Technical Paper

ISSN 1997-1400 Int. J. Pavement Res. Technol. 4(4):222-230
Copyright @ Chinese Society of Pavement Engineering

Development of Microindentation Tests for the Specification Grading of
Asphalt Cements
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───────────────────────────────────────────────────────
Abstract: This paper documents and discusses the development of instrumented microindentation tests for the specification grading of
asphalt cements. Seven recovered asphalts from an Ontario trial were tested with a flat-ended punch indenter in both static creep and
dynamic oscillatory tests on thin films. The rheological properties determined include creep stiffness and slope of the creep stiffness
master curve (S and m-value); elastic/total work of indentation (We/Wt); elastic recovery (ER); viscous creep compliance (Jv); dynamic
storage, loss and complex moduli (E’, E”, and E*); and dynamic phase angle (δ). Dynamic tests were generally found to be more
reproducible than creep tests, likely due to the intricacies in contact detection for the latter. Indentation creep stiffness, viscous creep
compliance, and phase angle correlated well with performance. Previous investigations revealed that creep properties determined on
rolling thin film oven/pressure aging vessel residues for these sections failed to show any correlation with their amount of cracking in
service. This is probably due in part to the unrealistic film thicknesses of 1.2 mm and 3.2 mm and temperatures of 163°C and 100°C
employed in RTFO and PAV aging methods. Another look at thin film aging protocols is warranted, since thinner films should enable
asphalt cements to be aged more realistically at lower temperatures and pressures. More accurate asphalt aging and conditioning protocols
combined with the newly developed tests will allow the reliable and precise selection of asphalt cements to ensure their maximum
durability.
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Introduction

1

North American asphalt cement aging protocols involve a rolling
thin film oven (RTFO), which simulates accelerated aging during
hot-mix production, followed by the pressure aging vessel (PAV),
which simulates 8-10 years of slow aging in service [1, 2]. RTFO
aging is done on ~1.2 mm thick rolling thin films inside glass
bottles at 163°C for 85 minutes. The PAV exposes significantly
thicker stationary films of ~3.2 mm of RTFO-aged asphalt cement
to an air pressure of 2.1 MPa for a period of 20 hours at a
temperature of 100°C. The PAV-aged asphalt cement residue is used
to determine the intermediate and low temperature performance
grades meant to mitigate cracking [1, 2].
While the 163ºC and 1.2 mm thick rolling films in the RTFO can
be considered somewhat representative of those used during
construction, the 100ºC and 3.2 mm values in the PAV are likely too
high in terms of service conditions. Asphalt has a different phase
structure at 100ºC than at typical pavement temperatures and can
therefore be expected to age differently. The thick films and high
pressures used in the PAV likely suppress the evaporation of even
the most volatile asphalt fractions and additives.
Our earlier investigations of nearly 50 pavement trial sections and
numerous regular contracts [3-8] have shown that asphalt cements
of supposedly identical grades can provide performance varying
from best-case to worst-case scenarios. Careful comparisons of
laboratory aged and recovered asphalt cements in these studies have
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revealed that a significant part of the problem lies in the inability of
current aging and conditioning protocols to replicate the chemical
and physical processes that contribute to hardening in service. Thus,
significantly different chemical and physical aging methods are
needed if we want to improve our ability to control thermal and
fatigue cracking distress.
The main reasons for the compromises made during the adoption
of the RTFO/PAV protocol arose from the need for large quantities
of material for dynamic shear rheometer (DSR) and bending beam
rheometer (BBR) grading and the slow aging of thick films [1, 2].
These situations no longer apply.
The long-term objective of our work is to develop reproducible
and accurate specification grading tests for very thin asphalt cement
films. Such films should be chemically aged in a manner that better
reflects service conditions at lower temperatures and pressures and
within reasonable times. Hence, specification properties obtained
from the rheological testing of such films after appropriate
conditioning at low temperatures should improve our ability to limit
pavement cracking.
The objective of the study described herein is to develop and
validate creep and dynamic test methods using indentations with a
flat-ended cylindrical punch. Flat-ended punches provide a
well-defined contact area and therefore allow for the simple and
accurate measurement of creep stiffness, slope of the creep stiffness
master curve, complex modulus, phase angle, and other properties
of interest [9, 10]. The work described encompasses low
temperature creep and dynamic tests on recovered asphalt cements
from seven test sections of a six year old northern Ontario pavement.
Further work will involve the development of improved chemical
aging techniques, which, in combination with the new test methods,
will allow us to better control pavement cracking distress.
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Table 1. Grading Results for RTFO/PAV-Aged and Recovered
Asphalt Cements [3, 6].
AASHTO M320 Grades, °C
Section
Modification
RTFO/PAV
Recovered
Residues (2003) Residues (2008)
655-1
RET + PPA
-36
-39
655-2
Oxidized + SBS
-36
-34
655-3
SBS
-36
-34
655-4
SBS
-35
-27
655-5
SBS
-35
-36
655-6
Oxidized
-35
-31
655-7
Control
-35
-34
RTFO/PAV
Recovered
Residues (1992) Residues (2004)
631-1
Unmodified
-33.1
-25.5
631-2
Unmodified
-33.2
-29.6
631-3
Oxidized
-36.8
-31.5
RTFO/PAV
Recovered
Residues (1996) Residues (2009)
17-02
SBS
-41
-33
17-03
SBS
-35
-29
17-60
Unmodified
-31
-26
17-61
Oxidized
-35
-34
17-62
SBS
-41
-36

Background
Documented Sensitivities and Shortcomings of Current
Aging Methods
The current RTFO/PAV protocol was intended to replicate the aging
process as it occurs during hot-mix production and the first 8-10
years of service. The high pressure and temperature employed in the
PAV are supposed to ensure that oxygen saturates the film to
produce a consistent material with properties similar to that of an
8-10 year old recovered sample within a period of only 20 hours.
However, Bahia and Anderson [2] found that the film thickness in
the PAV can have a major impact on rheological properties, as
measured by the viscosity at 60ºC. Their data proved that yet
undetermined processes can cause significantly increased aging in
thinner films, even at the high temperatures and pressures of the
PAV. Increases in viscosity ranged from a low of 60 percent to over
500 percent (fivefold increase) for only a 50 percent reduction in
film thickness. Earlier studies on variations in PAV aging reached
similar conclusions [11].
Our research on pavement trial sections has shown that recovered
asphalt cements often grade at warmer temperatures than those
predicted by their corresponding RTFO/PAV residues [3, 6, 7]. Table
1 provides a summary of data obtained for several Ontario sections,
showing that potential errors with the RTFO/PAV method can
seriously confound research on pavement performance. Note that a
6°C deficit in the low temperature grade can reduce confidence
from the intended 98% to less than 50% that a pavement is not
exposed to damaging temperatures. The above findings from
sensitivity and validation studies clearly demonstrate a need to
develop improved aging and grading protocols. This project
Vol.4 No.4 Jul. 2011

explores the use of modern indentation equipment to solve several
of the problems that we and others have identified. A brief review of
the history of indentation testing in asphalt follows.

Indentation Testing of Asphalt
Indentation tests on asphalt have a long history dating back to the
late 19th century. A penetration test can be considered an extreme
indentation reaching depths of up to 800 dmm (decimillimeters).
While penetrating the surface of a viscoelastic solid, a needle of
fixed dimensions displaces a small volume of material, and as such
the test should be able to provide a measure of consistency. It has
arguably provided the most successful specification criteria for
asphalt in the history of road construction. In large part this is due to
its ability to provide simple, rapid, and reproducible results without
the need for expensive equipment.
However, several problems with using penetration tests to
measure fundamental rheological properties of asphalt were
recognized early on and at regular intervals thereafter (see Traxler
[12] and references therein):
(1) The needle has end effects.
(2) Its surface can have various degrees of adhesion to the material,
and this effect can vary with depth and penetration rate (grade).
(3) Penetration rate is thought to largely depend on the viscous
properties of the material, thus creating uncertainty as to its
consistency when significant elasticity is present [13].
Traxler’s review of these issues concludes that “the penetrometer
is an inadequate and unsatisfactory instrument for the rheological
investigation of materials (e.g., asphalts) possessing complex flow
and elasticity” [12].
Aside from the widely used penetration test, several other
attempts have been made to develop indentation tests for asphalt
utilizing varying degrees of complexity [1, 14-17]:
(1) Abdel-Moneim and Kirmser [14] described an indenter for the
measurement of the asphalt’s viscosity at room temperatures.
The authors used dimensional analysis to develop an equation
for the determination of absolute viscosities in asphalt films
confined between relatively large, flat-ended indenters of
varying size and the bottom of the sample container. Typical
impressions ranged from 1 mm to 4 mm in a 25 mm layer of
asphalt.
(2) Anderson et al. [1] described stress relaxation experiments in
asphalt cements at temperatures ranging from -30°C to 5°C by
using sphere indentations to depths from 0.1 mm to 0.3 mm. The
relaxation data obtained matched those from more conventional
test methods, such as DSR.
(3) Stangl et al. [15] and Jäger et al. [16] published a series of
nanoindentation studies employing a Berkovich tip to probe the
morphology and various viscoelastic parameters in creep on
asphalt cement films over a range of temperatures (-15°C to 5°C)
at relatively short loading times (< 10 s).
(4) Tarefder et al. [17] published hardness and elastic modulus data
for asphalt cement, mastic, and concrete using spherical and
Berkovich nanoindenter tips at room temperature. The asphalt
cement results were likely confounded by the very low load and
displacement levels. Tests on asphalt mastic and concrete
provided more meaningful results, likely because of the higher
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Fig. 4. Typical dynamic indentation results: (a) Raw force and
displacement traces; (b) Complex moduli as a function of
indentation depth; and (c) Phase angles as a function of indentation
depth. Note: (a) shows a single test result obtained on a 400 micron
film while (b) and (c) show four replicates each for three different
recovered asphalt cements.
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Fig. 5. Dynamic rheological data for recovered binders at 0.5 Hz
and -8°C (first column) and -14°C (second column): (a) Storage
moduli; (b) Loss moduli; (c) Complex moduli; and (d) Phase angles.
Note: Error bars reflect ± 1 pooled standard deviation.

(3)

where E*, E’, and E’’ are complex, storage, and loss modulus,
respectively; A is the contact area; and f0 is the amplitude of the
applied force. A more in-depth overview of the analysis of dynamic
indentations may be found in the literature [10, 18].
As a general trend, the results show slight increases in both phase
angle and complex modulus with increased penetration depth, as
seen in Fig. 4. This may have been due to the same issues that
confound the historical penetration test (i.e. adhesion of the material
to the sides of the indenter, thus changing the effective contact area).
However, the data in Fig. 4 show that the effect is relatively modest
for slight indentations, and differences between asphalt cements are
Vol.4 No.4 Jul. 2011

Phase Angle, °

Complex Modulus, GPa

Time, s

more significant than those for any given asphalt within the first 2
microns to 10 microns. Fig. 4 also shows that a minimum
indentation depth of roughly one to two microns was required to
achieve full contact and stabilized results. Compared to the static
creep data, the dynamic test results were generally found to be more
reproducible.
This is likely due to the uncertainty in the contact detection for
creep tests. The dynamic rheological data were averaged between 4
microns to 8 microns of indentation depth, and the findings for all
asphalt cements at -8°C and -14°C are presented in Fig. 5. The data,
as summarized, demonstrate that indentation is also a very powerful
technique for the reproducible collection of dynamic properties in
thin films at low temperatures.
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Fig. 6. Conventional grading of asphalt cements recovered from
2009 core samples: (a) BBR and (b) DSR at -14°C. Note: Limiting
stiffness temperatures are provided in the first column and limiting
m-value temperatures in the second column. Error bars on phase
angles provide ± 1 pooled standard deviation. Significant errors in
DSR data show that at this temperature the machine is at the limit of
its capabilities with 8 mm parallel plates.
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Fig. 7. Pavement distress indicators: (a) Pavement condition rating
(PCR) and Ride comfort rating (RCR) indices for August 2008 [6];
(b) Approximate transverse crack counts for 2008 (first column) [6]
and 2010 (second column); and (c) Approximate transverse crack
lengths for 2008 (first column) [6] and 2010 (second column).
(2)

The BBR and DSR results for the asphalt cements recovered from
2009 core samples are provided in Fig. 6. Field performance of the
trial sections is reflected by the thermal distress data in Fig. 7.
These graphs show that the rankings, as produced by the various
indentation properties (Figs. 3 and 5), largely match those for the
BBR limiting temperature (Fig. 6(a)) and DSR phase angle (Fig.
6(b)). This comparison shows that the indentation test is able to
determine meaningful rheological properties on very thin asphalt
films over a range of temperatures.
Depending on how the cracking survey results are presented (e.g.
transverse crack lengths, longitudinal crack lengths, transverse crack
counts, etc), the sections’ performance is ranked in slightly different
orders. The 2008 and 2010 surveys rank the sections in a slightly
different order due to differences in pavement age (note: the rather
significant changes in 2008 [Table 1] and 2009 limiting BBR
temperatures), survey lengths, and the criteria that were used to
count cracks. Results from 2008 are different from those in 2010 in
part due to a significant number of shorter cracks connecting to
form fewer larger ones. Hence, in our opinion, it is best to separate
the performance into the following three categories:
(1) Sections 1 and 5 are performing as expected/desired, with
Section 1 doing slightly better;
228
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Sections 2 and 3 are cracked significantly more than desired;
and
(3) Sections 4, 6, and 7 are cracked excessively for a seven year
old trial.
A more detailed analysis of the cracking data is likely not
justified due to the inherent difficulties associated with cracking
distress surveys. In years to come, the picture will become clearer
with Section 1 likely surviving largely free of distress and the others
deteriorating to states requiring early reconstruction before they
reach their design life. Section 5 may also remain in fairly good
shape, although the base asphalt was found to be prone to physical
hardening, which will eventually show up as increased thermal
distress [6].
The findings from DSR, BBR, and indentation test methods agree
well with the performance rankings presented in Fig. 7. Asphalt
cements used in Sections 1 and 5 appear to perform best in service,
which is reflected in the grading test results (low stiffness, high
m-value, low elasticity, and high phase angle). Materials used for
Sections 4, 6, and 7 appear to perform worst, both in service and in
the grading tests (high stiffness, low m-value, high elasticity, and
low phase angle). The creep stiffness [S(60 s)], viscous creep
compliance [Jv(120 s)], and dynamic phase angle [δ(0.5 Hz)] in
indentation are slightly better than the m-value [m(60 s)] at ranking
the performance of this set of seven asphalt cements. However, this
Vol.4 No.4 Jul. 2011
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result may be due to the samples having been conditioned for only
30 minutes at -14°C prior to testing. Physical hardening effects
during longer conditioning periods will likely improve the match
between the ranking in m(60 s) (Fig. 3(b)) and the ranking in field
performance (Fig. 7) [3-7]. It is somewhat remarkable that the
indentation stiffness [S(60 s)] does a significantly better job than the
BBR [S(60 s)] at ranking the performance of these seven materials.
Limiting BBR stiffness temperatures for these recovered materials
were determined and fell within a narrow range of -22.5°C to
-25.8°C. Further work on the effects of conditioning time on the
indentation properties will be needed to shed light on these
uncertainties.
In contrast to the results of the recovered materials, the current
specification tests on RTFO/PAV-aged materials rank all of these
asphalt cements at either -35°C or -36°C. Thus, they should have
survived the cold spell in January 2004, during which the surface
temperature fell to -34°C on two occasions. It is therefore
reasonable to conclude that it would be possible to more reliably
and precisely select asphalt cements to ensure their maximum
durability, provided that the current RTFO/PAV aging and low
temperature conditioning protocols can be improved. This issue is
the focus of ongoing investigations by the authors, and we hope that
the newly developed indentation tests will provide much needed
tools to bring this effort to a successful conclusion.

Conclusions
Given the results presented in this paper, the following summary
and conclusions are provided:
• Modern instrumented microindentation tests are able to provide
routine rheological testing data on much smaller samples yet
maintain the accuracy and precision analogous of those
produced with BBR and DSR equipment.
• Indentation creep properties appear to correlate well with the
observed variability in pavement performance for the seven
recovered asphalt cements, as investigated in this study. This
contrasts with the BBR grading on RTFO/PAV-aged material,
which ranked all sections in a narrow range of -35°C to -36°C.
• Dynamic indentation tests appear to provide accurate and
reproducible rheological properties. The low temperature
indentation phase angle, which is a measure of the asphalt
cement’s ability to relax thermal stress, was found to correlate
well with pavement cracking distress.
Given the encouraging findings of this study, the time seems to
have come to explore new thin film aging protocols to produce
asphalt cements with properties that better reflect those of materials
recovered from 8-10 year old pavements.
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