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n all-day workshop at the 84th Annual Meeting of the Transportation Research Board

(TRB) addressed asphalt practitioners’ concerns related to specifying and achieving density
during hot-mix asphalt (HMA) pavement construction. The workshop was divided into four
mini-sessions with the following themes and topics:

¢ Optimizing HMA Construction Temperatures. It has been known for some time
that polymer-modified asphalts have high kinematic viscosities, yet can be mixed and compacted
at temperatures well below those predicted by standard HMA guidelines. This session focused on
research and good-practices which could enable the contractor to lower construction
temperatures, thus achieving concurrent economic and environmental benefits.

e Recent Advances in Compaction Equipment, Including “Intelligent
Compaction.” New technologies offer significant advantages for achieving targeted HMA
density. Compactor add-ons such as Global Positioning Satellite (GPS) systems, IR measurement
of surface temperature, and continuous density tools provide equipment operators with critical
data for enhanced efficiency. New technologies such as vibratory pneumatic and oscillatory
rollers offer unique alternatives for applying vibration to maximize benefits. There are proven
techniques to identify and adequately compact problem mixes.

¢ Longitudinal Joint Density. Construction of quality longitudinal joints continues to
be one of the most problematic areas for HMA pavement performance. Agencies are now setting
stricter compliance standards for joint density, requiring best-practice construction and effective
quality control to earn full pay.

¢ Incentives—Disincentives for Construction Quality. Over the past decade,
construction specifications have evolved to include financial incentive—disincentive clauses for
key elements thought to impact pavement performance, particularly smoothness and density.
More recently, many of these financial adjustments have been based upon statistical criteria as
defined in PWL (percent-within-limits) specifications. Do incentives work? How does one write
and adapt construction practice to meet statistical specifications?

The papers in this document are invited papers for this workshop. The views expressed in
the papers contained in this publication are those of the authors and do not necessarily reflect the
views of TRB or the National Research Council. The papers have not been subjected to the
formal TRB peer review process.

Appreciation is expressed to James A. Scherocman, Gayle N. King, and Dale S. Decker
for their efforts in developing this circular.
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OPTIMIZING HOT-MIX ASPHALT CONSTRUCTION TEMPERATURES

Optimizing Mix and Compaction Temperatures
Why and How

RONALD CORUM
CITGO Asphalt Refining Company

Note: A paper was not written for this presentation. Corum presented findings from a recently
published document by the Asphalt Paving Environmental Council (APEC). This
document, “Best Management Practices to Minimize Emissions During HMA Construction (EC-
101),” outlines best construction practices to reduce construction temperatures, thereby
minimizing construction costs and reducing worker exposure to asphalt fumes.

The publication is available from the National Asphalt Pavement Association (NAPA) at
www.hotmix.org/catalog.
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Prediction of Compaction Temperatures Using Binder Rheology

HUSSAIN U. BAHIA
AHMED FAHIM
KITAE NAM
University of Wisconsin—Madison

uidelines for determining mixing and compaction temperatures of conventional asphalt

mixtures were published by the Asphalt Institute in 1962. Since the adoption of the
performance grading (PG) system in North America, the use of modified asphalts has been
growing continuously. It is well recognized that those 1962 guidelines recommend excessively
high construction temperatures that can result in damage to modified asphalts. But why doesn’t
the current system work? Is kinematic viscosity the wrong physical parameter? Are target
viscosities too low? Or are the test parameters of 135°C and 6.8 s~ inappropriate? Many
attempts have been made to develop more rational guidelines, but none have been universally
adopted at this time.

This study reviews the findings of those alternate methods and proposes a solution that
requires measuring viscosity at various shear rates. The results show that most modified asphalts
are shear thinning. Thus low-shear viscosity (LSV) could be a major factor in resistance of
modified mixtures to compaction. A procedure for measuring LSV is described, and a discussion
of the relevance of low-shear rates to gyratory compaction is presented. The study concludes by
presenting recommendations for using LSV levels of 3,000 cP to estimate reasonable compaction
temperatures for mixtures with modified binders. The study includes only laboratory testing.
Field verification of the proposed guidelines is still needed.

INTRODUCTION

Asphalt binders are thermoplastic materials and their rheology is highly sensitive to temperature.
They exhibit semisolid behavior at ambient temperatures but can be made fluid by heating. High
temperatures make them fluid enough to coat aggregates and they need to remain hot enough to
minimize resistance as the asphalt-aggregate mixture is compacted in the lab or on the road.
Compaction is a densification process during which air voids are reduced by packing aggregates
closer to each other. It is affected by asphalt viscosity because moving of aggregates requires
flow of the asphalt binder films connecting the aggregates. Higher viscosity (resistance to flow)
results in more resistance to packing.

While it is clear that asphalts need to be heated to reduce viscosity and thus enable
mixing and compaction, the fluidity required for each process is not a simple matter. For
example, asphalt rheology is sensitive to heat-catalyzed oxidation and to volatilization of lighter
fractions. If heated too much, asphalts oxidize at such a high rate that hardening can cause
significant damage. Complicating the issue further, asphalt chemistry as defined by crude source
has a strong influence on both thermal susceptibility and rates of oxidative age hardening. This
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means that to achieve a desired level of fluidity behind the paver unaged asphalts with similar
initial rheology may have to be heated to different temperatures. Moreover, volatile emissions
emanating from overheated mixtures may not be friendly to the environment. Some asphalt
modifiers are themselves heat-sensitive and may break down during improper use. And finally,
one must consider production costs, which may increase due to excessive energy use and
precautions needed to protect workers and nearby residents.

It is logical to conclude that there is an optimum temperature range for asphalt
construction. Most importantly, asphalt construction temperatures should not exceed what is
needed to achieve sufficient density and satisfy maximum moisture requirements. While there is
agreement in the research community about the need for an “optimum fluidity temperature,”
there is no consensus regarding answers to the two main questions:

e What physical property controls the role of the binder for mixing and compaction of
hot-mix asphalt (HMA)?
e What is the optimum fluidity (viscosity?) for best-practice pavement construction?

In 1962 the Asphalt Institute introduced recommendations for viscosity levels for mixing
and for compaction that are still in use today (/,2). The levels of viscosity were determined based
on practical factors and appeared to work well for conventional asphalts of grades commonly
used in practice at that time. Since 1993, when the SHRP program ended and the PG system was
introduced, it became clear that asphalts with higher viscosities will be used. Modified asphalts,
particularly those containing high percentages of polymers, must be heated to unreasonably high
temperatures to meet the low viscosity standards recommended by the Asphalt Institute
procedures (3). For many years users of modified asphalts have relied on general
recommendations introduced by binder suppliers or by trade organizations that have developed
best practices from general experience with some of these materials. Unfortunately, there is still
no standard protocol to determine critical physical properties of these new materials with respect
to their impact on construction variables. What should be measured? How? What target
specification limits will ensure proper mixing and compaction?

Selection of the limits for viscosity can have important consequences on materials performance
as well as mixture design. As indicated earlier, achieving relatively low viscosities could require
excessive heating, resulting in degraded asphalts/modifiers or unnecessary volatilization. The
limits could also affect the relative degree of laboratory compaction, and hence the design
asphalt content of mixtures. Mixture design procedures used today require a specified
compaction effort, as defined by a number of gyrations to reach a specified density. Reducing
asphalt viscosity could result in reduced design asphalt content for a given gradation while
increasing asphalt viscosity could have the opposite effect. It is apparent from published
literature that current mixture design procedures were developed for conventional asphalts, not
for modified binders. It is thus necessary to ensure that new procedures for determining mixing
and compaction temperatures do not cause significant deviations from the design asphalt
contents on which current practice is based. It is also important to consider that there could be
significant interaction between viscosity of asphalts and aggregate properties, such as gradation,
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shape and surface texture. The need for a simple, rapid, and accurate procedure for determining
mixing and compaction temperatures is important not only to protect against causing degrading
of asphalts, but also to ensure proper proportioning that will not compromise mixture durability
or resistance to traffic loading.

This paper documents ongoing efforts to use binder rheology to estimate reasonable
mixing and compaction temperatures for modified and conventional high grade binders. The
paper also includes test results for a large number of binders to show temperature differences
when the LSV concept is used and how such changes affect the densification of mixtures.

While the Asphalt Institute recommendations for mixing temperature at a viscosity of 0.170 + 20
Pa-s and a compaction temperature at a viscosity of 0.280 + 30 Pa-s worked well in laboratory
for neat binders, it is well recognized that they result in excessive temperatures for modified
binders. To solve this problem the Asphalt Institute and the National Asphalt Paving Association
(4,5) recommended a reduction of each of those temperatures by 14°C to 25°C as an arbitrary
target to avoid overheating of asphalt binders. This recommendation at best is based on
experience and has no basis in scientific testing, and it is known to result in compaction over a
broad range of viscosities for different binders.

An attempt was made in NCHRP Project 9-10: Applicability of Superpave Protocols to
Mixtures Produced with Modified Asphalts, in the period of 19962000, to introduce a revised
procedure for establishing mixing and compaction temperatures in the laboratory (6,7). It was
shown in the study that the vast majority of asphalts are shear thinning and that modified asphalts
are more difficult to compact due to their relatively high viscosity as measured at low-shear
conditions. Based on the assumption that compaction of mixtures in the laboratory is dominated
by the high viscosity at low-shear rates, a procedure to determine LSV using the rotational
viscometer was introduced, and target limits of LSV were defined. The procedure was presented
to the Transportation Research Board (TRB)-FHWA expert task group and was used on a trial
basis by a number of state highway agencies including New Mexico, Wyoming, Florida, and
Indiana. Mixed results were reported. The procedure was found to be somewhat impractical
because it is time consuming and requires curve fitting that is not simple. Also the target limits
(LSV of 3.0-6.0 Pa-s) were found to be too high, which could result in difficulty in mixing and
coating of aggregates. Other studies found these limits to be useful for field paving, and the
method was considered a reasonable alternative to the Asphalt Institute procedure. Attempts
were made by the expert task group to adjust limits and to simplify protocol, but resources were
limited and no consensus was reached. A continuing need for more data appears to have resulted
in a new NCHRP request for proposals.

The LSV concept is not the only procedure proposed to address this problem. A few
alternatives followed the work introduced by NCHRP Project 9-10. A University of Texas at
Austin (UT) research team introduced the concept of using high-shear viscosity (HSV) measures
to determine proper temperatures (8,9). The team postulated that due to the thin films of asphalt,
shearing during compaction is dominated by very high shear rates rather than low-shear rates. In
their study, they calculated the shear rate on the binder during the compaction process in the
Superpave gyratory compactor (SGC) to be close to 500s ™. Previously for viscosity
measurements in general, a 6.8 s shear rate value was utilized. Given these findings, UT
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researchers recommended the use of high-shear values during viscosity measurements for the
calculation of mixing and compaction temperatures. The team however acknowledged recently
that only considering this high-shear rate cannot solve the problem. They subsequently
introduced higher limits for viscosity (still based on HSV measurements) that resulted in lower,
more reasonable construction temperatures that were verified for a variety of modified asphalts
used in Texas.

The importance of shear rate was also corroborated by the asphalt research team at the
FHWA. Shenoy and coworkers showed the importance of shear rate in relation to modified
binder behavior, though he did not recommended specific mixing and compaction criteria for
modified binders (/0). He further concluded that variation of viscosity with shear rate at the
relevant temperatures is very important for specifying conditions for mixing and proposed a
method to unify the viscosity versus shear rate at different temperatures for a number of asphalt
grades. The authors attempted to represent the change in viscosity from a shear rate as low as
10%s to as high as 107s .

Other researchers have pursued approaches not based upon shear rate dependency.
Saloman and Idaho Asphalt Supply research staff introduced activation energy as the binder
physical property best related to effective HMA mixing and compaction (/7). When mixture
compaction was investigated, the results indicated that the higher the activation energy for flow,
the higher the compactive effort needed to achieve the same density. For example, when the
activation energy increased from 70 to 80 kJ/mol, the number of gyrations needed to achieve the
same density, increased from 30 gyrations to more than 100 gyrations for the same gradation.
Although limited research was done on this concept, Saloman’s ideas imply that the rate of
change of viscosity with temperature or shear rate could be more important than a single value of
viscosity selected at a specific temperature or shear rate.

Another proposal was introduced by Gerald Reinke of Mathy Construction Company in
collaboration with the research staff of rheometer manufacturer, TA Instruments (/2). The
proposed method is based on a stress concept. The authors propose a stress threshold, beyond
which asphalts can readily coat aggregates and mixtures can be compacted with reasonable effort.
The stress level is temperature dependent. Using a simple creep test in the Dynamic Shear
Rheometer (DSR), a plot of stress versus temperature can be constructed, and optimum mix and
compaction temperatures can be derived.

Researchers also have used mixture testing to determine workability and resistance to
compaction at various temperatures. The National Center for Asphalt Technology introduced an
instrumented mixer to measure the resistance of loose mixtures to mixing (/3). Workability was
defined as the inverse of the torque required to rotate the paddle within the sample of HMA. A
preliminary attempt was made to utilize workability data to determine realistic compaction
temperatures. Unfortunately, resources were limited and results were inconclusive.

Measuring compactibility of mixtures was the subject of an extensive study led by
researchers at the University of Wisconsin (UW) at Madison. In this approach, the SGCis used to
determine a mixture’s resistance to densification. A special device called the Gyratory Plate
Load Assembly (GLPA), and later called the Pressure Distribution Analyzer (PDA), is employed
in combination with evolving specimen height to determine the Compaction Energy Index (CEI)
(14,15). CEI was defined as the area under the densification curve between the relative density
corresponding to the 8th gyration and the density at 92%G,. The area under the curve showing
the variation of the shear resistance effort measured by the PDA and the number of gyrations to
92 % Gmm was defined as the Compaction Force Index (CFI). Both measures were used to
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evaluate the impact of binder type, temperature, aggregate characteristics and SGC vertical
pressure on evolving density (/5).

A similar study was conducted by Voller to define parameters that affect compaction
temperatures for modified asphalt binders (/6). His primary hypothesis: optimum compaction
occurs at the temperature where the shear stress in lowest. This study used the Intensive
Compaction Tester (ICT) gyratory compactor to densify lab and field-mixed specimens and
monitor the power required during compaction. Results for a limited number of binders indicated
that shear stress generally increases as temperature decreases, but the power required to achieve
a specific density depends largely on aggregate type and gradation. Surprisingly, temperature and
asphalt grade were found to have minimal effects. The results generally confirmed UW findings
that most mixtures exhibit a minimum in shear stress when observed over a range of
temperatures. This provides further evidence that an optimum compaction temperature exists, but
that this temperature varies with mixture type and aggregate properties.

As indicated earlier, the current Superpave procedure requires mixing at a viscosity of 170 cP
and compacting at 280 cP. To show why these limits are not practical for use with modified
binders, a data base maintained at UW was used to prepare the plot shown as . The data
for 40 binders tested at multiple temperatures and shear rates were used to estimate temperatures
at which these limits could be achieved. Binder grades ranged from PG 64 to PG 82, and
included various polymer additives, acid modification, and oxidized asphalt. As seen in the plot

220
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A A = |
mh, g4 | = g A E
180 | AW n u N -
o A 'AA. A m . Aa
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FIGURE 1 A sample of temperatures at which the current requirements of 170 cP and
280 cP could be achieved for a number of modified binders.
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all but four binders required a mixing temperature above 160°C. The importance of this issue is
magnified considerably when one observes that 20 of 39 binders required compaction
temperatures above 180°C, and five required compaction temperatures of 200°C or more. Given
the ever-present need to maintain HMA product quality while minimizing environmental impact
during construction, these recommendations are unacceptable.

This is not a new finding. In fact suppliers of modified asphalts typically recommend
construction temperatures significantly below those at which the 170 cP and 280 cP criteria are
satisfied, yet mixes are consistently compacted to target densities.

EFFECT OF TEMPERATURES ON DENSITY IN THE GYRATORY COMPACTOR

It is generally accepted that temperature affects asphalt viscosity which in turn impacts density.
However, the issue is complicated by the fact that at the same viscosity level, as measured at a
given shear rate, mixtures produced with the same aggregates and volumetric properties do not
achieve the same density when binders of different modification types are used. Figure 2 plots
data collected by NCHRP Project 9-10. Here, the same mixture was produced with a control
unmodified asphalt and four different modified binders. The air voids achieved at a given
number of gyrations (Ndes) at various temperatures are plotted as a function of kinematic
viscosity as measured at 6.8 s~ (20 rpm) for these same temperatures.

Interestingly, the SGC compacted the unmodified control mixture to the target 4% air
voids at a temperature where the binder’s viscosity was 100,000 cP, which is over 300 times the

-
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FIGURE 2 Comparison of effect of viscosity on air voids achieved at
Ndesign for a single mixture produced with different binders.
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recommended 280 cP. However, at a given viscosity as measured at 20 rpm, all modified
mixtures exhibited higher air voids at the same number of gyrations. The differences in density
are not small, reaching as high as 4% air voids. This observation is critical, because it indicates
that choosing a higher limiting viscosity at the proposed shear rate cannot guarantee the same
density for modified mixtures. Since changing the target viscosity does not appear to offer a
solution to the problem, one must decide whether to change the applied shear rate away from 6.8 s,
or reject viscosity as the limiting parameter.

Before speculating about other solutions, it is important to notice the trend that all
modified binders result in higher voids, which means that their viscosity must be under-estimated.
One plausible explanation is that the shear rate as defined by 20 rpm in the Brookfield
underestimates the viscosity at which modified binders resist densification. Now one must ask,
“What is the effect of shear rate?”” And more importantly, “Can other shear rates estimate
compaction temperatures for these modified mixtures that lead to equal air voids for a given
compactive effort?

EFFECTS OF SHEAR RATE ON VISCOSITY OF MODIFIED BINDERS

It is well recognized that modified binders are sensitive to shear rate. Most of these binders are
shear thinning, a term used to indicate that higher shear rates result in lower viscosity. This can
be easily demonstrated with the rotational viscometer by measuring viscosity at the same
temperature over a range of shear rates. Figure 3 shows data for one of the modified binders as
tested at two temperatures.

These results are typical of shear thinning as observed with most polymer-modified
binders. However, conventional binders exhibit rheological behavior that is much less dependent
upon shear rate, as would be expected for Newtonian fluids. Now recall from Figure 2 that
modified binders do not compact as well as their conventional counterparts when viscosities at a
shear rate of 6.8 s ' are equal. If the applied shear rate during compaction is well below 6.8 s,
the elevated viscosities of modified binders at those low-shear rates could explain the observed
high air void levels. Is it then possible to find a lower experimental shear rate at which
compaction depends only upon viscosity, and is independent of the type of modifier used?
Furthermore, can this change be theoretically justified, perhaps by arguing that very little relative
movement of aggregate particles occurs as the mix approaches the design density?

SHEAR RATES OF MIXTURES IN THE GYRATORY COMPACTOR

It is not intuitive that asphalts are subjected to low-shear rates during compaction. A program
was therefore developed to estimate the evolution of shear rates encountered by the binder during
compaction of a typical gyratory specimen. The key hypothesis to be tested: the shear rate in the
binder film is very low as the gyratory specimen approaches design density.

Figure 4 includes a schematic of the gyratory mold and two plots. The first graph shows
the change in relative density (expressed as percent of maximum specific gravity, % Gmm) as a
function of the number of gyrations. Since the mold diameter is not changing, the % Gmm can
be used to calculate the change in height of the specimen as a function of the number of
gyrations. Since the initial height is known, an approximate vertical strain (change in height
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FIGURE 3 Example of shear rate dependency of viscosity of a modified binder.

divided by initial height) of the specimen can be calculated and plotted as a function of number
of gyrations, as shown in the lower part of Figure 4.

Notice in the lower plot how fast the linear strain rate changes with number of gyrations.
The rate drops from 6.0 s to less than 0.25 s in the first 25 gyrations. At 40 gyrations the shear
rate is close to 0.0. Certainly this result can vary from one mixture to the next, and it may depend
upon temperature, binder content and other factors. However, after studying a large number of
quality Superpave mixtures, it seems clear that the shear rate is near zero for more than 50 % of
the gyrations needed to reach the design target of 4% air voids. As further evidence to support
the hypothesis, Figure 4 plots log gyrations versus the rate of increasing density. The rate of
density increase falls very rapidly following a power law model.

SHEAR DEFORMATIONS IN THE GYRATORY COMPACTOR

The vertical linear strain is not the only type of strain that asphalt mixtures experience in a
gyratory compactor. In fact, many would argue that the shear multidimensional strain is the
dominant strain type in mixtures. To evaluate shear deformation, a device called the GLPA was
used. As shown in Figure 5, the device has 3 load cells placed at 120-degree angles between two
rigid plates. When it is placed on top of the mixture specimen in the SGC, the loads within
sample can be measured in real time as sensed by each load cell. The lower plot in Figure 5
shows the signals recorded from each load cell. The signals can be used to calculate the moment
perpendicular to the plane of compaction. That moment is a measure of mixture shear resistance.
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FIGURE 4 Change in vertical densification rate of mixture sample
in the gyratory compactor with number of gyrations.

The details of estimating shear resistance are explained in another publication (75).

Notice the shape of the curves shown in the lower plot of Figure 5. Each load cell shows
a sinusoidal variation indicating that the mixture immediately under the load cell undergoes
varying shear rate as the mold is gyrating. The shear rate varies from zero at the highest and
lowest load and goes through a maximum a+t the middle point of the force scale. During each
gyration the mixture will pass by the zero-shear rate twice while the mold is rotating. Hence,
low-shear rates can impact compaction and possibly very significantly. Although somewhat
speculative, this analysis is consistent with the observation that modified asphalts show reduced
viscosity at high-shear rates, and thus their high-shear behavior should not be the problem. It is
their behavior under low-shear conditions where viscosities are high that should be responsible
for reduced densities during compaction.

If this analysis is valid, then LSV might be an appropriate physical parameter for
selecting compaction temperatures.

140
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USING LSV TO DETERMINE COMPACTION TEMPERATURES

Many experiments have been conducted to determine if the LSV concept is viable. Data is
available in NCHRP Report 459 and elsewhere (6,7). As one example, Table | shows that similar
air voids can be achieved at Ndesign and Nmax when various modified mixes are compacted at
temperatures where the estimated Brookfield LSV is 3000 cP.

The low-shear viscosities were plotted on a conventional viscosity—temperature chart
(log—log viscosity versus log temperature) and the temperature at which each binder reaches
3,000 cP was estimated. Two plastomeric modifiers (EVA) and two elastomers (SBS) were
compared to a control mix using the same mix design. Results are promising, since air voids
achieved at Design and Maximum gyrations for all five mixes vary within an acceptable range.
This result is in stark contrast to results shown previously in Figure 2, where compaction at
equiviscous temperatures using the standard shear rate of 6.8 s~ did not result in similar air voids.

CONSEQUENCES OF CHANGES TO LSV-BASED TEMPERATURES

Assuming the LSV concept is useful, there is still a need to select the target viscosity at which
compaction temperatures will be chosen. Figure 6 compares the temperatures estimated from a
viscosity of 280 cP @ 6.8 s (called in the figure HSV), with the temperatures estimated from a
LSV of 6,000 cP (solid line). Temperatures based on a LSV of 2,500 cP are shown as the dashed
line.

From the top solid line it can be seen that temperatures of HSV=280 cP do not correlate
well with temperatures for LSV= 6,000 cP. In fact, there is a wide scatter of approximately 30°C.
This is not surprising, since it is known that shear thinning behavior is modifier-specific, and
thus the relationship between HSV and LSV is not uniform for all binders. This line also shows
that, for many of the binders, HSV will not fall below 280 cP until temperatures reach 160°C and
higher. On the other hand, temperatures for which LSV = 6,000 cP are significantly lower.
Recommended compaction temperatures would decrease almost 40°C for many modified binders.
Although directionally correct, the magnitude of this change seems extreme, particularly with
respect to achieving adequate compaction in the field.

To bring lab recommendations more in-line with current best-practice, field engineers
were polled. They collectively suggested that field compaction temperatures in the range of
150°C to 160°C are appropriate and achievable for most highly modified asphalt mixes. As can
be seen in Figure 6, a limiting LSV of 2,500 cP should result in compaction temperatures below
160°C for all but three of the binders studied here.

TABLE 1 SGC Air Voids at Ndesign and Nmax (LSV = 3,000 cP)

Gyrations (N)
Binder Design Max
Control 4.1 2.5
43 mi 33E VA 4.4 3.1
2.5mi 19.3 EVA 4.7 3.7
SBS Linear 4.7 3.1
SBS Radial 4.9 3.5
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FIGURE 6 Comparison of compaction temperatures using LSV and HSV approaches.

As with any new specification limit, it is important to verify that materials successfully used in
current practice will not be excluded. A number of binders commonly used in Wisconsin were
selected for further testing.

The Brookfield Rotational Viscometer was used to conduct the standard 20 rpm testing at
three temperatures for each of the binders. The viscosity-temperature plots were used to estimate
the temperatures at which each binder reaches 170 cP and 280 cP. shows the estimated
mixing and compaction temperature for each binder using these guidelines. The recommended
compaction temperature for most of these binders exceeds the preferred 150°C. One PG 70-28
would require a totally unrealistic compaction temperature of 215°C.

The LSV was also determined by using the Brookfield Viscometer. The same binders
were tested at three temperatures: 105°C, 135°C, and 165°C, and at a series of different shear
rates for each temperature. The testing was always done at increasing temperatures and shear
rates. The shear rates range from 0.47 s ' to 93 s '. The data are entered in an Excel spreadsheet.
The solver program uses a best-fit program to determine the LSV at each of the tested
temperatures. The log® of the LSV is plotted against the log of the temperature in degrees Kelvin.
The temperatures corresponding to a zero-shear viscosity (ZSV) of 3,000 cP and 1,500 cP were
estimated for the binders and are shown in . All but three of the binders meet the 3,000
cPs limiting viscosity at temperatures below 150°C. 1,500 cP data represents a possible limit for
mixing temperatures.
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Another important observation from this study relates to optimum temperatures
prescribed for specific PG grades. One might intuitively predict that optimum construction
temperatures would be grade specific. In fact, the National Asphalt Pavement Association
(NAPA) includes such recommendations in published literature. However, data in Figure 8
suggests that optimum construction temperatures may vary greatly even with the same PG grade,
depending upon the type and amount of modifier present in that specific formulation. For
example, within the PG 70-28 grade, recommended mixing and compaction temperatures vary
by as much as 30°C.

SUMMARY OF FINDINGS AND CONCLUDING REMARKS

Standard laboratory criteria used to recommend mixing and compaction temperatures were
evaluated, with special emphasis on modified binders. This study confirms conclusions from
numerous field surveys. Current Brookfield viscosity limits (170 cP and 280 cP @ 6.8 s ') used
to select mix and compaction temperatures, as recommended in 1962 for standard Marshall mix
designs, are not realistic for modified asphalt mixes. Construction temperature recommendations
are much too high, resulting in accelerated binder aging, modifier degradation, excessive energy
use, and possible negative environmental impact from volatile emissions.

A number of novel concepts have been proposed to resolve this issue, including
activation energy, yield stress, and high- or low-shear rate viscosity. Further laboratory work and
controlled field trials are needed to differentiate among these hypotheses.

This study confirmed that many modified binders are shear thinning. Hence, measuring
viscosity at high-shear rates may under predict the binders’ resistance to flow during compaction,
resulting in unacceptably high air voids for resulting mixtures.

Because the viscosity of shear-thinning binders changes substantially with shear rate, one
must pay more attention to shear rates as applied to the binder during the compaction process. To
insure consistent compacted volumetric properties regardless of binder type, binder rheology
must then be characterized within a comparable range of shear rates.

The LSV as estimated from measurements of viscosity as a function of shear rate with the
Brookfield viscometer is shown to be a reliable procedure. Based upon results from this study,
3,000 cP is recommended as the limiting LSV for estimating compaction temperature. This
target viscosity results in compaction temperatures below 160°C for most modified binders
tested here.
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