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ABSTRACT

Saskatchewan Ministry of Highways and Infrastructure (SMHI) currently use the Marshall compaction
method for laboratory hot-mix asphalt (HMA) design and placement quality control / quality assurance.
Unfortunately, Saskatchewan has witnessed premature rutting in some pavements due to significant
reduction in air voids under traffic loading. As a result, it is hypothesized that laboratory compaction
during the design process may not be accurately predicting in-service air voids of typical Saskatchewan
asphalt mixes. This research characterized the effect of varied laboratory compaction energy on the
volumetric and mechanistic mix properties of laboratory compacted hot-mix asphalt mixes. The
volumetric and mechanistic mix properties of four Radisson SPS-9A asphalt mixes are summarized and
presented in this paper.

One of the four asphalt mixes considered in this research is designed and constructed to meet
conventional Saskatchewan Marshall Type-71 mix design protocol, two of the research mixes were
designed and constructed to meet Superpave' ™ Level I mix design criteria. One of the research mixes was
designed and constructed to meet the Superpave'™ recycle mix design criteria.

This research found that laboratory volumetric properties are sensitive to varying Marshall and gyratory
compaction energies. With regards to Saskatchewan air voids criterion, 50-blow Marshall compaction
satisfied air voids criterion. However, at 75-blow Marshall compaction effort, the conventional SMHI
Type-71 asphaltic mixes yielded air voids below the minimum allowable air voids. Air voids was
sensitive to increased gyratory compaction energy. In terms of gyratory compaction, the conventional
SMHI Type-71 mixes met air voids criterion at 1.25°, but not 2.00° and 2.75° gyratory angle.

Triaxial frequency sweep characterization of the Radisson SPS-9A mixes proved that increasing gyratory
compaction energy significantly increased the mechanistic dynamic modulus mix properties of the
Radisson SPS-9A mixes across deviatoric stress.

KEYWORDS: Marshall compaction, gyratory compaction, volumetric property, mechanistic property,
SPS-9A test site.
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INTRODUCTION

Many provincial highways are faced with the problem of permanent pavement deformation. In laboratory
HMA design processes the method of compaction employed has been found to significantly influence the
volumetric mix properties and mechanical behavior of the compacted asphalt mix (1, 2). Laboratory
characterization of compacted samples is used for the design as well as field performance prediction of
asphalt concrete mixes. As a result, it is important to produce compacted asphalt specimens in the
laboratory that have similar volumetric and mechanical properties as field compacted and long term
trafficked asphaltic mixes (3, 4). Saskatchewan Ministry of Highways and Infrastructure (SMHI)
currently use the Marshall compaction method for laboratory hot-mix asphalt (HMA) design and
placement quality control and quality assurance (5).

Typical asphalt mixes used by SMHI were obtained from the Radisson SPS-9A test sections. One of the
four asphalt mixes considered in this research was designed and constructed to meet conventional
Saskatchewan Marshall Type-71 mix design protocol, two of the research mixes were designed and
constructed to meet Superpave' " Level I mix design criteria, and one of the research mixes was designed
and constructed to meet the Superpave'™ recycle mix design criteria. Table 1 summarizes the mix design
method and asphalt binder specification for each Radisson SPS-9A asphalt mix.

This paper summarizes the effect of varied laboratory compaction energies on the volumetric and
mechanical mix properties of laboratory compacted asphalt mixes. Various Marshall and gyratory
compaction energies have been employed in laboratory compaction of Radisson Specific Pavement Study
9A (SPS-9A) asphalt mixes. Volumetric mix properties were obtained for the Marshall and gyratory
compacted specimen. Marshall stability and flow tests were performed as per SMHI specifications (5).

Triaxial frequency sweep testing was used in characterizing mechanistic material properties of the
Radisson SPS-9A asphalt mixes. The gyratory compacted specimens were tested under stresses
representative of field state conditions. Rapid triaxial frequency sweep characterization has been found to
be effective in determining material performance properties (6, 7, 8, 9, 10).

RESEARCH OBJECTIVE

This research attempts to identify a laboratory compaction method that produces compacted HMA which
better replicate field compacted asphalt mixes used by SMHI.

VOLUMETRIC CHARACTERIZATION OF MARSHALL COMPACTED SPECIMEN

The effect of varied Marshall compaction energy on the air voids of the Radisson SPS-9A asphalt mixes
were characterized by compacting Marshall specimen at 50 and 75-Marshall compaction. Voids in total
mix (VTM) were obtained for each specimen.

Voids in Total Mix (VTM) after Marshall Compaction

Air voids are a physical property of asphalt concrete which is often correlated to in-field rutting
performance of asphalt pavements. The stability and durability of asphalt pavements is significantly
affected by the amount of air voids in the HMA mixture (11, 12). Table 2 summarizes and Figure 1
illustrates the VIM of the Radisson SPS-9A asphalt mixes across varying Marshall compaction energies.
As seen in Table 2 and Figure 1, VTM was found to be lower at 75-blow Marshall compaction compared
to 50-blow Marshall compaction across all the Radisson SPS-9A mixes.
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SMHI conventional Marshall mix 900901 recorded lower VITM compared with Superpave™ Level I
mixes, indicating that the SMHI mix is more easily compacted to lower air voids due to the presence of
smaller top size aggregates. VIM of SMHI conventional Marshall mix was found to be significantly
different than the Superpave™ Level I mixes. With regards to SMHI air voids criterion, the SMHI
conventional Marshall mix is below acceptable air voids criterion at both 50-blow and 75-blow Marshall
compaction while the Superpave™ Level I mixes are above acceptable air voids criterion at both 50-blow
and 75-blow Marshall compaction. It should however, be noted that only Superpave™ Level I mix
900902, met the SMHI air voids criterion at 75-blow Marshall compaction.

VOLUMETRIC CHARACTERIZATION OF GYRATORY COMPACTOR SPECIMEN

The Strategic Highway Research Program (SHRP) adopted and modified the French gyratory compactor
as part of the Superpave™ Level I mix design protocol with a specified gyratory angle of 1.25° (15). In
order to investigate the effect of varying compaction energy on gyratory compacted specimens, Radisson
SPS-9A asphalt mixes were compacted at gyratory angles of 1.25°, 2.00° and 2.75°. The Superpave™
gyratory employed in this research produces larger continuum laboratory specimen compared to the
Marshall compactor and has been found to be highly sensitive to changes in asphalt mix properties and
produces specimen which better replicate field compacted asphalt mix (16,17).

Voids in Total Mix (VTM) after Gyratory Compaction

The VIM of gyratory compacted specimens from the Radisson SPS-9A asphalt mixes are presented
across varying angles of gyration at Niyitai (Nini), Naesign (Naes) and Niaximum (Nmax) for each mix. Table 3
summarizes and Figure 2 illustrates the VIM of the gyratory compacted specimens at Nges and Ny,
respectively. As seen in Table 3 and Figure 2, VTM was found to decrease with an increase in angle of
gyration at Nj,, Nges and Ny across all SPS-9A mixes. Increasing the angle of gyration increases the
shear stress of the gyratory compactor resulting in a more consolidated HMA specimen. VIM at N;,; was
higher than SMHI VTM criteria for all test sections across all angles of gyration as seen in Figure 2 (a).

SMHI conventional Marshall mix 900901 recorded the lowest VTM compared to the Superpave' " Level
I mixes at all angles of gyration. The SMHI conventional Marshall mix 900901 only met the air voids
criterion at 1.25° angle of gyration at Ny as seen in Figure 2 (b). Only Superpave™ Level I mix 900902
met the SMHI air voids criterion at Ny and 2.75° angle of gyration.

SMHI conventional Marshall mix 900901 recorded low VTM at N,,,,, and was below acceptable SMHI air
voids criterion at all angles of gyration as seen in Figure 2 (c). It should be noted that all Superpave™
Level I mixes met the SMHI air voids criterion at N, and 2.00° angle of gyration. However,
Superpave™ Level I mixes were above acceptable SMHI air voids criterion at 1.25° angle of gyration and
below acceptable SMHI air voids criterion at 2.75° angle of gyration as seen in Figure 2 (c).

VTM was found to be more sensitive to change in gyratory angle from 1.25° to 2.00° compared to 2.00°
to 2.75° for all mixes. VTM of Superpave' mixes were above acceptable limits of SMHI VTM criteria.

MARSHALL STABILITY AND FLOW CHARACTERIZATION

SMHI currently uses the Marshall stability and flow characterization in laboratory asphalt mix design and
field quality control and quality assurance. The Marshall stability and flow characterization is empirical
and does not provide fundamental visco-elastic material response properties (8). The Marshall compacted
samples of the Radisson SPS-9A asphalt mixes were tested for stability and flow at a temperature of
60°C. 60°C is believed to be the optimum temperature of HMA pavements in the summer when the HMA
is most susceptible to shear failure or visco-plastic flow (17).
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Marshall Stability Characterization Results

Marshall stability is believed to be empirically related to the maximum load a HMA can be subjected
before shear failure (8). Table 4 summarizes and Figure 3 (a) illustrates the Marshall stability of the
Radisson SPS-9A asphalt mixers at 50-blow and 75-blow Marshall compaction. As seen in Table 4 and
Figure 3 (a), Marshall stability is higher at 75-blow compared to 50-blow Marshall compaction for all
mixes.

Marshall stability values of all mixes are within acceptable SMHI Marshall stability criterion at 50-blow
Marshall compaction. However, Marshall stability at 75-blow Marshall compaction were above
acceptable SMHI Marshall stability criterion for all mixes except Superpave' ™ recycle mix 900962 with a
value of 5.8 kN.

Marshall Flow Characterization Results

Marshall flow is believed to be related to the ability of HMA to resist visco-plastic deformation under
applied stress. Table 4 summarizes and Figure 3 (b) illustrates the Marshall flow of the Radisson SPS-9A
asphalt mixers at 50-blow and 75-blow Marshall compaction. As seen in Table 4 and Figure 3 (b),
Marshall flow values met the SMHI Marshall flow criterion at 50-blow Marshall compaction for all
mixes. With regards to 75-blow Marshall compaction, only Superpave recycle mix 900962 did not
meet the SMHI Marshall flow criterion with a value of 3.8 mm.

TRIAXTAL FREQUENCY SWEEP MECHANISTIC CHARACTERIZATION

This research employed the rapid triaxial frequency sweep tester to characterize fundamental constitutive
relations of the Radisson SPS-9A asphalt mixes with respect to varying compaction energy across the full
range of field state load rates of 10 Hz load frequency, bulk stress of 950 kPa, and deviatoric stress states
of 200 kPa and 600 kPa.

Dynamic Modulus Characterization Result

Dynamic modulus is an indicator of material stiffness and is used in pavement design and structural
modeling (8, 9, 10). Table 5 summarizes and Figure 4 illustrates the dynamic modulus of the Radisson
SPS-9A asphalt mixes at 10 Hz load frequency and two levels of deviatoric stresses. As seen in Table 5
and Figure 4, dynamic modulus was found to increase with an increase in deviatoric stress across all
mixes and all angles of gyration.

SMHI conventional Marshall mix 900901 exhibited the highest dynamic modulus at all deviatoric stresses
and angles of gyration compared to the other mixes. Superpave™ mix 900959 displayed the highest
dynamic modulus value compared to the other Superpave™ Level I mixes. Superpave " recycle mix
900962 exhibited low stiffness compared to the other mixes with the lowest dynamic modulus value
across all deviatoric stress states and angles of gyrations.

Poisson’s Ratio Characterization Result

Poisson’s ratio is a fundamental material response property dependent on stress-strain behavior (8, 9, 10).
Table 6 summarizes and Figure 5 illustrates the Poisson’s ratio of the Radisson SPS-9A asphalt mixes at
10 Hz load frequency and three levels of deviatoric stresses. As seen in Table 6 and Figure 5, Poisson’s
ratio was not sensitive to varying deviatoric stress.
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SMHI conventional Marshall mix 900901 and Superpave™ recycled mix 900962, displayed the highest
Poisson’s ratio compared to the other test sections at 200 kPa and 600 kPa deviatoric stress. However,
SMHI conventional Marshall mix 900901 recorded a low Poisson’s ratio at 200 kPa deviatoric stress
and1.25° angle of gyration. It should be noted that Superpave™ mix 900959 recorded the lowest
Poisson’s ratio at all angles of gyration and deviatoric stresses.

Phase Angle Characterization Result

Phase angle is the lag between applied stress and resultant strain and is an indicator of visco-elastic
material properties (8, 9, 10). Table 7 summarizes and Figure 6 illustrates the phase angle of the Radisson
SPS-9A asphalt mixes at10 Hz load frequency and three levels of deviatoric stresses. As seen in Table 7
and Figure 6, phase angle was found to increase with an increase in deviatoric stress at all three angles of
gyration and across all mixes.

It should be noted that the Superpave™ mixes 900959 and 900902 have the lowest phase angle values at
all three angles of gyration and deviatoric stresses.

Radial Microstrain Characterization Result

Recoverable radial microstrain defines the recoverable portion of strain that results from dynamic loading
and is believed to be an indicator of a material’s tendency for edge shear failure under traffic loading (8,
9, 10). Table 8 summarizes and Figure 7 illustrates the radial microstrain of the Radisson SPS-9A asphalt
mixes atl0 Hz load frequency and three levels of deviatoric stresses. As seen in Table 8 and Figure 7,
radial microstrain was found to be highest at 600 kPa deviatoric stress for mixes and across all gyratory
angles.

It should be noted that Superpave'™ recycle mix 900962 displayed the highest radial microstrain
compared to the other mixes across all angles of gyration. Significantly low radial microstrain values
were recorded at 200 kPa deviatoric stress compared to 600 kPa deviatoric stresses. Radial microstrain
was found to be sensitive to varying deviatoric stress.
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SUMMARY AND CONCLUSIONS

Saskatchewan Ministry of Highways and Infrastructure currently use the Marshall compaction method for
laboratory hot-mix asphalt design and placement quality control and quality assurance. Many provincial
highways are faced with the problem of permanent deformation in HMA pavements as a result of
laboratory mix design and construction inadequacies. In laboratory hot-mix asphalt design process, the
method of compaction employed has been found to significantly influence the volumetric mix properties
and mechanical behavior of the compacted asphalt mix. This research investigated the effects of varying
Marshall and gyratory compaction energies on volumetric and mechanistic properties of typical
Saskatchewan Marshall and Superpave' mixes.

This research shows that volumetric properties are sensitive to varying Marshall and gyratory compaction
energies. With regards to Saskatchewan air voids specification, 50-blow Marshall compaction has been
found to be suitable for conventional Saskatchewan Marshall mixes. Superpave' ™ coarse mixes however
met the Saskatchewan air voids specification at 75-blow Marshall compaction. Air voids was highly
sensitive to increased gyratory compaction energy. It was observed that most of the research mixes met
Saskatchewan air voids specification at 2.00° angle of gyratory. An increase in Marshall compaction
energy has been proved to improve Marshall stability and flow of all mixes. It can be concluded that
applying increase roller compaction energy in field compaction will result in significant improvement in
volumetric and mechanical mix properties of Saskatchewan asphalt mixes.

The results obtained from triaxial frequency sweep characterization show that fundamental material
mechanistic properties are sensitive to varying volumetric properties. Dynamic modulus was found to
increase with an increase in deviatoric stress and angle of gyration across all mixes. Phase angle also
increased with an increase in deviatoric stress and angle of gyration. Radial microstrain also increased
with increase deviatoric stress and angle of gyration and indicated material tendency for edge shear
failure. Adopting the Superpave™ gyratory compactor with 2.00° angle of gyration is expected to
improve volumetric and mechanistic properties of compacted HMA. Increasing roller compaction will
therefore result in improved mechanistic material properties of field compacted asphalt mixes use by
SMHI
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LIST OF TABLES

Table 1 Asphalt Binder and Mix Design Method across Radisson SPS-9A Mixes

Test Section Number Specified Asphalt Binder Mix Design Method
900901 PG 52-28 (AC 150/200) SMHI Marshall Mix Design
900959 PG 52-28 (AC 150/200) Superpave ™ Mix Design
900902 PG 52-40 Superpave ™ Mix Design
900962 PG 52-40 Superpave™ Recycled Mix Design

Table 2 Average Voids in Total Mix at 50 and 75-Blow Marshall Compaction

. 50-Blow Coefficient of 75-Blow Coefficient of
Test Section Marshall Variation Marshall Variation
Number (%) (%) (%) (%)
900901 2.9 3.9 2.7 20.2
900959 6.2 10.3 5.3 5.3
900902 5.5 7.5 43 43.0
900962 5.5 8.7 53 1.6

Table 3 Gyratory Compacted Voids in Total Mix at Niyiaiy Naesign a0d Npaximum

. 1.25° Coefficient 2.00° Coefficient 2.75° Coefficient
Test Section Angle of of Angle of of Angle of of
Number Gyration  Variation Gyration Variation Gyration Variation
(%) (%) (7o)
Ninitial
900901 10.9 4.8 9.8 43 9.1 59
900959 17.7 4.8 16.5 3.2 15.7 4.0
900902 15.6 11.3 15.5 4.7 12.4 7.4
900962 17.0 0.9 15.8 2.2 15.6 3.9
Ndesign
900901 3.6 15.8 2.8 18.1 2.4 27.8
900959 8.3 11.0 6.3 6.3 5.6 13.9
900902 6.7 28.1 6.3 7.3 4.4 14.4
900962 7.2 5.4 5.8 5.8 5.6 4.7
Nmaximum
900901 1.8 5.7 0.8 18.0 0.4 31.9
900959 6.0 5.0 4.0 10.2 2.9 17.8
900902 5.1 8.0 4.0 15.8 2.1 18.3
900962 5.2 6.9 3.7 13.5 3.1 3.3
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Table 4 Marshall Stability and Flow at 50-Blow and 75-Blow Marshall

Marshall Stability  Marshall Stability Marshall Flow Marshall Flow

Tg‘ Self‘“’“ 50-Blow 75-Blow 50-Blow 75-Blow
umber (kN) (kN) (mm) (mm)
900901 2.2 2.73 2.2 2.73
900959 337 2.95 337 2.95
900902 2.92 3.49 2.92 3.49
900962 3.11 3.81 3.11 3.81

Table S Dynamic Modulus across Deviatoric Stress States at 1.25° Angle of Gyration

Test Section  Deviatoric Stress Dynamic Modulus Dynamic Modulus Dynamic Modulus

Number (kPa) @ 1.25° @ 2.00° @ 2.75°
o % % %
e 2 i s
o 0 0 "
e o i s

Table 6 Poisson’s Ratio across Deviatoric Stress States at 1.25° Angle of Gyration

Test Section  Deviatoric Stress Poisson’s Ratio Poisson’s Ratio Poisson’s Ratio
Number (kPa) @ 1.25° @ 2.00° @ 2.75°
20 0 o 0
w2 0 0 0z
900902 600 027 02t 028
900962 600 03 03 036

10
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Table 7 Phase Angle across Deviatoric Stress States at 1.25° Angle of Gyration

Test Section  Deviatoric Stress Phase Angle Phase Angle Phase Angle
Number (kPa) @ 1.25° @ 2.00° @ 2.75°
w2 v o o
w0 % B <
w2 i e v
o 20 5 B 0

Table 8 Radial Microstrain across Deviatoric Stress States at 1.25° Angle of Gyration

. . . Radial Radial Radial
Test Section  Deviatoric Stress . . . . . .
Number (kPa) Microstrain Microstrain Microstrain

@ 1.25° @ 2.00° @ 2.75°
200 14.7 17.0 19.3
900901 600 58.7 58.5 60.7
200 17.9 15.2 14.2
900959 600 60.7 54.6 53.5
200 16.1 17.7 14.9
900902 600 68.9 74.2 61.6
200 27.1 24.0 24.7
900962 600 113.7 100.7 95.2

11
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(c) Phase Angle at 2.75°

Figure 6 Phase Angle across Deviatoric Stress States and Angle of Gyration
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(a) Radial Microstrain at 1.25°
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(b) Radial Microstrain at 2.00°
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(¢) Radial Microstrain at 2.75°

Figure 7 Radial Microstrain across Deviatoric Stress States and Angle of Gyration
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