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DISCLAIMER

The contents of this report reflect the views of the authors who are solely responsible for
the facts and the accuracy of the data presented herein. The contents do not necessarily reflect
the official views and policies of the National Center for Asphalt Technology of Auburn
University. This report does not constitute a standard, specification, or regulation.
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BULK SPECIFIC GRAVITY ROUND-ROBIN USING
THE CORELOK VACUUM SEALING DEVICE

L. Allen Cooley, Jr., Brian D. Prowell, Mohd Rosli Hainin, M. Shane Buchanan, and Jason
Harrington

INTRODUCTION

A major concern of the hot mix asphalt (HMA) industry is the proper measurement of the bulk
specific gravity (Gnp) for compacted HMA samples. This issue has become a bigger problem
with the increased use of coarse gradations. Gy, measurements are the basis for volumetric
calculations used during HMA mix design, field control, and construction acceptance. During
mix design, volumetric properties such as air voids, voids in mineral aggregates, voids filled with
asphalt, and percent maximum density at a certain number of gyrations are used to evaluate the
acceptability of mixes. All of these properties are based upon Gp.

In most states, acceptance of constructed pavements is based upon percent compaction (density
based upon Gy, and theoretical maximum specific gravity). Whether nuclear gages or cores are
used as the basis of acceptance, G, measurements are equally important. When nuclear gages
are utilized, each gage has to first be calibrated to the Gy of cores. If the Gy, measurements of
the cores are inaccurate in this calibration step, then the gage will provide inaccurate data.
Additionally, pay factors for construction, whether reductions or bonuses, are generally applied
to percent compaction. Thus, errors in G, measurements can potentially affect both the agency
and producer.

Bulk Specific Gravity By The Saturated-Surface Dry Method

For many years, the measurement of Gy, has been accomplished by the water displacement
concept, using saturated-surface dry (SSD) samples. This consists of first weighing a dry sample
in air, then obtaining a submerged mass after the sample has been placed in a water bath for a
specified time interval. Upon removal from the water bath, the SSD mass is determined after
patting the sample dry using a damp towel. Procedures for this test method are outlined in
AASHTO T166 and ASTM D2726.

The SSD method has proved adequate for conventionally designed mixes that utilized fine-
graded aggregates. Historically, mixes have been designed to have gradations passing close to or
above the maximum density line (fine-graded). However, since the adoption of the Superpave
mix design system and the increased use of stone matrix asphalt (SMA), mixes are being
designed with coarse-graded aggregate resulting in erroneous G, measurements. Many of the
HMA mixes that were designed with the Superpave mix design system have been coarse-graded
(gradation passing below the restricted zone and maximum density line). SMA mixes utilize a
gap-graded gradation that is also coarse-graded.

The problem in measuring the Gy, of coarse-graded Superpave and SMA mixes using the SSD
method comes from the internal air void structure within these mix types. These types of mixes
tend to have larger internal air voids than the conventional mixes, though the volume of air voids
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is the same. Figure 1 illustrates this point. Mixes with the coarser gradations have a much higher
percentage of large aggregate particles. At a certain overall air void volume, which is mix
specific, the large internal air voids of the coarse mixes can become interconnected. During G,
testing with the SSD method, water can quickly infiltrate into the sample. However, after
removing the sample from the water bath to obtain the saturated-surface dry condition the water
can also drain from the sample quickly. This draining of the water from the sample is what
causes the errors with the water displacement method.

Coarse-Graded Mix Fine-Graded Mix
Equal Air 2 at”
Volumes N\
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(% Air Voids) -,
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Figure 1. Differences in Internal Void Structure for Coarse- and Fine-Graded Mixes

To understand the cause of potential errors, one must first understand the principles of the water
displacement method. The philosophy of the SSD method is based upon Archimedes’ Principle.
Archimedes’ Principle states that a material immersed in fluid is buoyed up by a force equal to
the mass of the displaced fluid. Take for instance the material submerged in water illustrated
within Figure 2. The surface of the material that is in contact with water can be divided into two
halves: the upper surface (face BCE) and lower surface (face BDE). Submerged in this manner,
there are three forces acting on the material: 1) the weight of the material in a dry condition
acting along BDE (Wy); 2) the force of the water within ABCEF on the material (Fp;,); and 3)
the force of the buoyant resistance acting upward (Fy;) which is equal to the weight of the water
within ABDEF.
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Figure 2. Hydrostatic Forces on a Submerged Material
Using these known forces acting on the material, a series of relationships can be identified:
Total force acting downward = Fp = Wy + Fpy (1)
Total net force = Fy = Wy + Fpy — Fus (2)

The net force acting downward on the block (Fy) can be determined by measuring the weight of
the block when it is submerged in water (Wuw). Therefore, the weight of the material submerged
in water is equal to the right hand side of Equation 2. Further, the difference in the weight of the
two water columns (Fp, and Fy) is equal to the weight of fluid that is displaced when the
material is submerged in water (Ww). Hence:

WMW = WM - WW (3)

Now, using the properties shown in Equations 1 through 3 and the definition of density and
specific gravity, the equation for the water displacement method can be derived. The definition
of density and specific gravity are as follows:

GS =YM / Tw (5)

Where:
v = the density of an object (yym for material and yw for water);
M = the mass of a material;
Vum = the volume of the material; and
G, = specific gravity of a material.
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Since the volume of the material is equal to the volume of the water displaced by the material,
substituting Equation 4 into Equation 5 yields the following:

G, =My / My (6)

The mass of a material is equal to the weight of that material divided by the acceleration caused
by gravity; therefore, Equations 3 and 6 can be used to derive the equation used for determining
the specific gravity of a material using the water displacement method:

Gs=Mnm/ (My - Muw) (7

Equation 7 is the method of determining the specific gravity of a material using Archimedes’
Principle. However, this equation defines a “dry” apparent specific gravity and not the bulk
specific gravity. A brief discussion of the differences between the apparent and bulk specific
gravities of compacted HMA is provided.

Figure 3 illustrates volumes and air voids that are associated with compacted HMA. Each of the
diagrams within Figure 3 are divided into halves with each half representing the volumes and air
voids of mixes with coarse and fine gradations. The dark black line in Figure 3a shows the
volume that is associated with the specific gravity measurements using the dimensional
procedure. Dimensions (height and diameter) of the sample are used to calculate the volume of
the sample. Figure 3a illustrates the effect of using this volume in determining the air void
content of HMA. The volume includes any surface irregularities on the outside of the sample and
thus overestimates the internal air void content. Of the three cases illustrated in Figure 3, the
gyratory volume is the highest, resulting in the lowest measured density.

Coarse |  Fine Coarse |  Fine Coarse |  Fine
Gradations : Gradations Gradations ; Gradations Gradations ; Gradations

a) Gyratory Volume b) Apparent Volume ¢) Bulk Volume

Figure 3. Volumes Associated with Compacted HMA

Figure 3b illustrates the apparent volume of compacted HMA samples. This volume is identical
to the one derived from Equation 7 above. Because Equation 7 utilizes the dry mass in the
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volume determination (denominator of Equation 7), the calculated volume does not include any
of the surface irregularities on the sample or the air voids that are interconnected to the surface.
Water that infiltrates the sample through the interconnected surface voids are not considered a
portion of the sample volume. Therefore, the apparent volume underestimates the sample’s true
internal voids. Figure 3b shows that this problem is more prevalent with mixes having coarser
gradations, as there are more voids interconnected to the surface of the sample.

Figure 3c illustrates the bulk volume determined from the SSD method. The difference between
the bulk and apparent volumes is that the bulk volume does not take into account the voids that
are interconnected to the surface. This is accomplished by using the saturated-surface dry mass
in the volume determination (replace My in the denominator of Equation 7 with the saturated-
surface dry mass). The net result of using the saturated-surface dry mass is voids that are
interconnected to the surface and do not lose their water within the saturated-surface dry
condition are included as internal voids. Therefore, the bulk volume lies between the gyratory
and apparent volumes.

This exercise of deriving the equation for measuring specific gravity using Archimedes’
Principle and the discussion of the different volumes associated with compacted HMA was
necessary to show the potential deficiency of the SSD method for determining bulk specific
gravity of coarse-graded mixes. If bulk volume is the desired property, which it is for HMA, then
mixes with coarser gradations have a high potential for error, as seen in Figure 3c. If a sample is
submerged in water for a given time period (per standard procedure), a certain volume of water
is absorbed into the sample through voids interconnected to the surface. For the coarse
gradations shown in Figure 3c, this volume of interconnected voids is higher than for the fine
gradations (assuming both the coarse and fine gradation mixes have the same total volume of air
voids). Upon removal of the sample from the water bath, any water draining from the large
interconnected voids within the coarse gradation mix leads to a lower saturated-surface dry mass.
This, in effect, decreases the volume of the sample (denominator of Equation 7 with My replaced
with saturated-surface dry mass) and, thus, underestimates the air void content of the sample.
This is the potential drawback of the SSD method for determining the bulk specific gravity of
mixes having coarse gradations.

The literature on the subject suggests a number of alternatives to alleviate the problem.
Researchers have tried substances that would impede the water from penetrating the surface
connected voids like parafilm, paraffin wax, rubber membranes, and masking tape (1,2). Others
have also investigated compounds like zinc stearate that are hydrophobic which would prevent
water from penetrating into the sample (1). However, these methods have not been adopted due
to increased variability in bulk specific gravity measurements and/or damaging the sample such
that additional testing could not be performed.

Bulk Specific Gravity By The Corelok Method

Results from a recent evaluation of the Corelok vacuum-sealing device indicated that the device
could be used to determine the G, of compacted HMA samples with greater accuracy than
conventional methods, such as water displacement, parafilm, and dimensional analysis (3). This
vacuum-sealing device utilizes an automatic vacuum chamber (shown in Figure 4a) with a
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specially designed, puncture resistant, resilient plastic bag, which tightly conforms to the sides of
the sample (shown in Figure 4b) and prevents water from infiltrating into the sample. This
process has the potential for increasing the accuracy of G, measurements.

Figure 4a. Corelok Device Figure 4b. Sealed Sample

The steps involved in sealing and analyzing compacted HMA samples are as follows (4):
Step 1: Determine the density of the plastic bag (generally manufacturer provided).
Step 2:  Place the compacted HMA sample into the bag.

Step 3: Place the bag containing the HMA sample inside the vacuum chamber.

Step 4: Close the vacuum chamber door. The vacuum pump will start automatically
and evacuate the chamber to 760 mm (30 in) Hg.

Step 5: In approximately two minutes, the chamber door will automatically open with
the sample completely sealed within the plastic bag and ready for water
displacement testing.

Step 6: Perform water displacement method. Correct the results for the bag density and
the displaced bag volume.

Research by Buchanan (3) has indicated that the Corelok vacuum-sealing device provides a
better measure of internal air void contents of coarse graded mixes than other conventional
methods. Hall et al. (5) have also indicated that the Corelok method is a viable option for
determining the Gy, of compacted HMA. Hall et al. indicated that the within-lab (operator)
variability for the Corelok method was less than the water displacement method. However,
before the Corelok device can be specified by agencies, the repeatability and reproducibility of
the procedure needs to be evaluated.
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OBJECTIVE

The objective of this round robin study was to further evaluate the Corelok vacuum-sealing
device for the determination of the G, of compacted HMA samples and to determine the
repeatability and reproducibility of the test procedure.

SCOPE

The project consisted of the Gy, determination for compacted HMA mixes utilizing the Corelok
vacuum-sealing device and the SSD method. All samples were prepared (including compaction
of samples) by the National Center for Asphalt Technology (NCAT) and were provided to each
participating laboratory for testing. Participating laboratories conducted the G, testing utilizing
both the Corelok device and SSD method. Test results were then returned to NCAT for statistical
analysis and determination of repeatability and reproducibility parameters for both methods. A
total of 21 laboratories participated in this study, 18 of which returned test results. Each
laboratory was provided a Corelok vacuum-sealing device through the pooled-fund effort.

MATERIALS AND TEST METHODS

Within this section, the materials and test methods used for the study are discussed. During the
course of any interlaboratory study, it is always desirable to utilize different materials. ASTM
E691 indicates that a material is “... anything with a property that can be measured.” Different
materials need to be included to provide a wide range of levels for the property being measured
(G 1n this case).

A single aggregate type and source was used to fabricate the HMA mixes used in this study. This
aggregate was quarried granite with water absorption of 0.6 percent. A single aggregate was
utilized so that changes in bulk specific gravity of compacted samples would be direct changes in
air void contents.

Each laboratory determined the G, of HMA specimens comprised of three mix types: stone
matrix asphalt (SMA), coarse-, and fine-graded Superpave. To provide a range of air void
contents, three compaction levels were included for each mix type: low (15 gyrations), medium
(50 gyrations), and high (100 gyrations). Therefore, a total of nine “materials” were used within
the study. Each mix type-gyration level was considered a different material because each would
provide a different level of Gyp. Figure 5 illustrates the fine-graded, coarse-graded, and SMA
gradations utilized. Triplicate samples of each material combination were prepared for each
participating laboratory. Each laboratory was provided 27 samples [9 fine-graded (3 replicates *
3 compaction levels), 9 coarse-graded (3 replicates * 3 compaction levels), and 9 SMA (3
replicates * 3 compaction levels)].
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Corelok Round Robin Project Gradations
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Figure 5. Project Gradations

The SMA mixes were prepared with 6.0 percent asphalt binder while the coarse and fine-graded
Superpave mixes were prepared with 4.5 percent asphalt binder. A PG 76-22 asphalt binder was
used for all of the samples. This stiff binder was chosen in an effort to reduce sample damage
during transit to the participating laboratories. All samples were 150 mm diameter. Sample
heights depended upon the gyration level a particular sample was compacted. The overall
laboratory test plan is shown in Table 1.

Each laboratory determined the G, using both the Corelok test method (Appendix A) and SSD
(AASHTO T166) method. The Corelok testing was conducted first. Because of the plastic bag
coating samples during the Corelok procedure, the samples would remain dry so that AASHTO
T166 procedure could be conducted after Corelok testing. If by chance the plastic bag punctured
during the test, the participants were instructed to dry the sample in accordance with Note 1 in
AASHTO T166.
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Table 1. Test Plan

Mix Type
Aggregate Compaction Coarse-Graded |Fine-Graded Stone Matrix
Type Level Superpave Superpave Asphalt
Low (15 gyrations)
X X X
Granite Medi}lm (50 X X X
gyrations)
High (100 « < X
gyrations)

Note: “x” indicates cell to be evaluated. Three replicates were tested per cell.

Randomization of samples is important in any interlaboratory round robin to distribute any
possible bias throughout the sample population. All samples of each mix type-gyration level
combination were randomized among all the labs prior to sending the samples. To further
eliminate any potential bias due to familiarity of test methods, the sequence in which each
laboratory’s 27 samples were tested was also randomized. This randomization was conducted
initially for the Corelok testing, and then the testing sequence was re-randomized for the SSD
testing.

For a given laboratory, all samples were arranged by mix type, starting with the fine-graded
Superpave designed mixes compacted with 15 gyrations through the stone matrix asphalt mixes
compacted with 100 gyrations. Then a random number generator was used to assign random
numbers to each of the 27 samples. The first sample to be tested was the sample with the lowest
random number while the last sample tested was the sample with the highest random number.
Once the testing was complete, each laboratory provided NCAT with their results for analysis.

TEST RESULTS AND ANALYSIS

Within this section, analyses were conducted to accomplish the two primary objectives of this
study: 1) evaluate the repeatability and reproducibility of test results from both the Corelok and
water displacement methods and 2) further evaluate the ability of the Corelok device to
accurately determine the Gy, of compacted HMA. To evaluate the repeatability and
reproducibility of the two test methods, G, results from the different laboratories were analyzed
per ASTM methods to develop precision statements. Analyses to further evaluate the Corelok
test method included comparisons in Gy, measurements between the Corelok and SSD methods.
Also, if the Corelok method was shown to be a viable option for measuring the Gy, of
compacted HMA, the data were to be analyzed to determine when the Corelok should be
utilized.
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Analysis of Interlaboratory Test Results

Test results of the round robin study were analyzed for precision in accordance with ASTM C
802 and ASTM E 691 (6). These standards are recommended practices to determine the
between- and the within-laboratory estimates of a test method. The within-laboratory precision,
or repeatability, provides an expectation of the difference in test results between replicate
measurements on the same material in the same laboratory by one operator using the same
equipment. The between-laboratory precision, or reproducibility, provides an expectation of the
difference in test results between measurements made on the same material in two different
laboratories. Analyses were performed on Gy, by mix type and gyration level.

Data Consistency

ASTM E 691 (6) uses two statistics to analyze the data for consistency: h and k. The h statistic
is an indicator of how one laboratory’s average for a material compares with the average of other
laboratories. The h statistic is based on a two-tailed Student’s t test. The average of the replicates
for a given material and laboratory is referred to as a cell average. The cell average for a given
laboratory is compared to the average of that same material when combining results from the
remaining laboratories. A negative h statistic indicates a given laboratory’s cell value that is less
than the combined average for all of the other laboratories, whereas a positive h statistic indicates
a given laboratory’s cell average is greater than the combined average of the other laboratories.

The k statistic is an indicator of how one laboratory’s variability for a given cell compares to the
pooled variability of the remaining laboratories. The K statistic is based on the F-ratio from a
one-way analysis of variance. Values of Kk larger than 1 indicate greater within-lab variability for
a given laboratory than the average, or pooled, variability of the other laboratories. The h and k
statistic were calculated using the ASTM E691 software (7

For a round-robin consisting of 18 laboratories and three replicates, critical values of h and k
were found to be 2.53 and 2.20, respectively, at the 0.5 percent (a=0.005 or 99.5 percent
confidence) significance level (6). ASTM E 691 recommends the 0.5 percent significance level
because experience has shown that 1.0 percent significance values were too sensitive and that the
0.1 percent significance values were insensitive to outliers.

In order to best utilize the h- and k- consistency statistics, the data is plotted both by material and
laboratory. This aids in the identification of particular laboratories that produced consistently
different results, potential errors in the production of test samples, and erroneous data.
Problematic patterns in the data include: h values for one laboratory opposite all of the other
laboratories, h values for all of the laboratories switching signs with changes in the measured
property, and one laboratory having large k values for almost all of the materials.

Figure 6 shows the h-consistency statistics by laboratory for the AASHTO T166 results. The
complete data is provided in Appendix B. The distribution of h values between labs does not
indicate any cause for concern, though all of laboratory 16’s results are negative. This would
indicate that laboratory 16 consistently had lower Gy, values than the average for the remaining
laboratories. Two samples, one each from labs 16 and 21 exceed the critical h- value on the low
side. An additional sample from laboratory 16 is close with an h statistic = 2.52 (h critical =

10



Cooley Jr., Prowell, Hainin, Buchanan, & Harrington

2.53). Figure 7 shows the h-values by material from the AASHTO T166 results. Again, there
does not appear to be a particular pattern that indicates the mix type or void level (compaction
level) causes any significant affect in the measured results.

3.50 T
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Figure 6. AASHTO T166 h-Consistency (Average) Factors by Laboratory

Figure 8 shows the k-consistency statistics by laboratory for the AASHTO T166 results. Four
samples, one each from labs 9, 10, 14 and 21 exceed the critical k-value. Figure 9 shows the k-
consistency statistics, by material, for the AASHTO T166 results. Figures 8 and 9 indicate no
patterns that causes concern for the data. The supporting data for the four samples that exceeded
the critical k-value was carefully examined and is presented later in the paper.
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Figure 10 shows the h-consistency statistics by laboratory for the Corelok results. The
distribution of h-values between labs indicates that the G, values measured by laboratory 16 are
always lower than the material average. Also, six of nine cells tested by laboratory 16 exceeded
the critical h-value. Laboratory 16’s AASHTO T166 results, shown in Figure 6, were also
consistently less than the other labs results. An additional cell tested by laboratory 21, CG 15,
exceeds the critical h-value on the positive side. This same cell exceeded the critical k-values for
the AASHTO T166 results. Figure 11 shows the h-values by material from the Corelok results.
There does not appear to be a particular pattern that indicates the mix type or void level
(compaction level) causes any significant affect on the measured results.

Figure 12 shows the k-consistency statistics by laboratory for the Corelok results. The complete
results are provided in tabular form within Appendix C. Five sample sets, one each from labs 7,
11, 13, 14 and 21 exceed the critical k-value. Figure 13 shows the k-consistency statistics by
material for the Corelok results. Figures 12 and 13 indicates no pattern that causes concern for
the data. The supporting data for the four samples that exceeded the critical k-value were
carefully examined. The compacted gyratory height of the fine-graded-100-gyration (FG-100)
sample number 2 tested by laboratory 14 was 3-mm higher than the average height of the other
FG-100 samples. Volumetric calculations indicate that a difference in height of 3-mm equates to
approximately 2.4 percent air voids. Therefore, that sample was removed from the data set. No
specific error could be confirmed for the remaining three samples that exceeded the critical k-
value. Therefore, these samples remained in the data set. The k-consistency statistics for the cells
tested by laboratory 16 were not unusual as compared to the other labs (Figure 12). This
indicates that laboratory 16 made a consistent systematic error in their testing as compared

13



Cooley Jr., Prowell, Hainin, Buchanan, & Harrington

h- Consistency Statistic

h - Consistency Statistic

3.50 T

250 1

— ]
e
—— ]

1.50
0.50 1,

-0.50

-1.50 |

250 1

Note: Critical value of h = 2.53

BcG 15
ECG50
0cG 100
OFG 15
BFG 50
OFG 100
BSMA 15
OSMA 50
HSMA 100

-3.50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 20 21

Lab Number

Figure 10. Corelok h-Consistency (Average) Factors by Laboratory

3.50

OLab 1

2.50

1.50 1

0.50 1

-0.50 T

-1.50 7

-2.50

i

Note: Critical value of h = 2.53

Biab2
Olab 3
OLab 4
B ab5
OLab 6
B ab7
OLab 8
Biab9
®ab 10
OLab 11
Olab 12
W ab13
W) ab 14
B ab 15

-3.50

CG15 CG50 CG100 FG15 FGS50 FG100 SMA 15 SMA50 SMA

Materials

100

HLab 16
HLab 20
OLab 21

Figure 11. Corelok h-Consistency (Average) Factors by Material

14



Cooley Jr., Prowell, Hainin, Buchanan, & Harrington

k - Consistency Statistic

k - Consistency Statistic

350 T
i Note: Dashed line indicate critical k value = 2.20
3.00 1
250 Bc¢ce 15
i . BCG 50
I T | | T 0cG 100
2.00 7 OFG 15
L HFG 50
1.50 + BFG 100
B SMA 15
O SMA 50
1.00 B SMA 100
- ‘ | i | ‘Tm Hll | |Il‘l ““ ] “ I1|” I|“|| ‘
A0 A AE AFL R A i A
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 20 21
Laboratory
Figure 12. Corelok k-Consistency (Variability) Factors by Laboratory
350 T
r Note: Dashed line indicate critical k value = 2.20 Blrab1
, m
3.00 | Lab 2
[ OLab 3
5 50 t OLab 4
b Miab5
ettt | Pl At T OLab6
2.00 1 Biap7
OLab 8
1.50 71 H i Hiabo
®iab 10
1.00 OLab 11
OLab 12
0.50 H |- B ab 13
I ﬂ M| ab14
m
0.00 - | - taz iz
CG15 CG50 CG100 FG15 FG50 FG100 SMA15 SMA50 SMA | o a
100 Lab 20
OLab 21

Material

Figure 13. Corelok k-Consistency (Variability) Factors by Material

15



Cooley Jr., Prowell, Hainin, Buchanan, & Harrington

to the other labs shown in Figure 10. Therefore, laboratory 16’s results were removed from the
data set and excluded from the calculations to determine the precision statement.

Table 2 presents the results of the investigations of samples that exceeded the critical k-value for
either the AASHTO T166 and Corelok results. As stated previously, the compacted gyratory
height of the FG-100 sample number 2 tested by laboratory 14 was 3-mm higher than the
average height of the other fine-graded 100 gyration samples. This indicates an error in the
compaction of the sample, which would result in lower density. Therefore, this sample was
removed from both the T166 and Corelok data sets. No specific error could be confirmed for the
remaining three samples that exceeded the critical k-value. Therefore, these samples remained in
the data set.

Table 2. Investigation of Samples with k-Consistency Statistics Greater than the Critical
Value (Outliers)

Gradation No. of Sample Lab Measured Material Potential Reason for
Gyrations  No. No. Value Average Outlier
T166
Fine 50 7 21 2.234 2.355 Submerged mass
appears low
Fine 100 2 14 2.333 2.390 Sample height more

than 3 mm higher
than material average

SMA 15 46 10 2.389 2.276 Submerged mass
appears high

SMA 100 23 9 2.380 2.419 Submerged mass
appears low

Corelok

Fine 50 37 11 2.319 2.358 Sample picked up 1.5
g of water during test

Fine 100 2 14 2.343 2.394 Sample height more
than 3 mm higher
than material average

SMA 15 18 7 2.357 2.231 Submerged mass
appears high

SMA 50 3 13 2.169 2.350 Submerged mass
appears low

SMA 50 35 21 2.117 2.350 Submerged mass

appears low

Repeatability and Reproducibility

Round-robin testing is conducted to estimate the one-sigma limit (1s), or standard deviation of
the population of measurements, characteristic to a given test method. The one-sigma limit is
estimated for two separate conditions, single operator, or within-lab, and multi-laboratory, or
between-lab. The single operator standard deviation represents an estimate of the variability of a
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large number of test results that were made on the same material by a single operator using the
same equipment in the same laboratory over a relatively short period of time. The single
operator standard deviation is also termed the repeatability of a test method. The multi-laboratory
standard deviation represents an estimate of the variability of a large number of measurements
made on materials which are as close to identical as possible when each test is made in a
different laboratory. The multi-laboratory standard deviation is also termed the reproducibility of
the test method. Typically, the multi-laboratory standard deviation is larger than the single-
operator standard deviation due to variability induced by differing equipment, operators, and
laboratory environments (6). Using the single-operator or multi-laboratory standard deviations,
the acceptable difference between two test results can be calculated.

Based on the analysis of the h- and k-statistics to identify outliers, all results from laboratory 16
and the result for one replicate of laboratory 14 for the FG-100 were removed from the
AASHTO T166 and Corelok data sets. Once outliers were removed from the data set, the next
step in the analysis was to determine the average, within-lab and between-lab components of
variance for each of the nine materials, and the pooled within-lab and between-lab variances.
These were determined according to ASTM C 802 (6). The within-lab variance equals the
within-lab component of variance. Between-lab variance equals the sum of the within-lab and
between-lab components of variance. Average material values, components of variance, and
variances are shown in Table 3 for both the Corelok and AASHTO T166 test results.

Typically, it is suggested that the data be presented in order of increasing average test value (G
in this case). This is done to allow observation of the effects of the test value on variability.
However, for Gy, this is confounded by the effect of gradation. In practice, the bulk specific
gravity of the aggregate will also affect the measured Gy, However, in this study all of the
mixes were prepared from the same aggregate source such that changes in Gy, were directly
related to changes in air voids. The results are presented by gradation in order of increasing
compaction level, which should correspond to increasing G, within a given gradation (mix
type). Averages in Table 3 indicate that gradation plays a significant role in the difference
between the average test values for the AASHTO T166 and Corelok measurements. For the
coarser mixes, coarse-graded Superpave (CG) and SMA, measured Gy, values by the Corelok
device are less than the AASHTO T166 values. However, results for the fine-graded Superpave
mixes are almost identical. A comparison of the density results from the two methods will be
discussed later in the paper. It should also be noted that the between-lab component of variance
is smaller than the within-lab component of variance. In six cases the between-lab component of
variance is zero. This indicates that for this data set, the within-lab variability was greater than
the variability introduced by conducting tests in different laboratories. Further, this trend holds
true for both test methods.

Table 4 presents the average material values, standard deviations and coefficients of variation for
all of the materials. The values were calculated according to ASTM C 802 (6 ). Within-lab
standard deviations (1s) shown in Table 4 are simply the square root of the variances shown in
Table 3. Between-lab standard deviations are the square root of the sum of the two components
of variance shown in Table 3. The coefficients of variation are equal to the respective standard
deviations divided by the respective mean Gy, expressed as a percentage.
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Table 3. Averages, Components of Variance and Variances for All Materials

Components of Variance Variance
Pooled within lab, Between-Lab, Within-Lab Between-Lab
Average SAZx 107 S’ x 10" x 10 x 10
Material SSD  Corelok SSD Corelok SSD Corelok SSD Corelok SSD Corelok
CG 15 2226  2.188 11.195 9.819 1.301 2.839 11.195 9.819 12.495 12.657
CG 50 2.353 2.342 4.858 5.636 0.062 1.306 4.858 5.636 4.920 6.942
CG 100 2.403 2.393 2.846 4.605 0.000 0.000 2.846 4.605 2.846 4.605
FG 15 2.282  2.283 0.572 1.423 0.071 0.000 0.572 1.423 0.643 1.423
FG 50 2.356  2.360 3.146 1.477 0.490 0.059 3.146 1.477 3.635 1.536
FG 100 2.392 2.397 1.800 0.970 0.000 0.171 1.800 0.970 1.800 1.140
SMA 15 2278 2233 4.279 8.291 0.940 0.000 4.279 8.291 5.219 8.291
SMA 50 2374  2.352 5.101 22.965 0.455 0.000 5.101 22.965 5.557 22.965
SMA 100 2421 2.406 1.075 3.823 0.060 0.409 1.075 3.823 1.135 4.232
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Table 4. Averages, Standard Deviations and Coefficients of Variation for All Materials

Standard Deviations

Coefficient of Variation

Average Within-Lab Between-Lab Within-Lab Between-Lab
Material SSD  Corelok SSD Corelok SSD Corelok SSD Corelok SSD Corelok
CG 15 2.226 2.188 0.0335 0.0313 0.0353 0.0356 1.50 1.43 1.59 1.63
CG 50 2.353 2.342 0.0220 0.0237 0.0222 0.0263 0.94 1.01 0.94 1.13
CG 100 2.403 2.393 0.0169 0.0215 0.0169 0.0215 0.70 0.90 0.70 0.90
FG 15 2.282 2.283 0.0076 0.0119 0.0080 0.0119 0.33 0.52 0.35 0.52
FG 50 2.356 2.360 0.0177 0.0122 0.0191 0.0124 0.75 0.52 0.81 0.53
FG 100 2.392 2.397 0.0134 0.0098 0.0134 0.0107 0.56 0.41 0.56 0.45
SMA 15  2.278 2.233 0.0207 0.0288 0.0228 0.0288 0.91 1.29 1.00 1.29
SMA 50 2374 2.352 0.0226 0.0479 0.0236 0.0479 0.95 2.04 0.99 2.04
SMA 100 2.421 2.406 0.0104 0.0196 0.0107 0.0206 0.43 0.81 0.44 0.86
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The coefficient of variation is used to normalize the variability in terms of the measured test
value.

An examination of the within- and between-lab standard deviations in Table 4 suggests that there
is a trend of decreasing standard deviation with increasing Gy, for both coarse mixes (CG and
SMA). It should be noted that since the same aggregate was used for all of the samples, the
differences in G, correspond to changes in air void content. This trend suggests that the test
results may be slightly more variable as void contents increase. However, the true compacted
density of the samples may b more variable at low compaction levels. This trend is demonstrated
in Figures 14 and 15 for the AASHTO T166 and the Corelok test results, respectively. Figure 14
indicates that the fine-graded Superpave mix compacted to 15 gyrations (FG 15) exhibited an
extremely low variability compared to the remaining materials. Figure 15 also (Corelok results)
indicates a low variability for the FG-15 mix, but a high variability for the 50-gyration SMA
(SMA-50) mix. For both the AASHTO T166 and Corelok data, the trend towards decreasing
standard deviation with increasing Gy 1s heavily influenced by the materials compacted to 15
gyrations. At this compaction level, the air voids as measured by AASHTO T166 range from 7
to 12 percent. Typically these void levels would only be found in field cores.

Generally, if a test procedure does not have a relatively constant standard deviation, the standard
deviation will tend to increase with increasing test values. When this occurs, the coefficient of
variation often provides a more consistent measure of the test methods variability (6). However
in this case, it appears that the standard deviation increases with increasing air voids (decreasing
Gmb), therefore the use of the coefficient of variation based on Gy,, would be inappropriate.
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Table 5 shows the pooled within-lab and between-lab standard deviations (1s) and acceptable
difference between two results. The acceptable difference between two results (d2s) is
calculated by multiplying the respective within- or between-lab standard deviation by 2V2
(=2.83). This represents the difference between two individual test results that should be
exceeded only one case in twenty (95 percent confidence). It should be noted that if more than
two test results are compared, the range is larger. The actual multiplier for comparing more than
two samples can be found in ASTM C 670 (6).

The results labeled as “gyratory” in Table 5 refer to the uncorrected dimensional density of the
samples calculated using the dry mass of the sample (measured at NCAT prior to shipment) and
the height of the sample after the final gyration (15, 50 or 100 gyrations). The sample mass was
divided by the volume of the sample, calculated using a diameter (150 mm) and height of the
sample after compaction. The statistics for the uncorrected gravities were calculated in the same
manner as the Gy, results obtained by the various labs using AASHTO T166 and Corelok
methods. The complete gyratory results are shown in Appendix D. This provides some measure
of the variability of the samples produced by NCAT. Note that the standard deviations are not
truly within-lab or between-lab since all of the samples were prepared at NCAT, instead they
represent the variability of the sample pool randomly supplied to the participating labs.
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Table 5. Pooled Standard Deviations and Acceptable Differences Between Two Tests

Method W/L Standard B/L Standard W/L d2s B/L d2s
Deviation Deviation

Gyratory 0.0097 0.0177 0.027 0.050

AASHTO T166 0.0183 0.0191 0.052 0.054

Corelok 0.0230 0.0240 0.065 0.068

Based on the data in Table 5, AASHTO T166 is slightly more repeatable than the Corelok
method. An examination of Table 4 indicates that AASHTO T166 was slightly more repeatable
in all cases except the CG 15 mixture. It should be noted that for the mixtures tested, a
difference of 0.020 units of Gy, equals a difference of approximately 0.8 percent air voids. For
both the AASHTO T166 and the Corelok methods, the within- and between-lab standard
deviations are similar in value. Typically, one would expect the between-lab standard deviation
to be greater. Table 6 presents the results of other round robins conducted to determine the
variability of the SSD method (AASHTO T166 or ASTM D 2726). AASHTO T166 reports that
the acceptable difference between two test results (d2s) by the same operator should be less than
0.020 (within-lab). It appears that AASHTO T166 underestimates the variability of the test
method as indicated by the current and previous round robins since the all of the acceptable
differences between two test results exceeds 0.020 in both Tables 5 and 6.

Table 6. Summary of Previous Round Robin Testing on the SSD Method

W/L B/L
Standard Standard
Round Robin Deviation Deviation W/L d2s B/L d2s
ASTM D 2726 Precision Statement (§)1 0.0124 0.0269 0.035 0.075
Stroup-Gardiner et al (9)°
First Round Robin — Dense Mix 0.0092 0.0099 0.026 0.028

Second Round Robin — Open Grade No.1 0.0166 0.0220 0.046 0.062
Second Round Robin — Open Grade No.2 0.0099 0.0210 0.028 0.059
Second Round Robin — Cores 0.0197 0.0197 0.055 0.055

" Samples of plant-produced material from three different plants representing a range of aggregate types were
distributed to the participating laboratories. Samples were compacted by the participating laboratories with Marshall
hammers using 75 blows per face.

? Samples for the first round robin were compacted using the Hveem kneading compactor following ASTM D1561.
Open graded samples for the second round robin were compacted using a Marshall Hammer according to ASTM D
1559 and D 1560. In both the first and second round robins, all of the laboratory prepared samples were compacted
by the University of Minnesota prior to being shipped to the participating laboratories. This matches the procedure
used in the current round robin. Cores tested in the second round robin were taken from a fine graded mix at

Mn/ROAD.

When comparing precision results from various round-robins, it is important to understand that
variability is a function of the materials variability plus the variability of the test method. In a
round-robin to determine the precision of G, measurements, the materials variability would
include the mixing and compaction of the hot-mix asphalt samples unless the same samples were
tested by all of the participating laboratories. In the field, three cases of materials variability of
interest to the practitioner exist: Case one, cores taken from the pavement in a manner meant to
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minimize variation (longitudinally with the direction of paving); Case two, properly split plant-
mix compacted by two different laboratories; Case three, material batched, mixed and compacted
by two different laboratories (mix design). One would expect the variability in Gy, to be
greatest for Case three where the samples were batched, mixed, and compacted by different
laboratories, since Case three includes both variability in the production of the HMA and the
compaction of the HMA (differences in compaction equipment and different operators). The
current round-robin most closely represents case one, though it is expected that the materials
variability would be somewhat higher since each sample was individually batched and mixed.

As noted previously, all compaction was done using the same SGC.

The ASTM D 2726 round-robin (8) represents Case two. The samples for this round robin were
compacted to approximately four percent air voids. Thus, the within-lab standard deviations for
the ASTM D 2726 round robin (0.0124) should be similar to the within-lab variability for the CG
100 (0.0169) and FG 100 (0.0134), which were also compacted to approximately four percent air
voids shown in Table 4. A comparison of Tables 4 and 6 suggests that the results are in fact
similar. A comparison of the between-lab case is not applicable since the ASTM D 2726 round
robin samples were compacted by different laboratories, increasing materials variability as
compared to the current case where all of the samples were compacted by NCAT.

The first round-robin dense mix and the second round-robin open graded No. 2 mixes reported
by Stroup-Gardiner et al (9) both represent the same case as the current Corelok round-robin
(this study). The average air voids of the dense and open graded No. 2 mixtures used in the
round robins reported by Stroup-Gardiner et al (9) were 7.5 and 7.8 percent, respectively as
measured by ASTM D2726 (An SSD method similar to AASHTO T166). Samples compacted
to the 50-gyration compaction effort in the Corelok round-robin produced similar air voids. As
shown in Table 4, gradation appears to affect the variability, with coarser mixes being more
variable. The dense-graded mix used by Stroup-Gardiner et al (9) was slightly finer (53 percent
passing the 4.75 mm sieve) than the coarse graded mix used in this Corelok study (47 percent
passing the 4.75 mm sieve). The within- and between-lab standard deviations are higher for both
CG50 (W/L 0.0220, B/L 0.0222) and FG50 (W/L 0.0177, B/L 0.0122) as compared to the
Stroup-Gardiner et al dense graded mix (W/L 0.0092, B/L 0.0099). This may be due to less
variable sample preparation using the Hveem compactor.

The gradation of the open grade No. 2 mix from the second round-robin reported by Stroup-
Gardiner et al (9) is slightly coarser than the SMA gradation used in the Corelok study (19 as
opposed to 23 percent passing the 4.75 mm sieve). The within-lab standard deviation for the
SMAS50 (0.0226) is significantly higher that that for the open graded No. 2 mix (0.0099), but the
between-lab standard deviations are similar (0.0236 and 0.0210, respectively).

The cores tested in the second round-robin reported by Stroup-Gardiner et al (9) represents the
aforementioned Case one. Notice that similar to the current round-robin, the results for within-
and between-lab variability are identical. The cores were taken from a mix with a similar
gradation to the FG mix used in the current study. The Mn/ROAD mix was reported as having
57 percent passing the 4.75 mm sieve whereas the FG mix has 63 percent passing the 4.75 mm
sieve. The within- and between-lab standard deviations are similar to that of FG 50 (that would
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have had similar air voids as the field cores) shown in Table 4 as well as to the pooled standard
deviations considering all the mixes shown in Table 5.

All of the studies shown in Table 6 used Hveem or Marshall compacted samples or field cores
for determining the variability of G, using the SSD method. AASHTO Materials Reference
Laboratory (AMRL) conducts periodic round-robins through the sample proficiency sample
testing program. Samples compacted with the Superpave gyratory compactor (SGC) are
included in this testing. AMRL sends fractionated aggregate and asphalt to the participating
laboratories that must be batched, mixed, and compacted similar to Case three described above.
Results from the AASHTO T166 proficiency samples tested to date are shown in Table 7. The
between-lab standard deviations shown in Table 7 (pooled 0.0267) are slightly higher than the
between-lab standard deviations shown in Table 4 (pooled 0.0191) for the samples compacted to
100 gyrations in this study. The higher standard deviations for the proficiency samples are
expected due to increased materials variability, since each lab batched, mixed, and compacted
their own samples. However, the within-lab standard deviations shown in Table 7 (pooled
0.0112) are lower than all of the within-lab standard deviations determined from the current
round-robin (pooled 0.0183), except for FG15.

Table 7. Compilation of Statistics for AMRL Hot Mix Asphalt Gyratory Proficiency
Samples (10)

Between-Lab First and
Gyratory Number of Second Sample
Samples Labs First Sample, Is  Second Sample, Is  Within-Lab, Is
1,2 54 0.031 0.029 0.009
3.4 52 0.024 0.020 0.011
5,6 151 0.027 0.028 0.008
7,8 213 0.022 0.023 0.012
9,10 236 0.031 0.032 0.016

The comparisons with previous inter-laboratory precision studies for the SSD method indicate
the between-lab standard deviations determined in this Corelok round robin are reasonable.
However, the same comparisons indicate that the within-lab standard deviations for the
AASHTO T166 method determined in the current round robin may be too high. This is most
likely due to variability during sample production. Though variability would be expected any
time 567 samples are prepared, based on the comparisons to the AMRL proficiency samples
shown in Table 7, this variability is greater than that shown in the AMRL work when each lab
had batched, mixed, and compacted their own samples. Figure 16 presents the uncorrected
gyratory bulk gravities for the fine-graded mixes. Figure 16 indicates examples of systematic
variability in the production of test samples, an example being FG 100 samples 25 through 34.
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Figure 16. Uncorrected Gyratory G, for Fine Graded Mixes

Due to concerns about materials variability resulting from the production of the samples, an
analysis was performed using the difference between the measured Gy, (for both AASHTO
T166 and Corelok) and the uncorrected SGC Gp,,. Since the materials variability may have
masked actual testing outliers, the data was re-analyzed with the ASTM E 691 software (7) to
determine the h- and k-statistics for both the AASHTO T166 and the Corelok datasets. The
lab/material combinations that exceeded the critical h- and k-statistics were compared to an
outlier analysis performed using the standardized residuals from regression analyses between the
uncorrected gyratory G, and either the AASHTO T166 or Corelok Gy, The standardized
residual analysis is discussed later in the paper. If a sample identified as an outlier by the
standardized residual analysis was also identified as exceeding the critical h- or k-statistics, then
that test result was removed from the dataset.

Table 8 shows the repeatability and reproducibility statistics based on the difference between the
measured Gy, values for both AASHTO T166 and Corelok and the uncorrected gyratory Gump
both with and without the outliers. The complete data are reported in Appendices E and F. For
this analysis, the uncorrected gyratory Gy, 1s considered to be the reference standard. In reality
there will also be a small amount of measurement variability in the uncorrected gyratory Gyp.
The data in Table 8 would represent the case where two labs were testing cores taken in a
manner to minimize material variability or samples compacted by a single lab. The data in Table
8 also represents a good estimate of the actual testing variability solely from the two test methods
for determining Gpp. The reproducibility results shown in Table 8 would be lower than that
expected if samples were compacted from loose mix or fully prepared in the laboratory and
compacted by different laboratories. The pooled within-lab
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Table 8. Averages and Standard Deviations Based on Difference Analysis for All Materials

Complete Data Set (Except Lab 16) Outliers Removed

Avg. Difference’ Within-Lab 1s Between-Lab Is  Avg. Difference’ Within-Lab 1s Between-Lab 1s

Material SSD Corelok SSD Corelok SSD Corelok SSD Corelok SSD  Corelok SSD  Corelok

CG 15 0.079 0.042 0.0126 0.0151 0.0157 0.0179  0.079 0.039 0.0126 0.0108 0.0157 0.0116
CG 50 0.064 0.053  0.0048 0.0142 0.0067 0.0156  0.064 0.051  0.0040 0.0046 0.0058 0.0066
CG 100 0.065 0.055 0.0101 0.0141 0.0101 0.0141  0.063 0.055 0.0067 0.0081 0.0068 0.0081
FG 15 0.038 0.039  0.0068 0.0098 0.0068 0.0099  0.038 0.039  0.0068 0.0098 0.0068 0.0099
FG 50 0.035 0.039 0.0148 0.0075 0.0166 0.0084  0.037 0.039  0.0031 0.0058 0.0043 0.0069

FG 100 0.035 0.037 0.0040 0.0103 0.0042 0.0103  0.035 0.039  0.0040 0.0053 0.0042 0.0056

SMA 15 0.124 0.078  0.0242 0.0171 0.0261 0.0173  0.121 0.076  0.0134 0.0088 0.0174 0.0094
SMA 50 0.092 0.068 0.0115 0.0417 0.0121 0.0441  0.093 0.075  0.0084 0.0103 0.0088 0.0120
SMA 100 0.071 0.058  0.0096 0.0109 0.0108 0.0145 0.071 0.059  0.0096 0.0091 0.0108 0.0126

Pooled 0.0109 0.0156 0.0121  0.0169 0.0076  0.0081 0.0090 0.0092

' _ Difference between individual measured values (AASHTO T166 or Corelok) and the uncorrected SGC Gy,
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standard deviation (repeatability) for AASHTO T166 (0.0109) compares well with the pooled
within-lab standard deviation from the AMRL proficiency samples shown in Table 7 (0.0112).
The reproducibility (between-lab) results from the AMRL Proficiency samples indicated greater
variability (standard deviations ranging from 0.020 to 0.032) than the results of this study
(pooled standard deviation of 0.0121). This was as expected since multiple laboratories mixed
and compacted the samples.

A number of laboratories that participated in the round-robin were relatively inexperienced with
the Corelok method as compared to AASHTO T166. This was evident by the larger number of
outliers identified for the Corelok method compared to the AASHTO T166 data by the h- and k-
statistics as well as the standardized residual analysis. Another potential problem with the
Corelok test method was that no ruggednesss study had been conducted. Therefore, certain
components of the test method that may lead to increased variability had not been identified and
tighter controls placed within the test method.

The repeatability and reproducibility results for the Corelok method with the outliers removed
represent the expected precision of the test method once laboratories become familiar with the
test method and once a method for identifying bag leaks is developed. An F-test was performed
at the 95 percent confidence level to compare the variability of the AASHTO T166 and Corelok
test results by mix type. The results are shown in Table 9. In 6 of 9 cases, the variances (a
measure of the test variability) are statistically equal. In three cases, the variances of the T166
results are less than the Corelok results.

Table 9. F-Test Results to Compare Sample Variances by Mix Type

Mix Number of Samples  F-Statistic ~ P-Value Significant'

CG 15 51 1.008 0.997 No

CG 50 51 1.401 0.237 No

CG 100 51 1.581 1.109 No

FG 15 51 2.174 0.007 Yes —T166 less
FG 50 51 1.375 0.279 No

FG 100 50 1.681 0.078 No

SMA 15 51 1.266 0.407 No

SMA 50 51 6.529 0.000 Yes — T166 less
SMA 100 51 3.201 0.000 Yes — T166 less

'Significance at the 95 percent confidence level

It is desirable for a test method to produce a consistent level of variability regardless of the
materials being tested (gradation or air void level). If the variability increases with increasing
test values then the coefficient of variation is normally used. However, as discussed previously,
the use of the coefficient of variation is not appropriate with measurements of Gy, due to the
effect of aggregate specific gravity. Also, for a mixes composed of the same aggregate,
variability actually increases with decreasing Gy, (increasing air voids). Therefore, an analysis
was conducted to see if the variability of the two test methods was consistent regardless of
gradation and air void content. It appears that the variability of the Corelok method is slightly
less sensitive than the AASHTO T166 method to changes in air void content (or gyrations). F-
Tests were performed to compare the variances between all materials (mix type and gyration
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level) by test type (Appendix G). This resulted in 36 comparisons for each test method. The
comparisons were performed using the variances with and without the outliers. When the
outliers were included in the dataset, statistical differences between the within-lab variances
were found in 28 of 36 cases and 26 of 36 cases for the SSD and Corelok methods, respectively;
statistical differences were found for the between-lab variances in 30 of 36 and 22 of 36 cases for
the SSD and Corelok methods, respectively. When the outliers were removed from the dataset,
statistical differences between the within-lab variances were found in 29 of 35 cases and 18 of 35
cases for the SSD and Corelok methods, respectively; statistical differences were found for the
between-lab variances in 29 of 35 and 21 of 35 cases for the SSD and Corelok methods,
respectively. These F-tests confirm that with and without the outliers, the testing variance of the
Corelok method is less affected by changes in mix type and air voids (gyrations). It is
interesting to note that the pooled between-lab standard deviation with outliers for the SSD
method closely matches (0.0121 versus 0.0124) the current ASTM between-lab precision
statement for that method. The data indicates that the variability of the Corelok method is less
effected by gradation and air void content than AASHTO T166, however the Corelok method is
more variable than AASHTO T166 in three of nine cases. The form of the precision statement
for the Corelok procedure remains in question. The F-tests (Appendix G) indicate significant
differences by material, in some cases, suggesting that the variances should not simply be
pooled. The use of coefficient of variation in terms of Gy, is not practical since different
aggregate types will have different specific gravities, potentially producing different G, values
without changing the internal void structure. Graphs (Appendix G) were plotted comparing the
within- and between-lab standard deviations, by material, to the average air void content of that
material. The use of air void content would normalize the effect of differing aggregate gravities.
Figure 17 shows the within- and between-lab standard deviations versus average air void content,
by material, for the Corelok results with the outliers included. The Y-axis scale is exaggerated to
include the SMA 50 results. Graphically, the SMA 50 results appear to be an outlier. Based on
the F-test results, the SMA 50 results are statistically different from all of the other mixes.

Based on this analysis, the Corelok results with outliers were pooled excluding the SMA 50
results. This results in the following precision statement:
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Figure 17. Corelok Standard Deviation Including Outliers Based on Difference Analysis
Versus Average Air Voids

The single-operator standard deviation has been found to be 0.0124. Therefore, results of two
properly conducted tests by the same operator on the same material should not differ by more
than 0.035. The multi-laboratory standard deviation has been found to be 0.0135. Therefore
results from two properly conducted tests from two different laboratories on samples of the same
material should not differ by more than 0.038.

Comparison of Corelok and Water Displacement Test Methods to Measure G

The first step in the comparison of the two Gy, test methods was to closely evaluate the test
results. It was anticipated that some suspect data would result from this study as a total of 567
samples were tested. This equated to a total of 1,134 tests being conducted since both the
Corelok and AASHTO T166 methods were performed on each sample.

A close inspection indicated several deficiencies in some of the test results. As stated
previously, the Corelok test method was conducted first and AASHTO T166 was conducted after
the Corelok procedure was concluded. Inspection of the data indicated that for eighteen samples,
the “dry mass” for a given sample was different during the Corelok and AASHTO T166 testing.
This was likely due to a small leak in the bags that was not identified during Corelok testing.
Infiltration of water into the plastic bag can influence the determination of G,,,. However, it is
currently unclear how much water infiltration is tolerable while maintaining the integrity of the
test procedure.
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Another potential problem with individual data was that the “dry mass” for a given sample was
different at the time of testing than when weighed at NCAT prior to sending the samples to the
participating laboratories. These differences ranged from 0.1 gram to as high as 30 grams.
Differences of 1 gram or less were probably caused by variability in scales or the dislodgement
of small pieces of HMA during shipment of the samples. Larger differences could be caused by
a number of issues. First, sample identifications may have been misread. Secondly, scales may
have been out of calibration. Lastly, values may have also been written down incorrectly. All
three of these potential problems could affect a comparison between the two methods.

The method selected for identifying potential outlying data was to develop regressions between
data sets and evaluate standardized residuals. The regressions selected to identify outliers was to
regress Corelok results to gyratory results and AASHTO T166 results to gyratory results.
Gyratory results were considered the bulk specific gravity measurements based upon volumes of
compacted specimens in the gyratory and were used in the development of the precision
statements. This, in essence, is a volumetric (height times area of cylindrical sample) bulk
specific gravity. The gyratory results were considered to be a reasonably consistent measure of
bulk specific gravity for a given material (i.e., gradation-gyration level combination). For a
given material, the relationship between density and interconnected surface voids should remain
reasonably consistent. This would allow for obvious outlier Corelok or AASHTO T166 data to
be identified.

The steps in identifying outliers were to first regress (linear) the dependent data (Corelok or
AASHTO T166 results) to the independent data (gyratory bulk specific gravity). This was done
for each of the nine materials. Based upon the regression statistics for a given material, the
residuals for each observation were then calculated. For a given material, there were 51
observations (17 laboratories [laboratory 16’s results excluded] * 3 replicates). A residual is the
difference between a dependent observation and its predicted value (from the regression
equation). Standardized residuals were then calculated as follows:

di = ®)
\/(n_l)MSE
n

Where,

d;; = standardized residual for an observation

e;j = residual (observation minus predicted value) for an observation
n = number of observations

MSE = variance of residuals

Montgomery (11) has indicated that for a normal population, standardized residuals should be
approximately normal with a mean of zero and a variance of one. Approximately 68 percent of
the standardized residuals should be within + 1, 95 percent of the standardized residuals should
be within £2, and 99.9 percent of the standardized residuals should be within + 3. Montgomery
suggests that test results with standardized residuals greater than 3 or 4 are potential outliers. For
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the purposes of this study, observations with a standardized residual of greater than 3 were
considered outliers.

Figures 18 and 19 illustrate this outlier identification technique. Figure 18 presents SMA 50-
gyration material results for Corelok and gyratory bulk specific gravity measurements. As
shown on the figure, two data points do not appear to be part of the sample population. Both of
these data points have Gy, values, as measured with the Corelok, that are much lower than the
companion gyratory G values. For both samples, the submerged mass recorded by the
participating lab was in the 2,600-gram range. The remaining 49 samples had submerged masses
in the 2,800-gram range. This difference could have been caused by incorrectly recording the
submerged mass on the data sheet.
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Figure 18. Outlier Identification for Corelok Results SMA- 50 Gyrations

Figure 19 shows a similar plot for the same material as Figure 18, except AASHTO T166 results
were regressed with the gyratory Gy, values. For this sample population, a single data point had
a standardized residual of greater than 3.

Tables 10 and 11 provide the data points identified as potential outliers for the Corelok and
AASHTO T166 data, respectively. Included within these tables are the material tested (mix-
gyration level), laboratory conducting the test, sample number, G, value, and the standardized
residual. For the Corelok data, thirteen observations were identified as potential outliers. For
AASHTO T166, six observations were identified as potential outliers. The difference in the
number of potential outliers between the Corelok and AASHTO T166 data sets was not
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unexpected. For several of the laboratories, this round-robin study was the first time technicians
had conducted the Corelok procedure. Therefore, experience with the device and procedure was
low. Three laboratories being identified as having outlying data at least twice show this lack of
experience. For AASHTO T166, only one laboratory has as many as two outlier observations.
Also as stated previously, no ruggedness study had been conducted for the Corelok procedure.

SMA Gradation - 50 Gyrations

2.440

2.420 {4 = Water Displacement -

2.400 A

N
w
©
=}

N

w

(o2}

o
.

Measured Bulk Specific Gravity
N
w
N
o

2.320 A

2.300 T T T T T T
2.220 2.240 2.260 2.280 2.300 2.320 2.340 2.360

Gyratory Bulk Specific Gravity

Figure 19. Outlier Identification for Water Displacement Results SMA- 50 Gyrations

Table 10. Potential Outliers for Corelok Data

Gradation Gyration Level Laboratory Sample G, Value Standardized Residual

Fine 15 9 12 2.247 3.75"
Fine 50 11 37 2319 -3.02?
Fine 50 9 68 2.404 3.99
Fine 100 6 5 2.379 5.98
Coarse 15 21 16 2.285 3.82
Coarse 15 21 34 2.248 3.81
Coarse 50 1 58 2.417 6.37
Coarse 100 9 51 2.377 3.17
Coarse 100 10 12 2.339 -5.08
SMA 15 7 18 2.357 5.91
SMA 50 13 3 2.169 -4.09
SMA 50 21 35 2.117 -5.33
SMA 100 13 17 2.362 -3.79

" Not identified as outlier by h (-2.31) and k (1.89) analysis.
2 Not identified as outlier by h (-1.65) and k (2.02) analysis.
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Table 11: Potential Outliers for Water Displacement Data

Gradation Gyration Level Laboratory Sample G Value Standardized Residual

Fine 50 21 7 2.234 -6.67
Fine 100 7 20 2.401 4.06
Coarse 50 9 20 2.328 -3.71
Coarse 100 9 51 2.389 4.56
SMA 15 10 46 2.389 5.34
SMA 50 8 63 2.351 -4.79

The average, sample standard deviation, range and number of observations for the measured
Corelok air void content, AASHTO T166 air void content, difference in measured air void
contents between the Corelok and T166 methods and T166 water absorption are summarized by
mix type in Table 12. CG 100, FG 100 and SMA 50 approximately represent the design case,
where 4 percent air voids would be expected. For the coarser gradations, CG and SMA, there
appears to be a difference between the air voids measured by Corelok and AASHTO T166, even
for the design cases. On average for the fine-graded mixes, there is practically no difference
between the Corelok and AASHTO T166 results at any gyration level. Surprisingly, for the FG
50 and FG 100 materials, the average Corelok Gy, values were less than the AASHTO T166 Gy,
values. This may be due to the inability of the Corelok bag to tightly adhere to such a smooth
specimen. Typically though, fine graded mixes do not exceed two percent water absorption.

The average water absorption values for the fine graded (FG) mixes, shown in Table 12, are all
below the 2.0 percent, by volume, threshold specified by AASHTO T166. The average water
absorption for the CG 15 and SMA 15 materials exceeds the 2.0 percent threshold limit
established by AASHTO T166. At the 50 gyration levels, neither the CG or SMA materials had
water absorptions greater than 2.0 percent. For these two materials, the average difference in air
voids between the two Gy, methods was 0.5 and 1.0, respectively. Based on the average,
standard deviation and range, shown in Table 12, the measured water absorptions are for the
most part less than 2.0 percent.

The next step in comparing G, results from the Corelok and AASHTO T166 results was to
conduct a paired t-test for each of the nine materials. This test method compares the difference
between paired observations (Corelok and AASHTO T166 Gy, results for a given sample).
Results of these analyses are presented in Table 13. Included in Table 13 are the material type,
mean Gy, value for the Corelok method, mean Gy, value for AASHTO T166, mean difference
(Corelok Gmp minus AASHTO T166 Gpy), t-value from the paired comparison, probability value
(p-value) that the t-statistic is greater than t-critical, and whether Gy, results from the two
methods are significantly different at a 95 percent confidence level.
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Table 12. Summary of Measured Air Voids and Water Absorption by Material

Mix CG15 CG50 CG100 FG15 FG50 FG100 SMA 15 SMAS50 SMA 100
Number of Samples 49 50 51 51 51 51 51 51 51
Average Corelok Air Voids, % 12.8 6.6 4.5 9.0 6.0 4.6 9.4 4.6 23
T166 Air Voids, % 11.2 6.1 4.1 9.1 6.2 4.7 7.5 3.5 1.8
Corelok-T166 Air Voids, % 1.6 0.5 0.4 0.0 -0.2 -0.1 1.9 1.0 0.5
T166 Water Abs.,% 5.0 1.0 0.4 0.9 0.5 0.3 22 0.6 0.2
Standard Deviation  Corelok Air Voids, % 1.28 0.97 0.81 0.47 0.49 0.51 1.04 1.94 0.78
T166 Air Voids, % 1.43 0.88 0.64 0.32 0.76 0.51 0.92 0.76 0.43
Corelok-T166 Air Voids, % 0.65 0.28 0.45 0.36 0.65 0.39 0.59 1.18 0.51
T166 Water Abs.,% 1.13 0.41 0.22 0.36 0.19 0.14 0.65 0.64 0.13
Range Corelok Air Voids, % 9.0-15.6 3.8-8.7 2.6-7.0 8.0-10.5 42-76 3.6-6.6 4.4-11.3 23-14.1 1.1-5.6
T166 Air Voids, % 83-13.8 3.6-83 3.0-6.0 8298 56-11.0 3.1-7.0 3.1-10.1 1.8-5.7 1.0-3.4
Corelok-T166 Air Voids, % 0.5-32 -0.2-1.3 -02-29 -13-14 -42-1.0 -0.5-2.1 0935 0287 -0.1-24
T166 Water Abs.,% 2.7-72  03-2.1 0.1-1.0 0420 0.2-1.0 0.0-0.6 1.1-48 0.2-4.8 0.1-0.6
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Table 13. Results of Paired t-Tests To Compare Corelok and AASHTO T166 Test Results

Gradation Gyration Level Corelok Mean Gy AASHTO T166 G, Mean Difference t-Value p-Value Different?

Fine 15 2.284 2.282 0.002 1.43 0.159 No
Fine 50 2.360 2.358 0.002 2.25 0.029 Yes
Fine 100 2.397 2.393 0.004 4.81 0.000 Yes
Coarse 15 2.185 2.226 -0.041 -17.95 0.000 Yes
Coarse 50 2.341 2.353 -0.012 -13.62  0.000 Yes
Coarse 100 2.395 2.403 -0.008 -7.93 0.000 Yes
SMA 15 2.230 2.275 -0.045 -17.42  0.000 Yes
SMA 50 2.360 2.377 -0.017 -9.26 0.000 Yes

SMA 100 2.408 2421 -0.013 -8.05 0.000 Yes
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Based upon Table 13, there were significant differences in Gy, results between the two test
methods for all materials except the Fine-15 gyration mixtures. However, practically speaking,
there were no differences between any of the Fine gradation mixes. For the 50 gyration Fine
mixes, the mean difference in Gy, was only 0.002 while for the 100 gyration mixes the
difference was 0.004. Differences in Gy, values of 0.004 would result in differences in air void
contents of less than 0.2 percent.

For the remaining materials, there were some large differences between Gy, values from the two
test methods. Results for the Coarse-15 gyration material differed in G, by 0.041 and the
SMA-15 gyration material differed by 0.045. For the Coarse and SMA gradations, there is a
definite trend in the differences with changes in gyration level. The largest differences are at 15
gyrations while the smallest differences are for the 100 gyration mixes.

Figures 20 and 21 illustrate the relationships between G, measurements for the Superpave
mixes using both the Corelok and AASHTO T166 results. Figure 20 presents the relationships
for the three Fine gradation materials. Based upon this figure, G, measurements for both
procedures fall near the line of equality. This is true for all three gyration levels. Interestingly,
the majority of the data falls just below the line of equality, indicating that the Corelok Gy
values are slightly less than the AASHTO T166 Gy, values. Figure 20 and practical
interpretation of the paired t-tests (Table 13) suggest that for the Fine gradation materials, the
two methods of measuring the G, of compacted HMA provide similar results. Based upon past
experiences with AASHTO T166 for conventional mixes (typically having a fine gradation),
Figure 20 suggests that the Corelok does provide a good estimation of Gyp.

Figure 21 illustrates the relationship between the two Gy, measurement methods for the Coarse
gradation materials. For the 15 gyration mixes, all of the data points fall above the line of
equality. This indicates that G, measurements for AASHTO T166 were higher than those for
the Corelok method. As shown in Table 11, the mean difference in Gy, for the 15 gyration
mixes between the two methods was 0.041, which is approximately 1.6 percent difference in air
void content (average of 12.8 and 11.2 percent air voids for the Corelok and AASHTO T166,
respectively). Results for samples compacted to 50 gyrations were closer to the line of equality,
but still had a mean difference in G, of 0.012. This difference equates to approximately 0.5
percent air voids. Data for the 100 gyration mixes were very close to the line of equality. The
mean difference between the two methods at 100 gyrations was 0.008, or about 0.4 air voids.
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Figure 20. Relationship Between G, Measurements for Fine Gradation Materials

The results shown in Figure 21 are interesting in that as density increases (gyration level
increases), G, measurements for the two methods become closer. Previously within this report,
the problems associated with measuring G, utilizing AASHTO T166 was discussed. These
problems most likely explain the differences in Gy, results for the two methods. Samples having
higher air void contents (15 gyration samples) likely have large voids interconnected to the
sample surface, which allows water to quickly enter the sample during submergence in water.
Likewise these large interconnected voids also allow the water to quickly exit the sample after
removing the sample from the water to attain the SSD condition. Several research studies have
shown that there are density gradients within Superpave gyratory compacted samples (13, 14).
These studies have indicated that density is highest within the center of the sample and the
lowest density is near the perimeter of the sample. The combination of high overall air void
contents and the density gradients within samples, it can be inferred that there are large
interconnected voids near the surface of Superpave gyratory compacted samples.
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Figure 21. Relationship Between Two Methods in Measurement for Coarse Gradation

One possible method of determining whether an excessive amount of water enters a given
sample during AASHTO T166 testing is to evaluate the amount of water absorption within
samples. This analysis will not provide an exact measure of the volume of water that enters and
exits a sample during AASHTO T166 testing, but rather provides a measure of the potential. As
water absorption increases, the number and size of voids interconnected to the surface increases.
Intuitively, as the water absorption increases, the potential for errors during AASHTO T166
testing also increases. If this hypothesis is correct, there should be a reasonable relationship
between the difference in density measurements by the two methods and water absorption. Also
if the hypothesis is correct, the AASHTO T166 results would overestimate density. Therefore,
the Gmb values obtained by the Corelok method should be less than results from AASHTO T166
testing if the Corelok does provide a better estimation of density at high air void levels. This
hypothesis was tested and shown correct by Buchanan (3). This is the reason that within the
AASHTO T166 standard method of test, a provision requires the use of other test methods if the
water absorption is greater than 2 percent.

Figure 22 presents the relationship for the Coarse gradation mixes between water absorption and
Gmpb determined by both the Corelok and water displacement methods. As shown on the figure,
both relationships have high coefficients of determination (R?) of 0.88. At high Gy, values (high
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gyration levels), both test methods have relatively low water absorptions. Also, there is little
difference in Gy, between the two methods at low water absorption values. However, at the
higher levels of water absorption the two methods begin to diverge. Generally, the Corelok Gy
values are smaller than the water displacement values.

Based upon the discussion of the problems with AASHTO T166, Figure 22 is logical. At high
densities (high Gy values), there are very low water absorptions and the two methods provide
similar results. However, at lower densities there are higher water absorption values and large
differences in G, values. Past experience has shown that at high densities (low absorption),
AASHTO T166 provides a reliable estimation of density. If water is quickly entering and exiting
a sample during AASHTO T166 testing, it would be expected that the density of a sample would
be overestimated. Therefore, the relationship between the Corelok and water displacement
results makes sense if the Corelok procedure is providing a more accurate measure of Gy at
lower densities (high water absorption). Because of how the Corelok method works, it can be
surmised that since the method works at high densities, it also works at lower densities.

Water Absorption Versus Bulk Specific Gravity ~ Coarse Mixes
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Figure 22. Relationship Between Water Absorption and G, for Coarse Mixes

Another way to look at Figure 22 would be to evaluate the relationship between the differences
in air void contents resulting from Gy, measurements based upon both test methods versus the
amount of water absorption (Figure 23). Figure 23 presents all of the data for the Coarse
gradation mixes (all gyration levels). The R? value for Figure 23 is relatively low (0.5), but the
relationship is significant (p-value = 0.000). Based upon the figure, the difference in air void
content for a given sample tested by both the Corelok and AASHTO T166 at 2.0 percent water
absorption would be approximately 0.8 percent.
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Difference in Air Voids (Corelok - T166) versus Water Absorption (T166)
Coarse Gradations
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Figure 23. Difference in Air Void Contents Based Upon Water Absorption (Coarse Mixes)

Figure 24 presents the relationship between the two Gy, measurements for the SMA gradation
materials (all gyration levels). Similar to the coarse gradation materials (Figure 20), the SMA
materials show a wide difference in Gy, values at the 15 gyration level. The mean difference in
Gmb between the two methods at 15 gyrations is 0.045, which is approximately 1.8 percent air
voids. At 50 gyrations, the values become closer, but still not on the line of equality. The mean
difference in G, was 0.017 or about 0.7 percent air voids for the 50 gyration mixes. At 100
gyrations, the results become even closer to the line of equality. The mean difference between
the two methods was 0.013, which is 0.5 percent air voids.

Similar to the Coarse gradation (Figure 21), Figure 24 shows that as density increases the Gy,
measurements become closer. The SMA gradation mixes are similar to the Coarse gradation
mixes, in that they can contain large interconnected air voids. Additionally, the Corelok method
may include more of the surface texture as air voids than AASHTO T166. Figure 25 illustrates
the relationship between water absorption and Gy, values for the SMA gradations. At low
values of water absorption (high density values), the differences in G, between the two test
methods are similar. However, at high values of water absorption there is a large difference
between the two test methods. This again infers that for high water absorption mixes, the water
is quickly entering and exiting the mix during AASHTO T166 testing. The net result is
AASHTO T166 is overestimating density.
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Comparison of Corelok and T166 Methods ~ SMA Gradations
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Figure 24. Relationship Between Two Methods of Measurement for SMA Gradations

Figure 26 presents the relationship between the differences in air void content resulting from the
two G methods versus water absorption. All three-gyration levels are shown. The R* value is
again relatively low (0.3), but the relationship is significant (p-value = 0.000). Based upon
Figure 26, the difference in air void content for a given sample tested by both the Corelok and
AASHTO T166 at 2.0 percent water absorption would be approximately 1.8 percent.

Based upon the previous discussions about the test results and the potential problems with
AASHTO T166, it appears that the Corelok does provide a more accurate measure of Gy, than
AASHTO T166 at high levels of water absorption. This is based upon the similarity in test
results for the Fine gradation mixes and the Coarse and SMA gradation mixes at the high
compaction levels. Visual examination of coarse graded samples sealed with the Corelok device
suggests that the plastic does conform to the surface voids. However, there is a slight potential
for the Corelok device to over estimate air voids due to bridging of the plastic bag over a
sample’s surface voids. This potential may be greater for laboratory prepared samples, which
have texture on all sides as opposed to field cores. Now the question must be asked, “When
should the Corelok procedure be utilized?”
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Water Absorption Versus Bulk Specific Gravity ~ SMA Mixes
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