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Abstract 

One of the best ways to manage the performance lifespan of asphalt road surfaces is to test recovered 
binder for acceptance during construction. In the late 1990s, acceptance specifications advanced from 
using empirical methods, such as penetration and viscosity on unaged binder in the Canadian General 
Standards Board (CGSB) specification of 1990 to Superpave™ rheology-based tests on unaged and 
laboratory-aged residue. In the early 2000s, Ontario agencies realized that poor-quality binder was 
responsible for premature and excessive cracking of road surfaces, after which enhanced aging, 
rheological and failure tests for unaged and recovered material were developed and implemented. This 
study correlates pavement service lives in Durham Region with recovered binder properties. Service lives 
to a pavement condition index (PCI) of 50 percent – which had decreased by about 66 percent since 1980 
– bounced back immediately after the 2015 implementation of the double-edge-notched tension (DENT, 
AASHTO T 405) and extended bending beam rheometer (EBBR, AASHTO T 406) protocols for the 
acceptance of recovered binder. Both protocols favor the use of superior quality Alberta and Venezuela 
binders that are low in wax and contain a moderate amount of asphaltenes. Today, proper designs based 
on EBBR grade and grade loss in conjunction with DENT critical crack tip opening displacement (CTOD) 
have restored pavement service lives from 11 years in 2013 to their former 30-35 years in 2020. 

1. Introduction 

Canada has a vast road network. The total length of public roads is estimated at 1.13 million kilometers, 
of which approximately 40 percent is paved.1 Over 90 percent of paved roads are made from asphalt 
because it has advantages over the alternative, which is Portland cement concrete (PCC). Asphalt roads 
have become an indispensable part of our transportation infrastructure as they contribute enormously to 
the safe and effective operation and development of socio-economic activities in Canada and beyond. 

Binder durability has been a research topic of interest for many decades.2-7 Durability is determined by 
the consistency of properties and resistance to distresses such as rutting, aggregate polishing, cracking, 
raveling, potholes and so forth, encountered during a pavement’s service life as a result of environmental 
conditions and repeated traffic loading.8 In this regard, the primary objective of asphalt pavement design 
is to enhance its resilience against various types of distress throughout its service life, ensuring the 
pavement achieves its maximum benefit/cost performance.9, 10 The asphalt pavement design process 
involves material and structural design.11 Material design focuses on properly selecting raw materials, 
such as asphalt binder,12, 13, 14-16, 17 aggregates and fillers.18, 19 Structural design involves determining the 
optimal arrangement of pavement layers as well as their gradation type and thickness.20 Normally, the 
structural design of asphalt pavements in a given region undergoes minimal changes after being 
established through long-term practice.21 However, variations in the source of raw materials can lead to 
significant differences in asphalt pavement quality. Asphalt mixture can simply be regarded as a two-
phase system: aggregates form the structural skeleton, while asphalt mastic fills the pore space and binds 
the aggregates together.22 Given that asphalt binder exhibits time-temperature-dependent viscoelastic 
behavior, it imparts flexibility to the pavement, and accounts for the resistance to permanent deformation 
at elevated temperatures and cracking due to repeated traffic and low-temperature shrinkage.23, 24 
Therefore, the properties of the binder are crucial for determining pavement durability. Considering this, 
tremendous efforts have been devoted to developing and implementing effective, practical performance 
acceptance tests of asphalt binder.25-28  

Over the decades, numerous test methods have been developed to select optimal asphalt binders for 
pavement construction and rehabilitation. The penetration grading system, standardized by the American 
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Association of State Highway and Transportation Officials (AASHTO) in 1931, was designed to categorize 
asphalt for application in different climates.29 The penetration test is an empirical method measuring how 
deep a standard needle penetrates an asphalt sample at 25°C under a specified load and duration. The 
detailed procedure was embodied in one of the earliest American Society for Testing and Materials 
(ASTM) standards.30 Penetration specification protocols typically specify minimum and maximum 
penetration values for materials to be accepted into contracts. It is noteworthy that the penetration test 
is based on empirical methods and does not quantify binder consistency in strictly scientific 
measurements. However, for straight binders, it does have the advantage of relating strongly to the 
viscous component of deformation. Then again, evaluating binder behavior at 25°C – a temperature close 
to the average during asphalt pavement service – might not accurately reflect its performance under 
temperatures that are significantly lower or higher.3, 31 Hence, another empirical indicator, penetration 
index (PI), was developed as a supplement to evaluate temperature susceptibility. Early research found 
that asphalt binders identical in penetration but with differences in PI can exhibit extraordinary 
differences in cracking resistance.3, 32 

Another grading system is the viscosity method, which provides the handling characteristics for the 
asphalt binder as well as a measure of the amount of paraffin oils present. Binder viscosity can be 
determined using a rotational viscometer at 135°C and a capillary tube viscometer at 60°C. These two 
values were chosen to replicate the temperatures of the asphalt mixture during the mixing and 
transportation processes as well as during compaction in the field, respectively. The methodologies for 
measuring asphalt viscosity at 60°C and 135°C are detailed in ASTM D217033 and ASTM D440234 standard 
specifications, respectively.  

The Canadian Government Standards Board specification CAN/CGSB-16.3-M90 Asphalt Cement for Road 
Purposes provided a measure of binder quality in terms of temperature susceptibility.35 The CGSB 
specification classified materials in three performance groups: A (good), B (medium) and C (poor). CGSB 
specifications required the measurement of penetration at 25°C and absolute viscosity at 60°C. Kinematic 
viscosity at 135°C could be used instead of absolute viscosity at 60°C in a slightly modified format of the 
specification.35 The benefit of the CGSB specification arose from the fact that it provided an indirect 
measure of durability through the strong dependence of penetration and viscosity on binder constitution 
(in particular, asphaltene and paraffin content), and thus ability to flow over the temperature range 
typically encountered in service. However, it was recognized early on that the specification was less 
appropriate for modified binders.  

The Superpave performance grading (PG) system represents the most widespread approach for the 
grading and specifying of asphalt binders in North American road construction. Initiated in 1987, the 
Strategic Highway Research Program (SHRP) was funded by the United States Department of 
Transportation, leading to the development of the Superpave specification. This specification is officially 
recognized by AASHTO.36 Different from the penetration and viscosity grading systems that measure 
physical properties at constant temperatures to estimate the overall properties of asphalt binder, PG 
specification methods measure fundamental properties of asphalt binders at temperatures corresponding 
to those experienced by pavements, focusing on addressing critical distress forms such as permanent 
deformation (rutting), fatigue cracking, and thermal or low-temperature cracking.37 For example, PG 64-
22 indicates the binder grades in the PG system and should be able to withstand a seven-day average high 
temperature of 64°C and a once in 50-years low temperature of −22°C. The intermediate- and low-
temperature performance grades of asphalt are assessed using a dynamic shear rheometer (DSR) and 
bending beam rheometer (BBR), respectively, with asphalt samples subjected to short-term and long-term 
aging, representing the most severe conditions under which cracks are prone to develop in asphalt 
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pavements.38 While the Superpave PG system has brought substantial improvements, its limitations are 
becoming increasingly apparent with the rapid proliferation in the use of polymer modified asphalt, 
reclaimed asphalt pavement (RAP) and diluent oils such as re-refined engine-oil bottoms (REOB), which 
were not thoroughly considered during the 5-year SHRP effort.14-16, 39-48 

In response to these challenges, new performance acceptance testing methods have been developed to 
characterize performance-related properties accurately. Considering that the durability of most Canadian 
asphalt pavements is predominantly influenced by the cracking resistance of the asphalt binder, the 
discussion hereinafter will focus exclusively on related test methods. The cracking types here refer to 
thermal and fatigue cracking, according to their causes. It was found that asphalt pavement fatigue 
originates and spreads within the asphalt binder itself. However, the parameter |G*|·sin δ, which is based 
on the concept of dissipated energy and measured within the linear viscoelastic range at small strains, 
may not fully capture the actual damage.49-51 Later research revealed a weak correlation between |G*|·sin 
δ and indicators of mixture fatigue, underscoring the necessity to address binder-related damage in 
specifications.49-51 Alternative fatigue-cracking resistance tests include the time sweep test, binder yield 
energy test, and linear amplitude sweep test.40, 52, 53 The primary distinction between these lies in the 
application of higher stress or strain amplitudes and an increased number of loading cycles.  

Apart from fatigue cracking, thermal stress induced transverse cracking is the most common distress form 
in asphalt pavement, especially in cold regions. Thermal cracking occurs when the thermal stress exceeds 
the tensile strength of asphalt binder. However, this was not fully considered in the current BBR protocol. 
Alternative new methods, such as double-edge-notched tension (DENT) test,54-56 asphalt binder cracking 
device (ABCD),57 and single-edge-notched bending (SENB) test25, 58 have been proposed. Among these, the 
DENT is the most successful in ranking binders with different resistance to fatigue.59 The method, first 
published as draft standard LS-299 by the Ministry of Transportation of Ontario (MTO) in 2005, has been 
utilized to accept large volumes of Ontario asphalt cement since 2010.60, 61 It was adopted as a provisional 
AASHTO standard in 2015,7, 53, 62-65 and obtained full status under AASHTO designation T 405 in 2023.66  

Over the decades, the DENT test protocol has undergone extensive validations, including round-robin and 
correlation analysis, which marks a significant effort to mitigate cracking in cold climates.14-16, 43, 50, 51, 56, 59 
The main criterion obtained is the critical crack tip opening displacement (CTOD), a key measure of strain 
tolerance for an asphalt binder in the ductile state and under severe constraint.50, 51, 67 The development 
and implementation of the DENT test represents a proactive approach to improving pavement durability 
by addressing the challenges of ductile failure and enhancing the fatigue life of the road surface.  

It has long been recognized that asphalt binders gradually change in consistency when left to equilibrate 
at or below room temperature.4, 5, 13, 68-76 To address these observations in a binder acceptance framework, 
the extended bending beam rheometer (EBBR) test was developed77 and extensively validated with 
prematurely failed contracts and road test sections.12-17, 78-80 The EBBR protocol rewards superior quality 
binders manufactured from Alberta and Venezuelan crude sources as they are low in wax, contain a 
moderate amount of asphaltenes and are therefore highly durable.10, 12-14, 81 First published as Ministry of 
Transportation of Ontario laboratory standard LS-308,77 first adopted for evaluating asphalt cement in 
Kingston, Ontario,64 and later more broadly across the province,61 the test provides a critical assessment 
tool for measuring thermo-reversible aging tendencies in asphalt binders as this is not considered in the 
regular BBR method.7, 17, 64, 65, 82-85 Informed by the seminal research of Traxler and colleagues70-72, 86 as well 
as additional explorations into thermo-reversible aging that mainly resulted from isothermal 
crystallization or phase separation,5, 68, 69, 73 the EBBR method was developed to quantify changes in the 
hardness and relaxation ability of asphalt binder due to isothermal conditioning at low temperatures. This 
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method was later embodied in AASHTO provisional standard TP 122,87 and obtained full status under 
designation T 406 in 2023.88 It has been implemented for acceptance of asphalt binder in numerous 
Ontario paving contracts since 2010.61 

Results from pavement trials and regular contracts have shown that the durability of Ontario’s asphalt 
pavements can be extended to a satisfactory level by implementing the two advanced binder performance 
testing protocols.10, 14-16, 64, 65 The objective of this study was to assess the effectiveness of AASHTO T 405 
DENT and AASHTO T 406 EBBR protocols for acceptance testing of recovered asphalt binder in road 
construction contracts in the Regional Municipality of Durham. The service lives of 968 road segments 
over 2,400 lane kilometers dating back to the late 1970s were assessed to provide an overview of the 
evolution of average lifespan over recent decades and to reveal how changes in binder specification have 
affected sustainability. The specification test results for the recovered asphalt binders from a subset of 
these road segments were correlated with the corresponding projected service life data to validate our 
working hypothesis that advanced binder acceptance methods can extend service lives for asphalt 
pavements in cold climates. Recommendations for addressing challenges associated with the reduced 
service lives of asphalt pavements, potentially caused by introducing new additives and modifiers, are 
proposed to refine methods or propose practical alternatives. 

2. Materials and Methodology 

2.1. Materials 

In this study, a total of 41 hot mix asphalt (HMA) samples were obtained through Durham Region’s quality 
assurance sampling program during the construction phase of new asphalt pavements between 2015 and 
2021. Subsequently, these samples underwent careful extraction and recovery processes and accelerated 
pressure aging vessel (PAV) aging to produce residue for further testing. All binders were tested according 
to AASHTO T 405 DENT and AASHTO T 406 EBBR standard protocols. Additional binders were tested but 
not included in this study as precise location information was unavailable. Other binders have since been 
recovered and tested but these are also omitted from this analysis as early pavement condition data 
cannot be used to project pavement service life with sufficient confidence. 

2.2. Methods 

2.2.1 Extraction and Recovery 

Asphalt mixture samples from the road segments described earlier were processed through a careful 
extraction and recovery procedure at Queen's University to produce asphalt binder for further aging and 
testing. This process, depicted in Figure 1, encompasses the following steps: (i) First, the asphalt mixture 
is immersed in dichloromethylene (DCM) solvent overnight to ensure the complete dissolution of the 
asphalt binder; (ii) Second, the sample is sieved to remove coarse and fine aggregates. Aggregates are 
washed with fresh DCM to remove remaining asphalt; (iii) Third, the asphalt solution is fed through a high-
speed centrifuge to remove most of the fines; (iv) Fourth, the solution is transferred into a round bottom 
flask which is heated in an oil bath at temperatures increasing from 90°C to 160°C, while rotating under 
an applied vacuum maintained at 550 mbar initially and slowly reduced to below 50 mbar. This process, 
which takes approximately 2 hours, is conducted under a dry nitrogen gas atmosphere to prevent the 
aging of the binder. After evaporating most of the solvent, the temperature is gradually increased in steps 
to ensure the complete recovery of the pure binder; (v) Then, the recovered binder is aged using the PAV 
according to standard procedures.89 The aging conditions involve exposing the asphalt film of 3.2 mm 
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thickness to 100°C for 20 hours under a compressed air pressure of 2.10 MPa. Following the PAV aging 
process, the PAV-aged residue is subjected to performance evaluation tests, including the DENT and EBBR 
tests. 

 

Figure 1. Schematic diagram of the extraction and recovery process of asphalt binder from mix. 

2.2.2 AASHTO T 405 DENT 

The AASHTO T 405 DENT test was conducted according to standard protocols.66 In the test, six specimens 
with three notch depths (ligament lengths of 5 mm, 10 mm and 15 mm) were prepared for each binder. 
Each notch depth was tested in duplicates. Samples were subjected to tensile testing at a controlled rate 
of 50 ± 2.5 mm/min inside a 15°C water bath until failure. A typical force-displacement curve is shown in 
Figure 2. The facture energy determined, based on the area under the force-displacement curve, was used 
to calculate the specific total work of failure Wt as shown in Eq. (1). The Wt is defined as the sum of the 
total essential work of failure, We, and the total plastic work, Wp, as expressed in Eq. (2). Eq. (2) can be 
rewritten by assuming that the essential work is proportional to the cross-sectional area of the ligament 
(calculated as specimen thickness multiplied by ligament length), and the plastic work corresponds to a 
volume around the ligament, as depicted in Eq. (3): 

0

ft

tW P d= ×∫                                                                            (1) 

t e pW W W= +                                                                                (2) 
2

t e pW L B w L B wβ= × × + × × ×
                                                          (3) 

Where Wt is the specific total work of fracture, MPa; We is the total essential work of fracture, J; Wp is the 
plastic fracture work, J; we is the specific essential fracture work, kJ/m2; βwp is the specific plastic fracture 
work term, MJ/m3; tf is the time to reach ductile fracture, s; P is the tensile force, N; d is the displacement, 
mm; L is the width of the ligament, mm; B is the height of the ligament, mm.  

After obtaining the force-displacement curve shown in Figure 2(c), the total specific fracture work Wt is 
fitted with the ligament length L to obtain we and βwp. The intercept and slope of the fitting line represent 
the essential fracture work we and the plastic work term βwp, respectively. Therefore, the total specific 
fracture work wt can be calculated using Eq. (4). The CTOD value was determined using data from the 
specimen with the smallest ligament width (5 mm), as per Eqs. (5) and (6): 
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Where σ represents the net section stress, N/mm²; Ppeak represents the average maximum load, N; L 
represents the ligament length, mm; B represents the thickness of the ligament, mm. 

 

Figure 2. Schematic of the AASHTO T 405 DENT test: (a) Asphalt samples in water bath; (b) Representative 
load-displacement curves for DENT samples with different ligament lengths, L; (c) Determination of 
essential failure and plastic works from intercept and slope, respectively. Duplicate measurements 
provide representative repeatability. 

2.2.3 AASHTO T 406 EBBR 

AASHTO T 406 EBBR tests were performed using the standard protocol.14, 88 Twelve beams as shown in 
Figure 3 (b) were subjected to conditioning in ethanol baths maintained at temperatures of Td + 10 and Td 
+ 20, where Td represents the designated low temperature for the pavement design as determined by the 
LTPPBind™ software. Each bath accommodated six beams for conditioning. Three beams from each bath 
were tested at intervals following 1 h, 24 h, and 72 h of conditioning. After conditioning, the asphalt beam 
is positioned on the two support points. A vertical force of 980 ± 50 mN was applied to the center of the 
beam and maintained for 240 s. The deflection versus time curve is shown in Figure 3(b). After the test, 
the creep stiffness S(t) was calculated according to Eq. (7): 

 
3

3( )
4 ( )

PLS t
bh t

=
∆

                                                                   (7) 

Where S(t) is the creep stiffness at time t, MPa; P is the vertical load, mN; L is the distance between the 
two supporting points at the bottom of the asphalt small beam, 102 mm; B and h represent the width and 
thickness of the beam, which are 12.5 mm and 6.25 mm, respectively; Δ (t) The mid span deflection of the 
asphalt beam at time t, mm.  

The creep stiffness S(t) at 60 s is determined and the corresponding tangent slope or m value at that point 
in logarithmic coordinates is also determined. Among them, S(t) reflects the hardness of the binder while 
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the m value represents the creep rate, both of which are closely related to cracking resistance at low 
temperatures. After obtaining S(t) and m values at two temperatures, the continuous grading 
temperatures based on the two indicators, namely, TC, S and TC, m, are calculated where the S(t) = 300 MPa 
and m value = 0.3, respectively, according to Eqs. (8) and (9): 

 1
,

1

( ) (log(300) log( ))
log( ) log( )

i i i
C S i

i i

T T ST T
S S

+

+

 − ⋅ −
= +  − 

                                        (8) 
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1
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m m
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                                            (9) 

Where Ti is the i-th test temperature, °C; Si is the stiffness at the i-th temperature, MPa; mi is the m value 
at the i-th temperature. The grade loss for the continuous grade after 72 hours of conditioning is finally 
determined to evaluate the thermo-reversible aging tendency and durability of the asphalt binder. 

                              
Figure 3. (a) BBR equipment; (b) typical deflection curves after 1 h (gold) and 72 h (blue) conditioning. 

2.2.4 Field Survey of Distresses 

Pavement condition evaluation is critical to pavement management to ensure roads remain functional. It 
facilitates implementation of necessary rehabilitation measures to extend service life. Pavement 
condition index (PCI) is a quantitative  measure of the overall road condition. It consists of two major 
components: ride comfort rating (RCR) and the distress manifestation index (DMI). RCR represents the 
functional performance of the road, such as roughness; and is assigned a value between 0 and 10 to 
indicate the ride quality. In contrast, the DMI reflects the structural integrity; and quantifies the degree 
of pavement distress. These two components should be obtained by considering the total length of road 
section that has a single pavement condition. Given that RCR assesses driving ease, comfort and safety, 
factors compromising the RCR include excessive or uneven crowning, wash boarding, raveling and 
bumpiness resulting from issues, such as cracking, sealing and uneven patching. These inadequacies are 
critical when evaluating the overall quality of the driving experience. This assessment can be conducted 
subjectively or with mechanical devices. In this study, both methods were employed to obtain the PCI. All 
PCI data were obtained by a retired government engineer with about 40 years of experience in rating 
pavement conditions. The individual was unaware of the change in specifications in 2015, and the authors 
only obtained his complete data set in early 2023. Hence, human bias was not a factor in any of the 
analysis presented herein. For DMI, distresses were classified into 27 categories, and a detailed guideline 
was provided to determine the severity of each type of distress.90, 91 In this study, DMI was calculated as 
per Eq. (10):   
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Where wi is the weighting value for each distress; si and di are the severity and the density of distresses, 
respectively, both on a scale from 0 to 4. The PCI can be calculated through Eq. (11): 

 (205 )100 (0.1 )
205

DMIPCI RCR c s−
= ⋅ ⋅ ⋅ × +                                            (11) 

Where c and s are calibration constants. If RCR is calculated by automated methods, then c is 1.077 and s 
is 0. If RCR is determined subjectively, c and s are 0.924 and 8.856, respectively.90 The primary 
methodology employed by Durham Region for reporting the PCI involves two key components: structural 
adequacy and surface condition. Structural adequacy represents distress manifestations and is scored 
between 0 and 20, while the surface condition, corresponding to the RCR, ranges from 0 to 10. These 
components are evaluated by an experienced consultant. PCI calculation involves multiplying structural 
adequacy by surface condition, followed by division by 2 to yield a PCI score out of 100. 

Ontario municipalities use different evaluation strategies, such as the Inventory Manual, overall condition 
index, pavement quality index, structural adequacy index, and PCI. However, for paved roads, 
municipalities are now required to report an average PCI value at regular intervals.92 While the RCR and 
structural adequacy can be measured precisely by using automated or mechanical methods, the most 
common procedure is a visual inspection of the road. Video imaging or scan-type methods have been 
developed to survey distresses, but they are not widely accepted as they are prone to pick up artifacts. 

In the current study, the results of yearly field surveys for distresses in different road segments were 
sourced from the Durham Region Infrastructure for Roads Report. This report provides a comprehensive 
overview of each road section, including the PCI, length, and year of construction or major rehabilitation. 
The dataset encompasses 968 road sections, cumulatively spanning about 2,400 lane kilometers. In 
addition to PCI assessments, data on the average annual daily traffic (AADT) was also extracted. The AADT 
estimates the average daily traffic volume for a particular road segment over the span of one year, and 
was categorized into four levels, as outlined in Table 1 for 576 segments with available AADT data.  

Table 1. Number of road segments and length in each AADT category. 

AADT Segments Total length, km 
< 5000 129 85 

5000-10000 140 80 
10000-20000 171 68 

> 20000 136 32 
 
3. Results and Discussion 
 
3.1. Service Life Improvements from Enhanced Acceptance Specifications 

In this study, PCI results for 968 road segments dating as far back as 1976 were included. For pavements 
constructed in the same year, that thus have the same age, the mean PCI was calculated, and the findings 
are shown in Table 2. The lifespan of each road section was determined by either the realized service life 
(i.e., the point at which PCI reached 20 percent and 50 percent) or the projected one, using PCI data from 
2018 to 2023. The service lives for road segments constructed were obtained by linear fitting of the 
average PCI versus age data and forcing the lines through 100 percent at age zero as shown in Figure 4(a) 
for a select number of ages. The findings for all segments are shown in Figure 4(b). 
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The average results are shown in Figure 4(b), which shows a substantial 66 percent reduction in average 
pavement service life over just 28 years, dropping from 33 years in 1986 (average of 4 segments) to just 
11 years by 2013 (average of 29 segments). This agrees with the 50-60 percent decrease in the average 
service life for provincial roads in Ontario over 25 years, as reported by the Office of the Auditor General 
of Ontario in 2016.61 With the progressive application of modifiers and recycled asphalt, the Superpave 
performance acceptance tests, as implemented in the late 1990s, appear to have had no beneficial effect 
on improving asphalt durability. Asphalt contaminated with harmful modifiers or additives such as REOB, 
RAP or recycled asphalt shingle (RAS) can easily pass the Superpave acceptance tests, and this has had 
negative consequences for network sustainability.7, 14-16, 43, 64, 93, 94 This contrasts with data after 2015 when 
the improved specifications were implemented. 

Table 2. Mean PCI values for all road segments constructed or rehabilitated (1976-2021). 

Last Construction  Age, 
years Segments Mean Pavement Condition Index (PCI), % 

2018 2019 2020 2021 2023 
1976 48 1 18 18 18 15 15 
1979 45 7 32 40 40 29 26 
1981 43 1 42 42 39 38 32 
1983 41 4 18 18 18 18 19 
1984 40 3 29 28 24 25 21 
1986 38 4 48 48 45 43 42 
1987 37 19 24 23 22 22 22 
1988 36 5 42 37 36 33 26 
1989 35 9 45 45 38 38 37 
1990 34 28 22 21 17 17 16 
1991 33 19 31 31 28 28 24 
1992 32 10 50 47 46 45 37 
1993 31 24 27 28 27 26 25 
1994 30 60 37 35 32 31 29 
1995 29 11 53 51 50 45 45 
1996 28 27 43 42 39 39 35 
1997 27 36 45 42 37 36 35 
1998 26 19 50 50 45 46 41 
1999 25 15 38 35 31 29 27 
2000 24 13 53 42 41 36 32 
2001 23 28 54 51 45 43 37 
2002 22 38 54 49 43 42 36 
2003 21 21 63 59 54 47 44 
2004 20 15 51 44 40 37 32 
2005 19 19 50 45 41 39 34 
2006 18 33 56 48 46 40 37 
2007 17 14 57 55 47 38 34 
2008 16 32 70 65 60 55 50 
2009 15 60 68 65 58 55 50 
2010 14 53 67 62 57 52 51 
2011 13 22 69 68 65 63 58 
2013 11 29 69 65 63 58 56 
2014 10 9 93 90 85 72 69 
2015 9 43 90 90 87 85 80 
2016 8 51 88 89 85 84 83 
2017 7 22 91 90 86 84 82 
2018 6 22 87 91 89 88 84 
2019 5 42 --- 94 96 92 89 
2020 4 36 --- --- 97 96 95 
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Figure 4. Historical service lives for 968 Durham Region road segments. (a) Extrapolations to realized and 
projected average service lives (gold squares for 1984 (3 locations, 40 years old, realized average life = 25 
years), red triangles for 2009 (43 locations, 15 years old, realized average life = 15 years), green circles for 
2015 (47 locations, 9 years old, projected average life = 23 years), (b) Average service lives versus age for 
968 road segments (trendlines are moving averages with a period of two, gold circles for 20 percent PCI 
limit, blue squares for 50 percent PCI limit, 1984 (25 years), 2013 (11 years) and 2020 (34 years)). 

 
3.2. Effect of Traffic on Deterioration Rate 

Traffic volume plays a crucial role in influencing the durability of asphalt pavement. With the availability 
of AADT data for many road segments, the following discussion examines the impact of traffic volume on 
the PCI deterioration rate. To facilitate this analysis, the AADT ratings were categorized into four groups. 
PCI data corresponding to each group are presented in Figure 5. To better understand the effect of the 
specification changes, the PCI data within each group have been separated into two subgroups: before 
and after the implementation of the enhanced specifications in 2015. Figure 5 shows the difference in the 
obvious deterioration rates of pavement condition before and after 2015 for lower traffic volumes (AADT 
< 20,000, improvements of 25, 25 and 35 percent for 5(a), 5(b) and 5(c), respectively). One reason for why 
there is no significant improvement for high-volume roads (AADT > 20,000, improvement of 2 percent for 
5(d)) might be that the enhanced testing methods only fail binders that are prone to thermal cracking, but 
they are less useful to control rutting distress. In the case of high-traffic volumes, rutting may be the 
dominant cause of deterioration of the pavement PCI. This issue deserves further investigation as the 
realized service lives for these roads are suboptimal at around 16-17 years. 
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(a) (b)  

(c) (d)  

Figure 5. Box and whisker plots of PCI decay rates versus pavement age for different traffic levels (377 
road segments, selected data points overlap in the graphs): (a) AADT ≤ 5,000 (38 for 2008-2014 and 42 
segments for 2015-2020); (b) 5,000 < AADT ≤ 10,000 (34 for 2008-2014 and 39 segments for 2015-2020); 
(c) 10,000 < AADT ≤ 20,000 (81 for 2008-2014 and 38 segments for 2015-2020); (d) AADT > 20,000 (47 for 
2008-2014 and 58 segments for 2015-2020). Note that results for 2012 were not available. 

3.3. Effect of Binder Properties on Deterioration Rates 

In this section, the latest PCI deterioration rates obtained from the 2023 Durham Region Infrastructure 
for Roads Reports for segments constructed and rehabilitated from 2015 to 2020, representing 
pavements constructed under the enhanced specifications, were compared with data from 2002 to 2014, 
associated with roads built according to Superpave.36 To clarify trends as well as variability in the data, 
box and whisker plots were constructed as shown in Figure 6. The box encompasses 50 percent of the 
data (i.e., the interquartile range), the horizontal lines within each box provide the median decay rates in 
PCI, the crosses within each box provide the average decay rates in PCI, and the entire data set for each 
period and traffic level is given between the whisker bounds. Outliers are defined as points that lie beyond 
1.5 times the interquartile range away from the upper and lower limits for each box. Both data within and 
outside the box are given as symbols for each construction year. The change in PCI deterioration rate with 
pavement age for asphalt pavements constructed before versus after 2015 demonstrated a significant 
change for the better. The average rate for blue is 3.4 percent/year while for gold it is 2.0 percent/year, a 
41 percent improvement over the timeframe indicated. 

 

 2008-2014 versus 2015-2020  2008-2014 versus 2015-2020 

 2008-2014 versus 2015-2020  2008-2014 versus 2015-2020 
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Figure 6. Box and whisker plot for PCI decay rates versus pavement age for pavement segments 
constructed before (blue) and after (gold) 2015 (538 data points, results for 2012 were not available, 
selected data points overlap in the graph).  

3.4. Effect of Recovered Binder Properties on PCI Deterioration Rates 

Based on the above analysis, it can be concluded that the durability of asphalt pavement can be 
substantially enhanced by adopting enhanced binder testing methods. These improved testing protocols 
can identify asphalt binders that may detrimentally impact durability – a level of discrimination not 
attainable with conventional binder testing approaches that are uncoupled from performance. To further 
substantiate this conclusion, EBBR and DENT test data obtained previously for asphalt binders from 
different pavement sections with known field performance were compared with PCI decay rates. The 
grade loss as an estimation of thermo-reversible aging was determined through AASHTO T 406 EBBR 
testing while the CTOD was calculated from the AASHTO T 405 DENT test. Our previous studies on trial 
sections and prematurely failed contracts have shown that low-temperature cracking resistance of asphalt 
binder can be improved by limiting grade loss and increasing the CTOD.7, 10, 64 

A threshold grade loss of 3°C was established to categorize the road sections into two groups. The 3°C 
limit was highly discriminating for a series of eastern Ontario paving contracts with extraordinary 
variability in performance.16 Analysis was then applied separately to these two datasets as shown in Figure 
7(a). Additionally, an EBBR limiting low-temperature PG grade (LLTPG) threshold of −28°C was employed 
to divide the PCI data into two additional groups, facilitating linear fitting to predict the lifespan of asphalt 
roads constructed with binders exhibiting diverse low-temperature EBBR grades, as shown in Figure 7(b). 
A limit on the DENT CTOD of 14 mm was used to assess the effect of ductile strain tolerance on pavement 
durability, the results of which are shown in Figure 7(c).  

It can be deduced from Figure 7 that road pavement built with binders characterized by better EBBR and 
DENT performance exhibit greatly extended service lives. In contrast, the current AASHTO standard R 320 
is unlikely to differentiate binders with different cracking resistance.16 The AASHTO R 320 standard 
employs a fatigue factor to evaluate the fatigue-cracking resistance of asphalt binders. For thermal-
cracking resistance, creep stiffness and stress relaxation rate were used to evaluate different asphalt 
binders. It is obvious that AASHTO R 320 overlooks thermo-reversible aging performance and high-strain 

2020  2019  2018   2017  2016  2015  2014   2013  2011  2010   2009  2008   2007  2006  2005   2004  2003  2002 
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failure characteristics of asphalt binders. Extensive validation efforts have demonstrated that these two 
properties are crucial in determining the overall cracking resistance of asphalt pavements.7, 14, 16, 17, 43, 59, 64, 

65, 82-85 The findings presented in Figure 7 further confirm that the field performance of pavements can be 
enhanced significantly by controlling the degree of thermo-reversible aging, gelation and ultimately the 
failure resistance of the binder. This conclusion is in broad agreement with the work of McLeod32 and our 
own work on pavement trials and prematurely cracked contracts.14-16, 17, 43, 64 

(a) (b) (c)  

Figure 7. Box and whisker plots for PCI decay rates of road segments classified according to EBBR and 
DENT results for extracted and recovered binder (41 segments constructed since 2015). (A) Grade loss < 
3°C (29 segments), (B) Grade loss > 3°C and < 6°C (9 segments), (C) LLTPG < −28°C (31 segments), (D) 
LLTPG > −28°C (8 segments), (E) CTOD > 14 mm (35 segments), and (F) CTOD < 14 mm (6 segments). 

4. Summary and Conclusions 

This study performed a comprehensive analysis of PCI data for 968 asphalt road segments in Durham, 
Ontario, Canada, dating back to the 1970s. The average service life for these roads was assessed to show 
how asphalt acceptance criteria affect durability and ultimately sustainability. Further, a correlation 
analysis for service lives with DENT and EBBR results was used to validate the effectiveness of the 
innovative acceptance criteria implemented in 2015. Observations and conclusions are as follows: 

(1) The average service life of asphalt pavements in Ontario has fallen dramatically since the 1980s, 
despite the implementation of Superpave specifications and the use of increased levels of polymer 
modifiers. This decline can partially be attributed to incomplete and therefore inaccurate Superpave 
specifications that fail to address the well-documented thermo-reversible aging effect in asphalt binders, 
which has introduced a gradually increasing bias error in the acceptance specifications. The increased use 
of RAP and possibly incompatible oils in the HMA supply chain is likely to explain why pavements are 
under-designed by ever-increasing amounts.  

(2) Traffic volume significantly influences the deterioration rate for ride quality and pavement condition 
index. Lower traffic volume roads (AADT < 20,000) have shown noticeable improvements in performance 
after 2015 due to the implementation of enhanced acceptance criteria. However, at higher traffic 
volumes, fatigue cracking due to structural design insufficiencies and rutting might predominate, reducing 
the effectiveness of the enhanced binder testing methods. This issue deserves further investigation as the 
16-17-year service lives currently obtained for major arterial roads in Durham Region is suboptimal.10 

Other reasons for why there was little change in the high traffic roads might be because the premium 
asphalt mixes used for these do not allow any RAP, were overdesigned with too much polymer modifier 
and/or were not compacted sufficiently to prevent premature aging. 
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(3) The adoption of advanced performance acceptance specifications after 2015, specifically EBBR and 
DENT test methods, led to a marked improvement in pavement durability. Analysis shows a 41 percent 
increase in the average service life of pavements constructed between 2015 and 2020 compared to those 
built between 2002 and 2014, highlighting the critical role of these testing methods in extending 
pavement life. Service lives have increased by as much as threefold between 2013 and 2020. 

(4) The intrinsic performance-based properties of asphalt binders, as determined by EBBR and DENT tests, 
significantly affect field performance. Asphalt binders with lower grade loss and higher CTOD values 
contribute to extended pavement durability. The findings emphasize the necessity of applying enhanced 
binder testing protocols to identify and mitigate potential durability issues, suggesting that current 
standards may be inadequate for differentiating asphalt binder performance effectively. 

5. Outlook 

Although the DENT and EBBR tests have proven to be highly successful, there remains room for 
improvement. Alternative tests are being developed that may replace the DENT and EBBR. The 
characteristic of these new methods is their ability to assess the same key properties as DENT and EBBR 
with a far smaller sample size, reduced testing time, and less procedural complexity.  

Preliminary studies have already indicated a strong correlation between the limiting phase angle 
temperature and the results obtained from DENT and EBBR tests.84 This means that one could rely solely 
on DSR to arrive at a practical and accurate asphalt binder acceptance test. However, switching directly 
from EBBR to DSR methodology probably overlooks oil exudation effects – since ethanol in the BBR 
conditioning bath may remove some oil from the asphalt binder – and this cannot be achieved in an 
accelerated DSR protocol.48,97 To address this, a simple, precise, and efficient test method was developed 
to remove the incompatible paraffinic oil fraction prior to determining the limiting phase angle 
temperatures in the DSR instrument.48 This approach is being further validated through laboratory 
experiments and field data analysis. 

Bans on the presence of deleterious additives, as recently included in Ontario Provincial Standard 
Specification 1101 (OPSS.MUNI 1101), will also need to be enforced, as binders sold in Ontario continue 
to be tainted with considerable amounts of REOB. REOB and, similarly, other saturated oils can suffer from 
premature oxidative and thermo-reversible hardening as well as exudative hardening.48, 93, 94 

The reduced service life findings for Ontario pavements suggest that the way in which RAP is used in HMA 
needs to be revisited. Pavements can be recycled in more sustainable ways, such as through hot in-place 
recycling (HIR) since it has a track record.95 Using only the coarse fraction of the RAP, and thereby reducing 
the replaced binder content, in combination with superior quality, soft Alberta binder might provide a 
more sustainable way forward. However, it is advisable that test sections be constructed first to 
investigate whether this would be an environmentally and economically sound practice. 

Finally, there is a significant marketing effort by several suppliers to sell highly modified binders containing 
6-8 percent of styrene-butadiene polymer with performance grade spans that are as much as 20-25°C 
beyond what is specified in the contract documents. While such binders can pass all binder acceptance 
tests with ease, their performance in service for regular HMA designs has been disappointing.10 Hence, 
they should be controlled through limits on the grade span and/or the slope of the phase angle master 
curve.10, 96 
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