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EXECUTIVE SUMMARY

One of the primary assumptions in structural pavement design for conventional pavements is that
a flexible (hot mix asphalt) pavement be impermeable. The basis for this design approach is to
minimize moisture infiltration and thus maintain adequate support from the underlying unbound
materials. In recent years, with the implementation of the Superpave mix design system, hot mix
asphalt (HMA) pavements have been produced with coarser gradations than previously with the
Marshall mix design method. A non-destructive method, such as permeability testing, also has
the potential to partially characterize the HMA quality more timely than destructive methods,
and not leave imperfections in a newly constructed pavement.

The study identified the nominal maximum aggregate size (NMAS), the theoretical
maximum specific gravity of the mixture (Gmm), and thickness of the pavement or core as
statistically important factors influencing permeability and air voids. Generally, larger NMAS
mixtures have an influence of lower permeability and lower air voids than smaller NMAS
mixtures. Higher Gmm mixtures generally produced mixtures with higher permeability and
higher air void values. Although statistically significant, the influence of thickness varied from
one method/technology to another.

Beneficial findings from this research study identified the CoreLok as a viable method
for determining the density and corresponding air voids of field samples and was comparable to
AASHTO T166. The CoreLok method did in general yield lower density values and thus higher
air void values than AASHTO T166. The research study also found the PaveTracker did not
have a strong relationship to neither AASHTO T166 nor the CoreLok methods for measuring

density as well as the four methods of permeability testing conducted in this study.



Three methods of permeability testing were identified as viable: the Kentucky Air
Permeameter, the Karol-Warner Permeameter, and the NCAT Permeameter. This report
recommends utilizing an NCAT Permeameter for field testing as part of the quality
assurance/quality control process. The specific criteria for using an NCAT Permeameter as part
of a percent within limit specification is 1560X10°cm/sec for the upper specification limit and 0
cm/sec for the lower specification limit. Although the literature did not identify criteria for the
NCAT Permeameter, 125X10° cm/sec average permeability criteria for the Karol-Warner device
has been identified by Maupin at the Virginia Transportation Research Council as a criteria. The
study identified the viability of using a Karol-Warner Permeameter as part of the mix design as it
has a strong relationship to the NCAT Permeameter, which is not capable of testing gyratory
compacted samples. A corresponding Karol-Warner Permeability criteria identified in this study
is an upper specification limit of 530X10™° cm/sec and 0 cm/sec for the lower specification
criteria and results in an average permeability value of 265X10™ cm/sec.

The research for this project generated a number of deliverables and are as follows:

1. A draft specification for permeability testing using an NCAT Permeameter as part of

the Missouri Department of Transportation’ construction quality control quality

assurance testing utilizing percent within limit specifications;

2. A draft test criteria/method for permeability using a Karol-Warner Permeameter as

part of the mix design evaluation process;

3. The test equipment for conducting permeability testing utilizing, namely an NCAT

Permeameter, a Karol-Warner Permeameter, and a ROMUS Air Permeameter;



. A database in an Excel spreadsheet that contains all of the data collected as part of the

project, as well as majority of calculations and figures provided in this report; and

. A draft training module for conducting permeability testing utilizing an NCAT and a

Karol-Warner Permeameter.
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CHAPTER 1 INTRODUCTION
1.1 Background

One of the primary assumptions in structural pavement design for conventional pavements is that
a flexible (hot mix asphalt) pavement be impermeable. The basis for this design approach is to
minimize moisture infiltration and thus maintain adequate support from the underlying unbound
materials. This drainage approach also transcends geometric design of roadways in ensuring
standing water is not at the surface of a pavement via crown sections for safety reasons.

In recent years, with the implementation of the Superpave mix design system, hot mix
asphalt (HMA) pavements have been produced with coarser gradations than previously with the
Marshall mix design method. These coarser gradations have been successful at limiting
distresses such as rutting, but have resulted in other issues arising namely higher permeability
values of Superpave mixes as compared to Marshall mixes. Another concern is the determination
of a volumetric property of HMA, namely, bulk specific gravity. This issue has emerged because
the most common method for determining the bulk specific gravity was not designed to handle
open or interconnected void structures, which are present in coarser-graded HMA pavements. A
third issue unrelated to mix design method is the destructive sampling of pavements via coring to
characterize in part the quality of the placed HMA. A non-destructive method, such as
permeability testing, has the potential to partially characterize the HMA quality more timely than
destructive methods, and not leave imperfections in a newly constructed pavement.

1.2 Objectives

The objectives of this research project are to identify an alternative test method(s) to AASHTO
T166 for inclusion in part of the current Missouri Department of Transportation’s quality

assurance/quality control (QA/QC) specifications (Section 403 Asphaltic Concrete Pavement).



1.3 Report Organization

The report consists of five chapters including the introductory one as the first. The second
chapter provides a comprehensive literature review consisting of both permeability and density
research work that has been completed. The experimental plan is described in the third chapter.
The fourth chapter provides the data collected as part of the research as well as a detailed
statistical analysis. Finally, the fifth chapter outlines the findings, conclusions and makes
recommendations. The fifth chapter also provides a summary of the deliverables for the overall
project.

1.4 Deliverables

The deliverables for the project are as follows:
1. A draft specification for permeability testing using an NCAT Permeameter as part of
the Missouri Department of Transportation’ construction quality control quality

assurance testing utilizing percent within limit specifications;

2. A draft test criteria/method for permeability using a Karol-Warner Permeameter as

part of the mix design evaluation process;

3. The test equipment for conducting permeability testing utilizing, namely an NCAT

Permeameter, a Karol-Warner Permeameter, and a ROMUS Air Permeameter;

4. A database in an Excel spreadsheet that contains all of the data collected as part of the

project, as well as majority of calculations and figures provided in this report; and

5. A draft training module for conducting permeability testing utilizing an NCAT and a

Karol-Warner Permeameter.






CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

The permeability and density of HMA is an important construction variable in the long-term
durability of paved surfaces. The primary objective of measuring density is to reduce
permeability and that density measurements are more reliable than permeability ones.
Significant information exists regarding the important effect that in-place density (or air voids
content) has on the performance of HMA pavements. Although there is some substantial
research work that has been done on permeability of HMA, it has primarily been on open-graded
mixtures and is not nearly as comprehensive as research on HMA density. Whether the in-place
density is specified as a percent of laboratory, control strip, or maximum theoretical density, it is
well known and documented that density that is either too high or too low can lead to premature
pavement failure (Killingsworth, 2004). Lower percentages of in-place air voids can result in
rutting and shoving, while higher percentages allow water and air to penetrate into a pavement,
leading to an increased potential for water damage, oxidation, raveling, and cracking. Low in-
place air voids are generally the result of a mix problem while high in-place voids are generally
caused by inadequate compaction (Brown et al., 2004).

Bulk specific gravity (Gmp) is defined as the ratio of the mass of a given volume of material
at 25°C to the mass of an equal volume of water at the same temperature. The proper
measurement of G, for compacted HMA samples is a major concern for the HMA industry.
This issue has become a bigger problem with the increased use of coarse gradations. The
volumetric calculations used during HMA mix design, field control, and construction acceptance
are based upon bulk specific gravity measurements. During mix design, volumetric properties

such as air voids, voids in mineral aggregates, voids filled with asphalt, and percent theoretical



maximum density at a certain number of gyrations are used to evaluate the acceptability of
mixes. All of these properties are based upon Gn,. An erroneous Gy, can lead to incorrect pay
bonuses or penalties (Brown et al., 2004).

Current methods of measuring in-place density of HMA pavements have limitations.
Laboratory density measurement of core samples (saturated surface dry, paraffin/parafilm
coated, volumetric, and CoreLok) is time-consuming and costly. The alternative, a nuclear
density gauge (which uses gamma ray technology), requires strict licensing and usage procedures
and has other limitations (NCHRP, 1999). For instance, a nuclear density gauge requires proper
calibration and can take several minutes to obtain a density measurement making it difficult to
implement in real time on a continuous paving operation (Jaselskis et al., 1998). Recently, non-
nuclear electro-magnetic density gauges have entered the market, which have the potential to
replace nuclear density gauges and the process of coring. A description of each of these
permeability and density measurement techniques and associated studies follow.

2.2 Permeability Measurements of HMA

Permeability, more properly hydraulic conductivity or coefficient of permeability, is the rate at
which a porous material will transmit water under a hydraulic gradient (Kanitpong et al., 2001).
Several apparatuses have been developed to measure the coefficient of permeability of an HMA
specimen. The research below outlines some of the more significant studies. Permeability is an
important property of an HMA since it has been linked to a pavement’s durability, providing a
measure of how accessible a pavement’s void structure is to its environment (air and water).
The Virginia Department of Transportation (VDOT) has conducted numerous studies on
the permeability of HMA utilizing a falling head permeameter (Maupin, 2000, 2001, and 2005;

Prowell and Dudley, 2002). The first study considered the acceptable maximum permeability



value to be 125x10> cm/s. The main conclusions that Maupin (2001) arrived at were that the
studied mixes all exhibited distinctive permeability-void relationships and implied that the
acceptable permeability value had different acceptable void contents. The implication may result
in required permeability testing of all mixtures to develop an acceptable air void range. Maupin
(2001) noted that sawing of the specimen, if not monitored closely, could significantly reduce the
measured permeability due to closing of the air voids because of the smearing of asphalt.
However, the permeability test yielded rather high multi-operator variability for sawed and
unsawed specimens. The study also considered multi-lab variability in the use of the falling head
permeability test by comparing two laboratories’ permeability-air void relationships. The results
suggested that the lab specimens and the field cores had similar permeability values for like air
void contents. As a result, VDOT is implementing the permeability test into the mix design as a
pilot study with maximum permeability design criteria of 125x10~° cm/s. Other factors that
affect permeability include air void content, gradation and lift thickness (Mohammad et al.,
2003). Mohammad et al. (2003) also reported no difference in permeability measurements for the
various mixtures or compaction levels. It was also noted that the permeability measurement
generally decreased if the thickness of the asphalt specimen was at least 6 cm in height. The
study also investigated the permeability measurement’s relationship with air voids and porosity,
while comparing the estimated air voids from three methods (water displacement, vacuum
sealing method, and gamma ray method). The researchers observed a good correlation with air
voids when using either the vacuum sealing method or the SSD method. In a later study,
Mohammad et al. (2005) reported that the effective porosity as measured with the CoreLok

vacuum equipment has an even better correlation with the measured permeability than with the



measured air void approximation. The permeability testing was completed in this study using the
standards and equipment outlined in ASTM PS 129-01 (2004).

Brown et al. (2004) at NCAT noted that coarse-graded mixtures generally exhibited
higher measured permeability than fine-graded mixtures. The researchers also reported that for
the 20 projects investigated, air voids were found to influence the measured permeability,
although relatively high permeability measurements were still made on mixes with low air void
contents. When the researchers compared the lab and field measurements of permeability a
strong correlation between the two measurements were not found. Brown et al. (2004) also
suggested that efforts should be made to investigate making permeability a part of the mix design
process.

Russell et al. (2005) determined that an air permeameter developed by ROMUS provided
comparable permeability values to the water permeameter developed by NCAT. The ROMUS
was developed utilizing essentially the falling head concept, but with air as the medium rather
than water and would yield more repeatable test results. Further, the ROMUS air permeameter
was more time efficient with more reproducible results than the NCAT water permeameter.

2.3 HMA Density Measurement: Traditional Laboratory Methods

There are several methods that are used to determine densities of pavement specimens. The
following sections outline the most popular methods currently used.

2.3.1 Saturated Surface Dry (SSD) Method

The water displacement method, or Saturated Surface Dry (SSD) method (AASHTO
T166 or ASTM D2726), is the most common method used to determine bulk specific gravity of
compacted hot mix asphalt. This method 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 (see Figure 2.1). Based upon Archimedes’ principle, the SSD
method approximates the volume of a compacted asphalt specimen as the volume of water

displaced when submerged under water (Tarefder et al., 2002).

Figure 2.1 Blotting an HMA Specimen Dry (Indiana DOT, 2006)

According to the AASHTO T166 and ASTM D2726 procedures, tests are only valid for
specimens (cores) with water absorptions of less than two percent and no open or interconnecting
voids. Also, the reliability of the water displacement method decreases with increasing depth of
the surface irregularities and the presence of interconnected voids that are open to the surface of
the solid (InstroTek, 2001).

In order to determine the bulk specific gravity using the water displacement method,
three weights of a specimen must be obtained. First, the dry weight of a specimen must be
obtained. Second, the weight of the specimen under water for four minutes must be recorded.
Finally, the weight of a specimen having a saturated surface dry condition is determined. This

SSD condition is very difficult to determine as it is subject to individual interpretation of when a

8



specimen is SSD and thus the procedure is prone to variability and error. The following
expression is used to compute the bulk specific gravity using the SSD method:

Bulk Specific Gravity at 25°C = ﬁ (Equation 0.1)

Where A = mass of the dry specimen in air,
B = mass of the saturated surface dry specimen in air, and

C = mass of the specimen in water.

The SSD method has proven to be adequate for conventionally designed mixes, such as
those designed according to the Marshall and Hveem Methods that generally utilized fine- and
dense- graded aggregates. Historically, mixes were designed to have gradations passing close to
or above the Superpave defined maximum density line (e.g., 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 coarser gradations than in the past (Brown et al., 2004).

The potential problem in measuring the G, of mixes like coarse-graded Superpave and
SMA 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 finer conventional mixes, at
similar overall air void contents. Mixes with 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 through these interconnected voids.
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 errors when using the SSD method (Brown et al., 2004) as the displaced
volume is lower.

2.3.2 Paraffin and Parafilm Method

The paraffin and parafilm method as described by AASHTO T275 (Bulk Specific Gravity
of Compacted Bituminous Mixtures using Paraffin Coated Specimens) and ASTM D1188,
respectively, address the water absorption problems inherent in the water displacement method.
AASHTO T275 should be used with samples that contain open or interconnecting voids or
absorb more than two percent of water by volume or both. In this method, the mass of the HMA
sample is determined before coating it with liquid paraffin wax. The sample is then weighed in
air and under water.

The compacted HMA specimens are either coated with paraffin or wrapped in parafilm
(see Figure 2.2). The use of paraffin or parafilm can be time consuming, awkward to perform,
and messy (Buchanan, 2000). The paraffin coating also may limit the further evaluation of a
specimen after the G, testing is completed, whereas the parafilm is easily removed to allow for
further testing. The testing procedure is similar to that of AASHTO T166 and ASTM D2726.
First, the dry uncoated weight of a sample is determined. Second, the mass of a completely
coated specimen is obtained. Next, the mass of the coated sample under water is determined.
Finally, the specific gravity of the coating (paraffin or parafilm) is determined as outlined in
ASTM D1188. The Gpy, of the film-coated specimen is computed using the following formula:

=

Where A = Mass of the dry specimen in air,

Bulk Specific Gravity = (Equation 0.2)
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D = Mass of dry coated specimen,
E = Mass of coated specimen under water, and

F = Specific Gravity of the coating as determined at 25°C.

Unfortunately, the AASHTO T275 test method used for sealing of compacted asphalt
samples can have poor repeatability, high sensitivity to operator involvement and training.
Furthermore, there are currently no specifications for sealing 150 mm diameter samples.

Consequently, few agencies use this method (Bhattacharjee et al., 2002).

Figure 2.2 Parafilm Application (University of Washington, 2005)

For open-and coarse-graded mixes the density results obtained by both the SSD and
parafilm methods are higher than the actual density of a specimen. Problems related to
inaccurate specific gravity measurements can have serious and detrimental effects on design and
quality control of asphalt mixtures. Inaccurate air void contents based on erroneous specific
gravity can seriously affect the performance of roadways and their quality. Field cores are
generally different from laboratory prepared cores in surface texture and thickness. In Superpave

gyratory compactor, the mixture is confined on all surfaces. The difference in surface roughness
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of these two different sampling methods in effect produces a different degree of water absorption
and drainage during water the displacement tests which in effect reduces the reliability of the
saturated surface dry weight of the samples. This causes the calculated densities for laboratory
and field samples with the same air content, asphalt content and density, to be different when
tested with water displacement method (Bhattacharjee et al., 2002).
2.3.3 CorelLok

In the past several years, vacuum-sealing technology using a CoreLok device, as shown
in Figure 2.3, has been employed by a number of researchers and transportation agencies to
determine an HMA Gp. ASTM D 6752 “Standard Test Method for Bulk Specific Gravity and
Density of Compacted Bituminous Mixtures Using Automatic Vacuum Sealing Method” has
recently been approved outlining the G, determination procedure with the CoreLok device

(Buchanan and White, 2005).

Figure 2.3 CoreLok Vacuum Sealing Device (Buchanan and White, 2005)
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A CorelLok device has been developed to determine the Gy, of coarser-graded Superpave
mixtures. A CoreLok device is a vacuum sealing method that eliminates the need for the SSD
condition weighing. Through the use of flexible, puncture resistant vacuum bags, a sample is
sealed and remains dry during testing (InstroTek, 2003). The process of determining the bulk
specific gravity with the CoreLok system is similar in nature to AASHTO T275 and ASTM
D1188, which uses a paraffin wax or parafilm to prevent water infiltration from occurring during
the submersion of the sample. The CoreLok device can accommodate 4-in. diameter, 6-in.
diameter, and even beam specimens.

The CorelLok system requires very little involvement from the operator, which in turn
means the test results may be more easily reproducible. Also, when compared to dimensional
analysis and the water displacement method, the CoreLok method has the smallest multi-
operator variability, as defined by a standard deviation of test results (Hall et al., 2001).

Research conducted by Buchanan (Buchanan, 2000) has concluded that the CoreLok
procedure can determine Gp, more accurately than such conventional methods as SSD, parafilm,
and dimensional analysis (e.g., mass divided by volume). Theoretically, there should be no
instance where a CoreLok Gy, is greater than a SSD Gnp. As the specimen’s air voids and
surface texture decrease, the results of CoreLok and water-displacement procedures should
approach the same value (Buchanan and White, 2005).

Crouch et al. (2002) reported that the CoreLok device had good performance with a
variety of sample types and was the most widely applicable method of G, determination.
Results from a round-robin study (Cooley et al., 2002b) conducted by the National Center for
Asphalt Technology (NCAT) showed the CoreLok procedure to be a viable method for

determining the G, of HMA mixes. The report further stated that the CoreLok procedure
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provided a more accurate measure of Gy, especially for mixes with high water-absorption levels
during water-displacement procedures.

The CoreLok method utilizes an automatic vacuum chamber with specially designed,
puncture resistant, resilient bags. Using a 1.25 hp vacuum pump, the unit automatically
evacuates and seals the bag during the vacuum operation. The vacuum pump is capable of
pulling up to 30-in. Hg (1 TORR). The bags are designed in two different sizes to accommodate
different asphalt sample sizes. The following steps are used in determining Gn, using the
CoreLok procedure (InstroTek, 2003):

1. Use the plastic specimen bag predetermined density, or determine the density by

using a standard aluminum reference cylinder provided.

2. Place the compacted HMA specimen (either core or laboratory-compacted specimen)

into the bag.

3. Place the bag and specimen inside the CoreLok vacuum chamber.

4. Close the vacuum chamber door, at which time the vacuum pump will start and

evacuate the chamber to 30-in. (760-mm) Hg.
5. In approximately two minutes, the chamber door will automatically open with the
specimen completely sealed within the bag and ready for water-displacement testing.
The user should ensure that the bag seal is secure before proceeding to Step 6.

6. Perform water-displacement method testing of the sealed specimen according to
AASHTO or ASTM standards. Correct the results for the bag density and the
displaced bag volume, as suggested by ASTM D 1188. Use the following equation to

calculate the bulk specific gravity of the sample:
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Bulk Specific Gravity = (Equation 0.3)

Where A= mass of dry specimen in air, (),
B = mass of dry, sealed specimen, (g),
E = mass of sealed specimen underwater, (g),
Fr = apparent specific gravity of plastic sealing material at 25° C (77° F),

provided by the manufacturer.

Buchanan and White (2005) investigated the Gy, differences between water-
displacement and CoreLok vacuum-sealing procedures and the resulting changes in volumetric
properties and design asphalt contents for various Superpave mix designs. The results of their
study showed significant G, differences between CoreLok and water-displacement procedures,
with the CoreLok procedure yielding slightly lower G, values. The observed difference
between CoreLok and water-displacement G, values increased as water absorption increased
for coarse-graded mixes but was generally constant for fine-graded mixes. HMA gradation most
significantly affected G, differences between CoreLok and water-displacement procedures.
Based on their research findings, it was recommended that the use of the CoreLok device should
be considered to more accurately determine specimen G, especially for coarse-graded mixes
during HMA mix design and quality control/quality assurance testing.

As part of an ongoing study on evaluation of permeability of HMA, Bhattacharjee et al.
(2002) evaluated the Gn, values of several dense-graded mixes with coarse and fine gradations

from three New England states using both the SSD method and the CoreLok vacuum seal
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method. Based on their results, the vacuum seal method provides a better estimation of air voids
in a compacted HMA mix for coarse- and fine-graded mixes with high air voids.

Although the CoreL.ok method has significant potential for use in the asphalt industry, the
repeatability and reproducibility of the procedure needs to be evaluated before the device can be
specified by agencies (Cooley et al., 2002a).

Williams et al (2007) found significant statistical differences at the 95 percent level of
confidence (p-value less than 0.05) for air void contents of coarse-graded mixtures determined
by the vacuum sealing method and AASHTO T166. However, Williams et al (2007) did not find
statistical differences between the two methods for determining air voids for fine-graded
mixtures. Table 2.1 below summarizes the statistical outcomes for the comparing the air voids
for the vacuum sealing and AASHTO T166 test methods. It is also interesting to note that the
variability/standard deviation of the determined air voids is higher for fine-graded mixes than
coarser-graded ones.

Table 2.1 Comparison of Air Voids Determined by Vacuum Sealing/CoreLok Method
versus AASHTO T166 (Williams et al., 2007)

Gradation I\DAZQE% Mean [S)g\jl Szérir;péle Statistical Difference
Graded | ARSHTOTi66 | 675 | a2 | 5 | Mo pvalue=0so
Graded [ ARSHTOTIsG | So5 | 177 | 1 | Yespvaluesoo11
All Mixes AA(S:IC—){?(ISO%GG gg? 323 134 No, p-value=0.098

2.4 HMA Density Measurement: Nuclear Density Gauges

The most common non-destructive method for measuring in-place density of HMA involves the
use of a nuclear density gauge. The general observation is that measuring density with a nuclear

gauge in the field is not as accurate as measuring the density of cores in the laboratory. Many

16



variables are known to impact nuclear gauge readings and it is speculated that changes in
technique could improve accuracy (Padlo et al., 2005).

Surface nuclear density gauges use the interaction of gamma radiation with matter to
measure density through direct transmission or backscatter. The gamma ray method is simple
and non-destructive. As shown in Figure 2.4, the gamma ray method for bulk specific gravity
measurement is based on the scattering and adsorption properties of gamma rays with matter
(Malpass and Khosla, 2002).

The gamma rays at a specific energy interact with matter through the mechanism known
as Compton scattering or inelastic scattering. As gamma rays pass through a sample, collisions
occur between the photons of the gamma rays and electrons in the specimen. These collisions
cause the photons to lose energy and change directions as they pass through the sample.
Compton scattering is a function of electronic specific gravity of the material, hence a function
of the mass specific gravity of the material and with proper calibration, the photon count is
directly converted to the bulk specific gravity of the specimen (Malpass and Khosla, 2002).
Most nuclear gauges use Cesium-137 as the nuclear source for density measurements and once
the source is released, the readings are dependent upon the duration as the count is based upon

the return of the nuclear particles to the source.
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Figure 2.4 Nuclear Density Gauge Gamma Ray Technology (Muench et al., 2002)

The advantages of the gamma ray method are that it is quick and requires limited human
intervention. However, because the method is relatively new more research needs to be
conducted to ascertain its role for determining bulk specific gravity of compacted hot mix
specimens. In addition, both accuracy and length of time for testing are important issues
(Williams et. al., 1996). Furthermore, the depth of the layer to be tested is also important as
95% of the reading is obtained in the top two inches of the HMA layer with an infinite depth
assumed at five inches.

The nuclear density gauge must be calibrated, preferably against actual core densities
obtained from the same material it will be used to measure (Mitchell, 1984). Usually, nuclear
gauges are calibrated at the factory by establishing a relationship between the counts and known
density blocks (Zha, 2000). The gauge calibration will change with time due to rugged use, the
rough construction industry environment, changes in the gauge’s mechanical geometry,

degradation of the radioactive source or the electronic drift of the gauge’s components (Zha,
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2000). Even with perfect calibration, the nuclear gauge can show misleading HMA density
values resulting from the influence of the environment surrounding the equipment as well as
variations in the material, surface texture, aggregate types, temperature, and moisture (Burati et
al., 1987; Sanders et al., 1994; Mitchell, 1984). Proper field adjustments can compensate for
most of these factors, but questions regarding the overall accuracy and consistency of the nuclear
gauge remain (Padlo et al., 2005).

The HMA mat thickness is one factor that is considered to affect the nuclear gauge
accuracy. In order to obtain nuclear density results, some gauges require a thickness value be
keyed into the instrument. The value that is keyed into the instrument is the specified project
thickness and does not necessarily reflect the exact thickness of the test location. Such
conditions may influence the nuclear gauge readings (Parker and Hossain, 1995; Stroup-Gardiner
and Newcomb, 2000).

Even if the actual thickness were known with certainty, it is possible that each nuclear
gauge model measures a different depth of the pavement, which may cause variability in the
resultant density measurement (Padlo et al., 2005). For example, the radioactivity may travel
through two layers when the top layer is 2 inches thick and the bottom layer is 4-in. thick
producing a density based upon two layers. It has been suggested that proper pre-construction
surface treatments such as milling may reduce the variability in nuclear density readings caused
by inconsistencies in the existing pavement layer if it is performed properly and no rip outs
occur.

Finally, the surface texture of the rolled material may affect nuclear gauge density
readings. The surface on which the nuclear gauge rests may have aggregates raised above the

mean pavement surface thus creating higher air void content in the calculation of density. A
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California study found there is no need to utilize known density material, such as rubber pads, to
eliminate protrusion or irregularities on the surface of HMA. Currently, nuclear gauge operators
have to pay close attention to the surface on which the nuclear gauge rests to ensure maximum
surface contact between the nuclear density gauge and the pavement surface (Padlo et al., 2005).

Providing non-destructive density measurements within one to five minutes, the nuclear
gauge saves time and money compared to extracting cores. However, the nuclear gauge is
generally more variable than core measurements and the quality of the data obtained from a
nuclear gauge is dependent on a good correlation with core data from the project. Furthermore,
special training and certification is required of anyone that operates a nuclear density gauge and
any inconsistencies in the manner of handling the gauge between readings can result in operator
error, further affecting the variability of the measurements (Hausman and Buttlar, 2002).

Previous studies performed in California, Pennsylvania, Virginia, Nevada, Texas, Maine,
and Connecticut have had similar conclusions for the use of nuclear density gauge readings.
They all determined that the nuclear gauge should not be used for Quality assurance and should
remain only as a Quality control tool in the field (Choubane et al., 1999; Parker and Hossain,
1995; Stroup-Gardiner and Newcomb, 2000; Padlo et al., 2005).

2.5 HMA Density Measurement: Non-Nuclear Density Gauges

Recently, non-nuclear electro-magnetic density gauges have entered the market, which have the
potential to replace nuclear density gauges and the process of coring. These non-nuclear devices
use electro-magnetic signals to measure in-place density. The use of electro-magnetic signals
has the advantage of completely eliminating the licenses, training, specialized storage, and risks

associated with devices that use a radioactive source while being nondestructive (Romero, 2002).
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The first of these non-nuclear density devices, called the Pavement Quality Indicator (PQI)
(Figure 2.5) was made commercially available by Trans-Tech Systems Inc. in 1998. The second
of these devices, called the PaveTracker (Figure 2.6), was made commercially available by
Troxler Electronics Lab. Both devices feature using non-nuclear source, thus eliminating safety

concerns.

Figure 2.5 Pavement Quality Indicator

In general terms, both the PQI and PaveTracker operate on the principle of measuring
changes in the electric field resulting from the introduction of a dielectric (i.e., HMA). The PQI
measures bulk density or the degree of compaction by the response of an electrical sensing field
to changes in electrical impedance of the material matrix, which in turn is a function of the

composite resistivity and dielectric constant of the material (NCHRP, 1999).
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Figure 2.6 PaveTracker

Whenever an electrical charge is applied to a conductor, an electrical field is produced. If
a nonconductor, known as a dielectric, is introduced inside this electric field, the strength of the
field is reduced. The amount by which this dielectric reduces the electrical field can be
characterized by the dielectric constant. In order to use the dielectric constant as a measure of
asphalt concrete density, the strength of an electrical field is measured. This measurement must
first be taken on an asphalt concrete sample of known density. The constituents of asphalt
concrete; asphalt binder, aggregates, air, and moisture, each have different dielectric constants.
As the asphalt concrete is compacted (i.e., as the density increases), the ratio of the volume of air
to that of the other components changes, causing a change in the dielectric constant of the
system. The change in dielectric constant causes a change in the electrical signal. Since the
amount and type of material remains constant (except for air), this change in the electrical signal
is related to the change in density (Wen and Bahia, 2004). The operational theory schematic of
the PQI is shown in Figure 2.7.

The first generation PQI machines were capacitance-based measuring systems (Patent

No: US 5,900,736) while the new 301 model (Patent No: US 6,414,497) is impedance-based.
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The PQI provides a sensor with a multi-configuration geometry that provides an electrical field
with a controllable depth of penetration. This attribute is an innovation not previously available
from devices in current use (Glagola, 2003).

As shown in Figure 2.7, the PQI system provides an electronic circuit that generates a
radio frequency voltage that is applied to one sensing electrode to generate an electrical field in
the paving material. A second sensing electrode measures the dielectric response of the paving
material. A data processor determines the density of the paving material based on the measured
complex impedance of the paving material. The data processor computes the accurate relative
density corrected for moisture that may be present in or on the paving material. Corrections for
influences outside of the desired measure, material density, are incorporated into the system.
These automatic corrections account for: surface moisture, temperature variation, and sensor
impedance. This automatic corrective action provides realistic density readings under varying

conditions without having to make cumbersome manual adjustments to data (Glagola, 2003).
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Figure 2.7 Operational Theory Schematic of PQI and PaveTracker (NCHRP, 1999)
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The PQI system has been designed to be adaptable to on-site conditions. Another
innovation is the ability to change the sensor configuration, under computer control, to allow for
selection of the depth to be tested. This is particularly important when testing at a joint in the
pavement between two different applications of asphalt. Adjustability of the sensor
configuration is also advantageous to the system because the sensor configuration dictates the
depth of penetration and area of electrical field and, accordingly, the volume of the field of test.
For instance, operation of a smaller sized sensor allows the depth of penetration to be reduced.
Being able to accurately control the depth of penetration prevents imprecise determinations when
the signal penetrates through a new paving lift coat into an underlying surface that may not have
the same density, which is unique. The PQI system provides a constant voltage source circuit
enabling the system to detect material density with more accuracy and reliability than other
devices. A precision constant voltage source provides a stable system cannot be altered by
environmental factors, e.g., electro-magnetic interference (Glagola, 2003).

The examination of the underlying principles of the PQI and the PaveTracker (i.e., that of
dielectric constant and permittivity) are critical in assessing the capabilities (and potentially the
limitations) of the technologies. Permittivity, €, describes the interaction of a material with an
electric field. The dielectric constant, €’, is equivalent to relative permittivity, g = /.
Permittivity consists of real and imaginary components. The relationship can be described as

follows:
g =2 = (i] _ J(ij (Equation 0.4)
80 gO 80

Where ¢ = complex relative permittivity,
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€o = permittivity of free space,
e’ = real part of permittivity,
e,” = imaginary part of permittivity, and

J = current density.

The real part of permittivity is a measure of how much energy from an external electric
field is stored in a material; it is usual greater than one for solids and liquids. The imaginary
part of permittivity is also called the loss factor, and is a measure of dissipativeness of a material
when exposed to an external electric field. The loss factor is always greater than zero, but is
usually much smaller than the real portion. The loss factor also includes the effects of both
dielectric loss and conductivity.

Many studies have compared the accuracy of nuclear density gauge measurements with
those of non-nuclear measuring devices like the PQI. The accuracy and reproducibility between
PQI and nuclear measuring device for determining the in-place density of compacted asphalt
concrete pavements was evaluated by Sully-Miller Contracting Company (Sully-Miller, 2000).
Based on their limited study, and with a correct gauge/core bias, it was reported that TransTech’s
PQI Model 300 is a reliable and accurate instrument to measure in-place density of compacted
asphalt concrete. It was further reported that the PQI is very user friendly and being lighter
causes less physical strain on the back of the technicians. It can be stored and transported
anywhere and can be purchased without a Radioactive Materials license. It is fast and has good
repeatability as well as having a low standard deviation between tests. Unlike the nuclear
gauges, it does not require extensive and periodic calibrations either by the manufacturer or State

agency.
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In Pennsylvania, the State’s “Innovations Council” evaluated the PQI system against a
nuclear gauge. Part of the results from this study revealed data related to the cost of training and
operating which is provided in Figure 2.8 (Glagola, 2003).

Both PQI and PaveTracker offer several potential advantages: (1) no threat of exposing
workers to radiation; (2) they are lightweight; (3) nuclear licensing and training are not required,
reducing operating costs; and (4) readings are faster than with a nuclear density gauge, almost
instantaneous (Karlsson, 2002; Asphalt Contractor, 1998). It should be noted that the
measurement mechanisms of the nuclear devices and non-nuclear electro-magnetic devices are
different. While the nuclear density gauges measure the actual density (absolute value) of the
material, the non-nuclear electro-magnetic devices indicate the density (relative value) of the
material by detecting the dielectric component of the material density and relating that to a
density value. As the asphalt is compacted, the air voids in the mix decrease and the dielectric
properties change; therefore the non-nuclear devices report this change as an increase in the
density. Cores with known density for each mix have to be available to use a PQI and

PaveTracker successfully.
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NUCLEAR GAUGE (initial cost)

Trainer (1-day) $180 =$180
Salary of Personnel for 1 day training $140 x 5 people =$700
Two Week OJT $140 x 5 people x 5 tramers x 10 days = $35000
W/licensed operator

Radiation Badges $3.65 x 4/year x 5 people =$73
Annual Gauge Re-calibration $386 x 5 gauges =$1930
Storage/Transportation Non-reportable
Total = $37883

TRANSTECH PQI SYSTEM (initial training)

Trainer (2 hours) $45 =$45
Salary of Personnel for 2 hours training $36 x 5 people =8$175
Total Training Cost PQI =$220
TOTAL SAVINGS (initial training) $37883 - 8220 = 837663

USAGE COSTS (over 5 year period)
Final figures for operational cost savings use over a S-year period: = $12655

TOTAL 5-YEAR SAVINGS (using the PQI system) = $50318

Figure 2.8 Cost Comparison between PQI and Nuclear Gauge (Glagola, 2003)

2.6 Evaluation of PQI and PaveTracker

A number of research studies have been conducted to evaluate the PQI and the PaveTracker,

especially the PQI for in-place HMA density measurements. The most notable study was the

multi-state pooled-fund study by Romero (2000, 2001). This study was led by Maryland State

Highway Administration with participation from State Highway Agencies of Pennsylvania, New

York, Connecticut, Oregon, Minnesota, and the Federal Highway Administration. The study

consisted of two phases: lab tests and field tests. The results of lab testing were very promising

in which the PQI 300 model density measurements highly correlated with the densities of HMA
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slabs. However, the results of field tests in 2001 (Romero, 2001) indicated that the PQI 300 did
not perform as well as the nuclear gauges.

After the calibration by the manufacturer, the test results by PQI and PaveTracker (added
to the study in 2002) were improved significantly in 2002 field tests. The final report concluded
that the use of the PQI for providing quality control during paving is a perfectly acceptable
method and provides results at least as good as nuclear devices (Romero, 2002). The final
reports of both lab and field tests are available for this study (Romero, 2000; Romero, 2001,
Romero, 2002; Romero and Kuhnow, 2002).

Other research studies involving state DOTSs on the performance of non-nuclear gauges
reported mixed results or findings. Henault (2001) evaluated the PQI Model 300 on ten projects
in Connecticut, comparing the non-nuclear results with nuclear gauge tests and cores. The PQI
Model 300 was not recommended for quality control or quality assurance testing in Connecticut.
Henault (2001) believed that the poor correlations of the non-nuclear gauges may have been due
to the effect of moisture. Wisconsin Department of Transportation (WSDOT) performed studies
on PQI 300 with comparison to nuclear gauges and cores in 2001 and concluded that both PQI
300 and nuclear gauges tracked the core densities well (Wen and Bahia, 2004).

The results from the field projects conducted as part of NCHRP Project 9-15 (NCHRP,
2004) showed that the variation between the PQI, nuclear density gauge and core measurements
were statistically the same. These results are only applicable to dense-graded HMA mixtures.
Some studies have reached different conclusions; but, within the confines of this project, it has
been demonstrated that the expected variability among the three different measurement methods

is similar, even if the measured means are not equal in all cases.
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Hausman and Buttlar (2002) conducted both laboratory and field studies to evaluate
factors affecting the PQI Model 300 in Illinois. It was reported that moisture and temperature
effects still needed to be considered with the Model 300. During field testing on three projects,
the PQI Model 300 did not perform as well as nuclear gauges, since the PQI Model 300 had a
higher standard error versus the line of equality. Based on the results from this study, the PQI
Model 300 was not recommended for quality control or quality assurance testing in the State of
Ilinois.

Allen et al. (2003) evaluated PQI 300 in Kentucky and only one construction project was
included in the study. Based on the research findings, Allen et al. (2003) recommended that
since the PQI most closely approximated the data from the cores (both by comparing the means
and distributions), a PQI could be used for quality control on HMA paving mats without
sacrificing density or quality.

Recently, Wu (2005) evaluated the variability of air voids of plant produced HMA
mixtures and compared the different methods of air void measurements by studying four
rehabilitation projects in Louisiana. The PQI 301 was evaluated and the results were compared
with conventional AASHTO T 166 core densities and CoreLok results. The results showed a
strong correlation between air voids measured using conventional and CoreLok methods.
Correlations between PQI measured air voids and other two methods (conventional and
CoreLok) were reported to be fair. Note that a PQI can be set to read either percent compaction
or percent air voids (PQI 301, 2002).

Recently, TransTech conducted an assessment of field asphalt density gauge data when
compared with cores processed according to AASHTO T-166 method (TransTech, 2004).

Factors that can affect bias, repeatability, reproducibility, and stability were carefully controlled
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to determine the influence of each on the overall measurement process. Each of these parameters
was evaluated in a deterministic sequence that was designed to isolate the effects of each.
Defined processing of the parameters determines the effect of each on the overall measurement.
The processing determines whether any of the factors prevent a gauge from meeting overall
accuracy requirements when measuring a specified process, such as asphalt paving. The data
acquisition procedure involved calibrating the instruments to the mat/mix by adjusting the offsets
of the gauges so that the mean of a set of reference gauge and core readings are the same. The
second activity involved taking the actual core and gauge data. The PQI and nuclear gauge
readings were taken prior to removing each core. A linear correlation analysis was performed on
the dataset to determine if a statistically significant linear relationship exists between the gauge
data and the core data. The results of regression analysis conducted by TransTech are plotted in

Figure 2.9.

Figure 2.9 Regression Analysis on Measured Asphalt Pavement Density Data (TransTech,
2004)
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Hurley et al. (2004) of the National Center for Asphalt Technology (NCAT) studied the
performance of a PQI 301 and PaveTracker by comparing results to nuclear gauge readings and
core densities. Even though neither the PQI Model 301, nor the PaveTracker was recommended
for quality assurance testing, the paper indicated that both the PQI 301 and PaveTracker
provided reasonable correlation with density measurements using cores and that the PQI 301 had
improved relationships with core densities as compared to the PQI Model 300.

Improvements in the PQI 301 include its ability to compensate for surface water and the
ability to measure density in a percent compaction mode as well as a percent air voids mode.
There is also a segregation mode which helps the contractor find problem areas on site.

There have not been many research studies related to the PaveTracker. Scullion et al. of
Texas Transportation Institute (TTI) studied the performance of a PaveTracker and indicated that
good results using PaveTracker were observed on dense graded mixes and not so good results on
open-graded mixes. It may be an air gap problem under the gauge with the open-graded mixes.
Currently, the TTI is conducting further study on these devices, titled “New Technologies and
Approaches to Controlling the Quality of Flexible Pavement Construction” (Wen and Babhia,
2004).

The manufacturers of PQI and PaveTracker propose that their devices could be
potentially used for determining differences in density at and near longitudinal joints and in areas
of segregation, when observed. When placing HMA, paving the full width of the pavement in a
single pass is usually impossible; therefore, most HMA pavements contain longitudinal
construction joints and usually differences in densities are observed at and near the longitudinal

joints. Thus, these construction joints can often be inferior to the rest of the pavement and can
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eventually cause an otherwise sound pavement to deteriorate more quickly (Estakhri et al.,
2001).

Segregation is a major cause of early deterioration of HMA pavements. When
segregation appears on the surface of the pavement, the texture of the paving mixture appears
more open with larger voids in the segregated areas. The result of this differential in voids is
often more infiltration of air and moisture into the pavement leading to premature raveling and
potholes. Recently, the Colorado Department of Transportation conducted a research study to
determine if nuclear density tests and the PQI can be used to identify segregation in asphalt
pavements, but the results are not conclusive. It was indicated that additional work is needed to
correlate between levels of segregation and density measurements (Shuler, 2005).

Sebesta et al. (2003) evaluated non-nuclear density gauges for assessing segregation,
uniformity, and overall quality of HMA overlays. Based on the results, it was concluded that
among the non-nuclear devices evaluated, the PQI provided the most reliable estimate of
differential density.

Based on their initial literature review, Wen and Bahia (2004) summarized the attributes
of nuclear and non-nuclear density devices for comparison (see Table 2.2). It should be noted
that since the manufacturers are constantly improving the devices, this table may not include the
latest attributes of their respective devices. Some specific attributes of PQI model 301 and the

PaveTracker model 2701 are summarized in Table 2.3. (Schmitt, 2004).
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Table 2.2 Nuclear Gauge Attributes, PQI, and PaveTracker (Wen and Bahia, 2004)

Nuclear Density
uclear Density PQI Pavetracker
Attributes Gauge
Source Radioactive Electromagnetic Electromagnetic

Density Value

Absolute density
value

Relative value to
reference density

Relative value to
reference density

Calibration

General Calibration

Calibration with cores is
needed for each specific
project

Calibration with
cores 1s needed for
each specific project

Sensitive to

Not sensitive to

Sensitive to aggregate

93% reading is
Measuring |affected by top 4 . .
i y , 1-4 inches 1.75 inches
Depth inches. Offer thin-
layer measurement.
Moisture Can read moisture Can read moisture index |Not affected by
. content and not . . -
Sensitivity , and correct internally. moisture
~  |affected by moisture i
Temperature |Not affected by Can read temperature and |Not affected by
Sensitivity  |temperature correct internally. temperature
Sensitive to

aggregate source and

Ageregate source and offer internal .
Source aggregate source correction offers internal
' correction.

Nominal Not sensitive to Sensitive to nominal Sensitive to nominal
Maximum nominal maximum maximum aggregate size  |maximum aggregate
Agegregate avoresate size and need calibration. with|source and need

Size s cores. correction
.- Works well for fine-
" Sensitive to aggregate ores “.e or e
Aggregate |Not sensitive to . graded mixes, not
. gradation and offer
Gradation |aggregate gradation ternal correction good for coarse or
' gap graded mixes
Quality Yes, read the density Yes, read density change Yes, read density
Control changes. - change
g . Need calibrati
Quality Yes, can read Need calibration with core f; cal ; ation h
. . W
Assurance  |density value for each mix T cote foT eae

X

Core Density
Measurement

Can not measure the
density of cores.

Can measure density of
67 diameter core

Can measure density
of 6" diameter core

Repeatability |Fair Excellent repeatability +/-0.5 pef
Segregation No Yes, offer segregation Yes, offer
Mode mode segregation mode
Cost About $6.000 About $7.700 About $28.000
Weight ~30 lbs 16 Ibs 2 lbs
Instant Take several minutes
3 seconds max. 1 second
Measurement |to read
Special
pe_c;_a Yes No No
Training
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Table 2.3 Attributes of PQI Model 301 & PaveTracker Model 2701 (Schmitt, 2004)

Manufacturer Attributes

PQI Models Measures pavement density by measuring the

300 and 301 electrical impedance of the material.

Must be calibrated for the mix that is currently being
measured.

Many evaluations have been made on the use of
PQI, but the conclusions are not consistent.

The latest PQI Model 301 has the ability to
compensate for surface water (could possibly
manage water filler used to measure coarse surface
textures).

PaveTracker Relative reading is offset to a representative core
Model 2701 sample.

Uses “chemical composition per unit volume™
technology by measuring dielectric properties.
Unlike some non-nuclear, non-mounted gauges,
this model needs no moisture or temperature
corrections,

Very small size (3.5 inches by 4.5 inches by 2.25
inches) allows device to be taken into the lab for
calibration and placed on top of a 150mm gyratory
compacted specimen.

The latest version of the PaveTracker is Model
2701B with dimensions of 9 inches by 16 inches by
6 inches.

In a recent study conducted for the Wisconsin DOT, a field evaluation was performed of
selected non-nuclear density gauges to determine their effectiveness and practicality for quality
control and acceptance of asphalt pavement construction; and based on the field evaluation
results, recommend appropriate test protocols and systems of non-nuclear density devices as a
suitable replacement of nuclear density gauges to measure in-place asphalt pavement density

(Schmitt, 2005).
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Preliminary data analysis was conducted for the first eight projects (out of ten). Basic
statistics were computed for nuclear density gauges, non-nuclear density gauges, pavement
cores, and Superpave-compacted specimens. Table 2.4 provides a comparison of average non-
nuclear density readings with a research nuclear gauge (CPN MC-3 Serial #M391105379).
Nuclear gauge readings were based on a 4-min. read and non-nuclear gauges used the average of
5 points within the nuclear density gauge base. The field study began using the CPN MC-3
nuclear gauge, PQI Model #301, and PaveTracker Model #2701B. A consistent finding was a
bias between nuclear and non-nuclear gauges, and a change in bias within a project. PQI Model
#301 consistently read 16.2 to 20.8 pcf lower than the nuclear gauge, while PQI Model #300
ranged from 9.4 to 19.9 pcf lower. PaveTracker varied from 1.8 to 13.1 pcf lower than the
nuclear gauge readings (Schmitt, 2005).

Table 2.4 Nuclear and Non-Nuclear Gauge Comparison (Schmitt, 2005)

Nuclear Non-Nuclear Gauges Nuclear minus Non-
nuclear

Project Project Name, NMAS, Sites. | Gauge | PQI301 | PQI300 ([PaveTrack.| PQI301 | PQI300 |PaveTrack.
Index and Test Date n pef petf petf pef pef petf petf

(1) (2) (3) (4) 3 (6) (M (8 )] (10)

1 STH 142 19mm May 12 30 147.8 127.2 141.2 20.6 6.6

1 STH 142 12.5mm June7 30 144.7 1353 137.5 9.4 7.2

1 STH 142 12.5mm June9 20 145.9 130.0 1394 15.9 6.5

2 STH 73 19mm, May 18 30 143.4 123.1 130.4 20.3 --- 13.1

3 STH 64 19mm, May 20 30 144.5 1 132.5 21.8 12.0

4 Marsh Rd 19-mm, May 23 30 146.7 1259 137.8 20.8 --- 8.9

5 USH 51 19mm, May 24 30 145.3 i 138.1 204 7.2

6 IH 43 19mm. June 1 30 150.3 132.1 136.6 148.2 18.2 13.8 2.1

6 IH 43 19mm,. June 2 30 148.7 1324 137.6 1469 16.2 11.1 1.8

7 STH 59 19mm. June 3 31 145.8 133.7 143.5 12.1 23

8 STH 100 19mm. June 8 32 147.0 127.1 139.5 19.9 7.5

8 STH 100 12.5mm, June8 20 145.0 13l6 139.0 134 6.0

8 STH 100 12.5mm, June9 20 146.4 1337 138.1 12.7 83

Sargand et al. (2005) provided a working review of available non-nuclear equipment for
determining in-place density of asphalt based on laboratory and field studies conducted for the
Ohio DOT. The objectives of laboratory study were to test the performance of the PaveTracker

under a variety of factors including surface temperature, surface and internal moisture, size of
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aggregate, sample area relative to device footprint, and measurement depth. In addition, a
statistical analysis of the accuracy of the device was made. The field portion of the study was
designed to compare the performance of the PQI Model 300 and the PaveTracker against the
traditional methods at several construction sites around the state.

Based on laboratory study findings, Sargand et al. (2005) reported that the performance
of the PaveTracker was not significantly influenced by HMA mix surface temperature. In
general, gauge readings slightly dropped with decreasing mix temperature. The presence of
surface moisture significantly affected the gauge readings. With an increase in surface moisture
without internal moisture, gauge readings decreased appreciably. But with the introduction of
internal moisture without the application of surface moisture, gauge readings increased. The
increased amount was far larger than that of core density. It was concluded that the results given
by the PaveTracker must be interpreted carefully when moisture is present. The PaveTracker
performed better with fine mixtures than with coarse mixtures. The area of the specimen being
measured did affect the accuracy of the PaveTracker.

Based on the field study findings, Sargand et al. (2005) found both the PQI and
PaveTracker results to differ from both laboratory reported core densities and nuclear density
results with statistical significance. Applying a daily mix-specific offset to gauge results as
recommended by the manufacturers, hypothesis testing showed that the PaveTracker results
remained statistically different from both nuclear gauge and laboratory results, but PQI results
were not significantly different. Based on the results of statistical hypothesis testing, Sargand et
al. (2005) recommend that use of the PQI Model 300 for both quality control and quality
assurance testing provided the manufacturer’s recommendation to calibrate the device daily by

applying a mix-specific offset is followed.
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CHAPTER 3 EXPERIMENTAL PLAN
3.1 Introduction

An experimental plan was one of the first tasks of the project and included review of the
literature with respect to permeability measurements of asphalt pavements. This ensured the
proposed experimental plan utilized the most recent working knowledge on permeability
measurements of asphalt pavements. The experimental plan considered that a developed
specification will be included in the Missouri Department of Transportation (MoDOT) percent
within limit specification (Section 403 Asphaltic Concrete Pavement). Two components to the
experimental plan are proposed herein that consider the mixtures specified by the MoDOT and
the tests available to possibly replace or supplement AASHTO T166. A discussion of the two

proposed components of the experimental plan is presented next.

3.1.1 Proposed MoDOT Mixtures for Inclusion in the Experimental Plan

The literature reveals that there are a number of factors that can affect permeability of compacted
hot mix asphalt (HMA). These factors include characteristics of the mix including nominal
maximum aggregate size, gradation, and air void content. Further, if field testing is to be
performed, additional factors are lift thickness and material under the paving lift being tested
(e.g. portland cement concrete, unbound granular material, etc.).

The MoDOT specifications allow for varying nominal maximum aggregate sizes
(NMAS), varying gradations (fine, coarse, or open-graded), and in practice a range of air voids
for acceptance (90 to 96 percent of maximum theoretical specific depending upon mix type).
Although the air void factor was one of primary interest, it was not within experimental control

per se. In other words, the researchers were not able to specify multiple air void levels for a
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particular project at field locations. The research team does believe that non-destructive
technology exists that can identify locations with relative high and low density (air voids)
utilizing an electro-magnetic gauge as their recent research has shown the ability of the
PaveTracker manufactured by Troxler to identify low and high density (air void) locations.
Thus, the two main factors that are identifiable prior to field mobilization for field testing, mix
type/NMAS and gradation, are considered in the proposed experimental plan below.

Table 3.1 Proposed Experimental Plan
Mixture Type/Nominal Maximum Aggregate Size

SP250 SP190 | SP125 | SP095 | SP125xSM | SP095xSM
Fine If XXX XXX XXX N/A N/A
Gradation | Coarse | Available | XXX XXX XXX N/A N/A
Open N/A N/A N/A N/A XXX XXX

Based upon the research team’s experience, 25mm nominal maximum aggregate size mixtures
are not used very frequently and thus it will likely not be possible to test very many of these
mixtures. The SP250 mixtures were included in the experimental plan to be inclusive in the
development of specifications, however the analysis of the other mixtures balanced with
engineering judgment will likely need to be exercised when identifying proposed specifications
for this mix type. Further, the majority of the mixtures constructed in Missouri are coarse-
graded ones (gradations that are designed below the maximum density line), but a balanced
experimental plan between fine (gradations that are primarily designed above the maximum
density line) and coarse-graded mixtures should be pursued. The balanced experimental plan
should be executed as implementation of new specifications can lead to a paradigm shift such
that more fine-graded mixtures could be designed and constructed. As shown earlier in this
proposal, fine-graded mixes have considerably different air void structures than coarse-graded
ones. The lift thickness will be obtained via measuring the heights of cores removed during

QA/QC sampling. The material under the paving lift will also be noted. These factors will be
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considered in the analysis of the data using analysis of variance to understand their impacts on
permeability measurements.

3.1.2 Proposed Testing at Field Locations and on Field Acquired Samples

The second important component to the experimental plan is the technology to be used in the
research project and how the technology will be applied with consideration of how the
technology will be implemented. The research team initially proposed that technologies be used
to make field measurements at locations prior to coring that occurs in the present MoDOT
QA/QC process and on QA/QC cores. Specifically, it is proposed that PaveTracker electro-
magnetic density and air and water permeability measurements be made at QA/QC core
locations prior to coring. The MoDOT would then proceed to test the acquired cores in
accordance with AASHTO T166 consistent with their current specifications. The cores would
then be provided to the research team for subsequent CoreLok density and laboratory
permeability testing. However it became apparent that it was more efficient and less obstructive
to conduct testing at a second set of seven randomly identified locations for testing and
subsequent coring. The original laboratory permeability testing proposed was to include both air
and water mediums, however substantial equipment problems were encountered using the
ROMUS air permeameter and this laboratory testing was not pursued. Figure 3.1 below
illustrates the testing that was conducted for this research project by MoDOT. This included 17
different mixtures, 7 samples per mixture, and 8 measurements per sample/location resulting in

952 measurements.
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PaveTracker Electro-Magnetic Gauge Measurements (Density)
Air Permeability I\erasu1'le1nents (ROMUS device)
Kentucky Airl Permeameter
Water Permeability I\eraslurements (NCAT device)
|

[ J
[ ]
[ ]
[ ]
[ Remove Core for Laboratory Testing ]
[ ]
[ J
[ ]
[ ]
[ ]

Measure Core Height (3I locations) with Caliper
Corelok Dlensity Test
Measure Core Density in acc:n'dance with AASHTO T166
Dry :301'6
Water Permeability Test (Klarol-\-‘v"amer Flexible Wall)

Figure 3.1 Experimental Test Program

3.2 Testing of Field Mixtures

Figure 3.1 outlines the testing of in-situ field mixes as well as on cores of the field mixtures. The
field measurements were made at the random locations identified for core sampling as part of the
current MoDOT QA/QC specifications (Section 403 Asphaltic Concrete Pavement).

PaveTracker density measurements were made once a QA/QC core location was identified. A

PaveTracker takes about five seconds for a reading and one is shown in Figure 3.2 in use.

40



Figure 3.2 PaveTracker
Once a PaveTracker measurement was complete, air permeability measurements (ROMUS and

Kentucky) were made at the same location. The ROMUS air permeameter used in this study is

one made by ROMUS of Milwaukee, Wisconsin and is shown in Figure 3.3.

Figure 3.3 Schematic and Illust4éation of the ROMUS Air Permeameter



The test component of the Kentucky Air Permeameter is shown in Figure 3.4 that is attached to a

compressor via an air hose.

Figure 3.4 Kentucky Air Permeameter

Once the tests utilizing non-water invasive techniques were completed, water permeability
testing was done using the NCAT Water Permeameter. The NCAT Water Permeameter is

shown in Figure 3.5 below.

Figure 3. 5 NCAT Water Permeameter
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Once the non-destructive testing was completed at a specific location, a core was removed for
subsequent laboratory testing. To expedite the extraction of the core, dry ice was used to cool
the core location as illustrated in Figure 3.6. Figure 3.7 shows a core just after removal using a
portable Milwaukee coring machine. A 3.75-inch interior core barrel was used for obtaining the

samples.

Figure 3.6 Cooling the Core Location with Dry Ice

Figure 3.7 Removal of Core
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Once the cores were removed and transported to the central laboratory in Jefferson City, they
were allowed to dry and then tested with a CoreLok device for density. A CoreLok device is

shown in Figure 3.8 below.

Figure 3.8 Instrotek’s CoreLok Test Device

Testing in accordance with AASHTO T166, also referred to as saturated surface dried bulk
specific gravity, was done consistent with the current MoDOT specifications. The test
configuration is shown in Figure 3.9. After AASHTO T166 testing, the samples were then tested
in a Karol-Warner Flexible Wall Permeameter following ASTM PS-129 and the test device is

depicted in Figure 3.10.

44



Figure 3.9 AASHTO T166 Test Configuration

Figure 3. 10 Karol-Warner Flexible Wall Permeameter
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3.3 Projects/Mixtures Included in Study

A total of 17 projects/mixtures were tested for this study representing varying nominal maximum
aggregate sizes (NMAS), traffic levels, and contractors. A summary of the sampled

projects/mixtures is summarized in Table 3.2 below.

Table 3.2 Projects/Mixtures Included in Study

ID No. Project Route County JMF m'\r/rl]AS’ Gmm
8MF00017-1 | JOP0883/J0P0969 | Hwy 60 | Stoddard SP190 08-83 | 19.0 2.518
8MFO0018-7 | J710841 1-44 Lawrence SP12508-37 | 12.5 2.360
8MFO0019-1 | J2P0773 Hwy 63 | Adair SP12508-24 | 12.5 2.451
8MFO0020-7 | J8P0843C Hwy 65 | Dallas/Hickory | SP125 08-50 | 12.5 2.494
8MFO0021-1 | JOI1253 I-55 Perry SP12508-61 | 12.5 2.441
8MFO0022-7 | J3P0708 Hwy 47 | Warren SP125 08-2 12.5 2.460
8MFO00027-1 | J9P0545 Hwy 63 | Phelps SP12508-76 | 12.5 2.462
8MFO0028-7 | J3P0727 Hwy 54 | Audrain SP190 08-80 | 19.0 2.503
8MFO0029-1 | J4P1934 Hwy 7 Henry SP095 08-84 9.5 2.457
8MFO0030-7 | J2P0770 Hwy 63 | Macon SP190 07-72 | 19.0 2.456
8MFO0031-1 | J1P0913 Hwy 36 | Caldwell SP12508-97 | 12.5 2.466
8MFO0032-7 | J7P0868 Hwy 60 | Barry SP095 08-83 9.5 2.391
8MFO0035-1 | J411881 I-35 Clay SP095 08-30 9.5 2.358
8MFO0036-7 | J510971 I-70 Boone SP125 06-60 | 12.5 2.394
8MFO0037-1 | J5P0934 Hwy 65 | Pettis SP190 08-88 | 19.0 2.455
8MFO0038-7 | J9P0566 Hwy 63 | Howell SP12508-85 | 12.5 2.531
8MFO00048-1 | J5P0590/J5P0591 | Hwy 5 Camden SP25008-19 | 25.0 2.503

The sampled projects included coarse, fine and open-graded mixtures and consisted of three
9.5mm, nine 12.5mm, four 19.0mm, and one 25.0mm nominal maximum aggregate size
mixtures. Unfortunately there were not an adequate number of 9.5mm and 19.0mm mixtures to
complete the originally proposed factorial experimental plan. However, the number of mixtures
collected is representative of the mixtures placed in Missouri and the lack of a full factorial

experimental will not impact the findings and recommendations for the project.
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CHAPTER 4 TEST RESULTS & STATISTICAL ANALYSIS
4.1 Introduction

Testing was conducted on 17 projects consisting of nominal maximum aggregate sizes of 9.5,
12.5, 19.0, and 25.0mm as summarized in the previous chapter. The mixes/pavements tested
consisted of varying levels of traffic from 1 million to 30 million equivalent single axles over a
20-year design period. This chapter is divided into primarily two sections: the first summarizes
the test results and the second provides a statistical analysis of the data.

4.2 Compilation of Test Results

The average test results for each project for each method of air void determination and
permeability test method are summarized in the ensuing subsections. The standard deviation
(Std. Dev.) and coefficient of variation (COV) are also summarized for each project as well as an
average COV for the specific test method at the bottom of each table.

4.2.1 PaveTracker Density and Resulting Air Void Determinations

In Table 4.1 below are the summary results for each project for using the PaveTracker Density
Gauge and determining the resulting air voids. Thus the density value measured by the
PaveTracker was used to determine the bulk specific gravity, Gmb, of the test location. The
maximum specific gravity value, Gmm, provided by MoDOT coupled with the Gmb was used to

determine the corresponding air voids.
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Table 4.1 PaveTracker Density and Resulting Air Void Determinations

ID No. Route NMAS, PaveTracker Air Voids, Percent
mm Mean Std. Dev. COV, %
8MFO00017-1 | Hwy 60 19.0 7.89 3.41 43
8MFO0018-1 | I-44 12.5 8.37 1.72 20
8MFO0019-1 | Hwy 63 12.5 5.46 1.00 18
8MFO0020-1 | Hwy 65 125 | 4.46 1.42 32
8MFO0021-1 | I-55 12.5 1.40 1.79 128
8MF00022-1 | Hwy 47 12.5 9.59 2.36 25
8MF00027-1 | Hwy 63 125 | 12.64 2.20 17
8MF00028-1 | Hwy 54 19.0 8.76 2.17 25
8MFO00029-1 | Hwy 7 9.5 7.06 2.22 32
8MFO0030-1 | Hwy 63 19.0 | 4.00 2.21 55
8MFO0031-1 | Hwy 36 12.5 3.87 2.26 58
8MFO0032-1 | Hwy 60 9.5 | 11.63 1.08 9
8MFO0035-1 | I-35 95| 12.10 2.61 22
8MFO0036-1 | I-70 12.5 8.66 2.16 25
8MFO0037-1 | Hwy 65 19.0 3.06 1.73 56
8MFO0038-1 | Hwy 63 125 | 12.19 1.60 13
8MF00048-1 | Hwy 5 25.0 | 16.23 2.63 16
Avg. COV 35

4.2.2 CoreLok Density and Resulting Air Void Determinations

Similar to the air void determinations made with PaveTracker density measurements, similar air
void determinations were made using the Gmb test results from the CoreLok test device. The
Gmm provided by MoDOT was used with the determined Gmm values to calculate the
corresponding air voids for each sample for each project. The results are summarized in Table
4.2 below and are arranged in the same manner as was described in the aforementioned
PaveTracker section. One observation that is readily apparent is that the average COV for the air
voids for the projects using a CoreLok, 18 percent, is substantially less than that of the

PaveTracker, 35 percent.
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Table 4.2 CoreLok Density and Corresponding Air Void Determinations

NMAS Corelok Air Voids, Percent
ID No. Route ’
mm Mean Std. Dev. COV, %

8MFO00017-1 | Hwy 60 19.0 | 10.84 2.67 25
8MFO0018-1 | 1-44 12.5 6.29 1.14 18
8MFO0019-1 | Hwy 63 12.5 9.29 1.04 11
8MFO0020-1 | Hwy 65 125 | 10.96 1.30 12
8MFO0021-1 | I-55 12.5 2.66 0.50 19
8MFO00022-1 | Hwy 47 12.5 9.09 0.74 8
8MFO0027-1 | Hwy 63 125 | 10.56 1.95 19
8MFO0028-1 | Hwy 54 19.0 9.59 1.32 14
8MF00029-1 | Hwy 7 95| 12.23 1.81 15
8MFOO0030-1 | Hwy 63 19.0 7.43 1.66 22
8MFO0031-1 | Hwy 36 12.5 9.77 1.57 16
8MFO0032-1 | Hwy 60 9.5 | 1047 1.23 12
8MFO0035-1 | 1-35 9.5 3.67 1.23 33
8MFO0036-1 | I-70 125 | 4.91 1.02 21
8MFO0037-1 | Hwy 65 19.0 5.50 1.37 25
8MFO0038-1 | Hwy 63 12.5 7.41 1.43 19
8MF00048-1 | Hwy 5 25.0 7.29 1.02 14

Avg. COV 18

4.2.3 AASHTO T166 Density and Resulting Air Void Determinations

The current standard used in part to assess HMA quality is AASHTO T166 with the associated
air void determinations by MoDOT. The summary results for all of the projects are in Table 4.3
below. It is interesting to note that 11 of the 17 projects exceed an average of 8 percent air voids
and thus placing the majority of projects in a less than full payment situation. It may be
beneficial to examine the outcomes of quality assurance testing that was done on the same sublot
for each project as this research project and to determine if differences occurred. It is also
important to note that the average COV is 17 percent and is quite close to the COV for the air

voids determined from CoreLok testing.
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Table 4.3 AASHTO T166 Density and Air VVoid Determinations

NMAS AASHTO T166 Air Voids, Percent
ID No. Route ’
mm Mean Std. Dev. COV, %

8MFO00017-1 | Hwy 60 19.0| 9.10 1.54 17
8MFO0018-1 | I-44 125 | 5.74 1.02 18
8MF00019-1 | Hwy 63 125 | 9.33 0.97 10
8MFO00020-1 | Hwy 65 125 | 9.56 0.99 10
8MFO0021-1 | I-55 125 | 2.14 0.44 20
8MFO00022-1 | Hwy 47 125 | 8.56 0.96 11
8MFO0027-1 | Hwy 63 125 | 9.20 1.43 16
8MFO0028-1 | Hwy 54 19.0 | 8.83 0.85 10
8MF00029-1 | Hwy 7 95| 11.96 1.71 14
8MFOO0030-1 | Hwy 63 19.0 | 6.83 1.46 21
8MFO0031-1 | Hwy 36 125 | 8.96 1.38 15
8MFO00032-1 | Hwy 60 9.5 | 10.57 1.66 16
8MFO0035-1 | I-35 95| 3.17 1.16 37
8MFO0036-1 | I-70 125 | 4.23 0.87 21
8MFO0037-1 | Hwy 65 19.0 | 5.30 1.32 25
8MFO0038-1 | Hwy 63 125 | 6.71 1.09 16
8MF00048-1 | Hwy 5 25.0| 7.10 0.95 13

Avg. COV 17

4.2.4 ROMUS Air Permeameter Test Results

The summary of the Romus air permeability test results are summarized in Table 4.4.
Unfortunately technical difficulties were encountered with this technology resulting in only 8 of
the 17 projects being testing. The technical difficulty encountered was the device continued to
pull a vacuum and seemed unable to shut off until the battery was fully discharged. Of the three
field permeability technologies, the Romus had the lowest COV with 43 percent which is less
than half of the Kentucky Air Permeameter’s (89 percent) and about one third of the NCAT
Permeameter’s (125 percent). Although the technology has demonstrated potential and the
possibility of conducting laboratory permeability tests as well, the support service of the

equipment appears to be limited.
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Table 4.4 Romus Air Permeameter Test Results

ID No. Route NMAS, Romus Permeability, k X 10 cm/sec
mm Mean Std. Dev. COV, %
8MFO0017-1 | Hwy 60 19.0 213 122 57
8MFO0018-1 | I-44 12.5 N/T N/T N/T
8MFO00019-1 | Hwy 63 125 N/T N/T N/T
8MFO00020-1 | Hwy 65 125 N/T N/T N/T
8MFO0021-1 | I-55 12.5 N/T N/T N/T
8MFO0022-1 | Hwy 47 12.5 N/T N/T N/T
8MFO0027-1 | Hwy 63 12.5 215 77 36
8MFO0028-1 | Hwy 54 19.0 483 104 22
8MFO0029-1 | Hwy 7 9.5 234 115 49
8MFO0030-1 | Hwy 63 19.0 228 125 55
8MFO0031-1 | Hwy 36 125 102 59 58
8MFO00032-1 | Hwy 60 9.5 173 57 33
8MFO0035-1 | I-35 9.5 N/T N/T N/T
8MFO0036-1 | I-70 12.5 N/T N/T N/T
8MFO0037-1 | Hwy 65 19.0 N/T N/T N/T
8MFO0038-1 | Hwy 63 12.5 N/T N/T N/T
8MFO0048-1 | Hwy 5 25.0 317 104 33
Avg. COV 43

4.2.5 Kentucky Air Permeameter Test Results

The summary of the Kentucky Air Permeameter test results are shown in Table 4.5. On some
projects, the COV is more than 100 percent which means that the standard deviation is greater
than the mean permeability. Although the COV permeability results are rather high overall, it is
important to note that the variability about the maximum average air voids is less and is

discussed in more detail in section 4.6.

o1



Table 4.5 Kentucky Air Permeameter Test Results

ID No. Route NMAS, Kentucky Permeability, k X 10”° cm/sec
mm Mean Std. Dev. COV, %
8MFO0017-1 | Hwy 60 19.0 | 2837 6232 220
8MFO0018-1 | I-44 12.5 22 18 85
8MFO00019-1 | Hwy 63 125 405 315 78
8MFO00020-1 | Hwy 65 125 | 2629 2313 88
8MFO0021-1 | I-55 12.5 13 1 12
8MFO0022-1 | Hwy 47 12.5 283 187 66
8MFO0027-1 | Hwy 63 125 | 1095 1278 117
8MFO0028-1 | Hwy 54 19.0 777 1064 137
8MFO0029-1 | Hwy 7 9.5 970 722 74
8MFO0030-1 | Hwy 63 19.0 165 233 141
8MFO0031-1 | Hwy 36 125 110 88 80
8MFO00032-1 | Hwy 60 9.5 252 154 61
8MFO0035-1 | I-35 9.5 13 1 9
8MFO0036-1 | I-70 12.5 27 27 100
8MFO0037-1 | Hwy 65 19.0 14 5 37
8MFO0038-1 | Hwy 63 12.5 53 46 88
8MFO0048-1 | Hwy 5 25.0 641 781 122
Avg. COV 89

4.2.6 NCAT Permeameter Test Results

The results of the NCAT Permeameter are similar to the Kentucky Air Permeameter test results
and are summarized in Table 4.6. The average COV of the NCAT Permeameter is 125 percent
and is about 40 percent higher than the COV of the Kentucky Air Permeameter of 89 percent.
As mentioned previously, the COV of NCAT Permeameter is much higher than that of the

CoreLok’s and AASHTO T166 which are 18 and 17 percent, respectively.
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Table 4.6 NCAT Permeameter Test Results

D No. Route NMAS, NCAT Permeability, k X 10®° cm/sec
mm Mean Std. Dev. COV, %
8MFO0017-1 Hwy 60 19.0 3547 4627 130
8MFO0018-1 1-44 12.5 79 130 164
8MFO0019-1 Hwy 63 12.5 1091 957 88
8MFO0020-1 Hwy 65 12.5 | 3888 2461 63
8MFO0021-1 I-55 12.5 11 23 200
8MFO0022-1 Hwy 47 12.5 810 433 53
8MFO0027-1 Hwy 63 12.5 1866 1478 79
8MFO0028-1 Hwy 54 19.0 1511 1770 117
8MFO0029-1 Hwy 7 9.5 972 771 79
8MFO0030-1 Hwy 63 19.0 1055 1435 136
8MFO0031-1 Hwy 36 12.5 348 279 80
8MFO0032-1 Hwy 60 9.5 953 578 61
8MFO0035-1 1-35 9.5 18 45 255
8MFO0036-1 I-70 12.5 404 630 156
8MFO0037-1 Hwy 65 19.0 20 47 241
8MFO0038-1 Hwy 63 12.5 746 719 96
8MFO0048-1 Hwy 5 25.0 895 1060 119
Avg. COV 125

4.2.7 Karol-Warner Permeameter Test Results

The Karol-Warner Permeameter was used to determine the permeability of sampled field cores
and was done in accordance with ASTM PS-129. The summary permeameter results are
provided in Table 4.7 below. The average COV is 108 percent and is unfortunately much higher
than other lab tests that were conducted in the CoreLok and AASHTO T166. For the I-55 and I-
35 projects, the samples were found to be impermeable and thus the corresponding average and

standard deviation values of permeability are “zero” and results in the COV being indeterminate.
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Table 4.7 Karol-Warner Permeameter Test Results

D No. Route NMAS, K-W Permeability, k X 10 cm/sec
mm Mean Std. Dev. COV, %
8MFO0017-1 Hwy 60 19.0 3830 5947 155
8MFO0018-1 1-44 12.5 86 134 156
8MFO0019-1 Hwy 63 12.5 695 298 43
8MFO0020-1 Hwy 65 12.5 | 3418 2268 66
8MFO0021-1 I-55 12.5 0 0 N/A
8MFO0022-1 Hwy 47 12.5 269 197 73
8MFO0027-1 Hwy 63 12.5 1459 1167 80
8MFO0028-1 Hwy 54 19.0 808 880 109
8MFO0029-1 Hwy 7 9.5 877 552 63
8MFO0030-1 Hwy 63 19.0 235 309 131
8MFO0031-1 Hwy 36 12.5 646 521 81
8MFO0032-1 Hwy 60 9.5 899 538 60
8MFOO0035-1 I-35 9.5 0 0 N/A
8MFO0036-1 I-70 12.5 21 23 109
8MFO0037-1 Hwy 65 19.0 9 16 176
8MFO0038-1 Hwy 63 12.5 95 226 237
8MFO0048-1 Hwy 5 25.0 140 110 79
Avg. COV 108

4.3 Relationships Between Air Void Determination Methods

The three methods for determining or estimating the density of the pavement or bulk specific
gravity (Gmb) of the core samples and the corresponding air voids are the PaveTracker Density,
and the Gmb via the CoreLok and AASHTO T166 which are compared. Figure 4.1 compares
the air voids calculated from the Gmb values of the CoreLok and AASHTO T166 and identifies
a correlation coefficient of 93.8%, which is excellent. The coefficient of the independent
parameter, air voids determined from the CoreLok Gmb, is 0.9283. This means that the
estimated air voids value via the AASHTO T166 method is 0.9283 of the value of the air voids
as determined from the Gmb of CoreLok testing. Figures 4.2 and 4.3 compare the air voids
determined from the PaveTracker density values to the air voids determined from AASHTO
T166 and CoreLok testing, respectively. Clearly there is substantial scatter in the relationships

resulting in very poor correlation coefficients of 0.0447 and 0.0458 for the PaveTracker air voids
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and the AASHTO T166 and CorelLok air voids. It can thus be concluded that the air void
determination from PaveTracker density test results does not represent viable technology to
pursue for quality assurance testing at this time. However, the CoreLok Gmb testing does
represent viable technology to implement for quality assurance testing for air voids

determination.
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Figure 4.1 Comparison of CoreLok and AASHTO T166 Air Voids
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4.4 Relationships Between Permeability Methods

Similar to the air voids comparisons that were made for the air voids determinations from density
and Gmb testing, similar comparisons are made for the four different methods of permeability
testing. Figure 4.4 compares the NCAT and Kentucky permeability values and illustrates an
excellent relationship between the two test methods with a coefficient of correlation of 0.9537

for a second order model.
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Figure 4.4 Comparison of NCAT and Kentucky Permeability Values
The permeability values for the Kentucky and Romus methods are compared in Figure 4.5 and
illustrate a coefficient of correlation of -0.167, which is very poor. Figure 4.6 is a comparison
between the permeability values of NCAT and Karol-Warner test methods and illustrates a very

favorable coefficient of correlation of 0.9144.
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Similar to Figure 4.6, Figure 4.7 has an excellent coefficient of correlation of 0.9092 between the

Karol-Warner and Kentucky permeability test values. Unfortunately, Figure 4.8 has a very poor
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coefficient of correlation of 0.0258 between the NCAT and Romus permeability values and is
similar to the Kentucky and Romus values.

From the comparisons illustrated in Figures 4.4 through 4.8, it is reasonable to further
consider permeability values determined form the Kentucky, NCAT and Karol-Warner test

methods for use in quality assurance testing.
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4.5 Relationships Between Permeability and Air Void Determination Methods

Figures 4.9 through 4.11 have comparisons between AASHTO T166 for determining air voids
and the three viable methods for measuring permeability: the Kentucky, NCAT and Karol-
Warner test methods. Figure 4.9 illustrates the comparison between AASHTO T166 and the
resulting air voids with the Kentucky permeability values. At approximately 6.5 to 7.0 percent
air voids, the variability and average permeability values begin increasing substantially. This is
consistent with what was identified in the literature review in that specifying the upper limit of 7
to 8 percent air voids for attaining an impermeable pavement is reasonable. Although it is not
intended to estimate a permeability range based upon air void contents, this could be done but a
mathematical function would likely need to be applied to data to ensure adjusted uniform levels
of variability in the permeability values across all values of air voids as the data appears to be

heteroscedastic.
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Figure 4.9 Comparison of AASHTO T166 and Kentucky Permeability Values

Figures 4.10 and 4.11 have similar outcomes as that of Figure 4.9 in that the permeability values
have increasing variability and higher mean values beginning at about the 6 percent air voids

levels for the NCAT and Karol-Warner Permeability test methods. For the purposes of

AASHTO T166 Air Voids, percent

developing a percent within limit specification criteria to be consistent with current

specifications using air voids, the upper specification limit values for the three methods of
determining permeability will be based upon the 8 percent air voids threshold. The development

of the percent within limit criteria for permeability testing will be further discussed in section

4.8.

61



* .

.
cooo y = 3.3007x? + 201.55x - 749.62

5000 R2= (02656

NCAT Permeability, 10*-5cm/sec

00 20 40 60 80 100 120 140 16.0

AASHTO T166 Air Voids, percent

Figure 4.10 Comparison of AASHTO T166 and NCAT Permeability Values

8000
y 7000 *
(] —
= 6000 y= -43.727x
Z R2=0.1803
e 5000 ¢
O
L oo
£ 0 4000
52 ¢ e
- 5 3000
o
= 2000
L]
=
¥e 1000
T
x O — T

00 20 40 60 80 100 120 140 160

-1000

AASHTO T166 Air Voids, percent

Figure 4.11 Comparison of AASHTO T166 and Karol-Warner Permeability Values

62



4.6 Statistical Analysis

Statistical models were developed to identify which independent variables were statistically

significant at an a (alpha) level of 0.05, or statistically significant at a 95 percent level of

confidence. A summary of the statistical analysis considering the main effects and all of the

interactions for a second order model is provided in Table 4.8.

Table 4.8 Statistical Summary of Full Models

Parameter

Model

7
R adj

F-value

NCAT

-0.4361 — 0.0010*NMAS + 0.1809*Gmm + 0.0086*Thickness
+ 0.0321*NMAS*Gmm — 0.0004*NMAS*Thickness —
0.1797*Gmm*Thickness — 0.0205*NMAS*Gmm*Thickness

0.133019

3.5863

KY

-0.3251 — 0.0006*NMAS + 0.1368*Gmm + 0.0017*Thickness
+ 0.0275*NMAS*Gmm — 0.0003*NMAS*Thickness —
0.1386*Gmm*Thickness — 0.0097*NMAS*Gmm*Thickness

0.045978

1.8124

Romus

-0.0994 — 0.0003*NMAS + 0.0406*Gmm + 0.0030*Thickness
+ 0.0017*NMAS*Gmm — 0.0003*NMAS*Thickness +
0.0531*Gmm*Thickness — 0.0005*NMAS*Gmm*Thickness

0.582028

12.1401

Karol-Warner

-0.4460 — 0.0012*NMAS + 0.1899*Gmm + 0.0027*Thickness
+ 0.0445*NMAS*Gmm — 0.0009*NMAS*Thickness —
0.2574*Gmm*Thickness — 0.0129*NMAS*Gmm*Thickness

0.081828

2.1331

PaveTracker

-59.9448 — 0.6583*NMAS + 28.5741*Gmm +
2.7371*Thickness + 16.3521*NMAS*Gmm —
0.5415*NMAS*Thickness + 64.1968*Gmm*Thickness +
10.6592*NMAS*Gmm*Thickness

0.417043

13.0595

AASHTO T 166

-75.4924 — 0.3625*NMAS + 36.3697*Gmm —
0.7409*Thickness + 2.8387*NMAS*Gmm +
0.4234*NMAS*Thickness —
47.8751*Gmm*Thickness —
0.1085*NMAS*Gmm*Thickness

0.269072

7.2055

CoreLok

-87.7930 — 0.3904*NMAS + 41.4912*Gmm —
0.3405*Thickness + 3.9234*NMAS*Gmm +
0.3544*NMAS*Thickness — 56.1315*Gmm*Thickness —
0.6048*NMAS*Gmm*Thickness

0.298767

8.1821

Overall, the models are relatively poor as the F-statistics and adjusted coefficient of correlation

are mostly low. The adjusted coefficient of correlation is used as this accounts for the

corresponding degrees of freedom and accounts for possibly over specifying the model with a

large number of independent variables. The full statistical set of analyses is contained in

Appendix A.
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The reduced models were determined using backward stepwise regression analysis and

are summarized in Table 4.9. An a value of 0.05 was used to determine the significance of the

main effects (NMAS, Gmm, and thickness). If a main effect was found not to be significant,

then interactions and second order parameters were not considered in the reduced models.

Table 4.9 Reduced Statistical Models

Parameter

Model

7
Radij

F-value

NCAT

-0.4058 — 0.0010*NMAS + 0.1732*Gmm +
0.0025*Thickness + 0.0167*NMAS*Gmm

0.109761

4.6372

KY

-0.3102 — 0.0005*NMAS + 0.1334*Gmm -
0.0023*Thickness + 0.0165*NMAS*Gmm

0.04946

2.5350

Romus

-0.0764 — 0.0002*NMAS + 0.0312*Gmm +
0.0026*Thickness — 0.0003*NMAS*Thickness +
0.0635*Gmm*Thickness

0.586003

16.8533

Karol-Warner

-0.4227 — 0.0009*NMAS + 0.1840*Gmm -
0.0043*Thickness + 0.0182*NMAS*Gmm

0.06049

2.4326

PaveTracker

-59.9448 — 0.6583*NMAS + 28.5741*Gmm +
2.7371*Thickness + 16.3521*NMAS*Gmm —
0.5415*NMAS*Thickness + 64.1968*Gmm*Thickness
+ 10.6592*NMAS*Gmm*Thickness

0.417043

13.0595

AASHTO T 166

-64.9688 — 0.2867*NMAS + 32.0327*Gmm —
1.1381*Thickness + 0.4761*NMAS*Thickness —
38.8174*Gmm*Thickness

0.266894

9.5918

CorelLok

-9.3123 — 0.0280*NMAS + 4.7412*Gmm +
0.0547*Thickness — 2.2740*Gmm*Thickness

0.208914

8.7905

It is clear in the reduced models that larger NMAS mixtures lead to a decrease in permeability as

well as a decrease in air voids, whereas both higher values of Gmm and increased paving lift

thickness lead to an increase in permeability and an increase in air voids. This can be shown by

both examining the coefficients of the main effects in the reduced models as well as the

prediction profiles (plots) shown in Appendix A.

4.7 Confidence Limits of Kentucky and NCAT Permeabilities

Figures 4.12 and 4.13 illustrate the Kentucky Air and NCAT Permeameter test results as

compared to the AASHTO T166 air voids, respectively. The dashed lines in the figures show the

90 percent level of confidence limit based upon the aforementioned models in section 4.6.
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Clearly the results illustrate that the variability is increased at higher air void levels, as evidence
of the increase in the scatter of the test results at about 7 percent and 6 percent for the Kentucky

and NCAT permeabilities, respectively as compared to lower levels of air voids.
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4.8 Permeability Criteria

The permeability criterion that is discussed in the ensuing sections is based upon the outcomes of
the current MoDOT specification criteria for air voids using AASHTO T166. Namely, the
criteria are 94+/-2 percent of Gmm (6+/-2 percent air voids). The percent within limit (PWLt)
outcomes for each project are summarized in Table 4.10 below. The quality index values for the
upper (Qu) and lower (QI) criteria and the PWL for the corresponding upper (PWLu) and lower
(PWLI) for each project are shown in the table as well. The average PWL for all projects tested
is 61.09 percent. It is important to point out that the 61.09 percent within limit determination is
only based upon one sublot for the particular day that sampling occurred on each project.

Table 4.10 Summary of Percent Within Limit for AASHTO T166 Air Voids Summary

ID No. Route Qu Ql PWLuU | PWLI | PWLt
8MFO0017-1 | Hwy 60 | -0.72 | 3.32 | 50.00 | 100.00 | 50.00
8MFO0018-1 | I-44 222 | 1.71 | 99.99 | 97.48 | 97.47

8MFO0019-1 | Hwy 63 | -1.36 5.47 50.00 | 100.00 | 50.00
8MFO0020-1 | Hwy 65 | -1.57 5.60 50.00 | 100.00 | 50.00
8MFO00021-1 | I-55 13.45 | -4.27 | 100.00 | 50.00 50.00
8MFO00022-1 | Hwy 47 | -0.58 4.74 50.00 | 100.00 | 50.00
8MFO0027-1 | Hwy 63 | -0.84 3.64 50.00 | 100.00 | 50.00
8MFO0028-1 | Hwy 54 | -0.97 5.66 50.00 | 100.00 | 50.00
8MFO0029-1 | Hwy 7 -2.32 4.66 50.00 | 100.00 | 50.00
8MFOO0030-1 | Hwy 63 | 0.80 1.93 78.12 99.24 77.36
8MFOO0031-1 | Hwy 36 | -0.69 3.59 50.00 | 100.00 | 50.00
8MFO0032-1 | Hwy 60 | -1.55 3.95 50.00 | 100.00 | 50.00
8MFO0035-1 | I-35 4.15 -0.71 | 100.00 | 50.00 50.00
8MFO0036-1 | I-70 4.34 0.26 | 100.00 | 59.67 59.67
8MFOO0037-1 | Hwy 65 | 2.04 0.98 99.71 83.35 83.06
8MFOO0038-1 | Hwy 63 1.18 2.48 88.43 | 100.00 | 88.43
8MFO0048-1 | Hwy 5 0.95 3.26 82.52 | 100.00 | 82.52
Average 61.09

Similar to the percent within limit determination that was summarized for the AASHTO T166
testing, the same was done for the CoreLok test results. The summary of the CoreLok PWL is
provided in Table 4.11 below. The average PWL for all projects is 59.60 percent for the

CoreLok as compared to 61.09 for AASHTO T166. Thus implementing the CoreLok for air
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voids determination would represent a more stringent specification than AASHTO T166 as this
testing method yields a lower PWL which utilizes the same upper and lower specification quality
of 94+/-2 percent of Gmm.

Table 4.11 Summary of Percent Within Limit for CoreLok Air Voids Summary

ID No. Route Qu Ql Qlu Qll PWL
8MFO0017-1 | Hwy 60 | -1.06 2.56 50.00 | 100.00 | 50.00
8MFOO0018-1 | I-44 151 2.01 94.87 99.60 94.47

8MFO0019-1 | Hwy 63 | -1.24 5.09 50.00 | 100.00 | 50.00
8MFO0020-1 | Hwy 65 | -2.27 5.35 50.00 | 100.00 | 50.00
8MFO0021-1 | I-55 10.77 | -2.71 | 100.00 | 50.00 50.00
8MFO0022-1 | Hwy 47 | -1.47 6.87 50.00 | 100.00 | 50.00
8MFO0027-1 | Hwy 63 | -1.31 3.36 50.00 | 100.00 | 50.00
8MFO0028-1 | Hwy 54 | -1.20 4.23 50.00 | 100.00 | 50.00
8MFO0029-1 | Hwy 7 -2.34 4.56 50.00 | 100.00 | 50.00
8MFO0030-1 | Hwy 63 | 0.35 2.07 62.94 99.79 62.73
8MFO0031-1 | Hwy 36 | -1.13 3.68 50.00 | 100.00 | 50.00
8MFO0032-1 | Hwy 60 | -2.01 5.26 50.00 | 100.00 | 50.00
8MFO0035-1 | I-35 3.53 -0.27 | 100.00 | 50.00 50.00
8MFO0036-1 | I-70 3.02 0.90 | 100.00 | 81.10 81.10
8MFO0037-1 | Hwy 65 | 1.82 1.09 98.51 86.25 84.76
8MFO0038-1 | Hwy 63 | 0.41 2.40 65.09 | 100.00 | 65.09
8MFO0048-1 | Hwy 5 0.70 3.22 74.97 | 100.00 | 74.97
Average 59.60

The average PWL for the projects tested with AASHTO T166 was 61.09 percent and the upper
and lower quality characteristic values for the various methods of permeability testing will be
determined that yields the same 61.09 PWL. This will include conducting simulations of PWL
using a range of upper quality characteristic values for permeability, whereas the lower value
will be zero as this is the lower limit of permeability testing for pavements. The ensuing
subsections summarize the outcomes of the simulations and corresponding criteria for the
Kentucky, NCAT, and Karol-Warner Permeameters.

4.8.1 Kentucky Air Permeameter Criteria

Simulations using varying permeability values for the upper specification limit and zero for the

lower specification limit yielded varying percent within limit values. A graphical representation
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of the simulation is presented in Figure 4.14 below. The goodness of fit, R?, is very good for the

data at 99.46%
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Figure 4.14 The Influence of Permeability Upper Specification Limit for the Kentucky Air
Permeameter on Percent within Limit
Utilizing the previously determined 61.09 PWL outcome for the AASHTO T166 test method and
applying this to determine the upper specification limit for the Kentucky Air Permeameter, a
value of 325X10” cm/sec is obtained.

4.8.2 NCAT Permeameter Criteria

The same approach was used to identify the upper specification limit for the Kentucky Air
Permeameter was applied to determine the corresponding value for the NCAT Permeameter.
The graphical representation of the effect of a varying upper specification limit and the effect on
Percent Within Limit is presented in Figure 4.15. The corresponding upper specification criteria
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for the NCAT Permeameter is 1560X10™° cm/sec and would yield approximately the same 61.09

PWL as AASHTO T166. The R? value of 99.99 percent is excellent as shown in Figure 4.15.
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Figure 4.15 The Influence of Permeability Upper Specification Limit for the NCAT
Permeameter on Percent within Limit

4.8.3 Karol-Warner Permeameter Criteria

The same approach was again used for determining the upper specification limit for the Karol-

Warner Permeameter. The varying values of permeability and the corresponding values of PWL

are shown in Figure 4.16. Again, the R? value for the data is very good at 99.61 percent. The

upper specification limit identified with a corresponding 61.09 PWL is 530X10° cm/sec for the

Karol-Warner Permeameter.
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CHAPTER 5 FINDINGS AND RECOMMENDATIONS
5.1 Introduction

A design assumption used in developing a flexible (hot mix asphalt) structural pavement design
is that it is essentially impermeable and that the water will drain across the pavement surface.
The literature review portion of this study clearly established the impetus for measuring density
and/or air voids in assessing the quality of a hot mix asphalt pavement as it indirectly relates to
the level of permeability of a pavement. However, current test methods such as AASHTO T166
for making density measurements and corresponding air void calculations identified limitations
with regard to high permeable mixtures including open-graded mixtures and/or mixtures with a
connected air void system. Recent developments in test equipment for measuring permeability
of pavements has made it viable to consider measuring permeability and including it as a quality

characteristic in assessing the quality of an HMA pavement.

5.2 Findings

The study identified the nominal maximum aggregate size (NMAS), the theoretical
maximum specific gravity of the mixture (Gmm), and thickness of the pavement or core as
statistically important factors influencing permeability and air voids. Generally, larger NMAS
mixtures have an influence of lower permeability and lower air voids than smaller NMAS
mixtures. Higher Gmm mixtures generally produced mixtures with higher permeability and
higher air void values. Although statistically significant, the influence of thickness varied from
one method/technology to another.

Beneficial findings from this research study identified the CoreLok as a viable method

for determining the density and corresponding air voids of field samples and was comparable to
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AASHTO T166. The CoreLok method did in general yield lower density values and thus higher
air void values than AASHTO T166. The research study also found the PaveTracker did not
have a strong relationship to neither AASHTO T166 nor the CoreLok methods for measuring

density as well as the four methods of permeability testing conducted in this study.

5.3 Recommendations

This permeability study has identified three viable methods/devices for measuring
permeability of hot mix asphalt. Two of the devices, a Kentucky Air Permeameter and an NCAT
Permeameter, are field test devices that can be used on in-situ pavements. The third device, a
Karol-Warner Permeameter, can be used to test field cores or laboratory prepared samples. The
Kentucky and NCAT Permeameters are preferred for implementation over the Karol-Warner
Permeameter as test results can be obtained on in-situ pavements and the results known in the
same day the pavement is placed. Since the NCAT Permeameter is readily available
commercially and is simpler in its operation, it is recommended over the Kentucky Air
Permeameter. Thus, balancing availability of equipment and ease of use and timeliness of test
results, the use of an NCAT Permeameter is recommended. The proposed test method for the
NCAT Permeameter is contained in Appendix C which was used in this research study.
Although the Karol-Warner Permeameter is not recommended for use in quality control/quality
assurance testing, the strong relationship between the Karol-Warner and NCAT Permeameters
illustrates that the Karol-Warner could be successfully used to identify mixtures during the
laboratory mix design development that would meet construction specifications. The proposed

test method for the Karol-Warner Permeameter is provided in Appendix D.
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The specific criteria for using an NCAT Permeameter as part of a percent within limit
specification is 1560X10cm/sec for the upper specification limit and 0 cm/sec for the lower
specification limit as identified in Chapter 4. Although the literature did not identify criteria for
the NCAT Permeameter, 125X10™° cm/sec average permeability criteria for the Karol-Warner
device has been identified by Maupin at the Virginia Transportation Research Council (2001) as
a criteria. A corresponding Karol-Warner Permeability criteria identified in this study is an
upper specification limit of 530X10™ cm/sec and 0 cm/sec for the lower specification criteria and
results in an average permeability value of 265X107° cm/sec.

Supplemental training material for implementing the use of NCAT Permeameters in
percent within limit specifications has been developed and is contained in Appendix E.
Appendix E also contains training materials for using Karol-Warner Permeameters to test
laboratory mixtures. It is important to point out that this study did not establish a relationship

between permeability of laboratory compacted samples and field measurements.

5.4 Deliverables

The deliverables for the project are as follows:
1. A draft specification for permeability testing using an NCAT Permeameter as part of
the Missouri Department of Transportation’ construction quality control quality

assurance testing utilizing percent within limit specifications;

2. A draft test criteria/method for permeability using a Karol-Warner Permeameter as

part of the mix design evaluation process;

3. The test equipment for conducting permeability testing utilizing, namely an NCAT

Permeameter, a Karol-Warner Permeameter, and a ROMUS Air Permeameter;

73



. A database in an Excel spreadsheet that contains all of the data collected as part of the

project, as well as majority of calculations and figures provided in this report; and

. A draft training module for conducting permeability testing utilizing an NCAT and a

Karol-Warner Permeameter.
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APPENDIX A

1. AASHTO T 166 Whole Model

e Summary of Fit

RSquare 0.312433

RSquare Adj 0.269072

Root Mean Square Error 2.428026

Mean of Response 7.487395

Observations (or Sum Wgts) 119

e F-Ratio =7.2055

e Parameter Estimates

Term Estimate | Std Error |t Ratio| Prob>|t|
Intercept -75.49247 | 15.10219 | -5.00 | <.0001
NMAS -0.362595 | 0.095157 | -3.81 | 0.0002
Gmm 36.369706 | 6.354 5.72 | <.0001
Thickness -0.740898 | 0.76715 | -0.97 | 0.3363
NMAS*Gmm 2.8387865| 1.85929 | 1,53 | 0.1297
NMAS*Thickness 0.4234324 | 0.163873 | 2.58 | 0.0111
Gmm*Thickness -47.87514 | 17.40914 | -2.75 | 0.0070
NMAS*Gmm*Thickness -0.108555 | 2.847875 | -0.04 | 0.9697

e Prediction Expression

AASHTO T 166 = -75.4924 — 0.3625*NMAS + 36.3697*Gmm — 0.7409*Thickness +
2.8387*NMAS*Gmm + 0.4234*NMAS*Thickness — 47.8751*Gmm*Thickness —

e Prediction Profiler

0.1085*NMAS*Gmm*Thickness
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e Summary of Fit

RSquare 0.297958

RSquare Adj 0.266894

Root Mean Square Error 2.431641

Mean of Response 7.487395

Observations (or Sum Wgts) 119

e F-Ratio =9.5918
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -64.96883 | 13.0655 -4.97 <.0001
NMAS -0.286715 | 0.075548 | -3.80 0.0002
Gmm 32.032728 | 5.583369 5.74 <.0001
Thickness -1.138147 | 0.722583 -1.58 0.1180
NMAS*Thickness 0.4761477 | 0.135988 3.50 0.0007
Gmm*Thickness -38.81741| 16.24575 -2.39 0.0185

e Prediction Expression
AASHTO T 166 = -64.9688 — 0.2867*NMAS + 32.0327*Gmm — 1.1381*Thickness +
0.4761*NMAS*Thickness — 38.8174*Gmm*Thickness

e Prediction Profiler
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Interaction Profiles
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Summary of Fit

2. CorelLok Whole Model

RSquare 0.340365

RSquare Adj 0.298767

Root Mean Square Error 2.521264

Mean of Response 8.114286

Observations (or Sum Wgts) 119

e F-Ratio =8.1821

e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -87.79305 | 15.68212 -5.60 <.0001
NMAS -0.390471 | 0.098811 | -3.95 0.0001
Gmm 41.491211 | 6.597998 6.29 <.0001
Thickness -0.340526 | 0.79661 -0.43 0.6699
NMAS*Gmm 3.9234807 | 1.930688 2.03 0.0445
NMAS*Thickness 0.3544815 | 0.170166 2.08 0.0395
Gmm*Thickness -56.13152 | 18.07766 | -3.11 0.0024
NMAS*Gmm*Thickness -0.604853 | 2.957236 | -0.20 0.8383

e Prediction Expression
CorelLok =-87.7930 — 0.3904*NMAS + 41.4912*Gmm - 0.3405*Thickness +
3.9234*NMAS*Gmm + 0.3544*NMAS*Thickness — 56.1315*Gmm*Thickness —
0.6048*NMAS*Gmm*Thickness

e Prediction Profiler
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Corelok Reduced Model

e Summary of Fit

RSquare 0.23573
RSquare Adj 0.208914
Root Mean Square Error 0.403637
Mean of Response 2.006292
Observations (or Sum Wgts) 119

e F-Ratio =8.7905
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -9.312326 | 2.164691 -4.30 <.0001
NMAS -0.028036 | 0.012257 | -2.29 0.0240
Gmm 4.7401947 | 0.920048 5.15 <.0001
Thickness 0.0547364 | 0.104543 0.52 0.6016
Gmm*Thickness -2.274 2.270127 | -1.00 0.3186

e Prediction Expression
CorelLok =-9.3123 — 0.0280*NMAS + 4.7412*Gmm + 0.0547*Thickness —
2.2740*Gmm*Thickness

e Prediction Profiler
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3. Karol-Warner Whole Model

e Summary of Fit

RSquare 0.154044

RSquare Adj 0.081828

Root Mean Square Error 0.018846

Mean of Response 0.010055

Observations (or Sum Wagts) 90

e F-Ratio =2.1331

e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.446079 | 0.166563 | -2.68 0.0089
NMAS -0.001261 | 0.00101 -1.25 0.2152
Gmm 0.1899444 | 0.068796 2.76 0.0071
Thickness 0.002739 | 0.007304 0.37 0.7086
NMAS*Gmm 0.0445388 | 0.021844 2.04 0.0447
NMAS*Thickness -0.000931 | 0.001381 | -0.67 0.5021
Gmm*Thickness -0.257429 | 0.190742 | -1.35 0.1809
NMAS*Gmm*Thickness -0.012916 | 0.031103 -0.42 0.6790

e Prediction Profiler

KW 2

Prediction Expression
Karol-Warner = -0.4460 — 0.0012*NMAS + 0.1899*Gmm + 0.0027*Thickness +
0.0445*NMAS*Gmm — 0.0009*NMAS*Thickness — 0.2574*Gmm*Thickness —

0.0129*NMAS*Gmm*Thickness
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Karol-Warner Reduced Model

e Summary of Fit

RSquare 0.102716
RSquare Adj 0.06049
Root Mean Square Error 0.019064
Mean of Response 0.010055
Observations (or Sum Wagts) 90

e F-Ratio =2.4326
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.422737 | 0.159351 -2.65 0.0095
NMAS -0.000929 | 0.000914 | -1.02 0.3123
Gmm 0.1840848 | 0.066431 2.77 0.0069
Thickness -0.004292 | 0.006007 | -0.71 0.4769
Gmm*NMAS 0.0182458 | 0.017055 1.07 0.2877

e Prediction Expression
Karol-Warner = -0.4227 — 0.0009*NMAS + 0.1840*Gmm - 0.0043*Thickness +
0.0182*NMAS*Gmm

e Prediction Profiler
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e Summary of Fit

4. KY Whole Model

RSquare 0.102572
RSquare Adj 0.045978
Root Mean Square Error 0.017422
Mean of Response 0.006062
Observations (or Sum Wgts) 119

e F-Ratio=1.8124
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.325114 | 0.108365 | -3.00 0.0033
NMAS -0.000651 | 0.000683 | -0.95 0.3422
Gmm 0.1368028 | 0.045593 3.00 0.0033
Thickness 0.0017615 | 0.005505 0.32 0.7496
NMAS*Gmm 0.0275907 | 0.013341 2.07 0.0410
NMAS*Thickness -0.000315 | 0.001176 | -0.27 0.7890
Gmm*Thickness -0.138659 | 0.124918 | -1.11 0.2694
NMAS*Gmm*Thickness -0.009725 | 0.020435 | -0.48 0.6351

e Prediction Expression

KY

-0.3251 - 0.0006*NMAS + 0.1368*Gmm + 0.0017*Thickness +

0.0275*NMAS*Gmm — 0.0003*NMAS*Thickness — 0.1386*Gmm*Thickness —
0.0097*NMAS*Gmm*Thickness

e Prediction Profiler

KY 2

0.004708
+0.004129

0.1+

_______

e Interaction Profiles
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KY Reduced Model

e Summary of Fit

RSquare 0.081681
RSquare Adj 0.04946
Root Mean Square Error 0.01739
Mean of Response 0.006062
Observations (or Sum Wgts) 119

e F-Ratio =2.5350
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.310264 | 0.105132 | -2.95 0.0038
NMAS -0.000578 | 0.000637 | -0.91 0.3662
Gmm 0.1334952 0.0447 2.99 0.0035
Thickness -0.002358 | 0.004358 | -0.54 0.5895
NMAS*Gmm 0.0165114 | 0.011111 1.49 0.1400

e Prediction Expression
KY =-0.3102 - 0.0005*NMAS + 0.1334*Gmm - 0.0023*Thickness +

0.0165*NMAS*Gmm
e Prediction Profiler
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e Summary of Fit

5. NCAT Whole Model

RSquare 0.18445
RSquare Adj 0.133019
Root Mean Square Error 0.016643
Mean of Response 0.010715
Observations (or Sum Wgts) 119

e F-Ratio =3.5863
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.436108 | 0.103516 -4.21 <.0001
NMAS -0.001091 | 0.000652 -1.67 0.0972
Gmm 0.1808937 | 0.043553 4.15 <.0001
Thickness 0.0086872 | 0.005258 1.65 0.1013
NMAS*Gmm 0.032087 | 0.012744 2.52 0.0132
NMAS*Thickness -0.000405 | 0.001123 -0.36 0.7192
Gmm*Thickness -0.179694 | 0.119329 -1.51 0.1349
NMAS*Gmm*Thickness -0.020513 0.01952 -1.05 0.2956

e Prediction Expression

NCAT =-0.4361 — 0.0010*NMAS + 0.1809*Gmm + 0.0086*Thickness +
0.0321*NMAS*Gmm — 0.0004*NMAS*Thickness — 0.1797*Gmm*Thickness —
0.0205*NMAS*Gmm*Thickness

e Prediction Profiler
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NCAT Reduced Model

e Summary of Fit

RSquare 0.139939
RSquare Adj 0.109761
Root Mean Square Error 0.016864
Mean of Response 0.010715
Observations (or Sum Wgts) 119

e F-Ratio=4.6372
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.405803 | 0.101952 | -3.98 0.0001
NMAS -0.001074 | 0.000617 | -1.74 0.0847
Gmm 0.1732142 | 0.043348 4.00 0.0001
Thickness 0.0025375 | 0.004226 0.60 0.5494
Gmm*NMAS 0.0167896 | 0.010775 1.56 0.1219

e Prediction Expression
NCAT =-0.4058 — 0.0010*NMAS + 0.1732*Gmm + 0.0025*Thickness +

0.0167*NMAS*Gmm
e Prediction Profiler
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6. PaveTracker Whole Model

e Summary of Fit

RSquare 0.451625

RSquare Adj 0.417043

Root Mean Square Error 3.359661

Mean of Response 8.078992

Observations (or Sum Wgts) 119

e F-Ratio =13.0595

e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -59.94488 | 20.8969 -2.87 0.0049
NMAS -0.658386 | 0.131669 | -5.00 <.0001
Gmm 28.574133 | 8.792034 3.25 0.0015
Thickness 2.7371137 | 1.061507 2.58 0.0112
NMAS*Gmm 16.352122 | 2.572701 6.36 <.0001
NMAS*Thickness -0.541555 | 0.226752 | -2.39 0.0186
Gmm*Thickness 64.196878 | 24.08904 2.66 0.0088
NMAS*Gmm*Thickness 10.659184 | 3.940607 2.70 0.0079

e Prediction Expression

PaveTracker = -59.9448 — 0.6583*NMAS + 28.5741*Gmm + 2.7371*Thickness +
16.3521*NMAS*Gmm — 0.5415*NMAS*Thickness + 64.1968*Gmm*Thickness +

e Prediction Profiler

6.248685
+0.796143

PaveTracker

10.6592*NMAS*Gmm*Thickness
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7. Romus Whole Model

e Summary of Fit

RSquare 0.634275
RSquare Adj 0.582028
Root Mean Square Error 0.000916
Mean of Response 0.002427
Observations (or Sum Wagts) 57

e F-Ratio=12.1401
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.09938 | 0.025726 | -3.86 0.0003
NMAS -0.000303 | 9.479e-5 -3.19 0.0025
Gmm 0.0406421 | 0.010509 3.87 0.0003
Thickness 0.003007 | 0.000536 5.61 <.0001
NMAS*Gmm 0.0017746 | 0.00145 1.22 0.2269
NMAS*Thickness -0.000323 0.0001 -3.22 0.0023
Gmm*Thickness 0.0530934 | 0.013346 3.98 0.0002
NMAS*Gmm*Thickness -0.00054 | 0.001779 -0.30 0.7627

e Prediction Expression
Romus = -0.0994 — 0.0003*NMAS + 0.0406*Gmm + 0.0030*Thickness +
0.0017*NMAS*Gmm - 0.0003*NMAS*Thickness + 0.0531*Gmm*Thickness —
0.0005*NMAS*Gmm*Thickness

e Prediction Profiler
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e Summary of Fit

Romus Reduced Model

RSquare 0.622967

RSquare Adj 0.586003

Root Mean Square Error 0.000912

Mean of Response 0.002427

Observations (or Sum Wagts) 57

e F-Ratio =16.8533

e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.076467 | 0.014412 -5.31 <.0001
NMAS -0.000216 | 0.000062 | -3.48 0.0010
Gmm 0.0312754 | 0.005961 5.25 <.0001
Thickness 0.0026139 | 0.000413 6.33 <.0001
NMAS*Thickness -0.000375 | 7.743e-5 -4.85 <.0001
Thickness*Gmm 0.0635884 | 0.010108 6.29 <.0001

e Prediction Expression

Romus = -0.0764 — 0.0002*NMAS + 0.0312*Gmm + 0.0026*Thickness —

0.0003*NMAS*Thickness + 0.0635*Gmm*Thickness

e Prediction Profiler
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APPENDIX B

1. Bivariate Fit of Kentucky Permeability By AASHTO T 166
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AASHTO T 166, Air Voids %

Polynomial Fit

KY =-0.007572 + 0.0015142*AASHTO T 166 + 0.0001176*(AASHTO T 166)

Summary of Fit

RSquare 0.201874
RSquare Adj 0.187994
Root Mean Square Error 0.008594
Mean of Response 0.004678
Observations (or Sum Wgts) 118

F-value = 14.5438

Parameter Estimates
Term Estimate  |Std Error |t Ratio |Prob>[t|
Intercept -0.007572 ]0.002431 |-3.11 0.0023
AASHTO T 166 0.0015142 ]0.000283 [5.35 <.0001
(AASHTO T 166)° 0.0001176 |7.936e-5 [1.48 0.1412
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2. Bivariate Fit of Romus By AASHTO T 166
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0.005+ = r
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4 5 6 7 8 9 10 11 12 13 14 15
AASHTO T 166, Air Voids %
e Linear Fit

Romus = 0.0014105 + 0.000113*AASHTO T 166

Summary of Fit

RSquare 0.028033
RSquare Adj 0.010361
Root Mean Square Error 0.00141
Mean of Response 0.002427
Observations (or Sum Wgts) 57
F-value = 1.5863
Parameter Estimates
Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept 0.0014105 | 0.000828 1.70 0.0943
AASHTO T 166 0.000113 8.97e-5 1.26 0.2132
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3. Bivariate Fit of Karol-Warner By AASHTO T 166

Karol-Warner, cm/sec

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
AASHTO T 166, Air Voids %

e Polynomial Fit
Karol-Warner = -0.010001 + 0.0020792*AASHTO T 166 + 0.0001129*(AASHTO T 166)?

e Summary of Fit

RSquare 0.282539
RSquare Adj 0.26984
Root Mean Square Error 0.00944
Mean of Response 0.006447
Observations (or Sum Wgts) 116

e F-value =22.2499
e Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.010001 | 0.002687 | -3.72 0.0003
AASHTO T 166 0.0020792 | 0.000312 6.67 <.0001
(AASHTO T 166)° 0.0001129 | 8.736e-5 1.29 0.1987
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4. Bivariate Fit of NCAT By AASHTO T 166

0.07
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0.01+

AASHTO T 166, Air Voids %

Polynomial Fit

NCAT = -0.009336 + 0.0025087*AASHTO T 166 + 0.000033*(AASHTO T 166)°

Summary of Fit

RSquare 0.265619
RSquare Adj 0.252847
Root Mean Square Error 0.011891
Mean of Response 0.009663
Observations (or Sum 118
Wgts)

F-value = 20.7972

Parameter Estimates

Term Estimate | Std Error | t Ratio | Prob>|t|
Intercept -0.009336 | 0.003364 | -2.77 0.0064
AASHTO T 166 0.0025087 | 0.000391 6.41 <.0001
(AASHTO T 166)° 0.000033 0.00011 0.30 0.7643
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APPENDIX C

NCAT Permeameter Test Method
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Gasket. Extra Moldable sealant may be added, if
needed, by simply melding It Into place with the fingers.

Once the Moldable Sealant is properly installed, turn
the Permeametar right side up and place on the clean,
praparad tast area. Use gentle, uniform foot prassure
around the perimeter of the base to seat the
Paermeameter Vesseal. Gently step on opposite corners
of the base plate, repeat on the remaining corners.
Slowly and gently, step around the perimeter of the base
without twisting it to force the sealant into the asphalt
mat. Observe the area inside the Rubber Gasket to see
that sealant material has not been forced into the test
area. Place a 5 |b {2.3kg) weight on each side of the
Permeamaetar base. This compensates for the head
pressure exerted by the water column. Without these
waights, the water pressura can break the saal.

After the Permeameter is sealed to the pavement
surface, place a thin layer of Moldable Sealant material
on the bottom rim of either the Standard or Alternate
Top Section, and seat it onto the Base Section. Insert
the filling tube assembly into the assembled vessel all
the way to the bottom. Fill the Vessel completely with
water at a steady rate. As the watar level nears the top,
continue filling while the tube is being withdrawn.
Careful filling insures @ minimum of bubbles and
entrapped air in the watar column. The Parmeaamater
Vessel holds about a gallon (3.9L) of water in the
standard configuration.

Observe the rate at which the water level in the
Parmeameater Vessal drops. Select a tier for recording
rate of flow where the rate of fall is slow enough for
accurate observation, but fast enough for timely
completion of the test. Test times vary greatly
depending on mix gradation and density, but should
generally not excead about five minutes. Make note of
a starting time and a starting height for the falling head.
The elapsed time is the value of “t" in the equation.
The starting and ending head height are the equation
values ‘h1" and 'hz' respactively.

Upon completion of the tast, gently lift one cornar of
the base plate to break the seal and allow the water to
drain away.

Caution: Do not apply force to the side of the Vessal
to break the seal. The Permeameter Vessel will
braak.

The Moldable Sealant can be reused, but Its sealing
effectivenass may be diminished over time. Debris must

ba carefully cleaned out and excess water removed from
the material before reuse.

Calculation:

Use the tast valuaes obtained to calculate the aquation
for coefficient of parmeability as shown previously.

Area Values of “8" for each tier:

Tier 1 (Top)= area “a” =2.85 cm?®

Tier 2* = area “a" = 15.52 cm?

Tier 3=area “a" =38.32cm?

Tier 4 (Bottom)= area “a" = 167.53 cm?2

Pavemaent Test Area (value “A” in equation) = 214 cm?

* This value also applies to the 1-3/4* (44.5mm) id
alternate top section.

NOTE: Values given are typical tier areas and are
suitable for most determinations. If desired, the
ingside diameter of the tiers can be Individually
measured and the areas calculated.

General Notes
Cleaning:

The Permeamaeter Vassal may be gently cleaned with
water and conventional dish-washing detergents. Over
time, the Vessel material may become scratched or
clouded, but should remain viable for use as long as
the water level can be accurately observed.

Temperature:

At low tamperatures, the Moldabla Saalant will bacome
less pliable and may not form a watertight seal. This
should be taken into account for air and test surface
temparatures below room temperature. Warming of the
test surface or sealant may allow sealing at lower
temperatures.

Water Leaks:

In most cases, it is fairly easy to obtain a good seal for
the Permeameter Vessel on finished surfaces of asphalt
pavement. Problems can occur if there is insufficient
area or thickness of the Moldable Sealant, if the asphalt
surface is unusually rough, or if the test time is
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unusually long. Some open-graded mixes can be
particularly difficult to seal. Selecting a different tast
site and using extra cara in the seating process often
ovarcomes these problems, although thare Is no
guarantee that evary attempted test will be successful.

A stream of water coming from the base is a leak,
which affects the permeability test results. The tost
should be redone if a leak occurs. During unusually
long test periods, condensate has bean observed to
form on the bottorn of the base plate. This condensate
comeas from water vapor permeaating outward through
the asphalt and is not a sealant leak.

Accessories:

Tha following accessories are available from Gilson for
your Asphalt Parmeameatar Kit:

APA-11B: Parmoarmatar Vessal, complate. Includas
Base and Standard Top Sections.

APA-16: Base Section only.

APA-17: Standard Top Section only.

APA-18:

APA-22:

APA-19:

APA-5:

APA-TB:

APA-9:
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Altarnate Top Section only.

Moldable Sealant in 5 Ib {2.3kg) plastic
tubs. Enough for about 4 seals.

Parmoameter Vessal Gaskets. Adhesiva-
backed rubber gaskets for the bottom of
tha Parmearmatar Vessal.

Whisk Broom for preparation of test site.

Carrying Case. Protects the Permeametar
from damage during transport.

Base Weights. Four 5 Ib Weights. Required
to counter the water head displacement
force.



APPENDIX D

Karol-Warner Permeameter Test Method

HHI'M Designation: PS 129 — 01

Standard Provisional Test Method for
Measurement of Permeability of Bituminous Fa\rlng
Mixtures Using a Flexible Wall Permeameter’

“This previsional siandard {s {ssued veder ihe fixed desi graiion FS 129; the mumber | i aiedy f trag; e ik ihs

year of ortginal adopdon.

1. Scope

1.1 This provisional test method covers procedumres for
detemmining the relative permeability (also referred m as
cogficient of permeabilin’) of warer samrated laboratory com-
pacted specimens or field cores of compacted bimaminons
paving ooxfures usng 4 Hexible wall penmeameter.

1.2 The values stared in 51 umits are to be regarded as the
standard. The values given in parentheses are for infomostion

1.3 Provisional standards® achieve limired consensus
thromgh approval of the spomsonng subconumaties.

1.4 Thiz standard is being deweloped 2s a provisional
standard because the subcomnuttes feels that the issuance and
subsequent usaze of this standard method will be critical in fhe
refimement of the standard m the fuiure.

1.5 Thiz prenisional 1tandard does mo? purpore fo address
all qf ihe sqiety comcernz, [f any, arsociated with 1 wse. Ii iz
the responnibiiiy of the wuser qf this stamdard fo establizh
appreprigle sqfe)y ond heaith praciices and defermme (he
applicabilily qf regulaiory requiremenis prior 0 use.

1. Referenced Documents

2.1 ASTM Standards:

DE w@mmmmmmm
ments®

D 1188 Test Method for Bulk Specific Gravity and Density
of Cumpichad Briuminous Mixtures Using Coated
Sanples®

D 2041 Test Method for Theoretical Maxinnmn Specific
Gravity and Density of Bitaminous Paving Mixtures*

D 2726 Test Method for Bulk Specific Gravity and Density
of Non-Absorptive Compacied Bituminous Mixhmwes*

D 4867/ 48570 Test Method for Effect of Moisture on
Asphslt Concrete Paving Mixiures?

22 A4SHTO Stamdards:

TP 4 Preparing and Determiming the Density of Hot-Mix
Acsphale (HMA) Specimens by Means of the Superpave

T This prosdelomal jent seibod {5 mder e judsdiodon of ASTR Commiiiss D04
of Road and Pwving Mazelals and & the direct sespondblity of Subrommdtics
00473 oa Plantbized Biteminous Sunfices sl Bassa

Cupreat editon sppeoved Apel 17, 2001 Poblished
p.lhhMHM|n 01 Lant poevious edition P5 129 - 01

Prowlalonal standends cvist for two yean subssquens to tie approval dame.
* sl Bock of ATTM Suandrds, Vol 04,03

Congpiighl O AETM, 100 Badr Haibod Ok, Vil CoraBshschen, P PO X80 Uniled S50

a hlde. from A sk X 2otl

Goyratory ‘Compactor®
T 283 Besistance of Compacted Bitnminons Mizmre m
Muoisture Taduced Damage*
3. Terminology
3.1 Dgfinitions:

3.1.1 Refer to Terminology D & for defimitions of terms used
in thus previsional test method.

4 Summary of Test Mathod

4.1 A fallmg head permeability test is used to determine the
rate of fow of water through 2 satorated specimen. Water from
& graduated standpipe 1s allowed to fow through the safurated
bifuminous paving nuxiure specimen snd the tme mterval o
reach a known change in head 1s recarded. The coefficient of
water permeability of the compacied paving mixture 1= then
determined based on Diarcy’s Law.

& Sigmificance and Use

5.1 This prowisienal test method provides an mdication of
mmmuhhqufm-smmdsmlﬁ It applies

laminar Aow of waber.

52 It 15 assumed ihat Darcy’s Law 1s valid and that the
permeshility is essentially tmaffecied by bydranlic gradient.
The validity of Darcy’s Law may be evaluaied by measuring
the hydrsulic condncrivity of the specimen ar three hydraulic
gradients. If all measured valaes sre similar (that is, within
spproximarely 25 %), then Darcy’s Law may be taken as valid.

6. Apparafos
6.1 Parmeameior—Iee Fig 1. The device shall meet the

following requirements:

6.1.1 A gradusted cylinder, baving sn mmer dizmeter of
3175 £ 050 mm (125 = 0.02 in), gradusted in millimeters
gnd capable of dispensing 500 ml of water.

6.1.2 A sealing tvbe using a fexdble latex membrane 0635
mm (0.025 m.) fiock and capable of confiming asphalt concrete
specimens up 1o 152 4 nom (5000 in) in dismeter and 0.0 mom
{3.15 in} in height.

6.1.3 A cap assembly for supporming the gradusted cylinder
=nd expanding an o-ning against the sealing tube. The opening
in the cap shsll be of the same dismeter a5 the onter diameter

af Star: Highway and Tenspocaon
Offclaa, £44 N, Caplted 5r, MW, Wishingtoa, DC 20001,

102



Upper thaing mark 500 ml

Lower timing mark 0 ml

Clamp
assembly <
Hose ___|
champ
Membrae ~

10° Taper——

lnl:r‘Hq

Pedestal

10° Tuper—

il

Min. LD,
= 16 mm
(0.71 In.)

/

PRESS WAC

@@
/

Ouitlet Valve
pipe

FIG. 1 Water Permeablliy Testing Apparstus (not to scale)

of the graduated cylinder mentioned previously in 6.1.1. The
underside of the cap assembly should be tapered at an angle of
10 = 1° (see Fig. 1).

6.1.4 A pedestal plate for supporung the asphalt concrete
specimen and expanding an o-ring against the sealing tube. The
opening in the pedestal plate should have 2 mmimum diameter
of 18 mm (0.71 in.). The top side of the lower cap should be
tapered ar an angle of 10 = 17 (see Fig. 1).

6.1.5 O-nngs of suficent diameter and thickness for main-
taining a seal against the sealing mbe.

6.1.6 Aframe and clamp assembly for supplying a compres-
sive force to the cap assembly and pedestal plate necessary to
expand the o-nings.

6.1.7 An air pump capable of applymg 103 kPa (15 psi)
pressure to the specumen as well as vacuum to evacuate the air

6.1.8 A pressure zage with range 0 to 103 kPa (15 psi) with
= 1 % accuracy.

6.1.9 Quick connects for both vacuum and pressure lines.
6.1.10 An outlet pipe, 50.8 num (2.0 in.) long with an inside
diameter of 18 mm (0.71 in).

6.1.11 Valve positioned upstream of the outlet pipe.

Meme 1—A device memufactursd by the Karol-Warner Compasy bag
bsen fouzd to mest the abovs specifcations.

6.2 Vacunm Container, Type E, described in Test Method
D 2041.

63 Vacuwm Pump, specified in Test Method D 2041.

6.4 Manometar or Pressure Regulator, specified in Test
Method D 4867/D 4867M.

6.5 Spacer, descmbed in AASHTO T 283.
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D.ET ALY @A VUL EWED UL LT SLMEL LILITLI B3 WS LETLALEd,
however, it is recommended that the air void level represenr the
anticipated in-place density of the bituminous paving mixmre.

8.2 Roadway Cores:

£.2.1 Layers of compacted bituminous paving mixtura field
required to remove any tack coat thar would otherwise affect
the test resulrs.

83 Wash the rest specimen thoroughly with warer to re-
move aoy loose, fine matenal produced by the sawing and then
dry the specimen to 2 constant mass by means of the elecmic
fan.

8.4 Determine the bulk specific gravity of the specimen in
accordance with Test Method D 2726 or Test Method D 1188

as appropnate.

8.5 Using the caliper, measure and record the beight and
diameter of the specimen to the nearest 0.5 mm (0.02 m.) or
taken at three different locations. The three individual mea-
surements shall not vary by more than 5 mm (0.2 m.). The
diameter of the specimen shall not be less than 150.0 nun
(5210 i) nor greater than 1524 mm (5.000 m.).

e mwpe mmie e e e mm ——

mﬁ;mmm;uhmnmpum

Nom 5—Tke p satup described will produce 2 bydraulic
pﬁndw;Ihl’(mum&hm}
Tests using othar hydmaulic gradients may be conducted to wenfy the
validity of Darcy"s Law.
11. Testing Procedure

11.1 Disassemble the permeameter specimen cylinder from
the permeameter base

11.2 Connect the pressure line of the permeameter to the
vacuum side of the pump. Using the pump, spply 2 vacuum o
the flexible wall to remove enmapped air and collapse the
membrane to the inside diameter of the cylinder This will
facilitate loading of the specimen.

11.3 With the flow control valve open, fill the outlet pipe
with water unril the taper in the base plate pedastal overflows.

11.4 For laboratory compacted specimens, it is necessary to
azpply 2 thin lxyer of pemoleum jelly to the sides of the
specimen (o aclueve a sansfactory seal between the membrane
and the specimen. Thus shall be accomplished using a spatula
or similar instrument. Sealant shall be applied ONLY to the
sides of the speamen. Remove the specimen from the vacuam
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S
may be terminzted at the thirty mizste mark azd the water level at this
tzoe by alowizg =watzr tn few for thirry pmnte: and recording the water
mazk 2t this ome witk ths average of the two elapsed Sme measuremezts
baizs recorded for use in calenlasing tha nermerhilite.
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APPENDIX E

MODULE X
Permeability Testing of Hot Mix Asphalt Methods

01-31-09

Permeability Testing- Why Test

¢ High permeability of asphalt mixtures leads to
moisture infiltration

¢ Moisture infiltration makes the HMA more
moisture susceptible

« Infiltration of moisture below the bound
materials and into the unbound materials
results in reduced pavement structural
support and reduced service life

Two Methods for Permeability Testing

e Karol-Warner Permeameter Test Method, ASTM

PS129-01
— This is a laboratory device

— Can be used to test gyratory samples during mix
design or of QC/QA samples

— Can be used to test field cores

e NCAT Permeameter Test Method

— This is a field device
— Can be used to test in-place pavements
— This is a non-destructive test method
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Slide 5

Slide 6

Karol-Warner Permeameter

¢ This is a falling head permeameter

¢ Device comes in two different sizes
— 4-inch diameter
— 6-inch diameter

¢ Assumes one-dimensional , laminar flow
of water

¢ The coefficient of water permeability is
based upon Darcy’s Law

Detailed Schematic of
Karol-Warner Permeameter

Preparation of Lab Compacted
Test Specimens
¢ Test is conducted on compacted specimens
that have cooled to room temperature

¢ Specimens should be compacted to the air
void level anticipated in the field

¢ Specimens have to be sawed on one side
(preferably to the pavement lift thickness if a
laboratory compacted sample)
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Slide 8

Slide 9

Preparation of Field Compacted
Test Specimens

Layers of compacted mixture should be separated
by sawing including tack coated surfaces

Wash the specimen after sawing to remove loose,
fine material produced by sawing

Dry the sample to a constant weight using an
electric fan

Measure and record the height and diameter of
the specimen at three different locations each to
the nearest 0.5mm (0.02 in.) using a caliper

Saturation Test of Specimens

Place the specimen in a horizontal position in on top of a
spacer in a vacuum container

Fill the container with water at room temperature with at
least 25mm (1 in.) of water above the tope of the specimen
Removed trapped air by applying increased vacuum
gradually until the residual pressure manometer is 525 +/-
2 mm of Hg.

Maintain the pressure for 5 +/- 1 minute

At the end of the vacuum period, slowly release the
vacuum and thus increasing the pressure

Allow the specimen to stand undisturbed for a minimum of
5 minutes.

The specimen is ready for testing or can be transferred
quickly to another water bath until ready for testing

Karol-Warner Permeameter
Testing Procedure

Disassemble the permeameter specimen cylinder from the
permeameter base

Connect the pressure line of the permeameter to the
vacuum side of the pump

Apply a vacuum to the flexible wall to remove entrapped
air and collapse the membrane to the inside diameter of
the cylinder

Open the flow control valve.

Fill the outlet pipe with water until the taper in the base
pedestal overflows

For lab compacted specimens, use a spatula to apply a thin
layer of petroleum jelly to the sides to the specimen to
achieve a satisfactory seal between the membrane and
sides of the specimen in a saturated surface dry state
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Slide 12

Karol-Warner Permeameter
Testing Procedure

Quickly reassemble the permeameter making sure all of
the connections and clamps are tightened

Disconnect the pressure line from the vacuum side of the
pump and connect it to the pressure side

Apply a confining pressure of 96.5 +/- 7.0kPa (14 +/- 1
psi)

Fill the permeameter graduated cylinder until the water
begins to flow from the outlet tube

Close the flow control valve

Carefully lean the permeameter from side to side to
allow the escape of any entrapped air

Fill the graduated cylinder above the upper timing mark
(h1)

Karol-Warner Permeameter
Testing Procedure

Refill the outlet pipe until it overflows

Commence the water flow by opening the flow control
valve of the permeameter

Start the timing device when the meniscus of the water
reaches the upper timing mark

Allow the water to flow until the water level reaches the
lower timing mark (h2) and stop the timing device
Record the time to the nearest 1 second

Measure and record the temperature of the water to the
nearest 0.5°C

After saturation has been achieved and verified and the
final time and/or mark recorded, release the pressure from
the permeameter. Remove the specimen and clean the
permeameter

Karol-Warner Permeameter
Calculations

o
e=Fu(g)
whare
b = cosfficiens of wate permaabiliny, cm'ty
= lnside cros I arvs of lalet standkipe, e’
= dickneis of et specioue, o,
= cross-secicmal ares of war ipecisen, o8,
= wwiage elgpned time of waer fow betwees tmung
ks, 3,
= bvdrwulic bead oo Specinen B Uoe €, cm, and
Ly ——————

x> mn—s

Correct the calculated permeability (k) to that for 20°C, k,,,
by multiplying the ratio of the viscosity of water at the test
temperature to the temperature of water at 20°C

ky = R;k, where R is givin in the Table on the next slide
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R; Values

TABLE 1 Comection Packcr, ¥, for Visoaslly of Wb f varieus
ler rarstws

[T

s L

R EEHTH

Karol-Warner Report

Specimen identification

Mix type/description

Specimen type (lab compacted or roadway
core)

Specimen air voids

Water test temperature

Coefficient of water permeability to the
nearest whole unit X 10 cm/s

NCAT Permeameter

¢ Falling head permeameter

¢ Graduated cylinders represent
different flow rates or levels of
permeability

¢ Will need to use a timer to the
nearest 0.1 second

* Timing marks on the cylinders
represents measurement markings
for determining the amount of water
that has left the device
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Slide 17

Slide 18

Flow Rates

Top Tier
Slow Flow Rate,
Low Permeability

Bottom Tier
Fast Flow Rate,
High Permeability

A

g

NCAT Test Steps

Identify test location of 1 square foot
Clean surface of pavement

Invert permeameter to clean device surface and apply sealant
uniformly outside of rubber gasket

Install the permeameter right side up by gently applying foot
pressure to seal

Apply a thin amount of sealant between the two layers of the
permeameter

Carefully fill the permeameter with water, minimizing air bubbles
collecting in the permeameter

Time the rate of drop in the water level between timing marks
within the same cylinder

Record the time and the beginning and ending timing marks
Determine the coefficient of permeability

NCAT Permeameter Calculations

K= (aL7At In{hy/hy

Whara:

k = coafficient of parmeability.

o = Inside cross-sectional araa of standpipa, cm?
(Varias depanding on tier used for testing; sea
listad values in Calculstion saction.)

L = length of tha sample, cm (thickness of tha
asphalt mat).

A= cross-sectional area of permeameter through
which water can penatrata the pavament (test
areal, cm”,

t= Elapsed time between h,and h,

h, = Initlal head, cm.

h, = Final hoad, om

Aros Values of "s” for asch bior:

Tior 1 Tophe aras “a" = 2.85 cm'®

Tiar 2° = aron “a” = 15.52 cm?

Tiar 3 = area “a” « 38.32 e

Tiar 4 (Bottomi= aras “a® = 167.63 cmd

Pavamant Tost Aros [value “A” In equation) = 214 om?

* This valus also applies to the 1.34° (44.5mm) d
Barnats top section.
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NCAT Report

¢ Project identification

¢ Mix type/description

¢ Test location including station location and
paving lane offset

¢ Coefficient of water permeability to the
nearest whole unit X 10> cm/s
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