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Several methods are available for determining the bulk specific gravity
(G} of reclaimed asphalt pavement (RAP). However, a clear recom-
mendation has not been had for determining this property, In this study,
asphalt mixes with known aggregate properties were produced and
aged in the laboratory to simulate RAP, The aggregates were recovered,
and the aggregate properties, including G,,,, were reassessed. The aged
mixtures were also tested to determine maximum theoretical specific
gravity (G,,), from which estimated G, values could be calculated.
The Gy, values from both the extraction and G,,,, methods were compared
with the known or true G,, values for these aggregates. The effects of the
RAP G,, errors on voids in mineral aggregate values from the various
methods were also evaluated. On the basis of the results of this study, it is
recommended that the G, method be used to determine the RAP G,
when a regional absorption value is known,

One of the key issues accounted for in current mix design procedures
is mix durability. Voids in the mineral aggregate (VMA) is the
measure used to ensure adequate film thickness to prevent durability
issues. VMA quantifies the arca between aggregate particles filled
with the effective asphalt content and air. One of the inputs for
calculating VMA is the bulk specific gravity (G,,) of the combined
aggregates; therefore, it is important to obtain an accurate G, The G,
of the combined aggregates is determined from specific gravity tests
conducted on samples from each aggregate component in the mixture.

When reclaimed asphalt pavement (RAP) is used as a component
of an asphalt mixture, the G, of the RAP aggregate must also
be determined. Directly measuring the RAP aggregate properties
such as gradation. G, or other Superpave'” consensus properties,
requires the additional step of recovering the RAP aggregate. Two
methods can be used to recover the RAP aggregate: solvent extraction
(AASHTO T164) and the ignition oven method (AASHTO T308).
While both methods are accepted, disadvantages are associated with
both. The solvent extraction method may leave a residue of asphalt
on the aggregate while the ignition oven method may cause aggregate
degradation. Prowell and Carter evaluated the properties of aggre-
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gales extracted using the ignition method and found that the specific
gravities of some aggregates were significantly affected by the high
temperatures (/). Lynn et al. also found that aggregate degradation
due to the ignition method can be an issue, and the difference in
aggregate properties could affect the VMA (2). Shultz evaluated
several solvent extraction methods and reported that the asphalt con-
tent tended to vary, which may be an indication that some methods
were not adequately removing asphalt from the aggregate (3).

Alternatively, the RAP aggregate G,, can be estimated from
the effective specific gravity (G,.) of the RAP aggregate, which is
calculated from a maximum specific gravity (G,,,) test on the RAP
sample, the asphalt content of the RAP, and an assumed asphalt
absorption. This technique is recommended in NCHRP Report 452:
Recommended Use of Reclaimed Asphalt Pavement in the Superpave
Mix Design Method: Technician's Manual (4). However, this approach
also has three significant disadvantages. The first two disadvantages
are associated with determining the asphalt content that must be
obtained using one of the extraction methods, either ignition oven
or solvent. If the ignition method is employed, the accuracy of the
asphall content may depend on an assumed correction factor. If the
solvent extraction method is employed, some of the aged asphalt
may be difficult to remove from the aggregate, and the asphalt
content may be underestimated. The third potential problem is that
the asphalt absorption must be estimated based on a typical value
for a location. The assumed value may not adequalely represent
the absorption that actually exists [or the particular RAP.

Il the RAP aggregate G,,, is incorrect, it will affect the VMA cal-
culated for the mixture. The magnitude of the VMA error will depend
on the error of the RAP aggregate G,, and the percentage of RAP
used in the mixture. Therefore, the best method for determining the
RAP aggregate G,, needs to be identified to prevent overestimating
the VMA of a mix, which could result in durability issues.

OBJECTIVES

The main objective of this study was to identify the best method for
determining the RAP aggregate G,,. A secondary objective was to
cxamine the differences and errors associated with the options for
determining or estimating the RAP aggregate G, compared with the
true G,,. In this study, asphalt mixes with known aggregate properties
were produced and aged in the laboratory to simulate RAP. The G,,,,
values for the aged mixes were determined and were used in calcu-
lating the estimated G, The aggregates were then recovered. and
the aggregate properties were rcassessed. Comparisons of the G,
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TABLE 1 Aggragate Properties Measured

Praperty Specificatiom
Sicve analysis AASHTO T27
Coarse uggregale durability AASHTOTI10
Fine aggregate duratulity AASHTO T210
Sand cquivalent AASHTO TI76
Los Angeles abrasion AASHTD T96
Speetfic gravity and sbsorption AASHTO TBS

of coarse aggregate

Specifte gruvity and absorplion .
of fne ageregale AASHTO T84
AASHTO T326
AASHTO T304

ASTM D3821

AASHTO T104

Coarse aggregate angulariy
Fine apgregate angularity
Frugtured faces

Soundness

valves {rom the extraction methods and the estimated values [rom
the G, tests were made with the known or true G, values for these
aggregules, The impact of errors on VMA associated with the different
methods of determining G, for the RAD was evaluated for different
percentages of RAP in a typical asphalt mixture,

EXPERIMENTAL PLAN

Superpave mix designs were developed in accordance with AASHTO
M323 using Tour virgin aggregate sources. Aggregale propertics,
imcluding G, and absorplion, were détermined {or the virgin agare-
gate blends. Table | Hists the aggregate properties measured and the
procedures that were followed (o delermine the zpgregaie properties,
The loose Superpave mixes were then aged in the laboratory Lo pro-
duce siimulated RAP, and the G, of each mix was determined after
aging. The aggregates were extracied from the simulaled RAP using
one of three extraction methods, and the aggregate propertics were
reassessed. The measured and cstimated G, values lor each simulated
RAP were calenlated based on the measured and assumed properties.
The measured and estimated G, values were then conparcd with
the virgin G values and used to ealculate VMA.

MATERIALS

The four aggregale sources used were (wo limestones {hard and soft),
a rhyoliie, and a granodiorile source. The hard Himesione was from
an Alabama guarry. and the sofl limestone was from a Florida quarry,
The rhyolite was from a Nevada quarry, and lie granodiorite was
from a California quarry. Agpregate sources are labeled as follows:

Hard limestone is labeled Alabama,
Soft imestone is lubeled Florida,

* Granodiorite is labeled Handley. and
* Rhyolite is labeled Lockwood.

]

Superpave mix designs were develaped (or each region, consisting
of ull virgin aggregales and unmodified asphall binder, The virgin
asphall binder used for both the lanestone mixes was a PG 67-22,
and the virgin asphalt binder used for the thyolite and granodiorite
mixes was a PG 64-22.
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LABORATORY-PRODUCED RECLAIMED
ASPHALT PAVEMENT

Superpave mix designs were developed for each aggregate. Once the
mix designs and determination of the virgin aggregate properiies were
completed, laboratory mix was produced and uged (o stimulate RAP.
The aging process was a modification of AASHTO R} Short-term
aging was conducted in accordance with AASHTO R30. The
long-tcrm aging process defailed in AASHTO R30 is intended for
compacted specimens. However. in this study, the long-term aging
was used for loose mix. The loose mixes were spread in thin layers
in pans and shott-term aged for 4 b at 275°F and stirred every hour,
Short-term aging was followed by 5 days of aging at |85°F with the
material stirred twice a day.

EXTRACTION METHDDS

Afler 5 days of aging. (he matertal was allowed 1o cool and
then divided into three portions. One portion of the material was
extracled following the reflux method (AASHTO T164 Method B).
The second portion was extracled following the centrifuge method
{AASHTO T164 Mcthod AY. The third portion was extracted ni the
ignition oven (AASHTO T308). The solvent used lor the reflux and

centriluge methods was trichloroethylene. The asphalt coments were

determined for each sample extracted. Correction factors were nal
used lor the 1gailion oven results.

HESULTS OF ASPHALT CONTENTS
DETERMINED FROM EXTRACTIONS

“The asphalt contlenls were determined using all three extraction

methods. The rue asphall content wis assumed 0 be (ke target asphalt
conlent since the actual asphall content of a sample coutd not be
determined. The target asphalt content was added during the mixing
process: however., asphalt can remain in 4 mixing bowl, aging pan,
und gyratory mold, thus affecting the actual asphall content. Figure 1
illustrates the asphalt contents oblained (rom each exlraction method
ax well us the true asphall comtent. The true asphall content was
consistently higher than the asphull contents oblained from each of
the extraction methods. The centrifuge method yielded the lowest
asphalt content for ail four aggregale sources, while the tgnition
oven consistently yielded the highest of the extraction methods.

Two unggual sample sizc {-tests were conducted at a level of
significance of 0.05 1o determine if the mean asphalt content of
each mix for 4 given extraction method was significantly different
from the target asphalt content for & given mix. The null hypolhesis in
cach case was that the exiracted asphalt conlentl was not stegrificantly
different from the target asphalt content, Table 2 summarizes the
resuits of the (-tests conducied. In almost all coases, the nill hypothesis
was rejected, indicating 2 significant difference between the largel
asphalt content and the extracted asphull contents.

The statistical analysis did not reveal an extraction method (hat
resulied in mean asphalt contents thal were not significantly different
from the target asphali conlent; therelore. the recommendation for
a method 1o determing the asphalt content of a RAP source was based
on the method tha yielded an asphall content closest to the larget
asphalt content. Since the ignition oven yielded the asphalt content
closest to the true asphalt conlent, the ignition aven asphait content
was selected to estimate the G, usting the G, method.
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FIGURE 1  Asphait contents.

VOLUMETRIC CALCLULATIONS OF
MATERIALS WiTH KNOWN PROPERTIES

Measured asphall contenls and aggregate prapertics were used tw
determine measured and estimated Gy, values for cach source. The
estimated G, was alsa caleulated using extraction infermation [rom
the ignilion oven method, Alter Gy, values were determined for each
method, the VMA values were calculated. Comparisons belween
methods of both the G, and VMA values were made along with
comparing to the virgin values. The following section details the
calcntations completed.

TABLE 2 Results of t-Tests Comparing
Agphalt Contents

Reject Null
Agercgaie Blend Extraction Method Liypathesis
Alabama Centrifuge Yes
Alabama Reftux Yes
Alabama [gmiion oven Yes
Florida Centriluge Yes
Florida Reflux Yes
Florida ignition oven Yes
Handley Centriluge Yis
Handley Reflux No
Handley lgnition oven Yes
Laockwood Centrifuge Yes
Lockwood Reflux Mo
Lackwood laniton oven Yes

Lockwood

Handley

Specific Gravities

The measured G, values of the virgin and recovered aggregale were
determined in sccordance with AASHTO T84 and AASHTO T8&35.
The combined measured G, of cach blend was deterniined by using
the following equaltion:

Sk

G, =2~ M
L P
S5

G,

where 2, is percentage of aggregate source { and G, is aggregate bulk
specific gravity of source i,

Howevet, the G,, of the RAP aggregate can also be estimaied
using the recommended methodology in NCHRP Report 432 (4),
which would eliminate the need to measure the G, of extracted
aperegate. The cstimated G, values were backealeulaled from G,
tesls (G method). Inthe G, method, the RAP G, is determined,
and an asphalt content is calewlated [rom one of the extraction
procedures. The asphalt contents Mrom the ignilion oven lests were
used to estimare G,, since Us resulls were the closest to the rue
asphalt content of each muxture. The G, and asphalt content vajues
were tsed along with an absorbed dsphall specific gravity (o deter-
minc lhe RAP aggregate G,.. The formula used to calculate the RAP
aggrepate G, is as follows:

_100-A,
LY
G, G,

mm

@
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where P, is percentage of asphalt and G, is asphalt specific gravity
of the binder {assumed to be 1.028 in this study?,

The next step in he G, method after caleulation of the G, was
to calculate an estimaled G, The equation used to estimate the G,
lotows:

G, = W (3}

e Tk g
100* G,
where Py, is percent asphalt zbsorbed,

In this stady, P, was calculated from the known or rue vajues off
G... G, and G, with Equation 4;

A = 10{}(6‘“—_9‘1}3,, )
x

st b

Tii actual practice, these true values will be unknown; therefore, mix
designers will need Lo base the asphalt absorption value on typical
values from asphall mixes for the area where the RAP was obtained,

Results of G, and Voids in the Mineral Aggregate
Calculations for Known Materials

The VMA was first caleulated using the measured G, values. Then the
VMA was caleulaned using he estimated G, Table 3 lists the measured
G, for the original aggregates (which were considered the true &),
measured G, values for the extracled aggregates, and estimated G
based on the G, method. The measured (7, from the centriluge
extracted aggregate for Handley was removed {rom the data sei since
it was unrealisically low, With the exception of the Handley material,
the twe solvent extraction methods resulted in measured G, vahues
that were similar to or slightly higher than the true G, The measured
G, of the ignition oven recovered aggregales was cither similar Lo
ar lower than the true 7. The estimated 5, values were similar to
the true G,, values.

The RAP aggregale G, results were compared with the rue G,
results using Tukey s mean comparisons (o = 0.05) to determine if
the mean G, values were significantly different. The aull hypothesis
in each case was that the RAP aggregate G, determined from a given
method was nol significantly different from the true G, Table 4
suntmarizes the results of the r-tests. Eight of the 15 t-tests did not
reject the null hypothesis, which indicates that no siatistical significant
difference was found between the RAP aggregate G, and the lrue
G, Tor the majorily of comparisons. Three of the five eases that rejected

TABLE 3 Avarage (7,, Values

Exiraction Method
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TABLE 4 Results of &,, Meen Comparisans

Agppregate Blend 0\ Delermination Reject H,
Alabaria Centrifuge Yos
Alabama Keflux Yeas
Aldabam Ignilion oven Ner
Alabarna CF ra methied Yes
Flarida Centrifupe No
Flarida Reflux Yes
Flonida [gnition oven Yis
Florida oo Method No
Handbey Centnfuge —
Hardtey Reflux Yes
Handley [gnitian oven Yes
Handley G Method No
Lockwood Centrifuge No
Lockwood Reflux Na
Lockwood lgnition oven Mo
Lockwood G mielhod Mo
MNoTE: — = had test data.

the null hypothesis were reflux solvent extractions. This indicates that
three of the lour sels of Gy, values from reflux extracted aggregates
were significantly different from the true G, Two of the four ignition
oven mean G, values were significantly different from the true G,
Both the centrituge and &, methods had ene sct of G, values that were
signifcantly different from the tue G.,.. The Handley cemrifuge data
were not used in the G, -fest evaluation since the data were suspect.

Table 5 lists the average differcrice between the true (7, value
and each respective method for calculating the RAP G,.. For each
material, the estimated G, was the most similar to the true values,
However. the assumed asphall absorption for the G, method was
bused on the true asphail absorption, In practice, an assumed asphal:
absorpton should be based on typical asphall absorptions [or an
asphalt plant, If the typical asphalt absorption for an asphalt plant is
not known, another method for determining the RAP aggregate
G should be considered, such as the measured G, from one of the
exlraction methads.

The errors for the measured Gy, of (he extracted RAP aggregaices
tended (o vary, The measured G, (tom the reflux extractions exhibited
resulls that were the most consistent in cegard to the error: the refiux
consislenly underestimated the G, The ignition oven lended (o yield
Llhe lowest difference, wilh the exception of the Flotida limestone,
from the true G, for the measured G, values. The error for the Florida
limestone was the fargest error and was most likely due to aggresaie

TABLE 5 (5, Differences

Extraction Method

Agpregale Lgmiion Apgregaie

Bend None  Centrifuge  Refiux  Cven Estimaled &, Blend Centrifuge Reflux Ignition Oven Estumated G
Alabama 2.697 2719 2722 2.687 2.689 Alabama -0.022 ~{h25 0410 frOt
Florida 3.500 2508 2524 2.461 2.504 Florida -0.008 -0.024 0.03% -0.004
Handley 2.560 — 2579 2574 2337 Handley — -.019 -4 0003
Lockwood — 2.52% 1518 1546 2532 2525 Lockwond 0010 R HH —FL{M 0.003
NoTe: — = had st daa. NOTE: «— 3 bad lest daa,
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TABLE 8 Combined 5, Criteriop for Each Blend

Appregate Percentage Percentage Combined (7,
Blend ol Fines of Cuarse Crlerion
Alahama 5232 478 0.0465
Florida 347 45.3 0.0463
Handley 45.9 5401 0.0470
Lockwood 58.6 414 0.0460

degradation, Aggregates such as the Florida limestone emphasiie
ithe need 1o evalugie the effects of an exwaction method [or a region
sinee some materials are dramatically affected by the method of
extraction.

Variability in determining material properties is expected. Since
differences in results are expected, an aceeptable level of difference was
defined to evaluate whether the differences between the brue values
and the extracted aggregate G, or estimated G, were substanlial.
A established criterion does not exist for a combined G, Therefore,
ome was calculated based on the euirent coarse and fine aggregate
G, eriteria. The eriterion developed used the truc gradations to
eslablish line and course aggregate percentages and the D2S cri-
terion from AASHTO T 84 and T 85 as input {or the G, values in the
combined aggregate equation (sce Equation 1), The D28 {difference
between twao lests) criteria for fine and coarse Gy e 0,043 und 0,051,
respectively, Table 6 summarizes the percentages of fine and coarse
aggrepate and the calcutaed combined G, criterion for each blend,

The measured G, from the ignition oven extracied Florida aggre-
gate was oulside his eriterion. All ather G,,, values were within the
allowable difference from the true G, In other words, by current
avceplable tolerances {or measuring G, all bul the ignition even
extracied Florida limestone would be considered similar to the troe
G.. The analysis in his study indicated that the G, method was the
moslappropriale method for determining the RAP aggregale G, when
a regional absorption is known.

The differences found between the varions methods to determine
RAP appregate Gy, and the true Gy, indicaled thal, génerally, rom
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a practical standpoint, the errors are small, However, these small
crrors may be magnified when used in VMA calculations. The final
evaluation for the stedy examined the effect of these G, errors on
calculated VMA,

As a RAP percentage increases, the RAP contributes a larger
pertion af the combined G Small errors in RAP aggregate G, will
be magnitied as the RAP percentage increases. Figure 2 illustraies
generulized relationships between G, error, VMA error, und RAP
percentage. This plot illustrules the importance of selecting the
appropriate method for determining the RAP G... Each colored
line represents a Gy, error and ity effect on VMA as the RAP percent-
age increases. For example, the solid line with tiangles represents
i RAP G, thal is 0.01 less than the srue G, for that RAP source. At
20% RAP, the YMA crror is only B.06; at 609% RAP, the YMA crror
increases to 0.2,

An evaluation of the effects of the errors from the estimated
RAF G,, on VMA with increasing RAP percentage was conducted.
The VMA errors caleulated for each source versus the increasing
RAP percentage arc illustraled in Figure 3. The Handley aggrepate
yielded the least difference us the RAP percentage increased, while
the Florida VMA difference was the largest.

In practice, a VMA error that is equal 1o or less than 2025 is
accepluble. Up 1o 409% of either limestone RAP sources could be
used in a mix without subsiantially affecting the VMA. The VMA
error would by substantially affeeted for the Lockwood aggregale
al RAP percentages grealer than 48%. The rale at which the VMA
difference increases depends on the aggregate source, as can be seen
in Figure 3.

CONCLUSIONS

The methods available for determining the G, for RAP aggreeate
were eviduated in this study. Virgin mixes were sged 1o produce
four simulated RAP materials. The asphalt contents determined
from the extractions indicated that Lhe ignition method yielded
the asphalt content most similar to the actual asphall conlent.
When the RAP Gy, valucs were compared with the true G, the
cstimaled G, using the G, method and asphalt contents from the

0.0
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FIGURE 3 VMA diffarence versus RAP percantags.

ignition oven were the closest to the true G, for each material,
Potential for errors in VMA caused by the estimated RAP aggregaic
7,y ervors was evaluated. The small errors in VMA resulting from
the G .., melhod of estimating ., were found to be within 0.2%,
considercd reasonable for high RAP volunwetric mixes. The rec-
vmmendalion for determining the RAP G,, is to use the G,
method when a known regionul absorption is available. If aregional
absorption is nol available, then the RAP G, should be determined
from extracted aggregate. The method for extraction employed
should be one appropriate for a region. Results of this study con-
firmed that some extraction methods are nol appropriate for certain
ageregales.
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