicates that pavement quality has 

improved by 8% over the last ten years, but this measure does not track how many cracks have occurred 

and whether they did so within a reasonable period of time. 

“The Index measures the smoothness of the road, meaning that if it was cracked and repaired, the Index 

would measure it as okay—but it would not measure whether the pavement performed poorly and 

cracked prematurely.” p. 529 

Response: 

The MTO’s Pavement Condition Index (PCI) is a composite score of the Distress Manifestation Index 

(DMI) which includes the type, severity and extent of cracking, the rut depth in wheel tracks, and the 

International Roughness Index (IRI). This is a typical pavement rating system for North America. On the 

whole the PCI has improved markedly, and it speaks very well for MTO’s management of their system. If 

repairs of prematurely cracked pavements had been very extensive then it is unlikely that MTO would 

have had sufficient funding to maintain the rest of the system to the point of having an 8% increase in 

PCI. 

To put this achievement in perspective, in the timeframe from 2004 to 2007 the Texas DOT set goals of 

improvement in terms of 0.1 percent (Texas Department of Transportation, 2008).The City of San 

Francisco has improved their scores by 5% over the period of 2006 to 2016 (City of San Francisco, 2017). 

The State of New Jersey from 2007 to 2008 had an increase from 49 to 53 percent in the number of 

lane-miles in deficient condition (Bertucci, 2009). The MTO has done an excellent job in maintaining 

road conditions in Ontario. 
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6.3.7 Excerpt on p. 530 

Excerpt: 

“The use of recycled engine oil in itself does not cause premature cracks and reduce the life of highway 

pavements; rather, it is excessive use of this material that causes premature cracks.” p. 530 

Response: 

This is a true statement, and it is incumbent upon agencies and industry to find a solution to the 

problem that will significantly reduce risks for highway owners and be implementable by the producers. 

MTO and Queen’s University are to be congratulated for their ground-breaking research into the 

mechanisms of aging and physical hardening. There is still a need to develop an implementable testing 

regimen and specification.  This is a problem for other agencies in North America as well. It is important 

to emphasize that waste oils actually appeared to enhance asphalt performance as defined by the 

original PG specifications.  The problem with premature cracking is largely due to one faulty failure 

parameter in an otherwise beneficial binder specification.  Multiple options exist to correct the problem, 

but no firm industry standards have yet been set to fix it.  The preferred solution is for MTO and industry 

to work together to identify a solution acceptable to all.    

6.3.8 Excerpts on p. 532 

Excerpt: 

 “Ministry pays contractors bonuses for meeting the requirements of the contract, something contractors 

are always expected to do.” p. 532 

Response: 

The use of bonus payment in specifications is found in a large number of highway agencies throughout 

North America. Where bonuses in specifications are found so are penalties and they serve to focus 

contractor efforts on quality. Bonuses are used to reward contractors who provide materials with 

superior levels of desired characteristics such as density and ride quality, and penalties are used to act 

as disincentives for inferior quality. These characteristics are determined at the time of construction and 

may or may not be indicative of long-term performance. If the contractor only meets the specification 

then a pay factor of 1.0 is applied, i.e., no bonus or penalty is applied. The other reason for bonuses and 

penalties has to do with the risk inherent in any statistically based specification. 

MTO uses a specification system known as the Percent within Limits (PWL). PWL specifications are 

common among highway agencies in Canada and the U.S.  This type of specification recognizes the 

variability inherent in material characteristics and test results. Contractors are rewarded on the basis of 

meeting or exceeding both quality targets and minimizing variability by having a certain percentage of 

test results fall within a particular range. The greatest amount of bonus payment is awarded to 

contractors who meet the highest quality standard with the best uniformity. Because statistics from a 

limited number of samples are used to determine the percent of the results within the limits, it must be 

recognized that there are potentially two types of inadvertent statistical errors that may occur in 

analyzing the results. A Type I error occurs when the test results falls outside of one of the limits, but 

actually belongs to a sample that meets the specification. In this case, the contractor would be penalized 
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unfairly. A Type II error occurs when the test results fall within the limits, but actually belong to a sample 

that does not meet the specification. In such an instance, the agency would be paying more than it 

should for a material of lower quality. Specifications are written to try to minimize the occurrence of 

these errors, and the system of bonuses and penalties helps to balance the risks for both the contractor 

and agency. PWL specifications have been promoted by the FHWA for use in asphalt pavement 

construction since 1972. At the time these pavements were built, the contractors were successful in 

satisfying the specifications in place at that time. Those specifications did not completely reflect the 

issues associated with aging and physical hardening of the binders. 

Excerpt: 

“We also found that the Ministry did not implement tests to determine whether the asphalt laid would 

crack prematurely, however, it still continued to award asphalt bonuses (the tests they did perform are 

not the tests needed to detect the premature cracking— we discuss the shortfalls in testing in more 

detail in Section 4.2.1). Figure 7 shows in detail how these bonuses are calculated.” p. 532 

Response: 

There is nothing unusual about MTO’s formula for bonus on asphalt pavements. Compaction of material 

in-place is crucial to good performance in terms of cracking and rutting resistance. Air voids from 

laboratory-compacted samples of plant produced materials are important to ensure there hasn’t been 

an unexpected change in materials. The asphalt content is measured to ensure the durability of the 

material by providing adequate coating of the aggregate particles. Usually, tests for asphalt cement 

compliance such as stiffness at different temperatures and the behavior of laboratory aged binders is 

required for compliance and does not form part of the calculation for penalties or bonuses.   

The items on which bonuses are based reflect the quality of work performed by the contractor, not the 

material provided by the supplier. Aggregate and asphalt binders from suppliers may be provided to 

many projects and they are shipped with a certificate of compliance that they meet specifications. The 

contractor and agency assume that materials meeting specifications provide an adequate level of 

quality. However, the quality of construction is the contractor’s responsibility, and so, items under their 

control such as density, air voids, and asphalt content are subject to bonus and penalty. 

6.3.9 Excerpt on p. 533 

Excerpt: 

“We further noted that the Ministry’s four largest contractors are also asphalt cement suppliers, so their 

asphalt bonuses were in addition to the revenue they made by supplying the asphalt cement as well.” p. 

533 

Response: 

Contractors who keep their own supplies of materials such as aggregate and asphalt binder are known 

as vertically integrated businesses. They do this for a number of valid business reasons such as ensuring 

their supply chain remains constant and the ability to have the materials produced at cost rather than 

having to pay the margin to an outside supplier. Furthermore, controlling binder supply enables 

contractors to better meet minimum standards for rutting, smoothness, density, and other critical 
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payment factors.  Bonuses are usually offered for meeting or exceeding MTO specifications.  But binder 

and mixture specifications must include accurate predictors of performance before such a system leads 

to better pavement performance.   

Contractors who are vertically integrated often view their material supply businesses as separate from 

their construction business, thus there is no connection between the material supply businesses and the 

bonuses paid for high-quality construction.  If contractors of any size are not paid for making the extra 

effort to provide better quality, then there is no incentive to try. Also, as explained earlier, and 

supported by the U.S. DOT, the PWL specification system must have a mechanism to balance the risk 

between owner agencies and contractors, and this is what bonuses and penalties provide. 

Excerpt: 

“ORBA’s success in influencing the Ministry to change policies on late fines, highly litigious contractors 

and dispute resolution has weakened the tools the Ministry has to manage contractors’ performance, is 

increasing Ministry costs, and unnecessarily adding to staff and management workloads.” p. 533 

Response: 

Earlier it was stated that one of the purposes of ORBA was to advocate (lobby) on behalf of its members 

to MTO. Also, as previously noted a record of 12 lawsuits in 8 years speaks of a good resolution process 

that keeps the parties out of court. While it is true that Ministry costs have increased, it should be noted 

that costs to contractors for managing MTO contracts have increased also. 

6.3.10 Excerpt on p. 539 

Excerpt:  

“After this change in policy, there was an increase in the number of claims filed by contractors. For 

example, between 2012 and 2015, the number of claims filed for head-office review increased from eight 

to 16. We also noted that, in the same time period, there was no increase in the percentage of claims 

eventually settled in the contractors’ favour, so it is likely that some contractors may have increasingly 

escalated claims not because they expected to win, but because they wanted to delay paying.” p. 539 

Response: 

If there was no change in the percentage of successful claims, then the number of successful claims 

increased, and the process worked as it had before by maintaining the same proportion of successful 

claims. 

6.4 Summary 

This document was a review of Chapter 3 of the Ontario Auditor General’s 2016 report. Select excerpts 

were taken from the document and responses were made to place the OAG’s concerns within the 

framework of industry and agency practices in North America. This review did not specifically address 

issues with data falsification, contractor’s safety practices, and engineers hired to work on bridge design. 

The asphalt industry, including materials suppliers and contractors, and public agencies have 

consistently sought to improve the performance of roadways through research programs such as SHRP 

and C-SHRP, NCHRP, and the MTO.  The results of many of these studies have been implemented and 
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improved, as was the case with Superpave. Implementation does not happen immediately upon the 

conclusion of the research. Rather, it takes more work to thoroughly ensure that the research produced 

valid results and would be robust enough to withstand the test of time. There are many examples from 

the Superpave experience where implementation efforts substantially changed test procedures and 

criteria for about 10 years after the research was completed.  Even then, there were unforeseen 

changes in materials and technology that Superpave was not designed to handle such as the use of 

recycled engine oil bottoms as a binder softener.  These changes were considered as positive initially for 

their “green” value as well as potential cost savings. However, it was discovered that too high of a 

concentration of REOB in asphalt binders could lead to problems in terms of physical hardening and 

early aging. 

The MTO was the first highway agency in North America to address these problems through research 

and field trials in order to improve the PG binder specifications. It should be noted that many asphalt 

binders do not manifest these problems. The MTO and paving industry are to be commended for their 

recognition and action to improve the asphalt specifications. As noted, Ontario is the only 

province/state in North America to tackle this important issue and it takes a period of years to evaluate 

and implement the results. Ontario uses a system of quality control and quality assurance to test 

materials as they are being produced and purchased much the same as most states in North America. 

User-producer groups are important to the development and implementation of methods and 

standards.  Thus, a joint specification group between MTO and ORBA is necessary to facilitate 

communications regarding the need for changes in testing protocols and specifications. The meetings of 

this group are not always harmonious, but the outcomes serve the public well. While discussions take 

place during these meetings, the final decisions to implement changes belong to the public agency. 

In any kind of specification there is always a possibility that a contractor may be penalized when they 

should not be or that an agency may pay a bonus when it is not warranted. A statistical specification 

such as PWL is used so that a contractor is rewarded for high-quality production and penalized for 

inferior quality. This incentivizes the contractor to maintain close control on their processes.  Bonuses 

and penalties are also used to balance the risk between the contractor and agency by mitigating errors 

inherent in judging materials. These types of specifications are used throughout North America and have 

been encouraged for use by the FHWA for 45 years. 

In summary, the MTO is one of the leading highway authorities, not only in North America, but the 

world. Their ground-breaking research on pavements is well-known and their expertise is sought by 

many other agencies. The asphalt industry in Ontario does not seem to have practices that are different 

from many others in North America. Their business and production practices on the whole are very 

much in line with others. It is the authors’ belief that the system of agency-contractor relationship, while 

not always in lockstep, is very healthy.
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7 Conclusions and Recommendations 

The scope of this research and forensic effort for ORBA was to address issues concerning the quality of 

asphalt binders used in the province, conduct testing on materials from projects mentioned by the OAG 

in their report (2016) to determine their properties, review pavement performance and design 

information, mix design information, construction information, and review changes in MTO 

specifications. The purpose of this effort was to identify causes of early cracking distresses in these 

projects, identify their causes, and suggest potential solutions.  

The OAG report identified the main problem with premature cracking in pavements to be related to the 

asphalt binder. Thus, the early part of this effort was focused on asphalt binder source and composition. 

This portion of the work consisted of a literature review of reported problems with early aging and 

physical hardening of binders in Ontario. Materials were sampled from two projects identified by OAG 

for which materials could be retrieved, Highway 10 and Highway 12. Cores and loose RAP samples were 

taken for the Highway 12 mainline and core samples for the Sturgeon Bay side road for Contract No. 

2007-2263. For Highway 10 (Contract No. 2007-2037), loose RAP samples were retrieved from a millings 

stockpile and cores were taken from the High Point side roads for testing. Both roads demonstrated 

early cracking. However, after determining that the asphalt binder from Highway 10 was of very high 

quality and that the asphalt binder from Highway 12 exhibited properties that showed the potential for 

early aging, it was evident that there was possibly a more fundamental explanation for premature 

cracking than the binder properties. 

A closer investigation of asphalt mixture design and properties as well as properties of the mixtures 

during construction was needed. Also, a closer examination of pavement conditions was required to see 

if the interlayer bonding or reflection cracking could have been the causes or contributing factors to the 

premature cracking. The job mix formula sheets from the mix design and QC/QA records were provided 

by the contractors along with their observations of the projects, and the MTO provided plans, pavement 

performance records, and pavement design reports. These documents were all crucial in coming to 

reasonable conclusions about why premature cracking occurred in the six projects identified by OAG. 

ORBA also provided the team with both the older and newer MTO specifications for review. From this 

broad-sweeping effort, the conclusions below were drawn. Below are the conclusions and 

recommendations stemming from the literature review, the evaluation of the six sections identified by 

the OAG, and the review of recent specifications implemented by MTO. 

7.1 Asphalt Binders 

7.1.1 Conclusions 

Based on this literature review, poor binder stress relaxation properties at low pavement temperatures 

contribute substantially to age-induced surface damage.  Unlike limiting stiffness theories of the past, 

contributions of binder phase angle (m-value) are critical to the molecular motion that improves failure 

strain and healing.  When phase angles are low, pavements crack.  And, as recognized especially on the 

Highway 655 test sections, standard laboratory PAV aging procedures do not appear to deliver the 

rheological properties seen in binders from extracted field cores.   
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Based on controlled field studies, higher concentrations of REOB exacerbate age-induced surface 

cracking along with the source and compatibility with the base asphalt.  Many test methods and 

material parameters have been used to evaluate low temperature cracking properties of binders and 

mixtures. Many of the mixture fatigue and fracture tests believed to be predictors for other cracking 

modes do not consistently rank age-induced surface damage.  Researchers seem to agree that one hour 

of isothermal BBR conditioning time is not long enough to induce physical hardening in binders. To save 

time and equipment cost, Ontario might want to consider replacing DENT with a BBR or DSR parameter 

that can be related to Black Space and can be appropriately adjusted to a climate grading system.  

7.1.2 Recommendations 

Based upon the results of the literature search in Chapter 2, it is recommended that industry and MTO 

consider the following recommendations: 

1. The PG binder grading system must be implementable, and the time between sample arrival and 

full certification for pay should be minimized.  To insure compliance at time of shipping, 

materials should be certified within two days of sampling.  

2. Unacceptable differences between PAV aging and in-situ pavement aging must be corrected.  

(Support the NCHRP 9-61 research study tasked with improving laboratory aging procedures.) 

 There appear to be serious discrepancies between PAV-aged materials and binders as 

extracted from field-aged cores which could largely be due to colloidal instability.  No PG 

specification test for age-induced surface cracking can be viable until the laboratory long-

term aging protocol ranks binders in the same relative order as field aging.  The new MTO 

modifications to the PAV procedure increase the amount of oxidation by either doubling the 

aging time to 40 hours, or by reducing the binder film in the pan to one-fourth the original 

thickness, and these aggressive long-term aging conditions are probably needed. However, 

using the dual aging system will be problematic, because the two measurements (longer 

time or thinner film) will likely have high variability between them., thus complicating binder 

certification. Unfortunately, doubling the aging time delays final certification, but thinner 

films will require more pans and PAV ovens, particularly if specifications continue to require 

BBR, EBBR, and DENT tests.   Another option would be to increase the PAV aging 

temperature by 10°C, which should be approximately equivalent to doubling the aging time. 

Traditional asphalt specifications put threshold limits on aging indices, but this concept does 

not capture the initial quality of the binder before aging, and is not recommended (King, 

2012).  The FHWA binder ETG recommends 40-hr PAV for research purposes, but it has not 

recommended similar changes to PG testing protocols.  Rheology-based (DSR) cracking 

parameters such as loss tangent, or Glover-Rowe utilize much less binder for testing, and so 

become even more suitable for specifications if the quantity of aged residue is limited by 

thinner PAV films.  But most importantly, the selected PAV procedure must better match 

binder rheology to the ranking of materials during field aging, and evaluation of field-aged 

binders must be limited to surface materials.   

o FTIR could be a helpful tool to compare rates of oxidation between laboratory and 

field. 
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3. Work with NCHRP 9-60 to evaluate rheological (Black Space) parameters for their ability to 

replace DENT as the PG parameter for age-induced surface cracking.   

 Consider ΔTc, Glover-Rowe, loss tangent, crossover temperature and frequency, R-value and 

crossover modulus, all as determined both before and after extended BBR testing.  The ΔTc 

parameter and loss tangent are spin-offs from conventional Superpave testing with the DSR 

so they are practical and the testing variability is known. The Glover-Rowe parameter and R-

value, currently, are considered very good exploratory tools but work would be needed to 

convert them to specifications. 

 Consider adapting Glover-Rowe or loss tangent by using the same failure functions, but 

changing testing protocols to reflect damage at the lowest pavement temperatures by using 

BBR or DSR 4 mm plate methods at PG+10°C.  Adapt these for extended BBR testing as well.  

If further help is needed in these areas, Dr. Rowe is an excellent resource. 

 Validate proposed threshold values for cracking against extracted residue properties 

wherever possible. 

4. Understand whether low temperature physical hardening is a contributing factor to age-induced 

surface cracking (again working closely with NCHRP 9-60).   

 Although earlier studies using laboratory PAV-aging to predict binder performance 

supported the addition of EBBR (LS-308) to PG specifications, that change should be 

reviewed in light of more recent data evaluating binders as recovered from cracked field 

sections. For several well controlled field trials, cracking was best predicted testing 

extracted binders using the standard BBR protocol after only one hour of conditioning 

(AASHTO M320), calling into question whether EBBR can add enough value to justify 

increased testing costs and delays in product acceptance. 

o If EBBR remains in the PG specification, consideration should be given to shortening 

the isothermal conditioning time and then extrapolating final properties, such as the 

24-hour period recommended by SHRP research.  SHRP also used a single 

temperature (-15°C).  However, if a single temperature is used, the method 

proposed by Hesp to offset the test temperature from PGL (e.g. PGL +10°C) is more 

appropriate than using a single temperature for all binders, because molecular 

mobility with respect to the glass transition temperature greatly affects rates of wax 

crystallization. According to Pavel Kriz, whose PhD thesis covered this topic well, 

isothermal conditioning times as short as 10 hours can reasonably predict 3 to 4-day 

conditioning.  If isothermal conditioning is needed, a shorter conditioning time (not 

to exceed 24 hours) would greatly accelerate sample acceptance, relieving a burden 

for suppliers that may want to ship materials only after certification.   

 Evaluate the predictive capabilities of M320 BBR vs Extended BBR for binders as extracted 

from aged pavement surfaces.  

o Focus more research attention on the dropping phase angle (ΔTc) rather than the 

increasing stiffness.   
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o Validate hardening rates with Differential Scanning Calorimetry wherever possible. 

If help is needed, contact Masson (Montreal) or Planche (WRI).  

5. Volatile waste lubricating oils coming straight from an engine should be avoided.  The use of 

refined waste oils (REOB) continues to raise questions. REOB is high in saturated molecules, and 

these saturates reduce binder compatibility, and the poly-isobutylene may act as a seed for wax 

crystallization that leads to further physical hardening.  High concentrations of REOB should be 

avoided.  This can be controlled with the various rheological cracking indices discussed earlier, 

or by a combination of DENT and EBBR.  

 REOB can be restricted with chemical identification tests such as XRF.  

 Small amounts of REOB may not be too harmful so long as initial asphalt compatibility is 

very good and sensitivity to aging is low.     

 From a supply perspective, refiners may find it difficult to manufacture PG XX-34, and 

especially XX-40 grades, directly from the vacuum tower and still satisfy mass loss 

requirements.  Since mix and compaction temperatures are reduced for such soft grades, 

some minor adjustments in mass loss specs might alleviate this problem, (e.g. 1.25% max for 

PG XX-34; 1.5% mass loss for PG XX-40).  Otherwise, some refiners must distill crudes to 

harder binder grades, and then back-blend with economical soft fluxes with low mass loss.  

REOB, aromatic oils, vegetable oils, and very heavy gas oils are the primary options at this 

time. These fluxes will have varying degrees of compatibility upon blending with the base 

asphalt and thus may have varying degrees of performance. It should be noted that Alberta, 

with colder temperatures uses PG XX-34 as its lowest temperature grade and have had very 

good performance.  These limits on mass loss would be for binders graded by AASHTO 

M320.  Binders produced under the EBBR grading are typically softer than than those 

produced under AASHTO M320. 

6. Hesp (2009) conducted an extensive survey of pavement cracking on 10 to 15 year old 

pavements throughout the province of Ontario.  A significant number of the early cracking 

failures were tested by NMR, and noted to contain significant amounts of phosphorous. This 

finding is a chemical indicator for the use of poly-phosphoric acid or other forms of phosphoric 

acid (PPA) additives as primarily used to extend the high temperature range of a PG graded 

binder.  

 Use of phosphoric acid modifiers should be investigated further.  One relatively small area 

within the province is particularly plagued by premature cracking problems related to this 

issue.  It is important to recognize that lower quality binders most likely need PPA as a grade 

extender.  Lower quality asphalts would be inherently more likely to contain wax or lack 

molecular compatibility, so the cracking problem could be caused by low-quality asphalts 

needing modification rather than the PPA modifier itself.      

7. If paving grade asphalts are air blown to extend the PG temperature range, low temperature 

phase angles will be relatively low, and age-induced surface damage will be exacerbated.  
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Rheological cracking parameters should pick up and control this type of binder modification. 

When identified, such binder sources should be tracked to determine impact on cracking.  There 

are some reports of new asphalt blending sources which include asphalt that has been extracted 

from waste roofing shingles.  These materials would be highly aged and particularly sensitive to 

cracking.  Again, rheological tests giving appropriate emphasis to binder phase angle should be 

able to pick up and control overuse of such materials.    

8. Statistical variability is a critical component of decisions regarding selection of test procedures 

and threshold values for performance specifications.  It is generally accepted that variability 

inherent in production activities should be the responsibility of suppliers, thereby creating 

incentives to use best available technology to achieve product consistency.  However, since 

specification test methods are selected by the agency, statistical variability inherent in materials 

testing of individual samples are commonly addressed through some allowance in meeting 

threshold values, so long as overall averages for given suppliers show evidence of compliance.  

For example, highway agencies using BBR protocols typically allow a 1°C window for 

experimental error as defined by AASHTO M320 standards.  With the adoption of Extended BBR 

protocols, testing variability following long periods of isothermal conditioning increases 

significantly.  Although measurements of BBR stiffness are not highly variable, changes in phase 

angle (m-value) related to wax crystallization depend greatly upon thermal history.  Since small 

changes in these low phase angles create large temperature differences in the controlling PGL 

(m-value = 0.30), the testing variability (d2s) for PGL increases from 1°C after 1 hour of thermal 

conditioning as defined by M320 to 3°C after 72 hours of thermal conditioning using MTO LS-

308.  As confirmed later in an MTO-led inter-laboratory Study including 17 laboratories, the high 

statistical variability in the test method is real, and the 3°C allowance is large but justified.  It is 

important to remember that the EBBR threshold limits require binders to generally be softer 

and more crack resistant than their M320 counterparts, even with the 3°C allowance.  Waxy 

crudes should be greatly disadvantaged by LS-308.  Some diligence on the part of MTO is 

recommended to ensure that individual suppliers do not take advantage of this unusually high 

but necessary allowance for variability. Although the need for LS-308 in binder specifications still 

needs to be debated, this review of new MTO specifications finds the agency-industry 

cooperative effort to advance difficult specifications to be commendable.       

7.2 Asphalt Mixture Design and Construction 

7.2.1 Conclusions 

The analysis of data from the field projects identified by the OAG as prematurely cracked revealed three 

primary causes of field problems: 

 The lack of bonding between layers of HMA. 

 Cracks reflecting from existing lower pavement layers through asphalt overlays. 

 Dense aggregate gradations that do not provide sufficient room for the asphalt binder in the 

mixture or coarse gradations which may be overly permeable. 
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1. The lack of bonding between asphalt layers presents a condition where the assumptions of the 

pavement design are violated. In the design of an asphalt pavement, the assumption is made 

that the asphalt pavement structure is contiguous from top to bottom and that the layers have 

no slip at their interfaces. This allows for stresses and strains to be dissipated with the depth of 

the pavement. If this condition of full friction at the interfaces is not present then the layers 

move independently of one another, and the stresses and strains in the layer above the slip 

plane will be much higher causing fatigue cracking, slippage cracking, or both. If this occurs high 

enough in the pavement structure under heavy loading, then the cracking life of the pavement 

may be reduced by an order of magnitude or more. It was noted on at least one project that the 

lack of bonding between layers occurred due to dust coating the layer below the overlay. Photos 

of core samples in other projects showed that debonding occurred in number of instances. 

2. Dense aggregate gradations that fall along the line of maximum packing provide very little room 

for asphalt binder. Although the gradations submitted in the JMFs on these projects, and the 

mixtures met the minimum required VMA of 14% for SP12.5 mixes, 13% for SP19 mixes, and 

12% for SP25 mixes, by the time that 4% air voids are included there is very little volume left for 

the asphalt binder. This leads to thin films of asphalt in mixtures which lack the cohesion to 

resist cracking regardless of the quality of the binder, and the contrast between Highway 10 and 

Highway 12 mainline pavements is a good illustration. Recall that the Highway 10 binder showed 

that it had very good aging qualities, and yet had premature cracking like Highway 12 which had 

a binder with poorer aging qualities. For Highway 12, the Sturgeon Bay side road samples 

showed a very high degree of aging, yet the road showed very little cracking as compared to the 

mainline road. This would indicate that the mainline did not have enough cohesion to resist 

cracking induced by the heavier traffic. Glover et al. (2009) report that fatigue life improves as 

asphalt content and asphalt film thickness increase. It is also of note that the Texas mixtures 

they tested had a range of NMAS from 9.5 mm to 19 mm and that, with the exception of one 

they all had asphalt contents above 5% confirming the observations in Ontario. 

The current bid instructions in SSP No. 111F06, the following ranges of asphalt content are 

suggested: 

 Superpave 25.0: 4.0% 

 Superpave 19.0: 4.5-4.8% 

 Superpave 12.5: 4.6-5.2% 

These ranges fall very close the JMFs for the contracts reviewed and so represent the asphalt 

mixtures that readily cracked in service.  

7.2.2 Recommendations 

For the items identified as primary problems with the performance of asphalt mixtures and pavement 

construction, i.e., lack of bonding between pavement layers and low asphalt contents, the following 

recommendations are made: 
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1. The current tack coat specification makes the tack coat either a pay item or an incidental item of 

the bid under the HMA. Tack coat as an incidental item is a typical practice in North America, 

but with the bonding failures which have occurred on Ontario roadways it may be wise to 

consider more verbiage in order to draw attention to this part of the work and to eliminate 

wording that make it incidental. For instance, instructions concerning the rate of application in 

terms of residual asphalt and developing criteria concerning the cleanliness of the surface being 

tacked are warranted. Other suggestions include: 

 Research into the bonding of pavement layers and the behavior of that bond with different 

levels of dust between the layers. This could result in changing the specifications to a higher 

spread rate for the tack coat. 

 Research into the bond strength of tack coats with temperature ranges typical of Ontario. 

 Research into the characteristics of tack coat alternatives for Ontario traffic conditions such 

as layer thicknesses and traffic loads. The ultimate goal of this research program would be 

to find ways to identify and optimize robust materials which would help insure the bonding 

between layers which, in turn, would significantly increase the life of pavements. It must be 

noted the MTO has already made inroads to improving tack coat performance by allowing 

contractors to use tack coat alternatives. 

2. Increasing the asphalt content of mixtures must be a high priority in improving pavement 

performance. This was recognized during this study in the interviews with contractors, and there 

are a number of ways to achieve this goal. Probably the most immediate of these are using a 

minimum asphalt content, lowering the gyrations for Ndesign in the laboratory compaction of 

mixtures to determine asphalt content, or pushing gradations to the fine side of the line of 

maximum packing. The use of fine-side gradations is apparently being implemented by MTO. 

Other approaches include determining asphalt content at lower levels of air voids or using 

special approaches to building aggregate structure to allow for more room for asphalt as well as 

improving in-place density.  The industry and agencies must eventually get to developing 

specifications centered on performance testing which can be used in the mix design phase with 

volumetric controls in the field first, followed by performance testing which may be used in 

QC/QA. The ultimate performance testing approach would be one where the contractor could 

employ innovations in the mixture design to meet the performance criteria. This could reduce 

the dependence upon mixture volumetrics dramatically. Some options include: 

 Minimum Asphalt Content: There are very few agencies that use this approach today 

although it was relatively popular in the 1950s through the 1970s. However, the problem 

with it is that the minimum asphalt content often became the “optimum”, regardless of 

whether it was or not. 

 Lower the Number of Gyrations: As states implemented the Superpave mix design system, it 

became evident that the number of gyrations for high traffic mixtures was detrimental to 

the aggregate structure and VMA. A number of states such as Texas, Alabama, Iowa, 

Virginia, and Minnesota have all lowered the number of gyrations for Superpave mix design 
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with some states adopting a single level for all traffic levels. The Superpave gyratory 

compactor is very aggressive in the amount of pressure that is used for compacting 

mixtures. At higher traffic levels (D and E for Ontario) this can actually pack the aggregates 

to the point that asphalt contents are very low. 

 Regressing to a 3% Air Void Level: This approach is being used by the Michigan DOT. 

Essentially the mixture is compacted to the asphalt content at 4% air voids, and then the 

mixture design asphalt content is regressed to the 3% air void level. Using the asphalt 

content for 3% voids ensures that more asphalt is used in the mixture.  

 Five Percent Design Voids: Huber and Pine (2016) have suggested a method for designing 

mixes which includes volumetric considerations of the aggregate and the characteristics of 

the binder to establish a mixture that can be designed at 5% air voids, and which can be 

compacted to 5% air voids in the field. This is a recent approach which is undergoing more 

study at this time. 

 Performance Testing: This should be a target for industry and agencies to achieve where the 

mixture volumetrics and ingredients are dictated according to cracking and rutting 

performance in the mix design. NCHRP 9-57 identified and selected several cracking tests 

that were implementable from an operational perspective, with a need to validate the 

relationships between the test results and performance. Currently, efforts are underway in 

NCHRP Study 9-57A to perform ruggedness testing of these test methods. The next phase 

will be the field validation of these tests. In the meantime, some states such as Texas, 

Louisiana, California, New Jersey, and Illinois have incorporated asphalt mixture cracking 

and rutting tests into their specifications. This would make an excellent research project for 

the industry and MTO to undertake. 

7.3 Specification Review 

7.3.1 Conclusions 

Many changes have been made MTO specifications for HMA construction and rehabilitation, notably 

among these are those for asphalt cement quality, bonus payments for HMA combined properties, HMA 

compaction, and smoothness.   

Testing requirements for DENT and eBBR are now required for asphalts. These tests are not currently 

used by any other agency in North America. 

The target for HMA compaction has been changed from 91.5% to 92.0% of maximum density. Raising 

the bar on compaction is desirable from a quality and longevity point of view. However, adjustments 

should be made to mix design practice to allow for more asphalt in order to provide contractors the 

opportunity to achieve the desired density. 

Smoothness requirements for bonuses and penalties have changed to make it more challenging for 

contractors. With smoothness being the only factor that retains possible bonuses, the MTO should be 

careful that it is not emphasizing only smoothness. 
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Tack coating is a critical operation in HMA pavement construction as the tack coat is responsible for 

holding the various layers in place. It would be better to consider it as separate bid item rather than 

incidental. 

7.3.2 Recommendations 

1. The MTO should continue to investigate test methods for asphalt cement. There are a number 

of tests that could be used rather than DENT and eBBR which would make it easier and more 

practical to obtain results and make decisions. 

2. When considering or implementing new specifications the MTO should discuss with contractors 

the issues surrounding implementation and changes to other parameters which would help 

them to meet the specifications.  

3. Bonus and penalties are essential to improving the product delivered and balancing the risks 

between contractors and agencies. As mentioned, statistical errors are inevitable in a 

statistically based specification and the system of bonuses and penalties helps to ensure fairness 

for both sides. Another benefit is the encouragement that is provided to contractor personnel 

when their company performs well enough to get a bonus. 

4. Changes in the payment schedule for smoothness are something that should be done with care. 

With no other factors being considered for bonus, this could result in too much emphasis on 

obtaining ride quality while reducing focus on other important factors. 

5. The MTO and Industry should consider moving forward with a research program with the 

following topics: 

 Development of performance-based specifications 

 A review of the current PWL specification through construction records 

 Methods to ensure the ride quality of HMA 
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  Appendix A

A.1 Issues Pertinent to Asphalt Binder Quality 

A number of post-SuperPave changes in the production, specification, and use of paving grade asphalt 

have had a substantial impact on pavement performance in Ontario over the past twenty-five years.  

Although implementation of Performance-Graded (PG) binder specifications has significantly improved 

resistance to rutting and transverse thermal cracking, nagging problems with premature surface damage 

as evidenced by early raveling and random cracking have not been solved.   Studies by the MTO, Hesp 

and others suggest that evolving binder quality post-SHRP may be a primary contributor to premature 

surface failures on a number of MTO pavements.    

Changes in asphalt production and markets evolved as petroleum and paving technology changed during 

this time. Some examples:  

 Changing crude supplies as driven by tar sand exploitation, fracking, and Canadian pipeline 

restrictions for crude transport implemented to increase flow rates. 

 Production of PG-grades requiring much softer binders at very cold pavement temperatures. 

 Increasing use of blending fluxes such as REOB to satisfy mass loss requirements for soft binders. 

 Changing market economics which dropped overall asphalt production from 4% to 2% of the 

total refined barrel. 

 Increased use of recycled materials, particularly RAP, RAS, and ground tire rubber.  

In an effort to better capture binder quality as related to prevailing pavement damage, MTO recently 

modified PG specifications to include additional tests for failure (DENT) and physical hardening 

(Extended BBR (2011)) as described by Marks (2015) in a presentation to FHWA’s Expert Task Group 

(ETG) supporting PG binder specifications.   

Premature age-induced surface damage has been acknowledged by many US and Canadian highway 

agencies (2017), so MTO problems with early surface distress are not unique.  At least four NCHRP 

research studies (9-58, 9-59, 9-60, 9-61) are currently reviewing various aspects of the problem as 

related to recycling (9-58), fatigue (9-59), thermally induced damage from cooling (9-60), and asphalt 

aging (9-61).  Project 9-60 is specifically tasked with adapting PG binder specifications to prevent age-

induced surface damage as reportedly observed in Ontario.  Several problematic MTO pavements have 

been selected for further study as part of 9-60 research. MTO has a technical representative on the 

NCHRP 9-60 research panel and can provide additional information as needed.  

A.2 Premature Surface Distress 

Post-Superpave, age-induced surface distress has become the leading cause of pavement damage for 

many highway agencies.  Surface damage typically begins as raveling of the mastic and smaller 

aggregates, which then progresses to a random cracking pattern that ultimately leads to severe block 

cracking.  The source of damaging stresses comes primarily from thermal cooling, not loads.  The 

accelerating rate of damage is generally attributed to binder embrittlement (low ductility, poor healing 

characteristics) at low pavement temperatures.  But nearby cracking does not appear to alleviate 

damaging stresses, even when severe block cracking is evident.  Unlike cooling mechanisms leading to 
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transverse cracking, accruing surface damage does not appear to require external restraint on the 

specimen.  Visible damage often develops within the first five years of pavement life.   

A study of non-load associated surface distresses on airfield pavements used Marasteanu’s Sliver Test to 

prove that even small BBR-shaped mixture specimens exhibit significant damage on cooling if the binder 

is brittle (2010).  It is important to differentiate age-induced surface damage from classic fatigue 

cracking, which begins as a bottom-up cracking failure caused by insufficient structural integrity for the 

applied loads.   

A.3 Evolving PG Specifications 

A.3.1 Transverse Thermal Cracking 

BBR criteria for Stiffness (S) & m-value were adopted to control transverse thermal cracking as 

pavements cool.  With respective failure limits of 300 MPa and 0.30, these parameters have generally 

proven effective at ranking cracking temperatures when corresponding mixtures where evaluated in the 

Thermal Stress – Restrained Specimen Test (TSRST).   

A.3.2 Low Temperature Reversible Physical Hardening 

SHRP research likewise identified low temperature reversible physical hardening and included an 

extended BBR testing protocol in original PG specifications using a report-only requirement.  Physical 

Hardening (PH) was later attributed to the relatively slow transformation of wax molecules from an 

amorphous mass to a microcrystalline solid (1992).  The physical result of this process is a significant 

embrittlement of the asphalt that occurs over a period of approximately four days when the asphalt is 

held near low pavement temperatures.   Wax concentration within the asphalt is the primary 

contributor to PH, but the difference in temperature between the conditioning temperature and the 

glass transition temperature of the asphalt also contributes the rate at which wax crystals form.  PH is 

thermo-reversible.  As the pavement warms, the wax crystals melt back into solution, only to reform 

again during the next cold spell. The Binder ETG concluded that the substantial amount of additional 

testing time and effort to control PH was not justified; particularly since laboratory mixture fracture 

testing had not conclusively shown that time-dependent hardening impacted asphalt mixture 

performance.   As data from poorly performing Ontario pavements has shown (2011), PH may be a more 

important contributor to the age-induced surface damage mechanisms caused by cooling than 

previously noted for load-induced failure mechanisms (Basu et al., 2003).  As the primary subject of his 

PhD research, Kriz (2008) authored a number of publications describing the importance of physical 

hardening.   To reduce the testing complexity related to the exBBR test already used in Ontario, he 

offers two changes to simplify the existing procedure:  1) ultimate hardening can be predicted after a 

shorter conditioning time (e.g., 10 hours as shown in his thesis), and 2) only one conditioning 

temperature (PGL+10°C) is needed.  Manolis and co-authors presented a physical hardening review  to 

CTAA in 2016 (Manolis, Kucharek, et al., 2016).  This subject is an important part of the NCHRP 9-60 

research study.  
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A.3.3 Fatigue Cracking 

An intermediate temperature specification control for dissipated energy (G*. sin δ ≤ 5 MPa) was 

introduced into the PG specification as a fatigue parameter, but this function failed to eliminate the 

highly m-controlled (high R-value) binders that are now known to exhibit brittle behavior.  The Binder 

Expert Task Group (ETG) supporting the PG specification appointed an intermediate-temperature task 

force to evaluate this issue and revise the specification accordingly.  As previously reported by Goodrich 

(1991), Reese  (1997), and others, the task force found poor correlations between the PG fatigue 

parameter and age-induced surface damage as addressed above.  Several presentations to the Binder 

ETG by task force chairman M. Anderson are available through meeting minutes (contact:  ETG secretary 

Matt Corrigan – FHWA).   

A.3.4 Age-Induced Surface Cracking 

Although previous asphalt specifications used the ductility test to control brittle behavior, PG 

specifications anticipated using the Direct Tension Test to restrict binders with poor failure strain in 

tension.  However, reproducibility problems when evaluating binder failure strain in the brittle region 

precluded its use.   

In a paper developing the CA model to describe asphalt rheology, Christensen and Anderson introduced 

the master curve shape factor (R-value), and described the evolution of this parameter with asphalt 

aging (1992). When plotted on a Black Space Diagram, the R-value becomes the master curve for the 

binder over the full range of temperatures and DSR test frequencies.  As a shape factor, R-value alone 

cannot rank cracking.  However, when combined with a limiting modulus or constant phase angle, R-

value appears to appropriately rank binders for potential to develop surface distresses.  But data for the 

full master curve is needed to obtain R-value, so the idea for incorporating R-value into PG specifications 

was set aside as well.    

As first described in a study by Anderson (2011)that investigated non-load related surface damage on 

airfield pavements, ΔTc has been increasingly viewed as a potential PG specification parameter for 

cracking.  This BBR parameter is calculated by measuring the difference between the two BBR limiting 

temperatures (𝛥𝑇𝑐 =  𝑇𝑐𝑚−𝑣𝑎𝑙𝑢𝑒 –  𝑇𝑐𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠), which is sometimes referred to as the degree of m-

control.  ΔTc is closely correlated with ductility (15°C, 1 cm/min), which Kandhal (1977) previously 

correlated with surface damage on Pennsylvania pavements.  ΔTc is an indirect ranking of the binder 

phase angle at the limiting low temperature stiffness of 300 MPa.  As one important example, Freeston 

and co-workers (2015) evaluated physical hardening as a cause for cracking on Ontario pavements.  As 

represented in this paper through plots of 𝑇𝑐𝑚−𝑣𝑎𝑙𝑢𝑒 versus 𝑇𝑐𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, values of ΔTc dropped 

dramatically after physical hardening.  This finding is consistent with actions taken by MTO to include 

extended BBR in PG binder specifications.   

A.4 Causes for Asphalt Embrittlement 

There are many causes for asphalt embrittlement, as exhibited by low failure strain and poor healing 

characteristics.  From a rheological perspective, these materials exhibit highly m-controlled behavior 

(low ΔTc) leading to premature surface damage.  
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A.4.1 Oxidative Aging 

Although older asphalt literature refers to age-hardening, oxidation impacts both modulus and phase 

angle.  Previous specifications included limits for aging ratios, as measured using penetration or absolute 

viscosity tests as run on binders before and after accelerated laboratory aging tests such as TFOT or 

RTFO.  Interestingly, at low temperatures where age-induced surface damage accelerates, the stiffness 

or modulus of the binder does not increase as much with binder aging as one might expect given the 

large changes in viscosity observed at higher test temperatures.  However, oxidation dramatically 

reduces the low temperature phase angle, leading to poor ductility and slow rates of healing.  Hence, it 

is more correct to view aging as an embrittlement of the binder.  This is a very important distinction, 

because when two unmodified asphalts have the same stiffness at the lowest pavement temperature, 

the binder with the lower phase angle (or lower ΔTc) will be more likely to accumulate age-induced 

surface distresses.  

Although in situ-pavement aging during the initial life cycle of the asphalt is important, other sources of 

oxidized bitumen can be just as detrimental to phase angle. 

 Overheating During Plant Production: Chemical reaction rates typically double with each 10°C 

increase in temperature.  If HMA plant temperatures are too high, or if HMA mix is held at a high 

temperature for extended periods of time (long haul to jobsite, silos with no nitrogen blanket), 

significant oxidation leads to brittle binders.   

 Air-blown Bitumen: Industrial (roofing) asphalts are oxidized to reduce temperature 

susceptibility by targeting a penetration grade with higher R&B softening points.  Air-blowing 

processes are occasionally used to produce paving grade asphalts.  Most notably, an asphalt 

with a PG temperature range that is too low for a given climate can be oxidized to extend the 

grade (PG 58-22 becomes PG 64-22).  Although air blowing might appear to raise asphalt quality 

by producing broader temperature ranges, oxidation greatly reduces binder phase angles at low 

temperatures.  Resulting binders have a very low ΔTc, leaving them susceptible to age-induced 

surface damage.  

 Recycled RAP & RAS: The asphalt in reclaimed asphalt pavement (RAP) or reclaimed asphalt 

shingles (RAS) has already been oxidized, usually to the point where binder properties have 

passed through the damage zone for age-induced surface damage (D. Mensching et al., 2014).  

Although it is not difficult to replicate the stiffness of a virgin binder by blending RAP/RAS with 

softer asphalts or rejuvenators, restoration of the original phase angle is much more difficult, 

and often not possible.  The highly air blown asphalt in RAS has much lower phase angles than 

typical RAP binders and the tear off shingles have been yet further oxidized on a roof for many 

years.  It is probably fortunate that the softening point of the asphalt in aged shingles is so high 

that RAS asphalt likely does not dissolve into the virgin asphalt in the recycled mix.  As now 

recommended by publications coming from NCHRP 9-58, restoration of the binder phase angle 

should be a critical part of any recycled mix design.  Although tests for binder failure strain 

(DENT) can be used, recent work has focused more on Black Space failure criteria such as the 

Glover-Rowe parameter (Garcia Cucalon et al., 2017).   
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Another example appropriate to the Ontario discussion was proposed by Hanz as a control for specifying 

binders as extracted from recycled mixtures after accelerated laboratory aging.  The limiting stiffness of 

300 MPa remained the same, but the parameter ΔTc with a limit of ≥ -5.0°C was proposed as an 

alternative to the limiting m-value of ≥ 0.30 (Hanz, Dukatz, & Reinke, 2017).   

A.4.2 Crude Quality 

Asphalt crudes vary widely in chemical and physical properties.  Aromatic molecules are important to 

the formation of asphaltenes, which build viscosity at high temperatures for better resistance to rutting.  

Short aliphatic chains attached to those aromatic molecules create the molecular motion which lowers 

the glass transition temperature, as needed for improved ductility and healing characteristics.  But long 

aliphatic chains crystallize out of solution in wax-like domains, reducing flow as they precipitate, and 

then crystallizing over time to further stiffen the asphalt.  If the crude lacks shorter aliphatic chains or 

naphthenic rings, it has very little molecular motion at low temperatures.  Without molecular motion, 

phase angles will be low, and healing cannot occur.     

A.4.3 Asphalt Additives 

The PG grading system dramatically changed the targets for asphalt grade and quality.  Severe 

continental climates (e.g. PG 64-34) often call for temperature ranges well beyond what can be satisfied 

even with best available crudes.  Furthermore, grade-bumping criteria for heavy traffic require a further 

boost to the high temperature stiffness to meet minimum requirements for rutting.  Numerous 

modifiers and additives are blended with asphalt to meet PG grades with extended temperature ranges, 

including elastomeric polymers (SBS, SBR, and terpolymers), asphalt-rubber, poly-phosphoric acid (PPA), 

high molecular weight waxes, tall oil gels, etc.   

 Elastomeric polymers generally improve ductility at low temperatures, and generally do not 

damage the relaxation properties of the base asphalt.  However, an airport runway at Newark 

was paved with what appeared to be a high-quality elastomer-modified binder, yet after several 

years it exhibited surface damage of the type discussed above.   In a forensic study of that 

project, Rowe (2013)reported the only binder anomaly was a very low ΔTc consistent with 

brittle binders.   

 Plastomeric polymers such as polyethylene form a more rigid polymeric structure within the 

asphalt and can substantially lower the ΔTc at low temperatures.  Early work with polyethylene 

modification of asphalt has been largely abandoned, presumably due to premature surface 

cracking.   

 High molecular weight aliphatic waxes can accelerate surface distress if they crystalize but may 

not be a problem if they are highly branched or contain double bonds within longer chains.  

Waxes can be added to extend the PG temperature range, but this issue is particularly important 

when considering the wax category of warm-mix additives.  Many high-molecular weight waxes 

can lower HMA construction temperatures by melting somewhere between the compaction 

temperature and the PG high temperature climate grade.  However, straight chain waxes will 

crystallize to cause physical hardening at low pavement temperatures.  Extended BBR tests 

should pick up problematic materials.   
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 PPA increases the high temperature PG grade but does not usually impact low temperature 

rheological properties.  Further analysis is needed. 

A.4.4 Asphalt Fluxes 

Climate maps from LTPPBind revealed a need for much softer binders at the extreme low pavement 

temperatures observed throughout Ontario.  Implementation of PG grading thus had a dramatic impact 

on asphalt refining.  Softer low temperature grades could be satisfied by reducing vacuum tower cut 

points to lower temperatures, but this practice often left more volatile gas oils in the asphalt.  

Depending upon crude source and vacuum tower efficiency, the 1% mass loss limitation in the PG 

specification often precluded using direct distillation to produce these softer PG grades.   Furthermore, 

the vacuum gas oils can be cracked catalytically to produce more valuable lighter fuels.  Hence, many 

refiners no longer produce straight-run bitumen as distilled to grade in the vacuum tower.  The 

combination of gas oil economics and mass loss limitations now favor blending harder vacuum tower 

bottoms or de-asphalted hard pen resids with fluxes which soften the asphalt without adding to 

volatility, especially when producing asphalt for very cold winter climates.  If a refinery has coking units, 

it is common to produce heavy gas oils from the vacuum tower which can serve as a low-volatility flux 

for asphalt blending.  If not, asphalt manufacturers find other low-cost non-volatile fluxes, such as:  

 Re-refined engine oil bottoms (REOB), sometimes called Vacuum Tower Asphalt Extender 

(VTAE).  REOB is produced by distilling waste lube oils through a vacuum tower to recover the 

base oil for reuse.  The heaviest of the oil molecules and most of the lube oil additives remain 

behind as a viscous resid.   

 Given its low cost, its low volatility, and its intermediate-temperature characteristics that more 

easily satisfy the PG requirements for G* x sin δ, REOB became the flux of choice for many 

refiners.  Unfortunately, WRI reports that asphalts blended with large amounts of REOB lose 

compatibility as they age for 40 hours in the PAV.  The resulting dramatic drop in the low 

temperature ΔTc can lead to serious age-induced surface damage.  The extended 40-hour PAV 

aging time is now thought by researchers to be more indicative of the field aging needed to 

observe surface damage.  

 Vegetable oils are rapidly emerging as a flux alternative to REOB.  Originally marketed as asphalt 

rejuvenators, lower cost vegetable oil alternatives are now being considered as a flux for asphalt 

blending.  Vegetable oils typically contain long chain fatty acids, either in free form or bound to 

glycerin as mono-, di-, or triglycerides.  Most of the long carbon chains contain double bonds, 

which reduce the glass transition temperature by keeping the high molecular weight fatty 

molecules liquid, rather than allowing them to crystallize at low temperatures (e.g. corn oil, 

soybean oil).  These oils may be added directly to asphalt as a flux, or they may be reacted to 

improve the stability of the double bond or alter compatibility.       

A.5 Specification Parameters for Controlling Age-Induced Surface Damage 

The damage mechanisms leading to block cracking are not yet well understood, and so remain the 

subject of ongoing research through projects such as NCHRP 9-60.  It is generally agreed that damage 

accrues faster when binders are brittle.  Issues regarding the brittle-ductile transition remain 
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unanswered.  Failure strain can be measured or estimated in the ductile region (DENT, ductility) or in the 

brittle region (Direct Tension Test).  But more recent research has focused attention on the modeling of 

rheological master curves from DSR and BBR to predict binder failure strain and control age-induced 

surface damage. For example, Glover (2005) used a spring and dashpot Maxwell model to derive the 

rheological function (G’/(ή/G’)) as a surrogate for binder failure strain.  The value of the function as a 

surrogate for binder failure strain is evidenced by very high correlations with ductility using Kandhal’s 

test conditions (15°C, 1 cm/min).   

 

Figure A 1: Correlation of Binder Ductility with Glover-Rowe Cracking Parameter 

A.5.1 Black Space Diagrams  

To understand how binder rheological properties impact age-induced surface distress, it is helpful to 

view data on plots of Log G* vs phase angle (or Log S vs m-value), which is referred to as Black Space 

Diagrams (e.g. Figure A 1 and Figure A 2).  As shown for example by Mensching (2014) and King (2012), 

Black Space diagrams make it possible to compare the initial quality of different binders with respect to 

potential surface damage, as well as monitor the change in expected binder performance as materials 

age.  Materials at the lower right of the diagram are soft and fluid-like, and thus highly ductile.  

Materials on the upper left are hard and elastic, leaving them brittle and susceptible to fracture.  

Oxidative aging increases modulus and reduces phase angle, thus moving the binder location in Black 

Space from lower right to upper left.  (Note: Making asphalt binder harder through further vacuum 

distillation or blending also moves the binder from lower right to upper left, but with a much steeper 

slope. Any asphalt as hardened to a given modulus through distillation should have a better (higher) 

phase angle than if that same binder were hardened via oxidation, either in-situ, by air blowing in the 

refinery, or by blending with RAP/RAS in a recycled mix.)    

If the hypothesis holds that binder rheological properties play an important role in surface damage, then 

it should also be possible to correlate good and bad performance within a given climate based upon the 

binder’s specific location on in Black Space.  This concept then leads to the search for a binder 

parameter that can be added to PG specifications to control surface distress.  To be consistent with 
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Black Space, the parameter must be a mathematical function of G* and phase angle that separates good 

and poor performance relative to surface distress.  The current PG parameter G* x sin δ does create a 

curve on a Black Space diagram.  However, with a negative slope, this function differentiates quality of 

materials from lower left to upper right on the diagram (see Figure A 2).  Such a slope for a cracking 

parameter would imply that materials with lower phase angles at a given modulus will crack less, when 

we know the opposite is true.  As an unexpected consequence of specifying a maximum G* x sin δ, 

imagine a bitumen failing its intermediate temperature PG grade because it has a very high phase angle 

at a given modulus.  One way a refiner can reduce the phase angle, yet keep the same modulus, would 

be to add REOB as a flux, and then air blow the blend to reach the target modulus.  Both REOB and air 

blowing are detrimental to cracking, yet for this particular crude source, the refiner is only able to pass 

the specification through their combined use.    

Any Black Space cracking function must first have a positive slope to be relevant for surface distresses.   

Secondly, consistent with SHRP specification principles, test temperature, test frequency or failure limits 

must adjust to local climate conditions.  At least two appropriate damage functions fitting this definition 

have been proposed.   

A.5.2 Loss Tangent 

The first is the loss tangent (tan δ), which was discussed during SHRP by Goodrich (1991)and has been 

applied more recently to Ontario pavements by Soleimani (2009).  The abstract for the later paper 

states: 

“Asphalt cements from 20 contract sites in Ontario, Canada, were tested in torsion bar geometry to 

determine their viscoelastic properties. The findings show that 𝑡𝑎𝑛(𝛿) was able to distinguish good from 

poor performers for this set of materials with 95% accuracy, which is a considerable improvement over 

the current bending beam rheometer protocol. In addition to the use of tanδ, it is suggested that a 

measure of the critical strain tolerance in the ductile state could be included to provide a significantly 

improved performance grading method.” 

The shape of the loss tangent function in Black Space is presented in Figure A 2. 

A.5.3 Glover-Rowe Parameter 

The Glover-Rowe (G-R) parameter represents a second proposed cracking/healing parameter that can 

be analyzed on Black Space Diagrams (King et al., 2012).  Rowe (2011) began with Glover’s fatigue 

parameter 𝐺′/(ή/𝐺′) as discussed earlier, and then derived a new form of the same equation as a 

function of G* and phase angle so it could be viewed on a Black Space Diagram.  Rowe’s modification to 

Glover was as follows: 

𝐺’

(
ή
𝐺’

)
 = 𝐺∗   (

𝑐𝑜𝑠2𝛿

𝑠𝑖𝑛𝛿
)  𝑥 𝜔 

In his study of Pennsylvania pavements, Kandhal set limits for a damage zone by noting that surface 

raveling began as binder ductility approached 5 cm, while significant cracking was present when ductility 

dropped to 3 cm.  Glover converted these failure limits to an equivalent damage zone for his parameter, 
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and Rowe did the same for his modification to Glover’s function.  For the average Pennsylvania PG 58-28 

climate, Rowe proposed limits of 180 MPa for damage onset, equivalent to 5 mm ductility, and 600 MPa 

for visible damage as per 3 cm ductility.  The test temperature, test frequency, or failure limits must be 

adjusted as climate temperatures vary.   

Figure A 2 shows the evolution in binder rheological properties vs the Glover-Rowe damage zone as a 

West Texas asphalt, a Gulf-Southeastern asphalt, and a Western Canadian asphalt are aged in the RTFO, 

and then for 0, 20, 40, and 80 hours in the PAV.  The presumption is that aged binders will be exhibit 

visible surface cracking in a PG XX-28 climate when the value of the G-R parameter exceeds 600 kPa.  

However, microdamage within the mix actually begins much earlier, when G-R exceeds 180 kPa for that 

same climate.   

 

Figure A 2: Three Asphalt Aging Curves on a Black Space Diagram 

(King, 2011) 

A.6 Changes in Asphalt Paving Materials:  Post-SHRP 

A.6.1 LTPPBind Climate Maps 

PG specifications and LTPPBind climate maps created significant alterations in asphalt demand 

throughout the northern US and especially Canada.  Conventional wisdom considers a PG temperature 

range of 86°C (PG 64-22, PG 58-28) to be within the quality range achievable for most asphaltic crudes.  

However, the temperature range available for any straight-run crude narrows as the asphalt grade 

becomes softer.  As a rule of thumb, a refiner loses 6°C at the high temperature to extend the low 

temperature grade by 4°C.  Colder climates, including PG XX-34, XX-40, and even XX-46 required 

significantly softer binders than previously used in those locations.  Softer binders meant lower cut 

points in the vacuum tower, which unfortunately increased mass loss during RTFO aging tests.  It also 

meant higher quality crudes were needed to meet demand for softer PG grades.  Canada had previously 

created three quality grades based upon temperature susceptibility, so refiners had already made some 

adjustments in this direction.  With some Canadian crude blends, adapting vacuum tower processing to 
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PG grades was not a problem.  However, for other blends, the dual limitations of a softer grade at low 

temperature and mass loss limits forced refiners to hold vacuum tower conditions where they were for 

previous specifications, and then soften the harder asphalt with non-volatile fluxes.    

A.6.2 Crude Supply 

Given changes in crude production practices, including oil sand exploitation, refiners supplying to the 

Ontario paving market have generally experienced significant changes in crude supply over recent years. 

Oil sands are considered to produce asphalt compatible products according to Canadian oil refiners.  

Furthermore, the Canadian pipeline no longer isolates individual heavy Canadian asphalt crudes for 

transport to northern mid-west refineries, but rather they blend a wide range of crudes into a product 

called Western Canadian Select (WCS). WCS is considered by Canadian producers to be a product that is 

suitable for manufacturing asphalt grades through straight distillation. Although some western Canadian 

refineries still have access to high quality single-sourced asphalt crudes such as Lloydminster (LLB) or 

Cold Lake are available to refineries on the Enbridge pipeline as far east as Montreal.     
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