Abstract
KULKARNI, MORESHWAR BALAKRISHNA. Effect of Tack and Prime Coats, and

Baghouse Fines on Composite Asphalt Pavements. (Under the direction of Dr. Akhtarhusein
A. Tayebali.)

This investigation was undertaken to develop a mechanistic design procedure to
minimize the interfacial delamination distress, and to evaluate the contribution of baghouse
fines to delamination in composite pavements. The need for this research was based on
extensive occurrence of delamination problems in Division 13 of NCDOT. Pavements in
Buncombe County, where emulsions were used as tack coat, had higher occurrence of such
distresses compared to Rutherford County where PG64-22 binder was used as tack coat. In
addition to use of tack coats, the asphalt mixes in these counties were prepared by an
intermittent purging of baghouse fines.

Results from particle analyzer indicated similar gradations for baghouse fines and
regular mineral fillers. DSR testing of mastics indicated a similar performance of mastics
prepared with regular fillers and baghouses. SST (FSCH and RSCH) and APA tests results
on the mixtures with and without baghouse fines did not indicate a significant difference
between the two mixes. However, AASHTO T283 test indicated that mixes with baghouse
fines were moisture sensitive than mixes without baghouse fines. It could be possible that
dosage of anti-strip additive might not have been adequate to counteract moisture damage.

Composite AC-AC, AC-PCC and AC-CTB samples were fabricated in the laboratory
and the interfacial bond strength was measured using the SST. For tack coats, it was

observed that PG64-22 performed better on AC-AC interfaces, whereas CMS-2 performed



better on AC-PCC interface. CSS-1h performed better than EA-P and EPR-1 as a prime coat.
Non-bonded surfaces could not resist any interfacial shear.

Using a 3-D computer program, the interfacial shear stresses were computed at
various thickness, loading and temperature conditions. The results indicated that
delamination will not be a problem at lower temperature (20 °C), but at elevated
temperatures a minimum AC layer thickness is necessary to reduce the interfacial shear stress
to laboratory measured values. For thin pavement sections, the use of prime coat was

recommended to increase the bond between the AC and underlying layers.
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1 Introduction and Literature Survey

1.1 Introduction

Asphalt pavements constitute 96 percent of the hard surfaced roads in the US. In
terms of distance, approximately 2.2 million miles of roads have asphalt surfaces and
approximately 91 percent of the 2 trillion annual vehicular miles of travel occur on these
pavements. With ever increasing number of vehicles on the roads, the need for proper
maintenance of the existing infrastructure cannot be overemphasized.

Typically for thicker asphalt pavements, construction is done in stages. This is for
ease of construction and economic reasons. Before paving a rehabilitation asphalt layer, the
top surface of the existing layer is cleaned and a tack coat is applied to bond the new surface
being paved and the underlying layer. The tack coat consists of a light application of asphalt
binder, usually in the form of asphalt emulsion or liquid asphalt. For optimal performance, it
is important that the tack coat be thin and uniform, and ‘breaks’ just before the new asphalt
concrete layer is paved [20]. The process of breaking of an emulsion is characterized by the
separation of liquid asphalt and water into two separate phases; after evaporation of water the
residual asphalt forms a bond with the underlying surface. Similarly, prime coat is used
between the aggregate base and the overlying layer. Functionally, it is similar to the tack
coat. For the pavement to be structurally and functionally sound there should be proper
bonding between the structural layers. Lack of interface bonding may lead to several
premature distresses of which slippage cracking, delamination and distortion are most
prominent. Slippage cracks (Figure 1-4), formed in the surface course, are crescent shaped
and are generally formed in the opposite direction of horizontal force on the pavement.
Delamination (Figure 1-1 and Figure 1-2) involves loss of bond between various lifts of
asphalt concrete and distortion (Figure 1-3) is the deformation occurring predominantly in
the surface course. The loss of bond leads to increased subgrade deformation due to higher
vertical compressive stresses. In the literature available so far, assumptions of either full
friction or no friction between interlayer surfaces have been made while designing pavements

with the exception of BISAR which allows variable amounts of interfacial friction. Although



a lot of progress has been made in the field of polymer composites in modeling the interlayer

bond behavior, similar research is lacking in the field of pavements.

Figure 1-1 Delamination of surface course

(Source: http://www.kochpavementsolutions.com/Distresses/pushing.htm)

Figure 1-2 Delamination, exposure of underlying layer

(Src: http://www.defence.gov.au/demg/7technical_guidance/aircraft pavement _manual/part_a/a4.htm)

Figure 1-3 Distortion and shoving, deformation of surface layer under load

(Src: http://www.defence.gov.au/demg/7technical _guidance/aircraft pavement manual/part _a/a4.htm)



1.2 Literature Survey

Currently, the design and evaluation of flexible pavements is based on an elastic
multi-layered analysis. For the design of pavements, the interfaces are assumed rough with
no slippage occurring between the two layers. This, however, is not the case in practice. The
state of adhesion at the interfaces between various layers affects the performance of flexible
pavements by influencing the stressing level of materials. The stress distribution is more
influenced by the interfacial condition of the upper layers than the lower ones. Hence, the
knowledge of the interfacial conditions in the upper layers is important. Pertinent research
conducted in the area of delamination and shoving is briefly described in the following

section.

Applied vertical load

Horizontal force transferred to
- the pavement surface due to
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Figure 1-4 Typical slippage failure [11, 19]

1.2.1 Study by Mohammad et al [18]

Mohammad, et al [ 18] have measured the influence of different tack coats on interface

shear strength. They conducted a load-controlled, simple shear test by shearing the specimens



at interface. Lateral confinement was provided by a collar (Figure 1-5) that ensured the

failure was at interface and nowhere else. The specimens were manufactured in three steps:

e Compact the ‘bottom’ part of the specimen in a Superpave gyratory compactor

e After cooling, apply the tack coat at the specified rate

e Insert the ‘bottom’ specimen in the gyratory mold, pour loose asphalt mix over the tack
coat, and compact.

The target air void content for each of the bottom and top specimens was 6%. Each of those

specimens was tested in a SST machine at a loading rate of 50 1b/min until failure. The

testing was conducted at temperatures of 25 and 55 °C. It was observed that CRS-2P

emulsion performed better than PG64-22, PG76-22M, SS-1, SS-1H, and CSS-1h. In addition,

for each of the tack coats, an optimum rate of application that gave the highest shear strength

was determined. The study demonstrated that even under the most optimal performance of

tack coat, the maximum strength attained is only 83% of monolithic mixture strength,

implying that interfaces potentially cause slip planes.

Specimen
interface

(a) Collars to provide lateral confinement (b) Assembled collars with specimen inside

Figure 1-5 Collars designed for testing samples in shear, [18]

1.2.2 Study by Shahin et al [21]

Shahin et al [21] have discussed the effect of layer slippage on the performance of asphalt
pavements. Using an example of an airfield pavement and with BISAR (Bituminous
Structures Analysis in Roads) and the French Shell model [9] for analysis, various scenarios
were evaluated about the fatigue life of the pavement. The pavement section analyzed had a

2-inch thick overlay over a 4-inch thick asphalt cement (AC) surface course. The base course



was 25-inch thick with elastic modulus of 75000 psi and a CBR value of 80. The subgrade

was very weak with California Bearing Ratio (CBR) of 5 and stiffness of 7500 psi. The

tensile stress at the bottom of the asphalt layers (overlay and the original surface course) and
the vertical compressive strain on the subgrade were the criteria for failure. It was found that
for full friction between the interfaces, the maximum tensile strain in the section is located at
the bottom surface of the original asphalt layer. If the slippage was allowed below the
uppermost layer, the tensile strain also existed at the bottom of the overlay. In addition, the
following observations were made:

e Only a small amount of slippage is sufficient to produce strains in the pavement that
approach those of the free slippage case.

e The tensile stress at the bottom of the overlay causes a compressive stress to develop on
the upper surface of the asphalt surface layer. This causes a relative movement of points
on the either side of the interface. This distortion further weakens the bond between the
asphalt layers, allowing more slippage leading to higher strains.

e The subgrade strains increase with increasing slippage. Because two thinner layers are
not as stiff as a single layer of the same overall thickness, the compressive vertical strain
on the subgrade increases.

e Further, under the action of horizontal loads, the study found that for no friction, the
horizontal strains are much higher than those with full friction.

The principal normal tensile strains, developed by the horizontal loads along the back edge of

the contact area, are of the same magnitude and cause progressive failure along the rear edge.

This tensile failure would cause slippage cracks in the overlay. If the overlay is not properly

bonded to the underlying layers, the overlay moves resulting in opening of the cracks. These

cracks are crescent shaped. In order to fix these cracks, either the existing layer needs to be
removed and re-paved or a thicker well-bonded overlay be placed on the existing overlay. In
addition to strong interlayer bonding, the authors suggested an overlay stiffness of at least

500,000 psi.

1.2.3 Study by Uzan et al [30, 31]

A research to evaluate the adhesion between asphalt mixes was conducted by Uzan, et

al. [30, 31] using the Goodman’s constitutive law:



=K x Au (Equation 1-1)

where:
7 1s the shear stress at interface,
Au the relative horizontal displacement of the two faces at the interface, and
K is the horizontal interface reaction modulus.

The interface behavior was described, which formerly was restricted only to perfectly rough

or perfectly smooth conditions. The analysis was carried out using the BISAR program for a

test section at different levels of adhesion. It was observed that for a perfectly smooth

interface (K=0) the tensile radial strain at the bottom of the uppermost layer was higher than
for the perfectly rough interface. The top of the second layer also changed to compressive

strain when K approached zero. Further, it has been shown that even an adherence of 90%

was very close to a smooth condition as described in Shahin et al [21]. Direct shear tests were

performed on the layered asphalt concrete specimens with shearing along the tack coat and
the variables were temperature, vertical pressure and rate of application of tack coat (Figure

1-6). It was concluded that the components of the interface shear strength were:

e Adhesion, represented by the tensile properties of the slip plane.

o Interlocking, from the penetration of aggregates into the voids of the other layer. The
interlocking component depends on the texture of the surfaces in contact and properties
of the asphalt mix.

e Friction, from rugosity of the two faces. Further, the friction component was included in
the other two components. It was suggested that measurement of the adhesion
component, which is indicated by rupture of the bond between layers in the bitumen or
mastic phase, could be done by a tensile test. (The interlocking effect would be absent for
pure tension.)

The following factors largely influenced the interface shear strength:

e Temperature: It is known that temperature affects the asphalt properties. The stiffness
decreases with increase in the temperature and vice versa. The effect of higher
temperatures is more dominant while testing in tension than in compression. In order to

offset the effect of increased temperature, higher vertical pressures are applied. With



increasing vertical pressures, the interlocking component gets more dominant than the
adhesion component.

Tack Coat Rate: The tack coat bonding the two layers usually functions in two ways:
(a) Fill voids on the surface.
(b) Increase the interface film thickness or get absorbed in the adjacent layers.
The filling of voids on the surface of the mixes increases the contact area and
consequently the adhesion. However, excessive film thickness decreases the adhesion
and aggregate interlock. Very low tack coat rate could mean loss of adhesion

component. Hence, it is required that the tack coat be applied at optimum rate.

Rate of Deformation: The rate of shear deformation is an important factor in controlling

the strength and deformation ability of the interface. Generally, with increasing rate of

deformation, the magnitude of stress developed increases.
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Figure 1-6 Schematic of specimen deformation during shear testing, [31]

1.2.4 Study by Tschegg et al [29]

A common method for measuring the bond strength of asphalt cores is the pull-off

test [29]. For this test, cores with a diameter of 100 mm were drilled from the top surface



down through the overlay, through the interface, and about 50 mm into the base layer. Steel
plates were glued to the top surface of the cores. Then the drill core was pulled off with a
tension machine in axial direction of the base layer. The maximum load is registered during
the pull-off test. This is a simple test method but gave only the adhesive tensile strength and
showed extensive scattering of results. The reasons for wide scattering of results were:
eccentricity of load, small core diameter and large aggregate size, notches at the surface of
the cores by drilling or burst out aggregates, stress concentrations, uncontrolled temperature,
and indentation effects owing to rough surfaces. In addition, the test was useless if the tensile
strength of the mix was lower than the interface bond strength.

For avoiding such drawbacks, a ‘Wedge Splitting Test” was developed. In this test, a
block of asphalt concrete was made to crack along a predetermined joint at steady rate. The
splitting was done by a wedge that was located in a groove between the two blocks of
asphalt. The force and the displacements were recorded during stable crack propagation until
complete separation of the specimen took place. Based on the shape of the force-
displacement curve, a differentiation between brittle and ductile behavior is possible. Figure
1-7 and Figure 1-8 show the test setup and the specimens used for testing purposes. It was
found that with increasing temperature, the plastic behavior of the asphalt increased. There
was a decrease in the peak load values with an increase in the temperature. At low
temperatures, it was found that the relationship between the force and the crack opening
displacement was linear. However, this test could not distinguish between the two different

types of tack coats used for that study.

1.2.5 Study by Ameri-Gaznon et al [6]

Ameri-Gaznon et al [6] evaluated the octahedral shear stress (OSS) and the octahedral
shear stress ratio (OSR) for different pavement sections. In particular, the OSR and the rut
resistance in an asphalt concrete pavement (ACP) overlay is evaluated based on the overlay
thickness, interlayer bonding, effect of stiffness, and horizontal surface shear. The material
properties of the bituminous materials were evaluated using the tri-axial test and cohesion, c,
and angle of internal friction, ¢, values were determined at 104 °F at a loading rate of 4-inch
per minute. The modified ILLIPAVE finite element computer program was used to calculate

the OSRs within ACP layers.
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Figure 1-8 Setup of wedge splitting test, [29]

In absence of interlayer bond, the overlay acts independently of the rest of the
pavement system allowing greater relative movement in between two asphalt layers. This

reduces the confining stress causing larger OSS in the overlay. Pavements of various



thicknesses have been analyzed and the 4-inch thick overlay is the most critical one when
there is free slippage.

With increase in the bonding, the critical thickness increases to 6 inches for ACP
overlays. For a complete bond, the stress levels are critical at the mid height of the ACP
overlay. With loss of bond, the critical stress shifts to the bottom of the surface layer. Also,
the stress levels are far more critical than when a complete bond exists. Typically, with
increasing stiffness, it is expected that the shear stresses would decrease but it works
otherwise if there is a poor interlayer bond. The authors have also considered the effect of
horizontal surface shear on pavements. It has been shown that presence of horizontal surface
shear force doubles the OSS induced in the ACP overlay for full bond and no-bond

conditions.

1.2.6 Study by Ishai et al [15]

The authors have carried out an investigation on the functional and structural role of
prime coat in flexible pavements. The areas of investigation were the contribution of prime
coat to pavement performance and evaluation of emulsions as an alternative source of prime
coats. The experimental program consisted of following:

o Evaluation of the rate of increase of viscosity and evaporation characteristics of the prime
coat material;

e Measurement of absorption of prime coat material into the base course;

e Quantification of change in the hardness of the base layer with time;

e And adhesion between the base course and the asphalt layer;

The conclusions drawn from the tests were:

1. Cutbacks had higher viscosity than the emulsions. Hence, it was necessary to heat the
cutbacks whereas there was no such problem with emulsions.

2. Rate of loss of liquid for emulsions is much higher than for cutbacks. This translates into
faster construction of the overlying pavement structure. Also retention of organic vapors
from cutbacks in the base layers could be detrimental to the overlying ACP, if paved
immediately. In addition to this, cutback residues have lower viscosity than the emulsion

residue, which translates to poorer interlayer bond for cutbacks.
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3. The penetration of cutback was higher than that of the emulsions for granular material but
for sandy material the values were comparable.

4. The surface hardness of the base layer was measured using a pocket penetrometer. It was
found that for cutbacks there was not a significant gain of strength in the first ten days of
curing, however, for emulsions, the strength gain was much faster. The accelerated rate
of strength gain can be attributed to harder asphalt in the emulsions and faster curing.

5. The interfacial adhesion was measured using the direct shear test performed on composite
samples of base and asphalt concrete layers. For unprimed surfaces, the failure was
observed along the geometric interface between two layers. For a cutback prime coat, a
little bonding was observed due to the interlocking effect created by absorption of the
asphalt. The highest interface adhesion was observed when priming was done with
emulsions. This could be because of deep penetration and strong adhesive bonds. Also,
the failure shear stress was observed to be dependent on the vertical load due to more
efficient interlocking and greater adhesion.

It can, therefore, be concluded that emulsion based prime coats enhance the shear strength of

the interface at base and asphalt concrete layers.

1.2.7 Study by Hachiya et al [12]

The study consisted of mainly three steps. The first step consisted of analyzing the
airport runway and taxiway using BISAR to calculate the interface shear stresses and strains.
The results showed that shear stresses at interfaces depended on surface layer thickness
(lower thickness producing higher shear stresses) and horizontal force on the surface. An
increase in the horizontal force, in form of acceleration and braking, caused an increase in the
interfacial shear stresses. The pavement failure was caused by interlayer separation due to
increased shear and tensile cracking at the bottom of the top layer. Construction of thicker
lifts can help reduce the interlayer shear stresses. In the second step, laboratory tests were
conducted on asphalt concrete specimens (Figure 1-9) and emulsions (Figure 1-10) in the
laboratory. Asphalt specimens were tested in shear and tension at various temperatures in a
strain-controlled mode. The interfaces (Figure 1-9) were hot jointed, cold jointed, tack coated

(0.088 gal/yd?) and monolithic. Tack coated joints performed better than cold joints but not
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as well as hot joints or monolithic construction. The interlayer shear strength was dependent
on type of tack coat used (modified emulsions worked best), rate of application, curing time,
and temperature. In the third part, three sections were constructed and subjected to loading by
an assembly similar to aircraft landing gear. The top layer in each of the sections was of the
same thickness but constructed differently: for the first section it was constructed in three
lifts, for the second it was in two lift, and for the third it was a single lift. It was observed that
the section constructed in a single lift rutted more than the other two. The section least likely
to rut was the one with three lifts. Overall, it was suggested to use higher lift thicknesses and

modified emulsions to reduce the interlayer slippage on airport pavements.
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Figure 1-10 Shear test on emulsions, [12]
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1.2.8 Study by Mukhtar et al [19]

Tests similar to the current study were conducted by Mukhtar et al [19] to evaluate
the shear strength of AC-PCC interface. PCC specimens of dimensions shown in Figure 1-11
were cast and cured for a period of 28 days. Subsequently, a tack coat was applied at one of
the surfaces and the PCC specimen was inserted in the mold having 2-inch internal diameter.
Loose asphalt mix was compacted to a density of 147 pcf in three lifts each with 1-inch
thickness. A vertical confining load of 79 psi was applied to simulate the field condition of
having a 2.5-inch thick AC overlay over PCC. The specimens were then sheared at interface
in a strain-controlled mode at the rate of 1.0, 30 and 300 inch per min. The testing was
carried out at of 0, 20, 40, 60, 80 and 100 °F. It was observed that, regardless of the testing
temperature and shearing rate, monolithic AC specimens had higher shear strength than
specimens jointed at the interface. The shear strength of the interface increased with higher
rate of shear and lowering of temperature. Analysis performed by the authors indicated

maximum shear stresses below the wheel.

PCC |2in.

Figure 1-11 Specimens with tack coat at interface, [19]

1.2.9 Study by Sholar et al [24]

The authors have investigated the effect of different tack coat application rates, curing
time, types of aggregates, rates of shear and moisture on the interfacial bond strength of

composite asphalt specimens. A device, shown in Figure 1-12, was developed to test the
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specimens in shear. The device was mounted in a temperature controlled MTS test chamber.
The shear strengths of composite samples were measured at constant strain rates. The shear
strength of the interface was directly related to the rate of shear and inversely to the test
temperature. It was observed that exposure of tack coat to moisture, prior to paving a new
overlay, caused reduction in the interfacial shear strength. This emphasizes the need to have
proper curing of tack coats before paving a new layer. Further, coarser gradations (19.0 mm)
performed significantly better than finer (12.5 mm) gradations in terms of shear strengths. In
addition, milling of the existing pavement surface before applying tack coat significantly
increased the bond strength of the interface in shear. Increasing the rate of application of tack

coat caused a marginal increase in the shear strength of the interface.

Figure 1-12 Shearing device developed by Sholar et al [24]

1.2.10 Prime Coats

Prime coating is the spray application of asphalt on the surface of a non-asphalt base
course. Usually untreated materials are primed with cutback asphalt that helps waterproof the
surface of the base, plug capillary voids, coats and bound loose mineral particles, and provide
adhesion between the base and asphalt concrete. Although, emulsion based primes have been

used as an alternative to cutback, HMA industry experience suggests that emulsions are not
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as effective as cutbacks. Due to this reason, for many asphalt pavement constructions,

priming is completely eliminated.

Asphalt Institute suggests that prime coats be used for asphalt layers less than 3-4
inches thick. This issue is particularly important for thick pavements placed directly on sub-
base or base materials, especially in case of low-volume roads. During construction of
pavement sections, asphalt concrete mats are usually placed in 1.5-2 inch lift thicknesses.
Construction equipment such as rollers and heavy truck traffic can induce slippage distress in
the first AC layer placed over the base even before the pavement is open to traffic. It is,
therefore, critical to understand the contribution of prime coat in dissipating the induced
shear stresses. Prior studies on the subject of prime coats have investigated the effectiveness
of emulsions versus cutbacks, effectiveness of different emulsions, and construction
techniques to improve prime coat performance. The current study measures the interlayer
bond strength for various prime coats and attempts to correlate them to the mobilized

interlayer shear stresses in typical pavement sections.

1.2.11 Tack Coats

In composite asphalt concrete pavements, tack coat provides the interface bond
between two AC layers or between AC-PCC layers so that they form a monolithic structure
to withstand traffic and environment. A strong tack coat is essential to dissipate the shear
stress within the pavement structure. Factors such as traffic level, interface bond strength and
surface-layer thickness directly affect the performance and life of the pavement. The study
outlined in the next section compares the bond strength of field cores tacked with PG64-22
and CRS-2.5. Certain types of tack coat (e.g. PG 64-22) have been found to perform better
than others (e.g. CRS-2.5 emulsion). The efficient use of tack coat is critical for asphalt
overlay construction, especially for overlay of the rigid concrete pavement surfaces that need
to be opened to traffic within 12 to 24 hours. In many cases contractors preferably use PG64-
22 asphalt cement as a tack coat over CRS-2.5 emulsion because the former does not require
any curing before traffic can be applied.

For overlay as well as new construction of AC pavements, asphalt concrete mats are

usually placed in 1.5-2 inch lift thicknesses. As discussed earlier for prime coats,
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construction equipment and heavy truck traffic can induce slippage distresses during
construction that can propagate to the surface. It is, therefore, necessary, to understand the
relationship between tack coat bond strength and pavement layer thickness for dissipation of

traffic induced shear stresses.

1.3 Research Need

The extensive network of highways and interstates add up to very high maintenance
costs. The delamination distresses are due to traffic acceleration and deceleration. Poor tack
coat undermines the pavement condition at these locations by increasing the shear stresses
significantly. A study, that evaluates the material properties as well as their suitability, would
enhance the quality of ride and extend the life of pavements thereby reducing the associated

direct and indirect costs.

1.3.1 Prior Work

The motivation for this study was from an investigation launched in Division 13 of
North Carolina Department of Transportation (NCDOT), by Tayebali et al [28] to examine
the severe distresses manifested in the form of asphalt concrete layer delamination and
distortion. The goal was to evaluate and identify the causes of delamination and distortion of
asphalt concrete mat. The methodology adopted for investigation consisted of evaluating the
field cores and testing of laboratory prepared specimens. In the first stage a survey was
conducted across plants in Division 13 of NCDOT to acquire information about the use of
different tack coats and type of material used in the field. Based on the questionnaire
responses, two sections were chosen, each with a different type of tack coat. Enka,
Buncombe County and Rutherfordton, Rutherford County had CRS-2.5 emulsion and PG64-
22 binder, respectively used as a tack coat.

After the selecting the section, cores of 4-inch and 6-inch diameter were drilled from
distressed and non-distressed areas from two counties. The 4-inch specimens were used to
determine whether the mixes confirmed to the NCDOT job mix formula specifications based
on air voids and Marshall mix design criteria. It was found that the mixes indeed confirmed

with the NCDOT specifications and the only possible cause of distress could be improper
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interlayer bonding or construction technique. An on-site inspection and initial survey
indicated no such construction abnormalities and the focus was to evaluate the interlayer
bonding. The 6-inch diameter cores were tested on the Simple Shear Test (SST) machine.

A frequency sweep test at constant height (FSCH) was conducted on the cores from
distressed and non-distressed sections. The test measures the shear viscoelastic properties
(dynamic shear modulus, |G*|, and the phase shift, d) over a range of testing frequencies and
at different temperatures. It should be noted that the measured dynamic response of the core
is a composite response of the two asphalt layers separated by a thin film of tack coat. It was
concluded from the FSCH test that cores from non-distressed sections had higher |G*| and
G*/sin 0 values over the cores from distressed sections. This implied that the non-distressed
mixes had a higher stiffness and a lower propensity to rut justifying their better performance.

The repeated shear test at constant height (RSCH) was used to measure the rutting
potential of the mix over a range of temperatures. This test is performed in a controlled stress
mode in accordance with AASHTO TP-7, Procedure F [5]. The RSCH gave results similar to
FSCH. It was found that non-distressed cores withstood higher number of cycles than the
distressed cores. Also, for cores from Buncombe County (CRS-2.5) there was a distinct
difference between the ‘good’ and ‘bad’ (i.e., non-distressed and distressed) cores.
Examination of the failed core samples showed a distinct pattern of cracking with diagonal
cracks in both upper and lower asphalt concrete layers with a horizontal crack joining the
diagonal cracks at interface. It should be noted that CRS-2.5 was used as a bonding (tacking)
agent. For Rutherford County (where PG64-22 binder was used as tack coat) the difference
in the number of cycles to failure was relatively smaller and the failure pattern was consistent
with that observed in a monolithic single layer specimen. In addition to this, no interlayer
separation or horizontal crack was evident at the interface. It should be noted that Rutherford
County cores used PG64-22 as a tack coat. Thus, it was shown that the type of tack coat
contributes significantly to the performance and the interface failure pattern.

An axial frequency sweep test (AFST), similar to the FSCH, was performed on the 6-
inch diameter specimens. A dynamic axial load is applied and the dynamic axial stiffness
modulus (|E*|) along with the phase shift, 6, of an asphalt mix are measured. Ideally, taller
specimens would have been preferable but the test was conducted on samples of 50-mm

height. The trend in |E*| values was very much similar to that of |G*| for both the counties
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and |[E*| was found to be higher for non-distressed specimens. Thus, the results were found in
agreement with the FSCH and it also proved that this test was robust to detect the difference
between ‘good’ and ‘bad’ cores. In the ramp test, the specimens were pulled apart at a rate of
2.5-mm/minute after gluing them to metal platens. This test was used to measure the tensile
strength of asphalt mixtures and, in particular, for layered specimens it represented the
(tensile) strength of the interfacial joint. It was found that bond strength of the CRS-2.5
emulsion was 46% lower compared to cores from Rutherford County. The failure of
Rutherford County cores was in the mix whereas for the Buncombe County cores, the failure
was at the interface. Based on the field core test results, it was concluded that sections tacked
using PG64-22 binder performed better when compared to sections tacked with CRS-2.5
emulsion. However, it may be noted that based on field core test results it was not possible to
conclude whether PG64-22 was a better tacking material than CRS-2.5. This was because the
rate of tack coat application could have been different and/or a construction problem such as
uniform application, emulsion curing time before construction, and environmental issues.
Therefore it became imperative to investigate, in a controlled laboratory test program,

whether PG64-22 was indeed superior to the use of emulsions as a tacking material.
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2 Research Approach and Methodology

2.1 Objective

The goal of this investigation was to mechanistically evaluate the contribution of
prime and tack coat in composite asphalt concrete pavements. The current work
undertaken for this study was based on the work conducted earlier [28]. In order to
comprehend the contribution of prime and tack coats, it was necessary to understand and
quantify the distribution of interlayer shear stresses, and their effect on the interface
bonding. The project has two main components: experimental and analytical. The
experimental part involves determination of material properties; and the analytical
portion involves mechanistic analysis using the developed software that will enable the
selection of appropriate pavement thickness and/or the choice of tack coat given an input
of material properties, structural thicknesses and loading conditions. The result of this
study will also enable designers to choose appropriate tacking materials for specific
application. At the same time, with regard to prime coats, the use of emulsions has not
been very popular in comparison to cutbacks. Specifically, many highway agencies (AZ,

KS, NE, NH, NY and RI) do not use prime coats (emulsion based) any more.

2.2 Research Methodology

In order to achieve the objectives stated above, this investigation was conducted using

the following tasks described below and as shown in Figure 2-1.

2.2.1 Literature Review and Survey

In this task, a review (§1.2) on the contribution of prime and tack coats to pavement
performance was conducted. A survey questionnaire (Appendix A) was designed and sent
to all state highway agencies to gather data on their experience for pavement construction

with and without the use of prime and tack coats.
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2.2.2 Asphalt and Mastics Testing

The Asphalt Institute Manual Series MS-16 [7] recognizes the detrimental effect of
rounded particles and its contribution to mixture instability. Although the present mix in
NCDOT Division 13 may not contain high sand content, it was hypothesized that the
variable amount of baghouse fines purged intermittently into the asphalt mixture may
account for the mix instability and significant changes in volumetric properties.

Therefore, the objective of this (§2.2.2) and the next task (§2.2.3) was to evaluate
contribution of baghouse fines. The objective of this task was to evaluate the rheological
properties of the binder in presence of baghouse fines using a Dynamic Shear Rheometer
(DSR). This task consists of three subtasks:

e cvaluate the properties of aged and virgin binders,

e rheological properties of mastics (aged and unaged), and

e viscosity of virgin asphalts and emulsion residues using rotational viscometer.

2.2.3 SST Testing of SGC Specimens, TSR and APA Tests

The objective of this subtask was to evaluate the effect of baghouse fines on mix
characteristics using controlled mixes, and investigate their sensitivity to moisture
exposure. Raw materials including baghouse fines and job-mix were obtained from
NCDOT Division 13. Two mixes were prepared in the laboratory based on the job mix
formula with materials passing #200 sieve (mineral filler) containing:

e zero percent baghouse fines; and

e 100 percent baghouse fines.

All other mix parameters such as asphalt content, and aggregate gradation were kept

constant. These two mixes were subjected to the following laboratory testing:

e Laboratory FSCH and RSCH test on 6-inch diameter specimens compacted using
SGC;

e Georgia wheel rutting test at NCDOT M&T Unit on 6-inch diameter specimens
prepared using SGC; and

e Moisture sensitivity testing using the modified AASHTO T283 procedure.
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2.2.4 Material Characterization

The objective of this task was to obtain material characteristics that would be needed
for mechanistic analysis of the pavement sections elaborated in Chapter 9. The
compressive strength and the elastic modulus of the PCC specimens were evaluated using
cylindrical specimens. The CTB properties were also determined in the lab. For the
asphalt concrete mix, the axial and shear stiffness were characterized at different
temperatures and frequencies. Stiffness versus frequency master curves were prepared
from the data obtained. These results would enable the selection of the appropriate

stiffness and moduli values required for the mechanistic evaluation.

2.2.5 Fabrication of Slabs and Test Specimens

In this task, composite specimens — AC over AC, AC over PCC and AC over CTB —
were fabricated using rolling wheel compaction. Approximate size of the slab was 24-
inches by 24-inches. To cast the slabs, steel molds were fabricated. The lower layer of the
slab was either be 2-inch thick CTB layer or PCC layer for the evaluation of prime and
tack coats, respectively. The CTB and PCC layers were allowed to cure for 7-days.
Appropriate prime and tack coat was applied (to CTB and PCC, respectively) and

allowed to cure according to manufacturer’s recommendation.

For prime coat evaluation, slabs were prepared without any prime coating, and using
three prime coats that are on NCDOT’s approved product list. These were EPR-1, CSS-
1h and EA-P. Similarly for tack coat evaluation, slabs were prepared without any tack
coating, and using a CMS-2 emulsions and PG64-22 asphalt cement. A dense mix asphalt
concrete layer was then be rolled using a rolling wheel compactor. After the mix cooled
down, the slabs were cored to produce 6-inch diameter specimens, which were tested in

shear for bond strength properties.

2.2.6 Bond Strength Determination using Shear Testing

The objective of this task was to evaluate the CTB-AC, AC-AC and PCC-AC layer

interface bond strength for various prime and tack coats used. In this study, the bond
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strength was proposed to be evaluated using the simple shear test at constant height.
Testing was conducted at 40 and 60 °C. For AC-AC and PCC-AC interfaces the testing
was conducted at 20 °C as well. Two different shear strain rates were applied. Two
replicates were tested at each strain level. For a given shear strain rate, the shear and axial
stresses were monitored and the bond strength determined for each prime and tack coat
being evaluated. In addition to the testing of composite core specimens, an attempt was

also made to test prime and tack coat using two metal platens.

2.2.7 Mechanistic Analysis

Three dimensional stress analysis software based on semi-analytic method was
developed as part of the overall project. The pavement was modeled primarily as a
layered system of linear elastic materials with surface asphalt layer as a elastic material.
Using the software, a detailed parametric study was conducted to investigate the effect of
system parameters including layer thickness and stiffness on the stress-strain-
displacement fields induced in the pavement. The effect of vehicle load characteristics on

the response was also examined.
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3 Survey Results

3.1 Development of Questionnaire

The goal of the current investigation was to examine the effect of various tack and prime
coats on interface strength. In order to acquire the information regarding the use of different
tack coats and prime coats in the field, it was necessary to conduct a survey of highway
agencies. The expected outcome from the survey was to identify overall trends in prime and
tack coating, and evaluate the scope for potential improvement.

The developed questionnaire (Appendix A) was sent to various state highway
departments and agencies for their responses. Information collected was:

e whether prime coat was required for new construction,

e rate of its application,

e relation of prime coat to asphalt pavement thickness,

e curing time,

e laboratory tests for prime coats,

e field performance tests

e difference between pavements with and without prime coats,

e merits of emulsified asphalts versus cutback asphalts

e types of materials used for tack coats and their application rates, and

e provisions for emulsion breaking under nighttime paving conditions.

3.2 Survey Responses

In all more than 50 questionnaires were sent out and 26 replies have been received to
date. The responses of the survey are summarized in Appendix B, and the observations are
summarized below:

1. The following states responded to the questionnaire: Alabama, Alaska, Arkansas,

Arizona, Connecticut, Florida, Georgia, Idaho, Illinois, Kansas, Kentucky, Maine,

Minnesota, Mississippi, Missouri, Nebraska, New Hampshire, New Jersey, New York,
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Oklahoma, Rhode Island, South Carolina, Tennessee, Texas, West Virginia, and

Wyoming.

Ten of the 26 states reported that there is no requirement of prime coat for new

construction of the pavement. Two highway agencies Oklahoma and Alaska leave it to

the individual designers and mention that it depends on the location in the state.

Of the remaining sixteen states using prime coats, seven (AL, AR, NJ, WY, OK, and IL)

reported using only cutbacks for prime coat as opposed to emulsions. For the remaining

nine states, most of them used a combination of emulsions (diluted or undiluted) and

cutbacks; there were states that preferred only emulsions, e.g. WV, CT, KY and TN.

. For prime coats,

(a) Cutbacks that are currently used in practice are: MC-30, MC-70, MC-250, RC-30,
RC-70, and RC-250; and

(b) The emulsions used are: AE-90, AE-150, AE-200, AE-P, CAE-P, CMS-2h, CSS-1,
CSS-1h, EA-1, EAP-1, EAP&T, EP, EPR-1, MS-2h, PCE, SS-1, SS-1h and Primer-L.

. In most of the cases, it was reported that cutbacks penetrated better than emulsions. The

coverage offered by cutbacks was greater than emulsions. However, there were states that

have noted the following in preference to emulsion over cutbacks as prime coats:

e MS (emulsions, when applied properly, are easier to work with),

e MO (emulsions have more pickup versus cutback),

e [L (emulsions for resurfacing projects) and

e TX (emulsions good for open bases)

The cutbacks did not have any curing problems and hence were preferred where it was

not possible to wait for the emulsions to break.

The rates of application of the prime coat range from 0.03 to 3.44 gal/yd’. In some cases,

emulsions were diluted before applying thus reducing the concentration of the emulsion

e.g. Florida. The rates of application depended on the type of base, as was the case with

Mississippi and Alabama. For Maine, the rate was 0.02 gal/yd* for overlays, 0.04 gal/yd*

for milled, and 0.01 gal/yd* for new mixes.

. No specific basis was reported for the curing time of prime coats. In most of the cases,

the states did not consider curing time. For those states that required curing, the criteria

were subjective such as “tacky to touch” or duration ranging from 1 hour to 3 days. For
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10.

1.

Oklahoma the condition was stated as “sufficient to allow proper penetration and
hardening of prime coat,” which is quite difficult to assess without testing. Texas requires
that the emulsions be worked into the top one inch of the layer and the layer re-
compacted.

The thickness of the pavement layer has relatively no relevance to the required use of

prime coat. Georgia and New Jersey require it if the AC thickness is 125-mm (5-inch) or

less whereas the limit for Missouri is 100-mm (4-inch). Illinois requires prime coat only
for full depth pavements. In spite of variation in the prime coat requirement, all agencies
require it where either the thickness is too low or there are lot of horizontal shearing
forces on the surface or where interlayer bond failure is likely to occur.

The laboratory tests needed to be performed on the emulsions and cutbacks are the

viscosity tests (kinematic), distillation, solubility in trichloroethylene, residue test and

float test. Most of the agencies do not have any field performance testing procedures or
requirements.

While most of the agencies admitted that prime coat does improve performance, there

were quite a few (50%) who did not see any difference in performance. Some of the

reasons cited for better performance were:

(a) Water proofing and creating an impervious barrier to moisture.

(b) Erosion control of the base.

(c) Reduction in shearing and tearing of thinner pavements — less than 2-inch thick - on
curves and on grades (Idaho). Less delamination and inability to separate the layers
without a saw. In Oklahoma, absence of prime coat had lead to significant plane
slippage problems.

(d) Ease of densification of SUPERPAVE™ mixes (New Jersey).

(e) Maintenance of optimal moisture content levels in the base thus maintaining the base
strength at a constant level.

The materials used as tack coat are: AC, AE-60, CMS-1, C-70, C-250, C-800, CMS-2,

CRS-1, CRS-2, CRS-2h, CSS-1, CSS-1h, HFE-60, HFE-90, HFMS-1, HFMS-2, HFMS-

2h, HFMS-2s, MC-250, MC-800, MS-1, MS-2, MS-2h, PG58-22, PG64-22, PG67-22,

RC-70, RC-T, RS-1, RS-2, SS-1, and SS-1h. Thus, a larger variety of materials can be
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used as tack coats than prime coats. To reduce the concentration of asphalt, the emulsions
used for tack coats were diluted with water before application.

12. Tack coats are applied at the rate of 0.03 - 0.2 gal/yd”. In cases, where there was dilution
with water, the effective rate of application is within the above range. In South Carolina,
the rate of application is based on residual asphalt.

13. Nighttime paving: Most states require that the emulsion should break before the
placement of new layer, there has been no concrete method to verify such condition. For
a few states, the verification of the breaking of emulsion is done based either on touch -
tacky touch - or by observation of the inspector. Some states (OK) disallow use of
emulsions after sunset whereas states like Alabama are eliminating the use of emulsions

because of difficulty in determining the state of the emulsion (broken or not).

In summary, more than 38% of the responding highway agencies do not require prime
coats to be used, and some agencies only use it for relatively thin pavement sections (less
than 4 to 5 inches). The current practice of using tack coat in the form of emulsion varies
widely depending on the highway agencies. Clearly, there is a vast possibility of error in
construction technique that may result in poor performance, especially for night time paving
operations. Some of these difficulties have been mitigated by various highway agencies by

substituting PG64-22 as a tacking agent over emulsion tack coats.
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4 Rheological Evaluation

4.1 Introduction

One of the concerns with respect to asphalt mixtures in NCDOT Division 13 was with
regards to the variable amount of baghouse fines purged intermittently in the production of

the field mixtures. This chapter deals with:

e the evaluation of the gradation of baghouse fines using the state-of-the-art particle

analyzer at FHWA Turner Fairbank Highway Research Center;

e the influence of fines on the rheological properties of asphalt cement using mastics

was also evaluated using the DSR; and

e the properties of residual asphalts and emulsions

4.2 Selection of Fines

For this study, the mineral filler and baghouse fines with materials passing #200 sieve

were obtained from Buncombe and Rutherford counties. The fines selected for analysis were:

e Buncombe County:
e passing #200 sieve fraction from wet screenings
e baghouse fines

o Rutherford County
e Passing #200 sieve fraction from dry screenings
e 'fine' baghouse fines
e 'coarse' baghouse fines.

In all, five different types of fines were analyzed using the particle analyzer.
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4.3 Gradation Analysis of Fines using FHWA Particle Analyzer

4.3.1 Method Description

The gradation analysis of mineral fillers was carried out at the Turner Fairbank
Highway Research Center, McLean, Virginia. The material was separated using a small
splitter, then further separated using a micro splitter, to obtain a representative sample. To
run the test, a small amount of material was mixed in a medium to create a suspension. For

baghouse fines, distilled water with 1-percent sodium hexametaphosphate was used.

The testing process consisted of taking a ‘blank’ measurement of the medium to
establish a baseline. The material was then slowly introduced and mixed with the medium
until an ‘optimum’ intensity was found. In order to prevent particle agglomeration, agitation
by cavitation was induced by a high intensity ultrasonic processor for 2 minutes. The particle
analyzer automatically converted different light intensity measurements into particle size
distribution. The average of three different samples was obtained and the results were found
to be consistent with each other. The results, however, necessarily need not match with the
sieve analysis. The main reason for this is the fact that the gradation obtained from the laser
particle analyzer is a volume gradation based on the projection of particles. The device

showed the differences that were otherwise difficult to capture.

4.3.2 Results and Discussion

In all two sets of analyses were performed within the duration of this study. Figure
4-1 and Figure 4-2 show the gradations of the mineral fillers and bag-house fines obtained
from the two counties. Figure 4-2 presents the particle analysis performed on the first set of
fines received before the entire set of materials was requested so that a decision could be
made about the further analysis to be performed. Figure 4-1 presents the particle size analysis
that was carried out on fines received in the latter batch of materials from which the samples

for laboratory testing were actually fabricated.

For Rutherford County, the ‘coarse’ baghouse fines appeared to be ‘sandy’ and hence
their size distribution was measured using a slightly more viscous medium. The two media

used for Rutherford County ‘coarse’ bag-house fines were distilled water (W) and 90-percent
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distilled water plus 10-percent glycerin (G). In Figure 4-2, the particle analysis results using
the two different media are fairly different. However, both media show that this sample is the

coarsest.

Figure 4-1 and Figure 4-2 show that the ‘coarse’ baghouse fines from Rutherford
County is the coarsest material passing #200 sieve. Although it was anticipated that the
baghouse fines, in general, would be finer than the regular fines passing #200 sieve, the
particle size analysis indicated for both set of materials that the baghouse fines from both
counties had more or less similar particle size distribution as the regular fines. Table 4-1
shows the properties of the fines based on the second set of materials which was used for
mixture performance testing in this study. The mean particle size of regular fines from
Buncombe and Rutherford counties are both 30.5-um. The baghouse fines from Buncombe
County has the mean particle size 40-um and the Rutherford County ‘fine’ baghouse fines
has a mean particle size of 31-um. The ‘coarse’ baghouse fines from Rutherford County have
a mean particle size of 88-um, more than twice the mean size of any other regular or

baghouse fines.

The particle size analysis suggests that based on gradation, the mixture performance
should not be affected whether the mineral filler used is regular fines or from baghouses.
However, as the particle shape and/or perhaps the mineral content distribution may be
different for the baghouse fines, it may have different effect on the rheological behavior of
the asphalt cement and mixtures in general. This effect is investigated in the following
section where the performance of baghouse and regular fines are studied using asphalt-fines
mastics in an aged and unaged condition. In Chapter 5, this effect is also evaluated based on

the performance of the asphalt mixtures.

4.4 Analysis of Asphalt-Fines Mastics using DSR

The objective of this task was to evaluate the rheological properties of the binders and
mastics containing baghouse fines at intermediate to high temperatures. Testing was

conducted in accordance with AASHTO TP5-93 [4].
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4.4.1 Specimen Preparation

The asphalt cement used for the preparation of mastics was a PG64-22 supplied by
NCDOT. Four mastics were prepared using the fines received from Buncombe and
Rutherford counties. The asphalt cements and each of the mastics were tested in an unaged
and aged condition with at least three replicates. The following asphalt and mastic

combinations were used:

o PG64-22 binder (virgin and RTFO-aged) for both counties
e Mastic (virgin and aged) from the baghouse fines. Only the ‘fine” baghouse fines
was used from Rutherford County.
e Mastic (virgin and aged) from the regular mineral filler (fraction passing #200
sieve) from both counties.
The prepared mastic was a mixture of the filler/fines with asphalt from the corresponding
county. The proportion of asphalt was 50-percent by weight of the total mastic. For
preparation of mastics, the fines and the asphalt binder were pre-heated to a temperature of
160 °C. The fines were then added slowly to the heated binder with constant stirring until

uniform, consistent agglomerate free ‘batter’ was obtained.

The asphalt binders were aged in an RTFO oven, while the mastics were aged in an
air draft oven due to the higher consistency of the mastics. Due to high consistency of
mastics, problems were encountered in recovery from the RTFO bottles. The mastics,
therefore, were poured in a PAV dish and were kept in an oven for a period of 85 minutes at
163 °C for aging to simulate the RTFO aging effect. One problem encountered with handling
the mastics was segregation of fines. Hence while pouring into the molds; it was necessary to

stir vigorously so as to have a uniform consistency for the DSR specimens.

4.4.2 Test Parameters

The asphalt cement and mastics were evaluated at three temperatures — 58, 64, and 70
°C. For the asphalt binder, the DSR spindle diameter of 25-mm with 1-mm gap was used. As

the mastics were more viscous, a spindle diameter of 8-mm with 2-mm gap was used.
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Testing at 10 rad/s frequency and at different strain levels (strain sweep) was
conducted to establish for each asphalt binder and mastic, the linear viscoelastic region in the
strain domain (defined by AASHTO TPS5 to be a range of strain values where the test
measurement |G*| does not vary more than 95-percent of the |G*| estimated at zero strain).
Based on the strain sweep test, the strain level for unaged and aged binders selected was 12
and 10-percent, respectively. For the mastics, the strain levels selected were typically in the

range of 1 to 2-percent for both aged and unaged binders.

Frequency sweep tests were conducted on the asphalt binders and mastics at the
frequencies of 0.01, 0.05, 0.1, 0.15, 0.5, 1.0, 1.59, 5.0, 10.0 and 20.0 Hz. The measured
parameters from the test results were the dynamic shear modulus |G*| and phase angle 5.
These results were then used to generate master curves at 64°C for dynamic shear modulus

|G*| and |G*|/sind.

4.4.3 Test Results and Discussion

Figure 4-3 and Figure 4-4 show the dynamic shear modulus as function of reduced
frequency at 64 °C for Buncombe and Rutherford counties. The raw DSR testing data is

presented in Appendix E. These figures show that in general:

1) aging tends to increase the |G*| values for both the asphalt binder and the mastics
as compared to the unaged condition;

2) |G*| values for the mastics are much higher than the asphalt binder (this trend is
expected as the mastics contain 50-percent fines);

3) in case of Buncombe County, the mastic containing baghouse fines have higher
|G*| values over the range in frequency as compared to the mastic containing
regular mineral filler material;

4) 1n case of Rutherford County, the mastic containing baghouse fines show similar
|G*| values over the range in frequency as compared to the mastic containing

regular mineral filler material.
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Figure 4-5 through Figure 4-8 show the Superpave rutting parameter, |G*|/sind, as function
of reduced frequency at 64°C. For Buncombe County, mastic containing baghouse fines
shows higher |G*|/sind values both in aged and unaged condition as compared to the mastic
containing regular fines. For Rutherford County, the mastic containing baghouse fines shows
higher |G*|/sind values in unaged condition but about similar values in aged condition

compared to the mastic containing regular fines.

In summary, therefore, it appears that Buncombe County baghouse fines show different

effect on aging of asphalt as compared to the Rutherford County baghouse fines.

4.5 DSR Testing of Emulsions

In order to evaluate the properties of the residual binders in the emulsions, DSR testing
was conducted. As emulsions contain a large amount of water, they were broken prior to
being tested in the DSR. The following two approaches were used to break the emulsions:

e Rolling Thin Film Oven:
The rolling thin film oven, commonly referred to as RTFO, is commonly used to simulate
the short term aging of asphalt in laboratory. Although the oven uses a temperature of
163 °C for testing purposes, the emulsions were broken in RTFO at lower temperature of
85 °C to prevent excessive aging of AC. At the end of the 85 minute test it was found that
there was substantial presence of moisture indicated by soft and fluid nature of residual
asphalt as well as by presence of typical brown coloration on the inner walls of the RTFO
bottles. In the second round, the RTFO temperatures were increased to 105 °C, however
there was not a significant improvement in the results.

e Open heating:
Due to non-conclusive outcome of the earlier approach, it was decided to break the
emulsions using the shallow, flat pressure aging vessel (PAV) pans. The heating
temperature was raised to 135 °C (to ensure complete evaporation of water component)
with constant stirring at regular intervals (roughly 15 minutes). The total heating period
was 85 minutes, same as the duration of the RTFO test. The temperature of 135 °C was

chosen because it is the highest temperature that asphalt can be subjected to without a
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significant risk of aging. Most of the emulsions broke satisfactorily using this approach.

The emulsion EA-P, however, did not break because of its polymeric nature. This

emulsion, therefore, was heated to a temperature of 155 °C and it broke after extensive

heating for 2 hours.

The DSR testing was carried out on the residual binders at the following temperatures:
52, 58, 64 and 70 °C. Using a 25-mm diameter spindle and 1-mm thick specimens, the
testing was carried out at a frequency of 1.592 Hz. Two tests were performed: a stress sweep

test to determine the linear range of the binder and an oscillation test at 1.592 Hz.

4.5.1 Test Results and Discussion

The results are summarized in Figure 4-9 through Figure 4-11 and Table 4-2. The
following conclusions can be drawn:

1. It can be seen that with increase in temperature, there is a continuous fall in |G*|/sind
values. The results yield a straight line when plotted on a log-linear scale. All the curves
had an R? value of one indicating a very good fit.

2. The CRS-1H is the hardest (stiffest) residual binder and the CMS-2 has the softest
residual binder of all. These results are as expected.

3. The testing of CRS-1H binder posed problems at a temperature of 52 °C because the
binder was too stiff. The deformation caused by the applied stresses was too small to be
accurately recorded by the DSR.

4. The residual binders of CRS-1H, EA-P and I.A.S. emulsions have a ‘reported’ high
temperature PG rating of PG70 but their actual PG ratings are PG73.7, PG74.7 and
PG70.7 respectively. Similarly, CRS-Koch has a ‘reported PG rating’ of PG64 but the
actual PG rating is PG65.1 and CMS-2 has a ‘reported PG rating” of PG52 but the actual
PG rating is PG57.1. The DSR testing, therefore, provides a more accurate classification

of the emulsions. Thus, the emulsions can be listed in the following order (of decreasing

stiffness):
e CRS-1H
e EA-P
e [AS.

34



e (CRS-Koch, and
o CMS-2.
5. The polymeric nature of the EA-P emulsion, combined with the high ‘actual PG grade’ of
residual binder, explains the stability of the emulsion at elevated temperatures.
6. Based on the DSR results, it can be hypothesized that the tacking strength of the

emulsions would be directly proportional to their respective PG temperatures.

4.6 Brookfield Viscosity

A rotational viscometer determines the flow characteristics of the asphalt binder and
its ability to be pumped and handled at the hot mix plant. Testing of binders was conducted
in accordance with ASTM D4402 (Standard Method for Viscosity Determinations of
Unfilled Asphalts using the Brookfield Thermosel Apparatus). It measures the amount of
torque required to maintain a constant speed of a cylindrical spindle immersed in liquid
binder at a given temperature. The number of replicates for Brookfield Viscometer testing
was three. The testing was carried out at two temperatures of 150 and 135 °C.

From Figure 4-12 through Figure 4-14, it can be seen that the EA-P emulsion exhibits
a rapid decrease in viscosity compared to other emulsions. Further, CRS-1 and CMS-2
emulsions have relatively similar consistency at 150 and 135 °C whereas for all other
emulsions under consideration, there is a rapid drop in viscosity with increase in temperature.
This could suggest that CRS-1 and CMS-2 are preferable compared to their counterparts.
This is further reinforced by the fact that their viscosities are relatively independent of the
spindle RPM. The CRS-1H and IAS emulsions have comparable values however, IAS seems
more temperature susceptible than CRS-1H. Based on the test results, the acceptability in the
order of preference is CMS-2, CRS-1, CRS-1H, IAS and EA-P.

4.7 Conclusions

It was originally hypothesized that the one of the contributory factor to the
delamination and shoving distress observed in Buncombe County was the intermittent
purging of the baghouse fines in the field asphalt mixes. Results of the gradation analysis

show that the baghouse fines have similar, or in some cases coarser, gradation as compared
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to the regular mineral filler used in these respective counties. The dynamic mechanical
analysis of the mastics using the DSR suggests that inclusion of baghouse fines in asphalt
mixtures may not have any detrimental effect. On the contrary, for Buncombe County, the
inclusion of baghouse fines appears to enhance the rut resistance of the asphalt mixture as
will be shown to be the case in Chapter 5. However, the effect of moisture sensitivity on the

mixtures containing baghouse fines needs to be evaluated before any final conclusion can be

made.
Table 4-1 Properties of fines from particle size analysis (set 2) [13]
Particle Buncombe Buncombe Rutherford Rutherford Rutherford
Property Baghouses Passing #200 'Coarse' Fines 'Fine' Fines Passing #200
Fineness
Modulus (F.M.) 5.72 5.40 7.10 543 5.31
Coefficient of
Uniformity (Cy) 10.20 7.60 4.00 9.11 8.67
Coefficient of
Curvature (Co) 1.73 2.15 1.72 1.96 2.28
Skewness 2.25 231 1.14 2.60 2.30
Indicator (o)
Skewness
Indicator (o) 4.40 2.90 2.75 3.88 3.59
Mean Particle 40.0 30.5 88.0 31.0 30.5
Size (um)

Table 4-2 Temperatures for residual binders when |G*|/sind > 1.0 kPa

Emulsion | Temp. (°C) | PG rating
CRS-1H 73.7 PG70
EA-P 74.7 PG70
IAS' 70.7 PG70
CRS-Koch 65.1 PG64
CMS-2 57.1 PG52

! The testing was performed at four temperatures and the results were extrapolated to determine the appropriate
1-kPa temperature. Extra testing was not felt necessary because the results were almost a straight line when
graphed.
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Figure 4-7 Master curves (|G*|/sin 8) for Rutherford County, unaged, 64 °C
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5 Performance Testing of SGC Specimens

5.1 Introduction

The main objective of this task was to compare the performance of laboratory samples,
prepared with baghouse fines and regular filler. The specimens were compacted using the
Superpave Gyratory Compactor (SGC). These samples were tested for performance

characteristics using SST, APA and TSR moisture sensitivity tests.

5.2 Test Parameters

For a given test system, the results of the performance test are governed by several
parameters including reliability and repeatability of the test system, and the mix and test
parameters. For the mix parameters, the asphalt type and content, and the aggregate type and
gradation was fixed based on the job mix formula for the given pavement section. The only
mix parameter that varied was the air void content of the laboratory mixes. Table 5-1 shows
the air void content of the laboratory prepared specimens with and without the baghouse
fines. For these mixes, the air void content of 5+0.5-percent was targeted based on the JMF

requirement of 5-percent voids.

The major test parameters considered in this study were: 1) test temperature, 2) applied
stress or strain, 3) test frequency, and 4) test duration. As per the research methodology
presented in Chapter 2, the following tests were conducted on laboratory mixes from both
Buncombe and Rutherford counties with testing broadly classified in the following two

categories:

o Shear testing
FSCH (Frequency Sweep at Constant Height Test)

RSCH (Repeated Shear at Constant Height Test)
e APA test

e TSR tests
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The shear testing consisted of a shear frequency sweep at constant height (FSCH) and
repeated shear at constant height (RSCH) tests. Each of these test methods is described in the
latter sections. Laboratory specimens 150-mm in diameter were compacted using the SGC

and were sawed to the required height of 50 mm.

5.3 Test Temperature

5.3.1 Selection of Testing Temperature

Temperature plays an important role in the design of asphalt mixes. The properties of
binder depend significantly on the temperature and, consequently, the mix properties such as
resistance to rutting and fatigue vary with temperature. In order to evaluate the load
associated performance of the pavement it is imperative that the testing be carried out at a
temperature representing the actual field conditions. One of the procedures for determining
the pavement temperatures is recommended by AASHTO TP7 - Procedure F (Repeated
Shear at Constant Height Test) [5]. This procedure requires conducting the RSCH test at the
maximum seven-day pavement temperature at the selected pavement depth. The
recommended depth at which the maximum seven-day pavement temperature is calculated is
20-mm from the top surface. The data for this temperature is normally obtained from the
weather data at the paving site using the SHRPBIND program [22] developed within the
SUPERPAVE™ program.

5.3.2 Temperature Zones

SHRP report (SHRP-A-415) [23] outlines an elaborate procedure for computing the
critical and maximum pavement temperatures. It has divided the continental United States
into nine climatic regions based on the temperature and humidity of the soils. The nine
temperature zones are shown in Figure 5-1. Table 5-2 lists the effective, maximum, and
critical temperatures for the nine zones as reported in SHRP-A-415 [23]. The effective
temperature is the temperature at which loading damage accumulates at the same average
rate in service as in laboratory. Thus, there is a one-to-one correspondence between the

laboratory and in-service loading cycles at the effective temperature. The critical temperature
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is the temperature at which the maximum amount of damage occurs in service. This
temperature can be considered as an ideal temperature for laboratory testing because it
minimizes errors due to variations in the mix temperature sensitivity due to its accelerated
rate of damage accumulation. North Carolina falls in regions IB and IC with both Buncombe
and Rutherford counties being in region IC with critical and maximum temperatures in the

range of 35 to 38 °C.

5.3.3 Selection of Depth for Computation of Testing Temperature

The job mix formulae for the mixes from both the counties indicated that there were
two 50-mm lifts of HDS asphalt course. Ideally, the testing temperatures for mixes from both
the counties should have been 38 °C, but the actual layer thickness’ are much lower than 50-
mm. The average depths to the uppermost interface measured from the field core surfaces are
summarized in Table 5-3 for both counties. Since the parameters under investigation were the
tack coat properties, it was necessary that the laboratory test temperature corresponded to that
of the tack coats in the field. Consequently, testing temperatures were selected corresponding

to the depth of the tack coat (approximately 33-mm for both counties).

5.3.4 Reliability Factors

AASHTO provisional standard TP-7 [5] specifies that the RSCH test be conducted at
the maximum seven-day pavement temperature for the selected depth. However, it does not
specify the reliability level at which this temperature should be computed. A reliability level

of 50-percent was selected for this study.

5.3.5 Temperature Selection Method

The seven-day maximum air temperatures were computed based on the following

equations used within the SHRPBIND [22] software:
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Ty =T = —0.00618x (lat.)’ +0.2289x (lat.) + 24.4 (Equation 5-1)

Where T, and T, are the air and surface temperatures respectively in degree Celsius and
lat. is the latitude in degrees. From the surface temperature, the pavement temperature is

computed using:

Ty=T 0y x[1-0.063xd +0.007 xd* - 0.0004 x d° ) (Equation 5-2)

Where T, and T, are the temperatures at depth d and at surface, respectively, in °F with the
depth, d, in inches. In this study, the pavement temperatures were calculated by two different
ways. In the first method, the temperature was calculated at the required depth from the air
temperature using Equations 5-1 and 5-2. In the second method, the pavement temperature
was calculated using the SHRPBIND program. It was found that the temperatures calculated
by the two different methods differed by approximately 3 °C. Hence, an average of the two
was taken as the critical test temperature. Table 5-3 summarizes the temperatures calculated

by the two methods.

Based on an average value, the testing temperatures for Buncombe and Rutherford
counties were 50.2 and 54.0 °C, respectively at 33-mm depth and 50-percent reliability.
However, in order to compare different tack coats (CRS-2.5 and PG64-22) a single test

temperature of 50.2 °C was selected.

5.4 Performance Test Results of Lab Mixes with Baghouse Fines

The objective of this task was to evaluate the effect of baghouse fines on laboratory
mixes. Laboratory specimens were fabricated using the SGC. Performance of the specimens
containing baghouse fines versus crushed mineral filler (passing #200 sieve) was evaluated

using the FSCH and the RSCH tests.

5.4.1 Specimen Fabrication

The specimens were fabricated using the SGC (Superpave Gyratory Compactor). The

aggregates received from NCDOT were separated into various fractions depending on their
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sieve sizes and were then blended to the appropriate NCDOT specified IMF (Appendix C)
gradations. The exception to this procedure (of separating into various fractions and
blending) was that the Rutherford County sand and all the baghouse fines, which were added
in bulk as received. Specimens with zero percent baghouse fines were fabricated with
mineral filler (fraction passing #200 sieve) whereas, specimens with 100% baghouses had
their fraction passing #200 sieve substituted completely by the baghouse fines. For
Rutherford County, there were two types of baghouses: the 'fine' baghouse fines and the
'coarse' baghouse fines. For the purpose of laboratory testing, only the 'fine' baghouse fines
were used. The asphalt contents for Rutherford and Buncombe Counties were 6.2 and 5.7-
percent, respectively, and the non-strip additive requirement was 0.5-percent for both the

counties.

The mixing and compaction was carried out at a temperature of 285 °F, and before
compaction, the mixes were aged at a temperature of 275 °F for 2 hours. The 6-inch diameter
RSCH test specimens were compacted to a height of approximately 3-inches with target air
voids of 5+1-percent. Both ends were then sawed to achieve the required height of 2-inches.
Table 5-1 shows the air voids content of the specimens used for the RSCH test. It may be
noted that the specimen identification for Buncombe and Rutherford counties consists ‘W’
for the specimens containing baghouse fines, and ‘WO’ for specimens without the baghouse

fines.

5.4.2 FSCH Test

The FSCH test measures the viscoelastic shear properties (dynamic shear modulus,
|G*| and the phase shift, ) over a range of testing frequencies and at different temperatures.
Testing is conducted in a semi-confined condition in which the specimen dilation due to
application of shear load is prevented by an axial force — hence, the acronym “constant

height” test.

In this study, testing was conducted in accordance with AASHTO TP7 Procedure E

[5] in which a sinusoidal shearing strain of amplitude £0.005-percent (0.0001 mm/mm peak-
to-peak strain) was applied at frequencies of 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 Hz.

At each frequency, the stress response is measured along with the phase shift between the
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stress and strain. The dynamic shear modulus (|G*|) was computed as the ratio of the peak

stress over the peak strain. Testing was conducted at 50.2 °C.

Data presented in Table 5-4 through Table 5-9, and Figure 5-2 through Figure 5-7
show the FSCH test results for the mixtures from Buncombe and Rutherford counties. Based
on these figures, and, in particular, Table 5-6 and Table 5-9 it may be noted that the baghouse
fines have a stiffening effect on the mixtures. That is, on average, specimens containing
baghouse fines have higher shear modulus values (|G*| and |G*|/sind) compared to those
specimens without the baghouse fines. The percentage difference is approximately 30-
percent for the Buncombe County mixes and 20-percent for the Rutherford County mixes.
These observations are consistent with the results obtained for the mastics using the DSR
presented in Chapter 4. Moreover, for both mixes with and without the baghouse fines, the
Buncombe County mixes generally show very similar performance to the Rutherford County
mixes for the air voids and test temperature used in this study. Based on these results, it is
expected that rutting performance will also be in line with the results obtained from FSCH

test.

5.4.3 RSCH Test

The RSCH test measures the rutting potential of the mix over a range of temperatures.
In this study, the RSCH test was conducted in accordance with AASHTO TP-7, Procedure F
[5]. A controlled cyclic sinusoidal shearing stress was applied for a period of 0.1-s followed
by a rest period of 0.6-s with a peak shear stress of 68 + 5 kPa. The test duration was defined
to correspond with permanent shear strain accumulation of 5-percent, or 100,000 loading
cycles. The measured response was in terms of permanent shear strain accumulation as a

function of the number of loading cycles.

The laboratory compacted specimens with and without the baghouse fines were first
subjected to the FSCH test described earlier in this chapter. Following the FSCH test, these
specimens were then subjected to RSCH test to evaluate the mixture resistance to rutting.

Testing was conducted at 50.2 °C.
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Table 5-10, Figure 5-8, and Figure 5-9 show the RSCH test results. The accumulated
plastic shear strain at 100,000 cycles shown in Table 5-10 confirm the results from FSCH
test: 1) for both counties specimens containing baghouse fines show lower accumulated
plastic shear strain compared to specimens without the bag house fines with a percentage
difference of approximately 15-percent; and 2) respective mixes from Buncombe and
Rutherford counties show similar performance. As the accumulated plastic strain for all
mixtures are less than 5-percent, it is expected that these mixtures should not show in-situ

accumulated rut depth more than 0.5-inch under normal traffic loading.

5.5 Asphalt Pavement Analyzer Tests

The effect of baghouse fines on the rutting resistance of asphalt mixtures was also
evaluated using the Asphalt Pavement Analyzer (APA). NCDOT Materials and Test Unit

conducted the tests.

“Accelerated pavement testing is defined as the controlled application of a prototype
wheel loading, at or above the appropriate legal load limit to a prototype or actual, layered,
structural pavement system to determine pavement response and performance under a
controlled, accelerated, accumulation of damage in a compressed time period [17].” The
APA measures rutting susceptibility by rolling a steel wheel over pressurized rubber hose
pressing against a rectangular asphalt concrete slab or a 6-inch diameter circular specimen.
The test is normally performed at 40.6 °C and with the rubber hoses pressurized to 0.69 MPa
(100 psi). The wheel passes over the hoses and slab at approximately 2.0 km/h (33+1
cycles/min) and the specimen is subjected to 8,000 cycles with each cycle defined as two
passes of the wheel back and forth across the specimen. The deformation of the slab or
specimen is measured at three points across the specimen and averaged. The Georgia
Department of Transportation (GDOT) defines a mixture as susceptible to rutting if the
average rut depth for replicate specimens is greater than 7.6-mm. However, the FHWA

recommends that the maximum rut depth criteria be set to 5-mm.

Since the APA is a ‘proof” test or a “pass / fail test,” many variations of the test

temperatures and rut depth acceptance criteria exist based on local experience. NCDOT
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normally conducts these tests corresponding to the asphalt cements high PG rating with rut
depth acceptance criterion of 0.25-inches (6.25-mm). In this study, APA test temperature of
50 °C was selected for consistency with the temperatures used for other performance tests.
The 6-inch diameter specimens for APA test were fabricated at NCSU materials laboratory
using the SGC (Superpave Gyratory Compactor). The specimens were compacted to a height
of 3 inches with a target air void content of 7+1-percent. Table 5-11 shows the air voids
content of specimens used for the APA tests. APA testing was carried out at NCDOT. Two

cylindrical specimens were used for each test and an average rut depth was determined.

5.5.1 APA Test Results

Test results obtained from NCDOT (Appendix D) indicate that the materials from
Buncombe County with and without the baghouse fines had an average rut depth of 6.15-mm
and 6.12-mm, respectively. For the Rutherford County, specimens with and without the
baghouse fines had an average rut depth of 12.33-mm and 12.78-mm, respectively, two times

the depth observed for the Buncombe County.

Based on the test results obtained, it appears that the Buncombe County mixes would
be acceptable based on the GDOT criterion but would fail based on the NCDOT criterion. It
should be noted that GDOT requires testing to be conducted at 40.6 °C, whereas NCDOT
requires a testing temperature of 64 °C as these mixtures contain a PG64-22 asphalt binder.

For Rutherford County, both mixtures with and without the baghouse fines would fail.

APA test results indicate that mixtures from both counties are susceptible to excessive
rutting. However, it should be noted that pavement sections in these counties have not shown
excessive rutting to date. Pavement sections in Buncombe County were observed to have
slightly more rutting (which was also evident from the field cores received [28]) compared to
the cores from Rutherford County, contrary to the APA test results. Nevertheless, the
objective in this study was not to estimate the rutting susceptibility of the mixtures per-se, but
to evaluate the effect of baghouse fines on the mixture performance. In this regards, the APA
test shows that the baghouse fines used in this study, do not have any adverse effect on the
performance of the asphalt mixtures from either counties, a result consistent with all prior

performance test results presented in earlier sections.
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5.6 Effect of Baghouse Fines on Moisture Sensitivity

NCDOT Materials and Test Unit, in accordance with their procedure, conducted the
TSR tests. It may be noted that NCDOT does not require the specimens to be subjected to
freeze-thaw cycle as required under AASHTO T283 procedure. Four inch diameter
specimens compacted using Marshall procedure were manufactured at NCSU and tested at
NCDOT. In all, 8 specimens were made for each asphalt mixture with and without the
baghouse fines for both counties. The results of the TSR tests are presented in Table 5-12
through Table 5-16.

Table 5-16 shows the summary of TSR test results for the asphalt mixtures with and
without baghouse fines for the Buncombe and Rutherford counties. Test results show that the
tensile strength ratios for asphalt mixtures containing baghouse fines for Buncombe and
Rutherford counties are 78-percent and 84-percent, respectively, which fail the NCDOT 85-
percent tensile strength ratio requirement for surface mixtures. It may be noted that these
mixtures do contain anti-strip additive with a dosage suggested in the respective NCDOT
JMFs. Mixtures without the baghouse fines meet or exceed the NCDOT requirement with
mixtures from Buncombe and Rutherford counties showing an 85-percent and 92-percent
tensile strength ratio, respectively. Later, an in-depth study conducted by Tayebali et al [27]

based on 6 inch diameter specimens also confirm the finding of this investigation.

5.7 Summary and Conclusion

The main objective of this task was to evaluate the performance of laboratory mixes
containing baghouse fines. FSCH and RSCH test results for laboratory mixes containing

baghouse fines show the following:
e Baghouse fines have a stiffening effect on mixtures from both counties;

e Mixtures containing baghouse fines are more resistant to rutting as compared to mixtures

not containing baghouse fines;
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e Respective mixtures from both counties show similar dynamic shear stiffness and rutting

characteristics.

The APA test results indicate that mixtures with and without baghouse fines from both

counties are susceptible to excessive rutting. However for, both, Buncombe as well as

Rutherford counties, it was observed that the baghouse fines did not have an effect in

comparison to the mixtures containing regular mineral filler materials. This observation is in

agreement with other SST performance test results. However, the TSR test results clearly

show that mixtures containing baghouse fines are sensitive to moisture and fail the NCDOT

tensile strength ratio requirement. The mixture moisture sensitivity may therefore be one of

the contributory factors in the shoving distress observed in the Buncombe County; the other

reason being either failure of tack coat itself due to inadequate bond strength or non-uniform

application or improper breaking of emulsions. It should be noted that retained moisture due

to inadequate curing of tack coat may adversely affect the overlaid asphalt layer in terms of

moisture damage especially for those mixes containing excessive baghouse fines.

Table 5-1 Air voids and G,y of 150-mm diameter laboratory mix specimens

Buncombe County Rutherford County
Height Air voids Avg. Air Height Air void Avg. Air
Sample ID (mﬁl) (%) Veid (%) | SampleID (mlgn) (%) Vold (%)
BWI11 50.2 4.9 47 RW41 50.5 5.5 55
BW12 49.3 4.5 ) RW42 47.5 5.5 )
BWOI11 50.4 4.9 49 RWO41 47.4 5.6 55
BWOI12 48.6 4.8 ) RWO42 48.6 5.3 )
Gmm — mixes w/baghouse fines 2.511 Gmm — mixes w/baghouse fines 2.513
Gmm — mixes wo/baghouse fines 2.505 Gmm — mixes wo/baghouse fines 2.509

Region : Temper-a.ture in °C :
Effective | Critical | Maximum
IA 27.7 35 37.6
1B 33.0 40 41.8
1C 29.3 35 37.5
ITA 28.3 36 38.4
11 B 34.2 42 43.7
IIC 36.0 43 45.7
IIT A 30.1 36 38.6
III B 37.2 44 46.6
I C 35.1 42 443
Mean 32.3 39.2 41.6
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Table 5-3 Average depths and test temperatures

County Weather Depth | Equation | SHRPBIND | Average
Station. (mm) Temp. Temp. Temp.

Buncombe | Asheville 33 51.4°C 48.9 °C 50.2 °C
Rutherford | Caroleen 32 55.4°C 52.5°C 54.0 °C

Table 5-4 |G*| (Pa) versus frequency (Hz) for lab mixes, 50.2 °C, Buncombe County

Frequency BW11 BW12 BWO11 BWO12
10 1.44E+08 | 1.90E+08 [ 9.18E+07 | 1.62E+08
5 1.10E+08 | 1.41E+08 [ 6.69E+07 | 1.17E+08
2 7.94E+07 | 9.88E+07 | 4.66E+07 [ 8.02E+07
1 6.38E+07 | 7.71E+07 | 3.67E+07 [ 6.17E+07

0.5 5.23E+07 | 6.15E+07 | 2.93E+07 [ 5.12E+07
0.2 4.24E+07 | 4.83E+07 [ 2.30E+07 | 3.66E+07
0.1 3.78E+07 | 4.11E+07 | 2.00E+07 [ 3.08E+07
0.05 3.16E+07 | 3.49E+07 | 1.65E+07 [ 2.72E+07
0.02 2.87E+07 | 3.30E+07 | 1.48E+07 | 2.44E+07
0.01 2.71E+07 | 2.66E+07 | 1.38E+07 | 2.10E+07

Table 5-5 o (degrees) versus frequency (Hz) for lab mixes, 50.2 °C, Buncombe County

Frequency | BWI11 | BW12 | BWO11 | BWO12
10 41.11 45.80 49.68 47.84
5 40.46 45.47 48.20 47.79
2 39.37 44.07 46.92 46.45
1 38.41 42.59 43.19 45.93

0.5 36.08 40.72 44.05 43.55
0.2 33.70 37.97 40.55 41.28
0.1 32.40 36.07 37.35 39.46
0.05 29.00 33.47 35.30 35.01
0.02 29.26 34.25 34.74 34.25
0.01 25.68 25.39 29.56 29.78
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Table 5-6 Average |G*|, 5, and |G*|/sin 8 values, 50.2 °C, lab mixes Buncombe County

Frequency |G*| (Pa.) | |G*|(Pa.) 3 (deg.) d (deg.) |G*|/sin & | |G*|/sin &
(With) (W/o) (With) (W/o) (With) (W/o)

10 1.67E+08 [ 1.27E+08 43.46 48.76 242E+08 | 1.69E+08

5 1.25E+08 | 9.21E+07 42.97 48.00 1.83E+08 | 1.24E+08

2 8.91E+07 | 6.34E+07 41.72 46.69 1.34E+08 | 8.73E+07

1 7.04E+07 | 4.92E+07 40.50 44.56 1.08E+08 | 6.97E+07

0.5 5.69E+07 | 4.03E+07 38.40 43.80 9.15E+07 | 5.82E+07

0.2 4.53E+07 | 2.98E+07 35.83 40.91 7.74E+07 | 4.54E+07

0.1 3.94E+07 | 2.54E+07 34.23 38.40 7.02E+07 | 4.07E+07

0.05 3.32E+07 | 2.19E+07 31.24 35.16 6.42E+07 | 3.80E+07

0.02 3.08E+07 | 1.96E+07 31.75 34.50 5.87E+07 | 3.47E+07

0.01 2.68E+07 | 1.74E+07 25.54 29.67 6.23E+07 | 3.52E+07

Average 6.85E+07 | 4.86E+07 | 3.66E+01 | 4.10E+01 1.09E+08 | 7.02E+07

Frequency RW41 RW42 RWO41 RWO042
10 2.25E+08 | 2.02E+08 | 1.74E+08 | 1.86E+08
5 1.64E+08 | 1.46E+08 | 1.23E+08 | 1.34E+08
2 1.09E+08 | 9.68E+07 | 7.83E+07 | 8.85E+07
1 8.00E+07 | 7.16E+07 | 5.68E+07 | 4.39E+07

0.5 5.98E+07 | 5.41E+07 | 4.19E+07 | 4.47E+07
0.2 4.18E+07 | 3.83E+07 | 2.95E+07 | 3.68E+07
0.1 321E+07 | 3.09E+07 | 2.36E+07 | 2.91E+07
0.05 2.56E+07 | 2.31E+07 | 1.80E+07 | 1.15E+07
0.02 2.00E+07 | 1.98E+07 | 1.50E+07 | 1.21E+07
0.01 1.77E+07 | 1.84E+07 | 1.33E+07 | 1.54E+07

Frequency | RW41 | RW42 | RW041 | RW042
10 43.97 45.61 48.26 46.45
5 45.36 46.81 49.51 47.29
2 46.72 47.28 50.07 47.98
1 47.66 45.66 5441 28.08
0.5 47.79 47.09 50.10 59.49
0.2 45.93 45.22 47.63 57.29
0.1 43.61 42.52 46.53 48.85

0.05 40.86 39.49 43.78 35.35
0.02 39.28 34.86 37.73 32.52
0.01 37.73 32.08 37.85 33.17
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Table 5-7 |G*| (Pa) versus frequency (Hz) for lab mixes, 50.2 °C, Rutherford County

Table 5-8 o (degrees) versus frequency (Hz) for lab mixes, 50.2 °C, Rutherford County




Table 5-9 Average |G*|, 5, and |G*|/sin § values, 50.2 °C, lab mixes Rutherford County

Frequency |G*| ‘(Pa.) |G*| (Pa.) O (deg.) 6 (deg.) |G*|/sin & | |G*]|/sin &
(With) (W/o) (With) (W/o) (With) (W/o)

10 2.14E+08 1.80E+08 44.79 47.36 3.04E+08 | 2.44E+08

5 1.55E+08 1.28E+08 46.08 48.40 2.15E+08 | 1.72E+08

2 1.03E+08 | 8.34E+07 47.00 49.03 1.41E+08 | 1.11E+08

1 7.58E+07 | 5.03E+07 46.66 41.24 1.04E+08 | 8.15E+07

0.5 5.70E+07 | 4.33E+07 47.44 54.80 7.73E+07 | 5.32E+07

0.2 4.00E+07 | 3.31E+07 45.58 52.46 5.60E+07 | 4.18E+07

0.1 3.15E+07 | 2.64E+07 43.07 47.69 4.61E+07 | 3.56E+07

0.05 2.44E+07 1.48E+07 40.18 39.57 3.78E+07 | 2.30E+07

0.02 1.99E+07 1.36E+07 37.07 35.12 3.31E+07 | 2.35E+07

0.01 1.81E+07 1.44E+07 34.91 35.51 3.18E+07 | 2.49E+07

Average 7.38E+07 | 5.87E+07 | 4.33E+01 | 4.51E+01 | 1.05E+08 | 8.10E+07

Table 5-10 Strain at the end of RSCH test, 50.2 °C, lab mixes

Specimens ‘With’ Baghouse Fines Specimens ‘Without’ Baghouse Fines

County Sample ID | % Strain County Sample ID | % Strain
Buncombe BWI11I 2.10 Buncombe BWOIl11 2.70
Buncombe BW12 1.59 Buncombe BWO12 1.57
Average % Strain 1.85 Average % Strain 2.14
Rutherford RW41 1.70 Rutherford RWO41 2.18
Rutherford RW42 1.89 Rutherford RWO0O42 2.15
Average % Strain 1.80 Average % Strain 2.17

Table 5-11 Air voids and heights of 6-inch diameter laboratory specimens for APA test

Buncombe County Rutherford County
Height Air voids Avg. Air Height Air void Avg. Air
Sample ID (mﬁl) (%) Voi%i %) | SampleID (m;gn) (%) Voi% (%)
BW02 75.6 6.5 65 RWO05 75.6 7.7 76
BWO03 75.5 6.5 ) RWO06 75.4 7.4 )
BWOI1 75.5 6.4 6.5 RWO5 75.4 6.9 6.8
BWO2 75.5 6.6 ) RWO6 75.5 6.6 )

Table 5-12 Buncombe County (With baghouse fines) TSR results (4-inch specimens)

Unconditioned Specimens Conditioned Specimens
Height Air voids Max. Load Height Air voids Max. Load

Sample ID (mﬁl) (%) ) Sample ID (m;gn) (%) (N)
BWO01 63.9 6.9 2200 BWO02 64.0 7.0 1600
BWO03 63.9 6.8 2060 BWO06 63.8 6.6 1750
BWO05 63.8 6.7 2040 BWO08 63.7 6.9 1550
BWI11 63.8 7.0 2270 BW10 63.8 6.9 1700
Average 6.9 2142 6.9 1650
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Table 5-13 Buncombe County (W/out baghouse fines) TSR results (4-inch specimens)

Unconditioned Specimens

Conditioned Specimens

Height Air voids Max. Load Height Air voids Max. Load
Sample ID (mm) (%) ) Sample ID (mm) (%) N)
BWOO03 64.0 6.6 1980 BWOO01 63.6 6.9 1600
BWO06 63.7 6.8 2050 BWO02 63.8 6.5 1750
BWOO08 63.9 6.3 2080 BWOO05 63.8 6.3 1760
BWO09 63.9 6.8 1900 BWO07 63.8 6.7 1810
Average 6.6 2002 6.6 1730

Table 5-14 Rutherford County (With baghouse fines) TSR results (4-inch specimens)

Unconditioned Specimens

Conditioned Specimens

Height Air voids Max. Load Height Air voids Max. Load
Sample ID (mlgn) (%) ) Sample ID (m;gn) (%) (N)
RWO03 63.7 6.9 2450 RWO1 63.8 7.1 2050
RWO06 63.7 7.1 2400 RWO02 63.8 6.8 2050
RWO07 63.8 7.0 2450 RW04 63.7 6.9 2050
RWO08 63.8 6.7 2500 RW10 63.8 6.8 2050
Average 6.9 2450 6.9 2050

Table 5-15 Rutherford County (W/out baghouse fines) TSR results (4-inch specimens)

Unconditioned Specimens

Conditioned Specimens

Height Air voids Max. Load Height Air voids Max. Load
Sample ID (mm) (%) ) Sample ID (mm) (%) (N)
RWO02 63.9 6.5 2150 RWOO01 63.7 6.4 1950
RWO04 63.9 6.4 2100 RWOO03 63.9 6.4 2050
RWO07 63.8 6.2 2300 RWO05 64.0 6.3 2025
RWOO08 63.8 6.4 2250 RWO06 63.9 6.4 2100
Average 6.4 2200 6.4 2031
Table 5-16 Summary of TSR results
QA/QC Average Tensile Strength (kPa) Tensile
County Type of Mix Comparative Strength Ratio
TSR Dry Wet (%)
With bag-fines Minor 209.3 162.9 77.8
Buncombe
Without bag-fines Minor 203.0 172.8 85.1
Rutherford With bag-fines Minor 244.6 204.7 83.7
Without bag-fines Minor 2194 202.5 923
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6 Specimen Fabrication Using Rolling Wheel Compactor

6.1 Introduction

This chapter discusses the method used for manufacturing specimens in the laboratory.
The testing is to be carried out using SST machine and the specimens would be 6-inch in
diameter. The goal was to fabricate specimens closest to the field conditions. Mohammad et
al [18] have fabricated specimens in a gyratory compactor in multiple layers. The bottom
portion was compacted in a SGC first, followed by application of tack coat and then
reinserting the specimen in the mold and compacting loose mix on top of it. This method
would have given the best control over the air voids, but would not be close to field

conditions where roller based compaction is used.

The alternative was to prepare slabs using a rolling wheel compactor (Figure 6-2 and
Figure 6-4) to simulate the field conditions. The equipment used for compaction was gasoline
powered rolling wheel compactor that had two drum rollers. The approximate weight was
about 2 tons and the roller width was 25 inches. The engine provided the thrust for moving
the roller in forward and reverse direction; however the steering had to be done manually.
The roller had two tanks of water that can be used to vary the weight and moisten the drums.

The wetting of drums was necessary to prevent the sticking of asphalt mix to the drums.

6.2 Fabrication of Steel Molds

Steel molds (Figure 6-7 through Figure 6-10) were fabricated at NCSU to make the
slabs. Steel was preferred to wood because it was stronger, less likely to warp or get
deformed, and could be heated to the compaction temperature immediately prior to the
assembly. The goal was to have molds that would be adjustable so that slabs (specimens) can
be made with different heights within a fairly accurate tolerance. To allow uniform
compaction inside the mold, the sides along the direction of rolling were sloped inwards. The
mold was assembled on a base plate consisting of a plywood laminate topped with an
aluminum plate. Figure 6-1 and Figure 6-2 show the picture of assembled molds in along and

perpendicular to the direction of compaction. On the surface of the aluminum plate were four
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L-sections to which the molds were anchored using steel bolts. If a taller specimen was
desired, the mold extensions (shown in Figure 6-7 and Figure 6-9) were placed on the bottom
portion, and were anchored using steel bolts. The compaction was achieved by rolling the
compactor over the loose mix put in the molds. The effect of compaction was most visible at
the edge of the roller. In order to operate the roller in a level position, a wooden platform was
constructed all around the mold. In addition, wooden ramps were designed to raise or lower

the roller from the wooden platform.

6.3 Specimen Fabrication

6.3.1 Asphalt Concrete Slabs

The material for making the asphalt concrete slabs was received from NCDOT. The
material was heated to 160 °C in a convection oven for 4-5 hours. The molds were also
heated at the same temperature. Depending on the situation, the heated molds were
assembled either on the base plate or were placed as extensions over the existing mold. After
securing the molds with steel bolts and nuts, the wooden platforms were placed on all sides

of the mold to make the level of compactor flush with top surface of the mold.

A predetermined amount of the heated mix was, subsequently, poured into the mold
and spread uniformly. The weight of the mix added to the mold was obtained iteratively to
get a target air void of 4%. The mix was rodded with a spatula for initial compaction to
remove air pockets and obtain a uniform spread throughout. The compaction process started
immediately with the roller drums being moistened with water. The passes were made only
in one (longitudinal) direction as is done in the field. At the end of every pass, the roller was
turned slightly so as to cause the edge of the roller to move progressively from one end of the
mold to the other. After every few passes, the flatness of the top surface was checked using a
water level. This process continued till a fairly flat profile was obtained. After compaction,
the slab was cooled for 24 hours before placing a tack coat, or performing any cutting and

coring operation.
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6.3.2 Portland Cement Concrete Slabs

Garner granite aggregate, natural sand, and Portland cement (Type I/II) were used to
cast slabs. The mold was assembled and bolted to the base plate. It was coated with a thin
layer of oil to prevent the sticking of hardened cement to the mold. After thorough mixing in
the cement mixer, the mix was poured into the molds. The mix was then rodded to remove
air cavities from the mold and leveled using a wooden float. It was allowed to stand for 30-45
minutes so that the bleed water rose to the surface. The excess bleed water on the surface was

removed and, the surface was made smooth with a magnesium trowel (Figure 6-3).

The slab was then allowed to sit for 24 hours before the mold was disassembled.
After removal from the mold, the slab was covered with wet cotton towels and was sealed in
a polythene plastic sheet (Figure 6-3 near top edge). Water was added daily to keep the
towels moist and aid the hydration of the slab. After continuous hydration for 7 days, the slab
was kept in sun (summer time) for about 48 hours to dry and shrink before applying the tack

coat.

6.3.3 Cement Treated Base Slab

The procedure used to make cement treated base slabs was similar to the PCC slabs
mentioned earlier. The material was mixed in a mixer and poured into the mold. Using a
metal rod, the mix was rodded and leveled using a float. It was then covered with a slightly
damp cloth to retain the moisture. After 24 hours the mold was disassembled; however, as
the cement content in the CTB slabs was about 5%, the strength of the slabs was very low.
The slabs could not withstand the normal handling stresses and crumbled as soon as they

were removed from the mold.

After two unsuccessful attempts to fabricate the CTB slabs, it was decided to fabricate
the CTB specimens in smaller 6-inch diameter mold and follow the procedure similar to that
outlined by Mohammad et al [18]. The CTB material was poured in a 6-inch diameter
modified proctor metal mold in 5 equal lifts to a height of about 4.584 inches. After every
lift, the layer was compacted using 56 blows of the Modified Proctor Test hammer.
Immediately after compaction, the specimen was covered with a damp towel to retain

moisture. After about 8-10 hours, the specimens were extruded from the molds and wrapped
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in cotton towels and plastic. The towels were kept wet to cure CTB for 7 days. After 7 days,
the specimens were cut to a height of 1-inch (Figure 6-5). These 1-inch CTB ‘discs’ were
coated with prime coat on one side (Figure 6-6). After breaking of the prime coat, the ‘discs’
were inserted in the gyratory compactor molds with the coated side facing up. The problem
with this approach was that the ‘discs’ expanded after extrusion from the molds and could
not be reinserted. So, using a metal file, the sides of the ‘discs’ were filed to slightly reduce
the diameter of the discs. Then hot loose asphalt mix was poured in the mold and compacted
to a height of 1-inch. The target air void for this overlying layer was 4%. The samples were
extruded and allowed to cool before testing. Figure 8-23, on page 132, shows a picture of

composite CTB-AC specimen.

6.4 Tack /Prime Coat Application

NCDOT specifications (§605 of Standard Specifications for Roads and Structures,
2002) require the placement of tack coat beneath every layer of asphalt plant mix. The
required rate of application is 0.04 to 0.08 gallons per square yard. The tack coat rate chosen
for preparing the laboratory samples was 0.06 gallons per square yard, which is in the middle
of the range. In consultation with the NCDOT, PG64-22 binder and CMS-2 emulsion were

chosen as tack coat materials.

The tack coat was applied 24 hours after rolling the asphalt slab. This would allow
adequate time for cooling of the mix. For PCC, the slabs were left in sun for 48 hours to
ensure that the shrinkage cracks do not occur after applying tack coat. The surface of the
asphalt (or PCC) slab was cleaned with a wire brush and blasted with pressurized air to
remove the loose dust particles. The CMS-2 emulsion was stirred and applied using a regular
paint brush. The weight of the CMS-2 container was monitored to ensure the correct rate of
application. After application, the slab was kept in a draft of fan air for 24 hours to ensure the

breaking of the emulsion. In most cases, the surface was adequately ‘tacky’ to touch.

A similar procedure was followed for applying PG64-22 binder as tack coat, except
that the binder was heated to about 185 °C on a hot plate. The application surface was heated

with heat lamps to ensure easier application of tack coat. The weight of the binder was
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monitored frequently to get to the correct rate of application. Although no ‘breakage’ of tack
coat was required for PG64-22 asphalt, the next layer was paved about 24 hours after

applying tack coat to maintain consistency in relation to the CMS-2 emulsion.

Section 600 of NCDOT Standard Specifications for Roads and Structures specifies the
rate of application of prime coat as 0.2 to 0.5 gallons per square yard. The maximum amount
of emulsion applied to the CTB specimens without overflow constrained the application rate
to 0.24 gallons per square yard, which is within the permissible range. CSS-1, EPR-1 and
EA-P were used as prime coat materials. The procedure for application of prime coat was
similar to that of tack coat. The individual CTB ‘discs’ were weighed on a balance and were
‘painted’ with emulsions to get to the required application rate. The prime coat was allowed

to break for 24 hours before another layer was compacted on top of the discs.

In case where no tack coat or prime coat was desired, the next layer was paved without

prime or tack coat.

6.5 Coring and Cutting Samples

For material characterization, a three inch slab was used. The dimension of the slab
used for acquiring specimens was 2 ft x 2 ft. In all, nine cores (each of 6 inch diameter) were
drilled from the slab with a spacing of 1'% inches between two adjacent cores. Subsequently,
the 3 inch thick cores were reduced to a height of 2 inches by shaving off the top and bottom

Y inch portions.

Composite slabs (AC over AC and AC over PCC) were 4 inch in thickness. Nine cores
were drilled from these slabs, each core spaced 17 inches apart from adjacent cores. The
interface was kept at midway by removing the top and bottom portions of the core. The final

height of the specimen was 2 inches, as required for SST testing.
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Figure 6-2 Mold with roller
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Figure 6-4 Side view with roller on the mold
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Figure 6-5 Photo of a 1-inch thick CTB ‘disk’

Figure 6-6 CTB ‘disks’ coated with emulsion
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7 Material Characterization

7.1 Introduction

The objective of this task was to obtain material characteristics needed for the
mechanistic analysis of the pavement sections. In this section, the properties of asphalt mix
and PCC were evaluated using the SST (Simple Shear Tester) tests and UTM (Universal
Testing Machine) respectively. Test methods utilized for measuring the properties were
Shear Frequency Sweep Test at Constant Height (FSCH), Axial Frequency Sweep Test

(AFST), and unconfined compressive tests for PCC specimens.

7.2 Asphalt Mix Characterization

The asphalt mix (JMF enclosed in Appendix C, page 173), received from NCDOT, was

characterized by the following performance tests:
e Shear tests
o Frequency Sweep Test at Constant Height (FSCH),
o Repeated Shear Test at Constant Height (RSCH),
e Axial tests
o Frequency Sweep Test (AFST), and
o Repeated Axial Test.

Specimens for the shear tests were fabricated using rolling wheel compaction (Section 6.3.1),
and cored and cut (Section 6.5) to a height of 50-mm. After coring and cutting, the specimens
were fan dried to remove the residual water and bulk specific gravity (ASTM D 2726) was
determined. The target air void content of the specimens was 4.0 £ 0.5 %. The Gym
(maximum theoretical specific gravity) determined according to ASTM D 2041 was 2.442

for the loose mix. Table 7-1 lists the air void contents of the samples obtained.

Specimens for the axial tests were fabricated in the laboratory using the Servopac™

gyratory compactor. The mix was preheated to a temperature of 160 °C in the ovens for 3
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hours. A known quantity of the mix was then poured into the compactor molds and
compacted to a target air void content of 5.5%. The targeted air void content was slightly
higher so that after coring and cutting the final air void content would be 4%, which is the
desired air void content. The average height of the specimens was 17.8 cm. The specimens
were extruded and, after the sample cooled, each specimen was cored to a 4-in diameter and
the top and bottom portions shaved to give a final height of 6-in (15.2 cm). The specimens

used for axial testing were 4x6 inch in size with an air void of 440.5%.

7.2.1 Frequency Sweep Test at Constant Height (FSCH)

The FSCH test measures the viscoelastic shear properties over a range of testing
frequencies and temperatures. The testing was carried out at 20, 30, 40 and 60 °C. Table 7-2
through Table 7-9 show the FSCH test results for AC mixes. The results are graphically
presented in Figure 7-1 through Figure 7-10. The mix shear stiffness (|G*|) reduces with
increasing temperature or lowering of frequency. The results for shear phase angle (8) are a
slightly different. It is expected that with increasing frequency, the phase angle would reduce
but this is not the case at 60 °C (Figure 7-8). The phase angle increases with increasing
frequency at this relatively high temperature. Further, at 40 °C, the phase angle curve (Figure
7-6) is shaped ‘concave downwards.” The phase angle, at 40 °C, increases with frequency (at
lower frequencies) and then reduces with increasing frequency (higher frequencies). This
behavior is summarized in the phase angle master curves shown in Figure 7-12 and Figure
7-14. At higher frequencies the mix is more elastic than viscous; hence the phase angle
reduces with increasing frequency. At lower frequencies, however, the binder (in the mix) is
mostly viscous and the aggregate, being elastic, contributes primarily to the mix strength.
The relative contribution of aggregate to strength increases causing phase angle to reduce
(alternatively, more elastic mix) with reducing frequency. The master curves at 30 and 40 °C
(Figure 7-11 through Figure 7-16) characterize the behavior of asphalt mix over a range of

frequencies.
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7.2.2 Repeated Shear Test at Constant Height (RSCH)

The rutting potential of a mix is characterized by the RSCH test (details in §5.4.3). As
rutting is more likely to occur at higher temperatures, the tests were carried out at
temperatures of 40 and 60 °C. The purpose of this test was to ensure that the mix did not fail
prematurely during the shear ramp test. The test results are given in Table 7-10 and Figure
7-17. The tests were conducted to a maximum of 100,000 cycles or 5.0% strain whichever
happened earlier. It was observed that specimens tested at 60 °C failed at an average of
20,000 cycles compared to specimens tested at 40 °C. The 60 °C test results (Figure 7-17)
indicate an accumulation of tertiary strain in the samples. The specimens at 40 °C
accumulated an average total strain of 1.05% at the end of test. This indicates the mix has a
significant ability to resist rutting at 40 °C. Based on the information at 40 °C the testing at
20 °C would have yielded lower plastic strain at 100,000 cycles. The plastic shear strain at
5,000 RSCH cycles can also be used as an indicator of the mix behavior. It can be observed
that at 60 °C, the accumulated plastic strain at 5000 cycles is 2.95% compared to 0.67% at 40
°C. Given the low accumulation of plastic strain at 40 °C, the mix is expected to perform

well at this temperature.

7.2.3 Axial Frequency Sweep Test (AFST)

In the earlier two sections (Sections 7.2.1 and 7.2.2 ), the performance of the AC mix
was evaluated using FSCH and RSCH tests. In those tests, the shear properties were
evaluated. This section describes the evaluation of dynamic axial modulus and the phase

angle of the mix.

The AFST test is similar to the FSCH test except that a dynamic uniaxial loading is
applied as opposed to shear. The test was conducted in a controlled strain mode of loading
with a sinusoidal axial strain of amplitude of +£0.005% (0.0001 mm/mm peak to peak strain)
applied at 10, 5, 2, 1, 0.5 and 0.2 Hz. At each frequency, the stress response was measured
along with the axial phase shift (8) between the stress and strain, and the dynamic axial
modulus (JE*|) was computed as the ratio of peak stress over peak strain. This test was

attempted in two ways: unglued specimens, and glued specimens. In case of unglued
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specimens, the specimens were sandwiched between two platens without gluing. A variable
seating load (from 30 psi at 20 °C to 10 psi at 60 °C) was applied to keep the platens from
losing contact with the specimen during testing. The results obtained had high variability and
were unpredictable. To reduce the variability, it was decided to glue the specimens to the
platens. The specimens were tested with zero seating load. The air void contents of the axial

test specimens are given in Table 7-11.

Figure 7-18 through Figure 7-20, and Table 7-12 through Table 7-15 list the results of
the axial frequency sweep test. It can be seen that with increasing test temperature, the axial
stiffness decreases and the phase angle increases. The trend is similar to the shear behavior.

The results are not reported at low frequencies at 60 °C as they are highly variable.

7.2.4 Repeated Axial Test

The repeated axial test, similar to the RSCH test, (details in section 5.4.3) was used to
characterize the axial deformation of the mix. The loading pattern was similar to the RSCH
tests, except that the load was applied axially instead of shear. A controlled cyclic sinusoidal
axial stress was applied for a period of 0.1 s followed by a rest period of 0.6 s with a peak
axial stress of 68 = 5 kPa. The test duration was defined to correspond with permanent axial
strain accumulation of 1-percent, or 100,000 loading cycles. The measured response was in

terms of permanent axial strain accumulation as function of the number of loading cycles.

Figure 7-21 and Table 7-16 show the results of the test. It can be seen that at 60 °C,
the mix is prone to axial deformation than at 40 °C. The average number of cycles at 60 °C
was 11400 for 1.4% axial strain, whereas at 40 °C the cycles average to more than 100,000
for 0.18% strain. Figure 7-21 shows the plot of accumulated plastic strain versus the number
of cycles. The shape of the curve is concave upward and the rate of accumulation increases
with number of cycles at 60 °C. However at 40 °C it can be said that the rate of accumulation
starts decreasing after initial 1000 cycles. Figure 7-22 shows the overall relationship between
|G*| and |[E*| values across test temperatures and frequencies. It can be seen that the
relationship is linear; however the value of Poisson’s ratio based on the equation of the best

fit line is 0.69 — a theoretical impossibility. This aberration could be due to different sized
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samples used for shear and axial tests. Similarly, Figure 7-23 shows the relation between
shear and axial phase angle for AC mixes. In this case, it can be said that the shear phase
angle is almost the same axial phase angle. The relationships between shear and axial
properties can be used to determine one if the other is known regardless of the frequency and

test temperature.

7.3 Portland Cement Concrete (PCC) Characterization

Using locally available aggregate, natural sand and Type I cement PCC mix was made.
The composition was a typical 3:2:1 (rock:sand:cement) proportioning with a target water-
cement ratio of 0.40. The aggregates used were classified as #67 according to AASHTO M43
specifications and were obtained from Garner quarry of Martin Marietta. The goal was to

design a typical concrete for testing the bond strength of PCC overlaid with asphalt mix.

The natural sand and aggregate properties were determined according to procedures
outlined in standards AASHTO T84 (Standard Method of Test for Specific Gravity and
Absorption of Fine Aggregate) and AASHTO T85 (Standard Method of Test for Specific
Gravity and Absorption of Coarse Aggregate) respectively. Table 7-17 lists the moisture
contents and bulk specific gravities obtained for the materials used. The specific gravity of
cement was assumed to be 3.15, a commonly used value, in most concrete calculations. To
allow for air entrainment and adequate time to cast the mix into samples (or slabs) air
entraining agent (AEA) and set-retarder were used. The target yield to prepare required
number of test samples or slabs was 1.5 ft°. The actual finalized batch weights, including the

amounts required to make a cubic yard of concrete, are listed in Table 7-18.

7.3.1 Mixing, Casting and Curing of Specimens

The mixing process started with wetting the inside of the mixer with water and
draining it completely. All the materials, including the AEA and set-retarder, were weighed
out before starting the process. Then about half of the rock, sand and water were added to the
concrete mixer and mixed for 2 minutes. The AEA was added followed by about a quarter of

rock and the sand. The mixing process was continued till small bubbles could be seen in the
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aggregate-sand slurry. The bubble formation was due to the addition of the AEA to the
slurry. This process took an additional minute of mixing. The set-retarder was added at this
point to the mixer. After 1 minute of mixing, the mixer was stopped, and cement was added.
The cement was covered with remaining sand and aggregate to prevent the loss of cement
due to mixing process. The mixing was started and the remaining water was added slowly
through the side walls of the mixer. The mixing continued for about 3-4 minutes before the

mix was dumped out of the mixer.

Immediately after mixing ended, a cone slump test (AASHTO T119 — Standard
Method of Test for Slump of Portland Cement Concrete) was performed on the plastic mix.
The slump cone was moistened and placed on a moist rigid surface. The cone was held down
by standing on the two foot pieces and plastic concrete, about 1/3 of the cone volume, was
poured into the cone. It was tamped 25 times by a tamping rod and a second layer, about the
same volume, was poured into the mold. After tamping 25 times, a third layer was added and
the mix was tamped 25 times. Afterwards, the top surface was leveled and the cone lifted
vertically. The vertical difference between the top of the mold and the original center of the

concrete specimen is the slump of the concrete. The average of three slump tests was 4.75 in.

The unit weight of fresh concrete was determined according to procedure outlined in
standard ASTM C138 (Standard Test Method for Density, Yield and Air Content of
Concrete). In this procedure, an aluminum alloy bucket was used to consolidate the concrete.
The volume of the bucket was 0.25 ft’. The concrete was placed in this bucket in three layers
of equal volume. After placing every layer, it was rodded using a metal rod 25 times. After
rodding, the sides of the container were tamped 10 times by a mallet to remove the air
bubbles that might have been trapped due to rodding. After rodding and tamping the final
layer, the excess concrete was struck off the surface of the bucket with a straight edge, and
floated to get a flat and smooth surface. The outside walls of the bucket were washed with
clean water and wiped dry. The entire bucket was weighed. The mass of the concrete was
divided by the volume of the bucket to give the unit weight. The average unit weight of the

concrete was 138 pcf.

The fresh concrete was cast into 4x8 and 6x12 inch cylinders and 4x4x16 inch beams

according to procedure in AASHTO T23 (Standard Method of Test for Making and Curing
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Concrete Test Specimens in the Field). Before casting the mix, the insides of the molds were
coated with a thin layer of industrial grease. For casting the cylinders, plastic molds were
used and the material was compacted in three equal layers, each layer being rodded 25 times
before addition of the second layer. For beams specimens, cast into metal molds, the
compaction was done in two layers. Each layer was rodded uniformly 32 times before adding
the next layer. After rodding the topmost layer, the excess concrete was struck off the top of
the mold and the surface floated. Thin polythene sheets were used to cover the exposed
surface of fresh concrete to prevent loss of moisture during the initial curing phase. Twenty
four hours after casting, the cylinders were extruded from the plastic molds using compressed
air. The metal molds were disassembled and the beams removed. Immediately after removal
from molds, the specimens were immersed in a water bath and allowed to cure. Immediately
prior to testing, the specimens were removed from the water bath. This was done to reduce
the chances of having lower strength due to drying cracks. This was important, especially for
flexural specimens, where surface cracks could cause tensile stresses in extreme fibers

causing lower strength. Testing was carried out at 7, 14 and 28 days.

7.3.2 Compressive Strength of Cylindrical Concrete Specimens

The basic test to characterize concrete is the compressive strength of concrete. The
test was conducted in accordance with standard ASTM C39 (Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens) procedure. The standard states
that this test is applicable for concrete mixes having a density of at least 50 pcf. For this test,
4x8 inch specimens were used. Neoprene caps were placed at the top and bottom to enclose
the specimen. This was necessary to ensure that the load was applied axially and any non-
uniformity on the surface would be leveled out. The moist specimens were placed in a UTM
and were subjected to an axially compressive load at a rate of 20-50 psi/s till failure. The
peak load was recorded and the failure stress computed by dividing with the cross-sectional
area of the cylinder. The results, an average of three tests, are listed in Table 7-19. The
average 7, 14 and 28 day strengths were 4810, 5250, and 5750 psi respectively. Most of the
specimens tested had a biaxial failure near the edge, a characteristic of testing performed

using neoprene caps.
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7.3.3 Modulus of Rupture for Concrete Specimens

The flexural strength of PCC was determined using the third point loading test on
concrete beams. In this test, a beam of dimensions 4x4x16 inches, was loaded according to
specifications in ASTM C78 (Standard Test Method for Flexural Strength of Concrete —
Using Simple Beam with Third-Point Loading). The span of the beam between two supports
was three times the depth, i.e. 12 inches, with 2 inch overhang on either support. Two point
loads were applied at 1/3 and 2/3 length of the span. A three point loading test would cause
the middle third of the beam span to be in pure uniform bending with no shear. Thus it would
measure the resistance of concrete to pure flexure. The rate of loading was such that the
stresses in the extreme fiber increased at a rate of 125 to 175 psi/min. For all the three
replicates, the samples failed in the middle third span. The test was conducted at 7 days and

the average value for modulus of rupture was 635 psi.

7.3.4 Splitting Tension Test for Concrete Specimens

The tensile strength of PCC was determined using the splitting tensile test. The test
was conducted in accordance with AASHTO T198 (Standard Method of Test for Splitting
Tensile Strength of Cylindrical Concrete Specimens) at 7 days on 6x12 inch cylinders. The
cylinders were tested on their sides and were split diametrically by compressive load. The
rate of loading was 100 to 200 psi/min. The peak load at which the failure occurred was used
to calculate the splitting tensile strength of the specimen. Based on an average of three tests,

the 7 day splitting tensile strength was 410 psi.

7.3.5 Elastic Modulus Test for Concrete Specimens

The elastic modulus of concrete was determined at 7 days in accordance with ASTM
C 469 (Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of
Concrete in Compression). A deflection measuring jig was mounted on a 6x12 inch cylinder
to measure the deformation of the cylinder under compressive load. Figure 7-24 shows the

sketch of the assembly. The jig consisted of two rings attached to the cylinder by means of

83



screws. The spacing between the two rings was 8 inch. Thus the effective height of the
cylinder was 8 inches. The jig was such that one end of the rings was fixed, whereas the
diametric end had a dial gauge mounted on it. By geometry, a unit deformation of the
cylinder would be recorded as two units on the dial gauge. The strain would, therefore, be
half the dial gauge reading divided by the 8, which is the effective height of the cylinder.
Based on the result of the compressive strength of the concrete, the maximum stress to which
the specimen was loaded was 40%. In this region, the stress versus strain curve is almost a
straight line and its slope is the elastic modulus of concrete. Figure 7-25 and Table 7-20 show
the results of the elastic modulus test performed. The E-value of concrete as obtained from

the plot is 3x10° psi.

7.4 Cement Treated Base (CTB) Characterization

Base course is a layer below the surface course in a pavement section and is
constructed above the subbase or directly on the subgrade. This section deals with preparing
CTB samples and determining their properties. Stabilized bases have higher strength and
provide better support to the overlying HMA layer than unbound granular materials.
Stabilization can be done either by adding cement, lime or asphalt to crushed aggregate to

increase the strength. Type I cement was used for stabilization of the bases tested.

7.4.1 CTB Composition

Aggregates from Garner quarry of Martin Marietta and Type I Portland cement were
used to prepare CTB samples. Blending was achieved by combining #67 aggregate, washed
screenings and material passing #200 sieves in 70:25:5 proportions. Sieve analysis was
performed on individual aggregate stockpiles to obtain gradation of each fraction. Table
7-21, Table 7-22, and Figure 7-26 show the results of the individual stockpiles and the final
blend. After batching aggregate, 5% cement by weight of aggregate was added.
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7.4.2 Atterberg Limits for CTB Aggregates

Section 1010, subsection 4 (§1010-4) of NCDOT Standard Specifications for Roads
and Structures specifies the gradation and Atterberg limits for aggregates used to make
(Portland) cement treated base (CTB). In accordance with requirements of AASHTO T 89 or
ASTM D 4318 (Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index
of Soils), the aggregate blend was sieved on a #40 (0.425 mm) sieve. The fraction passing
#40 was used to conduct this test. About 200 g of material was sampled and the test was
performed using the standard liquid limit device (Casagrande cup). In this case, the
maximum number of blows on the Casagrande cup was about 10 over a range of moisture

contents. Thus, it was concluded that the material was non-plastic.

The outcome from Casagrande cup test required the use of the modified method for
liquid limit for non-plastic materials as per NCDOT specifications. The modified test
required mixing the soil with water to form a uniform mass of stiff consistency. The mass
was then spread in a dish, similar to the Casagrande cup procedure, but without grooving. A
clean dry spatula was pressed firmly on the soil mass and lifted without dragging. The
surface of the spatula in contact with soil was observed for water. This process was repeated
with increasing water content till water just started to adhere to the spatula in the form of
beads. The water content, at this consistency, is called as the liquid limit. Table 7-24 shows
the liquid limit value obtained; the average is 29. This falls within the DOT specified range
of 0-30. The plastic limit could not be determined as the material could not be rolled into

threads on a glass plate. The plasticity index for the CTB was, therefore, NP (non-plastic).

7.4.3 Modified Proctor Density Test

This section describes the modified proctor density test conducted in accordance with
ASTM D1557 (Standard Test Methods for Laboratory Compaction Characteristics of Soil
using Modified Effort). The aggregates and cement were blended proportion before adding
water. The compaction was done in a standard modified proctor mold having dimensions of
6x4.58 inches (volume 0.075 ft’). The compaction was done in five layers with each layer
having about the same volume. After putting in a layer in the mold, it was compacted by

applying 56 blows with a modified proctor hammer. The excess material was scraped out
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from the top of the mold and the sides. The weight of the empty mold and the mold with
specimen were determined. The wet density of the specimen could be obtained by dividing
the weight of the specimen by the volume of the mold. Table 7-23 shows the results obtained
for the test. The water content was continuously increased from 3.5 to 7%. A small
representative part from the larger sample was dried and the moisture content determined.
The dry density was calculated and the results are presented graphically in Figure 7-27. The
peak dry density as seen from the plot is 146 pcf and the optimum moisture content is 5.6%.
The CTB specimens used to make the composite samples were compacted with 6.0%
moisture content, slightly higher than the optimum moisture content. (NCDOT specifications
- §540 of Standard Specifications for Roads and Structures - state that the compaction of

CTB should occur between optimum and optimum + 1.5% moisture content.)

An estimate of 7-day unconfined compressive strength of 600 psi for CTB was
obtained in consultation with NCDOT. Based on the nomograph presented in Figure 7-28,
the modulus corresponding to 600 psi unconfined strength was estimated to be 6.9x10° psi.

This value was used for layered analysis in Chapter 9.

Table 7-1 Air voids of AC mix samples

Sample ID | Height (mm) | Air voids (%)
Ml 50.36 4.3
M2 48.93 4.4
M3 49.20 4.3
M4 47.68 4.3

Table 7-2 |G*| vs. frequency for AC mix, 20 °C, in Pa

Fre((}_;l;sncy M1 M2 M3 M4 Average
10 1.87E+09 1.65E+09 1.70E+09 1.79E+09 1.75E+09
5 1.63E+09 1.46E+09 1.52E+09 1.59E+09 1.55E+09
2 1.29E+09 1.16E+09 1.20E+09 1.27E+09 1.23E+09

1 1.14E+09 1.07E+09 1.22E+09 1.15E+09 1.15E+09
0.5 8.60E+08 8.73E+08 8.29E+08 9.01E+08 8.66E+08
0.2 6.45E+08 6.51E+08 6.90E+08 6.76E+08 6.66E+08
0.1 4.98E+08 5.25E+08 6.02E+08 5.27E+08 5.38E+08
0.05 3.13E+08 3.33E+08 2.03E+08 3.95E+08 3.11E+08
0.02 2.28E+08 2.50E+08 1.91E+08 2.77E+08 2.37E+08
0.01 1.76E+08 2.49E+08 2.78E+08 2.18E+08 2.30E+08
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Table 7-3 Shear phase angle (degrees) vs. frequency for AC mix, 20 °C

F re(‘ﬁ‘g‘cy Ml | M2 | M3 | M4 | Average
10 17.14 | 15.71 | 16.12 | 14.46 | 15.86
5 19.14 | 1745 | 1727 | 1621 | 17.52
2 2249 | 19.19 | 25.63 | 19.71 | 21.76
1 22.79 | 20.98 | 23.79 | 19.91 | 21.87
0.5 27.15 | 26.12 | 26.36 | 22.89 | 25.63
0.2 32.00 | 30.97 [ 32.18 [ 28.40 | 30.89
0.1 35.61 | 36.69 [ 37.60 [ 31.29 | 35.30
0.05 | 28.85 | 31.52 | 18.33 [ 30.84 | 27.39
0.02  [35.99 | 38.49 | 29.88 [ 34.90 | 34.82
0.01 38.49 | 47.24 [ 49.96 [ 37.78 | 43.37

Table 7-4 |G*| vs. frequency for AC mix, 30 °C, in Pa

Fre(‘ﬂ‘gncy M1 M2 M3 M4 Average
10 9.62E+08 9.49E+08 1.00E+09 9.05E+08 9.55E+08
5 7.70E+08 7.65E+08 8.01E+08 7.23E+08 7.65E+08
2 5.57E+08 5.66E+08 5.78E+08 5.20E+08 5.55E+08
1 4.18E+08 4.12E+08 4.42E+08 3.91E+08 4.16E+08
0.5 3.14E+08 3.23E+08 3.25E+08 2.91E+08 3.13E+08
0.2 2.08E+08 2.17E+08 2.18E+08 1.94E+08 2.09E+08
0.1 1.54E+08 1.59E+08 1.61E+08 1.46E+08 1.55E+08

0.05 1.01E+08 1.09E+08 1.10E+08 9.60E+07 1.04E+08
0.02 6.89E+07 7 74E+07 6.92E+07 6.61E+07 7.04E+07
0.01 5.08E+07 5.74E+07 5.31E+07 5.03E+07 5.29E+07

Table 7-5 Shear phase angle (degrees) vs. frequency for AC mix, 30 °C

Fre((g;ncy M1 M2 M3 M4 | Average
10 27.80 | 26.33 | 27.45 | 28.87 | 27.61
5 30.58 | 29.17 [ 30.25 | 31.64 | 30.41
2 33.88 | 33.03 | 34.01 | 35.15 | 34.02
1 37.70 | 33.21 | 40.61 | 38.23 | 37.44
0.5 39.73 | 38.67 [ 39.44 | 41.25 | 39.77
0.2 43.92 | 42.65 | 43.75 [ 44.51 | 43.71
0.1 46.39 | 44.68 | 45.50 | 46.41 | 45.75

0.05 45.39 | 43.61 | 46.71 | 43.77 | 44.87
0.02 46.98 | 50.20 | 46.32 | 47.60 | 47.78
0.01 47.87 |1 49.21 | 52.98 | 45.99 | 49.01
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Table 7-6 |G*| vs. frequency for AC mix, 40 °C, in Pa

Fre(‘ﬁ‘gncy M1 M2 M3 M4 Average
10 4556108 4.46E+08 4.45E+08 4 54E+08 4.50E+08
5 3.40E+08 3.37E+08 3.29E+08 3.37E+08 3.36E+08
2 2.29E+08 2 34E+08 2.26E+08 2 26E+08 2.29E+08
1 1.66E+08 1.72E+08 1.67E+08 1.66E+08 1.68E+08
0.5 1.22E+08 1.21E+08 1 20E+08 1.21E+08 1 21E+08
0.2 821E+07 8.15E+07 7.95E+07 8.06E+07 8.09E-+07
0.1 6.30E+07 5.82E+07 5.91E+07 6.02E+07 6.01E+07

0.05 4.68E+07 3.81E+07 4.25E+07 4.57E+07 4.32E+07
0.02 3.61E+07 2.92E+07 3.19E+07 3.46E+07 3.29E+07
0.01 2.93E+07 2.56E+07 2.72E+07 2 81E+07 2.75E+07

Table 7-7 Shear phase angle (degrees) vs. frequency for AC mix, 40 °C

Fre((ﬁl;ncy M1 M2 M3 M4 | Average
10 37.57 | 37.21 | 38.35 | 37.66 | 37.70
5 40.26 | 39.59 | 40.84 | 40.50 | 40.30
2 42.85 | 40.19 | 44.88 | 43.25 | 42.79
1 45.02 | 47.16 | 4491 [ 4442 | 4538
0.5 45.79 | 45.83 | 46.66 | 46.50 | 46.19
0.2 45.92 | 4746 | 47.32 | 46.16 | 46.72
0.1 43.78 | 45.27 | 45.47 | 44.02 | 44.63

0.05 42.58 | 43.38 | 41.62 | 43.55 | 42.78
0.02 40.49 | 40.29 | 39.96 | 40.64 | 40.34
0.01 37.62 | 40.91 | 40.00 | 40.61 | 39.79

Table 7-8 |G*| vs. frequency for AC mix, 60 °C, in Pa

Fre((ﬁlzgncy M1 M2 M3 M4 Average
10 1.03E+08 8.75E+07 1.04E+08 1.03E+08 9.95E+07
5 7.84E+07 6.84E+07 7.79E+07 7.89E+07 7.59E+07
2 5.99E+07 5.22E+07 6.95E+07 5.73E+07 5.97E+07
1 4.85E+07 4.38E+07 4.91E+07 4.79E+07 4.73E+07
0.5 4.04E+07 3.78E+07 3.96E+07 4.04E+07 3.96E+07
0.2 3.34E+07 3.23E+07 3.09E+07 3.35E+07 3.25E+07
0.1 3.02E+07 2.90E+07 2.62E+07 2.96E+07 2.88E+07

0.05 2.59E+07 2.66E+07 2.33E+07 2.70E+07 2.57E+07
0.02 2.35E+07 2.43E+07 2.12E+07 2.39E+07 2.32E+07
0.01 2.19E+07 2.30E+07 1.85E+07 2.19E+07 2.13E+07
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Table 7-9 Shear phase angle (degrees) vs. frequency for AC mix, 60 °C

F re(‘ﬁ‘g‘cy Ml | M2 | M3 | M4 | Average
10 42.21 | 40.56 | 41.88 | 42.37 | 39.81
5 40.01 | 38.06 | 40.37 | 40.81 | 39.07
2 39.96 | 34.87 | 45.14 | 36.30 | 33.94
1 35.08 | 31.86 | 33.83 | 34.99 | 31.64
0.5 31.54 | 30.19 | 32.32 | 32.50 | 28.85
0.2 28.85 | 27.54 | 29.72 [ 2929 | 26.74
0.1 26.13 | 24.79 [ 29.06 | 26.97 | 24.63
0.05 | 23.87 | 23.06 | 27.41 [ 24.17 | 22.37
0.02 [ 22.90 | 2043 | 22.36 [ 23.78 | 20.57
0.01 18.24 | 17.45 [ 26.66 | 19.93 | 39.81

Table 7-10 RSCH cycles, at 40 and 60 °C

Test Temperature . .| Plastic Strain
Sample ID ©0) Max RSCH cycles | Max Plastic Strain @5000 cycles
Ml 60 13000 4.60% 3.05%
M2 60 27000 4.80% 2.84%
M3 40 100000 0.76% 0.52%
M4 40 100000 1.34% 0.82%
Table 7-11 Air voids of axial test samples
Sample ID | Test temperature Tests Air voids
SA01 o . 3.8%
SAO3 60 °C Repeated Axial Test 3.9%
SA04 o . 3.8%
SAOS 40 °C Repeated Axial Test 2.0%
0
Si?; 20, 30, 40, 60 °C | Axial Frequency Sweep Test g(g)o//z

Table 7-12 |E*| vs. frequency for AC mix, 20 and 30 °C, in Pa

Frequency 20C 30C

(Hz) SA07 SA12 Average SA07 SA12 Average

10 6.14E+09 5.57E+09 5.86E+09 3.47E+09 3.40E+09 3.43E+09

5 5.40E+09 4.81E+09 5.11E+09 2.83E+09 2. 74E+09 2.79E+09

2 4.45E+09 3.87E+09 4.16E+09 2.10E+09 1.99E+09 2.04E+09

1 3.77E+09 3.20E+09 3.49E+09 1.61E+09 1.49E+09 1.55E+09

0.5 3.13E+09 2.58E+09 2.86E+09 1.23E+09 1.11E+09 1.17E+09

0.2 2.37E+09 1.88E+09 2.12E+09 8.18E+08 7.08E+08 7.63E+08
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Table 7-13 Axial phase angle (degrees) vs. frequency for AC mix, 20 and 30 °C

Frequency 20C 30C
(Hz) SA07 | SA12 | Average | SA07 | SA12 | Average
10 16.84 | 18.74 17.79 25.17 | 26.84 26.00
5 18.49 | 20.74 19.61 27.66 | 29.79 28.72
2 21.01 | 23.76 22.38 31.24 | 33.95 32.60
1 23.10 | 26.30 24.70 33.87 | 37.62 35.75
0.5 25.79 1 29.12 27.45 36.76 | 40.62 38.69
0.2 29.44 | 33.11 31.27 40.12 | 44.91 42.51

Table 7-14 |E*| vs. frequency for AC mix, 40 and 60 °C, in Pa

Frequency 40 C 60 C

(Hz) SA07 SA12 Average SA07 SA12 Average
10 1.87E+09 1.69E+09 1.78E+09 5.46E+08 3.36E+08 4.41E+08
5 1.42E+09 1.28E+09 1.35E+09 3.94E+08 2.28E+08 3.11E+08
2 9.57E+08 8.53E+08 9.05E+08 2.83E+08 1.57E+08 2.20E+08
1 6.90E+08 6.11E+08 6.51E+08 2.07E+08 1.02E+08 1.55E+08

0.5 4.85E+08 4.40E+08 4.63E+08 — — —

0.2 2.97E+08 2.76E+08 2.87E+08 — — —

Table 7-15 Axial phase angle (degrees) vs. frequency for AC mix, 40 and 60 °C

Frequency 40 C 60 C
(Hz) SA07 | SA12 | Average | SA07 | SA12 | Average

10 33.19 | 34.42 33.81 41.14 | 44.23 42.69
5 35.79 | 36.29 36.04 40.81 | 44.73 42.77
2 39.24 | 38.87 39.05 38.06 | 43.64 40.85
1 41.34 | 39.87 40.60 37.17 | 42.72 39.95

0.5 43.04 | 40.90 41.97 — — —

0.2 4472 | 41.20 42.96 — — —

Table 7-16 Repeated axial test cycles, at 40 and 60 °C

Test Temperature

Sample ID ©C) Max axial cycles | Max Plastic Strain
SA01 60 8800 1.37%
SA03 60 14000 1.44%
SA04 40 100000 0.19%
SA05 40 100000 0.17%
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Table 7-17 Aggregate moisture contents and specific gravities

Property Sand Rock Cement
SG (SSD) 2.630 2.632 3.157
Total moisture 0.40% 0.40% 0%
Absorption 0.60% 0.66% 0%

Table 7-18 Batch weights for PCC

Material Trial Weight (Ib) | Batch Weight (pcy) | SSD Weight (pcy)
Cement 35.5 622 622
Sand 66.6 1166 1168
Rock 95.5 1672 1676
Water 15.2 266 259
AEA 6 ml 0.56 oz/cwt 0.56 oz/cwt
Retarder 20 ml 1.88 oz/cwt 1.88 oz/cwt

Table 7-19 Properties of concrete

Property Value
w/c ratio 0.42
Slump 4.75 in
Unit wt 138 pcf
7d strength 4810 psi
14d strength 5250 psi
28d strength 5750 psi
7d Elastic modulus 3.0E+06 psi
7d Splitting tension 410 psi
7d Modulus of rupture 635 psi

Table 7-20 Elastic modulus for PCC

Load (Ib) | Stress (psi) | Dial (in) | Strain
4800 169.8 8.00E-04 | 5.00E-05
5775 204.2 8.00E-04 | 5.00E-05

24000 848.8 4.00E-03 | 2.50E-04
24000 848.8 4.30E-03 | 2.69E-04
27000 954.9 4.70E-03 | 2.94E-04
31000 1096.4 5.60E-03 | 3.50E-04
31000 1096.4 5.60E-03 | 3.50E-04

2 The cement specific gravity has been assumed to be 3.15. The absorption and total moisture content of cement

is assumed to be 0%.
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Table 7-21 Gradation (% passing) for aggregate piles used for CTB

Sieve size | #67 | Screenings | P #200 | Blended | DOT Specs
1.5" 100.0 100.0 100.0 100.0
1.0" 100.0 100.0 100.0 100.0 76-100
0.5" 77.0 100.0 100.0 83.9 54-86
#4 15.2 99.0 100.0 40.4 35-64
#10 6.9 75.0 100.0 28.6 24-54
#40 3.9 29.1 100.0 15.0 12-36
#200 1.1 2.0 100.0 6.3 5-14
Proportion | 70 25

Table 7-22 Gradation criteria for material passing #10 sieve (soil mortar)

Sieve Size | Blend | DOT Specs
#40 53% 38-87%
#200 22% 11-36%

Table 7-23 Moisture density determination for CTB

Mold Weight (Ib) =13.11 Mold Volume (ft’) =0.075
Test Wt of Wt of Wet Unit Wt of wet Wt of dry Water Dry.umt
No. Mold+CTB Soil (Ib) wt (pcf) sample (Ib) | sample (Ib) content weight
(b) (%) (peh)
1 23.73 10.63 141.72 0.810 0.782 3.59 136.81
2 23.94 10.84 144.52 1.045 1.002 4.24 138.65
3 24.40 11.29 150.52 1.149 1.094 5.07 143.25
4 24.66 11.55 153.98 1.041 0.986 5.60 145.82
5 24.60 11.49 153.18 1.186 1.114 6.45 143.90
6 24.53 11.42 152.25 1.118 1.045 6.99 142.30

Table 7-24 Liquid limit property for CTB using DOT modified method

Sample | Wt of can (g) | Wt of can + wet soil (g) | Wt of can + dry soil (g) | Liquid Limit
1 15.60 32.73 28.98 28.0%
2 16.11 37.11 32.32 29.5%
3 15.99 42.99 36.83 29.6%
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Figure 7-1 Dynamic shear modulus (|G¥|) vs. frequency for AC mix, 20 °C
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Figure 7-2 Shear phase angle (3) vs. frequency for AC mix, 20 °C
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Figure 7-4 Shear phase angle (3) vs. frequency for AC mix, 30 °C
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Figure 7-5 Dynamic shear modulus (|G¥|) vs. frequency for AC mix, 40 °C
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Figure 7-6 Shear phase angle (3) vs. frequency for AC mix, 40 °C

95



1.0E+10 +

1.0E+09 +

|G*|, Pa

1.0E+08 +

1.0E+07 e —
0.001 0.01 0.1 1 10 100
Frequency, Hz

Figure 7-7 Dynamic shear modulus (|G¥|) vs. frequency for AC mix, 60 °C
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Figure 7-8 Shear phase angle (3) vs. frequency for AC mix, 60 °C
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Figure 7-10 Average shear phase angle (3) vs. frequency for AC mix
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8 Bond Strength Determination

8.1 Introduction

The response of a layered composite asphalt pavement depends on the interlayer bond.
Shahin, et al [21] have shown that even minor loss of bond between layers can cause stresses
in the overlays to increase dramatically. The results are amplified at intersections where
vehicles accelerate and brake resulting in application of large horizontal forces. The loss of
bond will cause higher tensile strains at the bottom of the overlay and increased vertical
compressive strains on the subgrade. Both of these deformations will cause a reduction in life
of the pavement. The horizontal surface shear forces will cause crescent shaped cracks
(Figure 1-4) in the top layer. The development of such cracks will reduce the strength further
as well as cause penetration of surface water resulting in an accelerated decline of pavement
performance. To eliminate such distresses, either the interfacial shear stresses can be reduced
by using a thicker overlay or using a tack coat with higher bond strength. This chapter

examines bond strengths of various materials. The following tests were conducted:
e Shear ramp tests

o AC bonded to AC (AC-AC) — 20, 40, and 60 °C

o AC bonded to PCC (PCC-AC) - 20, 40 and 60 °C

o AC bonded to CTB (CTB-AC) — 40 and 60 °C
e Axial ramp tests

o AC bonded to AC (AC-AC) —40 and 60 °C

8.1.1 Shear Test Description

A simple shear test at constant height was conducted to determine the bond strength
between various types of materials. The test was conducted in a controlled strain mode in
which the composite sample was sheared at a constant displacement rate (1.0 and 2.5
mm/min). The rates were based on a study conducted by Uzan et al [31] in which rectangular

AC samples were sheared using a direct shear test. The test was conducted at temperatures of
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40 and 60 °C, and in some cases at 20 °C. The composite samples were glued to metal
platens and were sheared at constant height in the SST. The peak shear load per unit area was
the failure shear strength. Axial load and displacement were monitored during the test. The

specimens were sheared to a displacement of 5-mm.

8.2 Bond Strength using Metal Platens

Metal platens (anodized aluminum) were used to determine the bond strength of tack
and prime coat emulsions. Tack coat was applied to the one of the platens at the standard rate
of 0.06 gallons per square yard. Using the gluing jig for SST specimens, the two platens were
aligned and a minimal axial pressure of 10 psi was applied to keep them in contact. After 8
hours, the platens were removed from the jig and left in a draft oven at 40 °C to break the
emulsions. Twenty four hours after gluing; the platens were sheared using the SST machine
at shear displacement rates of 1.0 and 2.5 mm per minute. The test results were highly

variable and the entire procedure was error prone due to following reasons:

e At the time of coating, the emulsions were in an unbroken state and, therefore, very fluid.
When the two platens were pressed against each other, the liquid emulsion tended to
ooze out from the sides. This changed the effective rate of application of tack coat and

ultimately the interlayer asphalt film thickness available for bonding.

e When the platens were pressed against each other, the water from the emulsion was
trapped in between the two impervious platens. The trapped water could, potentially,
adversely affect the bond strength. This is not the case with bonded AC, PCC or CTB

specimens as the emulsions are allowed to break.

e When the platens were inserted into the SST and clamped, they tended to separate before
testing. This was due to presence of inadequately cured tack coats or due to high forces

applied by the SST or extremely low strength of the tack coat.

e An alternative approach attempted was to allow the emulsion to break on one of the
platens and, after 24 hours, bond it with another platen. But this approach had similar

problems. At the pavement interface, the asphalt penetration into adjacent layers
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provides a stronger bond compared to the bond developed between two impervious

platens.

e The relative strength of any tack (or prime) coat, by itself, is small when compared to the
interfacial strength of a composite pavement specimen it helps bond together. The use
of heavy metal platens and SST to test the strength of tack (or prime) coats yielded
erroneous results due to noise and low sensitivity of the equipment. A better alternative
would be to use platens comparable to the size of a DSR spindle and a sensitive
machine. An alternative is to use ATACKER™ device that uses a light weight
aluminum spindle (sizes — 1, 2, and 4 inch in diameter) and a dial gauge that can
measure the load to 2 1b accuracy. The set up is similar to DSR. The specimens are
sheared or pulled apart in a strain-controlled mode and the load at which the two plates

separate is noted as the bond strength.

Overall, the results from these tests did not contribute much to this study due to

practical problems encountered in the testing protocol.

8.3 Bond Strength of AC-AC specimens

8.3.1 Axial and Shear Ramp Test

Axial ramp test is similar to the simple shear test, except that the load is applied axially
in controlled strain mode. Similarly, for shear ramp test, the samples were sheared at a
constant strain rate. The rate of displacement used for axial and shear tests was 1 and 2.5
mm/minute. The axial test is used to measure the adhesion of the interfaces glued by a tack
coat whereas the shear test measures the interfacial shear resistance. The specimens used
were 2-inch thick and 6-inch in diameter with interface between the two layers roughly at
mid-height. This test was performed on composite asphalt concrete specimens (AC bonded to
AC) to determine the effectiveness of PG64-22 versus CMS-2 as a tack coat. Control
specimens were also prepared without using a tack coat. However, during the coring and
cutting process, control samples (Figure 8-1) made without any tack coat separated at the

interface and, therefore, could not be tested.

3 ATACKER™ is equipment developed by Instrotek Inc, of Raleigh, NC.
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8.3.2 Axial Test Results

The axial test results are presented in Table 8-1 and Table 8-2. It can be seen that low
strain rate produces lower peak load values. For CMS-2 at 40 °C, when the displacement rate
reduces from 2.5 mm/minute to 1.0 mm/minute, the shear strength changes from 221 to 95
psi — a reduction of 57%. Similarly, for CMS-2, the reduction in peak axial strength when
tested at a lower rate of 1 mm/minute is 48 percent at 60 °C. Comparing the axial test data for
40 and 60 °C, for CMS-2, (Table 8-1 and Table 8-2) the peak axial stress falls with rise in
temperature. When the temperature increases from 40 to 60 °C, the peak axial strength

reduces by 85% and 75% for 1.0 and 2.5 mm/min displacement rates respectively.

For the same axial displacement rates, the corresponding peak load values and axial
strains are much higher for PG64-22 binder than the CMS-2 emulsion. This suggests that
PG64-22 binder has a higher axial strength than CMS-2 emulsion at both temperatures. This

is expected because:

e Amount (wt/sq. yd) of residual asphalt available at the interface is higher for PG64-22

binder than for CMS-2 emulsion (which as about 33%) water.
¢ In addition, the PG rating of the residual asphalt in CMS-2 is PG52 (Table 4-2).

The failure of CMS-2 tacked specimens in axial testing mode was observed to be at the
interface as shown in Figure 8-2 and Figure 8-3; however for PG64-22 tacked specimens the
failure was not well defined as CMS-2 tacked specimens, as shown in Figure 8-4 and Figure

8-5. This observation confirms that PG64-22 provides better adhesion than CMS-2 emulsion.

8.3.3 Shear Test Results

The results for shear tests are presented in Table 8-3 through Table 8-5. The test was
conducted in a constant height mode to simulate the confinement observed in situ. Negative
axial stresses shown in the tables indicate compressive load and are due to prevention of
dilation of specimens during the shearing process. The pattern for shear failure varies

depending on the testing temperature and rate of shear. The test results are graphically
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presented in Figure 8-6 through Figure 8-8. The failure pattern (Figure 8-9 through Figure
8-12) observed for the shear test at 40 °C is similar to that of a monolithic sample — there was
a development of a crack along the principal diagonal, typical of a shear failure for, both,
CMS-2 and PG64-22 tacked specimens. This indicated that the bond was as strong as the mix
at 40 °C. From Table 8-3 to Table 8-5, it can be seen that there is very little difference in the
bond strength of specimens tacked with CMS-2 and PG64-22, especially at a higher
displacement rate of 2.5 mm/minute. There is a small difference in bond strength at lower
strain rate of 1 mm/minute with the average (across all temperatures) difference in general

being about 14% with PG64-22 tacked specimens showing higher bond strength.

For CMS-2 tacked specimens the interfacial failure was observed regardless of the rate
of shear displacement at 20 °C. For PG64-22, at 20 °C, failure at lower displacement rate was
monolithic (Figure 8-13) but at higher displacement rate the failure was interfacial (Figure
8-14). At 20 °C and 1-mm/minute displacement rate, the peak bond strength of CMS-2 is
lower than PG64-22 by 8%.

The shear strength values drop drastically at 60 °C, with PG64-22 specimens
performing marginally better than CMS-2 specimens. A higher displacement rate produces a
higher strength as is clear from data in Table 8-5. The difference between the shear strengths
of PG64-22 and CMS-2 emulsion is 9% and 45% at displacement rates of 1.0 and 2.5
mm/min. Referring to Figure 8-6 and Figure 8-7, it can be seen that failures occur rapidly
under higher displacement rates than compared to lower strain rates. Further, the occurrence
of peak load shifts to the right with increase in temperature and reduction of displacement
rate — a phenomenon occurring due to mix getting softer. The failure of composite specimens
at 60 °C was observed to be at the interface suggesting that the bond was the weakest link at

that temperature.

Figure 8-8 shows the summary of bond strength as function of temperature. It can be
seen from this figure that, in general, the CMS-2 bond strength is not very much different
compared to PG64-22. From Figure 8-8, the bond strength values at 25 °C, for CMS-2 and
PG64-22 tacked specimens is 960 and 1020 kPa respectively (at displacement rate of 1.0
mm/minute). Studies by Sholar et al [24] measured the bond strengths of various AC-AC

interfaces in shear at 25 °C at different time intervals. The AC-AC samples were sheared at a
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constant displacement rate of 19.1 mm/minute. Table 8-6 shows the bond strengths (in shear)
for various sections, from Sholar et al [24], in the last round of testing. The values are then
interpolated to obtain the strength at an application rate of 0.06 gal./yd* (0.272 L/m?). The
interpolated bond strengths (in shear) range from 921 to 1011 kPa which is fairly close to the
values obtained from Figure 8-8 (960 and 1020 kPa).

8.4 Bond Strength of PCC-AC specimens

The composite specimens of PCC and AC were tested in shear using the ramp tests
described earlier. The testing was conducted at 20, 40 and 60 °C. In all, three cases were
considered: no tack coat, PG64-22 binder as tack coat and CMS-2 emulsion as tack coat. For
specimens prepared without tack coat, immediately after curing and drying the slab, the
surface of PCC slab was cleaned and an asphalt layer was paved on the PCC slab. While
dismantling the mold and coring the slab, the two layers of AC and PCC tended to separate
(Figure 8-15 and Figure 8-16). The black slab is the asphalt concrete slab paved on top of the
white PCC slab. This occurred on two attempts and it was evident that bond formation did

not occur between these two layers.

For composite specimens tacked with PG64-22 binder and CMS-2 emulsion, the shear
results are listed in Table 8-7 through Table 8-9, and Figure 8-17 through Figure 8-19. The
behavior of PCC-AC interface bond is the property of tack coat as well as the asphalt mix;
PCC only serves as a rigid layer to which the AC is tacked as the PCC stiffness is much
higher than the AC mix. As a consequence, the aggregates from AC layer do not get to
penetrate into the voids of the PCC layer increasing the likelihood of lower bond strength.
The properties of PCC do not change significantly with temperature or rate of shear. It can be

seen that with increasing temperature, the bond strength continues to reduce.

For PCC-AC specimens, PG64-22 composite specimens have slightly lower shear
strengths at a displacement rate of 1.0 mm/min compared to CMS-2. However, the trend at
higher strain rates reflects PG64-22 as a stronger tack coat. It can be argued that the bond
strength of PG64-22 is very close to the actual mix strength at lower strain rates and,

therefore, CMS-2, PG64-22 rate equally well in shear strength. The CMS-2 bond strength,
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however, is lower than PG64-22 by 2.5%, 17.9%, and 31.8% (displacement rate of
2.5mm/min) at 20, 40, and 60 °C respectively. The difference in the shear strengths
progressively widens with increasing temperature, between PG64-22 and CMS-2 at higher
temperatures. With increasing temperatures, the development of peak shear stress (Figure
8-17 and Figure 8-18) gets less clearly defined. At 20 °C the peaks for CMS-2 and PG64-22
are clearly defined; at 40 °C the peaks are not as clearly defined and at 60 °C they cannot be
identified at all. This is due to progressive weakening of the bond strength between PCC and
AC. Further, the failure (signified by occurrence of peak) is instantaneous and well-defined
at lower temperatures whereas at higher temperatures it is gradual. Most of the specimens,
regardless of the tack coat, show a clear-cut slipping at the interface. While the PCC layer
has been minimally affected, cracks developed in the AC layer for interfaces tacked with
PG64-22 as is evident in Figure 8-20. It suggests that the strength of PG64-22 bond is at least
as strong as the mix. In case of CMS-2 specimens, the failure was at the interface for all the
specimens. Figure 8-21 shows a failed PCC-AC composite tacked with CMS-2. The
deformation in AC was negligible with all slippage occurring at the interface suggesting

bond strength as the weakest link.

Studies conducted by Mukhtar and Dempsey [19] tested composite PCC-AC
specimens (Figure 1-11) at a constant displacement rate of 1.0, 3.0 and 300 inch per minute.
Table 8-10 and Figure 8-22 summarize the strengths obtained at various temperatures at an
axial confining pressure of 79 psi. Comparing the values at 20 °C, from Figure 8-22, it can be
seen that the interfacial shear strengths are about 750, 1125 and 1750 kPa at displacement
rates of 1, 30, and 300 inch per minute. The shear strength (~750 kPa) at 1.0 inch per minute
displacement rate at 20 °C is about twice the value obtained under this study (Table 8-7). It
can be observed (Table 8-7) that the maximum axial stress mobilized during the PCC-AC
testing was 20 psi compressive. Thus the effect of axial confinement could have contributed

to higher shear strengths in case of Mukhtar and Dempsey [19].

The bond strengths of PCC-AC composite specimens are lower than the corresponding
strengths of AC-AC except at 60 °C. Thus, keeping everything else equal, dissimilar surfaces
(like PCC and AC) produce a weaker bond compared to bond between similar surfaces (AC-

AC). The difference between the dynamic moduli of PCC and AC could be a contributory
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factor to the lower strength of the interface. Further, the PCC layer being relatively
impervious, the tack coat does not penetrate into it potentially affecting the bond strength. In
case of AC-AC interfaces, the elevated temperature of the overlay mix during the paving
process could cause the underlying layer to soften up causing them to fuse and thereby
enhancing the bond strength. Overall, based on the data it can be concluded that PG64-22
performs marginally better than CMS-2 emulsion when used to bond PCC and AC. Figure

8-19 summarizes the bond strength as a function of temperature.

8.5 Bond Strength of CTB-AC specimens

This section deals with the shear strength of composite specimens (Figure 8-23) made
of CTB and AC. The testing was carried out at 40 and 60 °C at shear displacement rates of
1.0 and 2.5 mm per minute at constant height. Three types of emulsions — CSS-1h, EA-P and
EPR-1 — were used as prime coats. In addition, composite CTB-AC samples without any
prime coat were manufactured to be used as a control case. The performance of unprimed
CTB-AC samples was similar to non-tacked composite (AC-AC and PCC-AC) specimens.
The bond formation between CTB and AC was not strong enough to withstand the handling
stresses. After extruding the samples from gyratory molds, AC and CTB layers could be
easily pulled apart by hand. The results from the tests for primed samples are summarized in

Table 8-12 and Table 8-12, and Figure 8-24 through Figure 8-27.

It should be noted that unlike AC-AC and PCC-AC, the CTB-AC specimens show
decreasing shear bond strength with increasing applied shear strain rate. The CTB has very
low strength and brittle behavior. During the shearing process it is possible that aggregates
near the interface from the CTB must be loosened and reoriented causing dilation of the
specimen. As the test was carried out at constant height, the loosening of aggregates and
subsequent dilation could cause a jump in axial stresses. These increased axial stresses lead
to an increase in the shear resistance of the interface. The behavior (Figure 8-24 through
Figure 8-26) of CTB-AC interface when subjected to a shear strain (at constant height) shows
substantially higher shear strengths compared to AC-AC and PCC-AC composite specimens.
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At 40 °C, CSS-1h performs better than the other two prime coats, EA-P and EPR-1.
The strengths of EA-P and EPR-1, at 40 °C, are 30.9% and 17.2% lower than CSS-1h at a
displacement rate of 1.0 mm per minute. At a higher displacement rate (2.5 mm per minute)
and at 40 °C, the shear strengths of EA-P and EPR-1 are 41.6% and 2.8% lower than CSS-
1h. Based on shear strengths at 40 °C, the prime coats with decreasing order of shear
strengths can be rated as CSS-1h, EPR-1, and EA-P. Another observation is that, at 40 °C,
the reduction in strength with increasing rate of shear displacement (from 1.0 to 2.5 mm per
minute) is 25.6%, 37.1% and 12.7% for CSS-1h, EA-P, and EPR-1 respectively. The reason,
perhaps, would be due to inadequate time for development of aggregate interlock owing to
faster interlayer movement. Observation of tested CSS-1h (at 40 °C) samples indicated a
failure pattern consistent with a monolithic specimen. No debonding or layer separation was
observed and diagonal cracks were seen in AC and CTB (Figure 8-28). For EA-P specimens
(at 40 °C), diagonal cracking in AC as well as a shear failure at interface was observed but

for EPR-1 only interfacial shear with minor cracking in the AC layer was observed.

At 60 °C, the EA-P primed specimens show a high degree of variability. Indeed the
strength was so low that the specimens could be de-bonded by hand (Figure 8-30). Therefore,
these results were discarded. At 60 °C, CSS-1h bond strength is higher than EPR-1 at 2.5 mm
per minute rate of shear. The failure pattern observed for CSS-1h specimens at 60 °C was
similar to the pattern observed at 40 °C. For EA-P and EPR-1 specimens the failure was due
to interlayer debonding (Figure 8-29, Figure 8-30). The shear strengths at 60 °C are
comparable to shear strengths at 40 °C for CSS-1h and EA-P. That means it is possible that

the rough CTB surface plays a greater role compared to the bonding agent, especially under

axial confinement.

Based on the test results, it can be concluded that priming does increase the bond
between the CTB and the AC layer; however temperature plays only a minor role. The
mobilization of bond strength appears to be primarily due to a combination of prime coat
adhesion and more importantly aggregate interlock. Figure 8-27 summarizes the results for

bond strength versus temperature.
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8.6 Summary and Conclusions

The objective of this task was to evaluate the performance of composite samples made

by bonding AC-AC, PCC-AC and CTB-AC. Of particular interest was the effect of type of

tack coat and test temperatures. The observations and conclusions from the bond strength

determination tests are summarized below:

1.

The shear and axial ramp tests clearly differentiate between the bond strengths of various
tack and prime coats. The numbers from these tests are consistent with the visually

observed failure pattern of the test specimens.

The problems encountered in testing the bond strength of the tack (or prime) coat using
SST metal platens were due to size effects, loss of asphalt from sides, and problems in
curing the emulsions. The heavy weight of platens and low sensitivity of SST vis-a-vis
low strength of asphalt posed hurdles to get meaningful results. A better alternative
would be to use a device like Atacker™ to measure the adhesion properties where the

size of equipment is small and the accuracy higher.

The absence of tack or prime coat would severely hinder development of bond between
two layers causing undue slippage. This is evident from the debonding that occurred

between non-tacked AC-AC, PCC-AC and CTB-AC interfaces.

For AC-AC composites the strength of PG64-22 binder, when used as a tack coat,
provides comparable adhesion to CMS-2 emulsion. This is supported by similar axial and

shear strengths of PG64-22 tacked specimens compared to CMS-2 tacked specimens.

For PCC-AC composites, the results confirm the earlier observation that CMS-2 provides

comparable adhesion to PG64-22.

The bond between two similar surfaces (AC-AC vis-a-vis PCC-AC) is stronger than the
bond between two dissimilar surfaces. Further the absorption of emulsion into underlying
AC layer and the increased chance for aggregate interlock could potentially contribute to

the higher strength of AC-AC interface compared to that of PCC-AC interface.

CSS-1h performs better than EA-P and EPR-1 as prime coats. The apparent strength of
CTB-AC bond is higher due to the dilation of composite specimens. The strength of
CTB-AC composites appears to be influenced significantly by the aggregate interlock.
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Overall, the relative performance of various tack and prime coats could be determined based

on SST tests. Emulsions, though easy to use, could pose problems if improperly applied or

cured prior to paving AC layer. The use of PG64-22 binder as a tack coat could not only

eliminate these problems but provide better bonding as well.

Table 8-1 Results for AC-AC axial ramp tests (tensile), 40 °C

Specimen | Height | Air voids | Displ. Rate Tack Coat Peak Axial Stress Average Peak
ID (mm) (%) (mm/min) (kPa) Axial Stress (kPa)
10c4 6-16-2 | 49.96 3.7 1.0 CMS-2 113.74 95.19
10x 6-16-2 50.48 3.6 1.0 CMS-2 76.64 )
25¢c4 6-3-2 51.36 3.9 2.5 CMS-2 307.80 22128
25m2 6-16-2 [ 50.93 3.8 2.5 CMS-2 134.78 )
10c4 4-15-2 | 52.65 3.6 1.0 PG64-22 145.17 149 40
10x 5-16-2 [ 51.55 3.8 1.0 PG64-22 153.62 )
25ml 5-16-2 | 50.17 43 2.5 PG64-22 240.07 18553
25m2 5-16-2 | 51.20 4.3 2.5 PG64-22 330.99
Table 8-2 Results for AC-AC axial ramp tests (tensile), 60 °C
Specimen | Height | Air voids | Displ. Rate Tack Coat Peak Axial Stress Average Peak
ID (mm) (%) (mm/min) (kPa) Axial Stress (kPa)
10m1 7-20-2 | 50.39 4.4 1.0 CMS-2 9.10 14.75
10m3 6-16-2 | 49.20 4.5 1.0 CMS-2 20.40
25¢3 7-20-2 | 49.88 4.3 2.5 CMS-2 62.35 5719
25x 7-20-2 [ 50.95 4.5 2.5 CMS-2 52.03
10c2 4-15-2 | 4847 4.5 1.0 PG64-22 19.16 20.87
10m4 5-16-2 [ 50.83 4.5 1.0 PG64-22 22.58
25c2 5-16-2 | 49.56 4.2 2.5 PG64-22 59.06 70.29
25m3 9-3-2 | 49.05 4.3 2.5 PG64-22 81.52 )
Table 8-3 Results for AC-AC shear ramp tests, 20 °C
Specimen | Height A.l r Displ. Tack Axial Stress Peak Shear Average Peak
D (mm) voids Rate. Coat (kPa) Stress Shear Stress
(%) (mm/min) (kPa) (kPa)
Immc2 49.91 43 1.0 CMS-2 -923.32 1098.39 1077.94
Immc3 50.73 4.4 1.0 CMS-2 -986.23 1057.48
25mmml | 50.87 4.2 2.5 CMS-2 -967.73 1232.25 1096.87
25mmm?2 | 50.17 4.1 2.5 CMS-2 -729.49 961.49
Immc2 53.09 3.8 1.0 PG64-22 -894.55 1076.37 1177.01
Immc21 50.41 4.2 1.0 PG64-22 -1010.72 1277.65
25mmm3 | 48.70 4.1 2.5 PG64-22 -53.67 617.61 625.94
25mmx 49.69 4.3 2.5 PG64-22 -58.47 634.26
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Table 8-4 Results for AC-AC shear ramp tests, 40 °C

. . Air Displ. Axial Peak Shear Average Peak
SpeIcll)men l-(lli:lgnl;t voids Rate- E?)Zl; Stress Stress Shear Stress
(%) | (mm/min) (kPa) (kPa) (kPa)
10m1 6-16-2 49.58 4.2 1.0 CMS-2 -485.37 384.94 44857
10m3 6-3-2 47.81 4.1 1.0 CMS-2 -652.51 512.20
25c1 6-3-2 51.58 4.1 2.5 CMS-2 -641.14 521.53 47916
25cl 16-16-2 | 52.27 4.3 2.5 CMS-2 -560.57 436.78 )
10c3 4-15-2 51.05 3.9 1.0 PG64-22 -653.78 492.93 451.02
10m1 4-15-2 52.38 3.8 1.0 PG64-22 -504.93 409.11 )
25ml 5-7-2 51.91 3.7 2.5 PG64-22 -686.60 568.26 554.03
25m2 5-7-2 51.14 3.7 2.5 PG64-22 -662.86 539.79
Table 8-5 Results for AC-AC shear ramp tests, 60 °C
Specimen | Height | Air voids | Displ. Rate Tack Coat Peak Shear Stress Average Peak
1D (mm) (%) (mm/min) (kPa) Shear Stress (kPa)
10ml 6-3-2 | 51.74 3.6 1.0 CMS-2 0.84 296
10m4 6-16-2 [ 50.29 3.5 1.0 CMS-2 5.08 )
25m2 7-20-2 | 51.07 3.7 2.5 CMS-2 4.62 702
25c¢2 7-20-2 | 49.83 4.2 2.5 CMS-2 9.42 )
10c3 5-7-2 50.04 3.5 1.0 PG64-22 5.78 534
10x 9-3-2 49.22 4.3 1.0 PG64-22 4.90 )
25ml 9-3-2 | 48.48 3.6 2.5 PG64-22 7.93 771
25c1 5-16-2 | 50.55 4.2 2.5 PG64-22 7.49 '
Table 8-6 Summary of shear strengths from Sholar et al, [24]
Section Measured Bond Strength (kPa) | Interpolated Bond Strength (kPa)
@0.226 L/sq. m | @0.362 L/sq. m | @0.272 L/sq. m (0.06 gal/sq. yd)
US-90 1022 989 1011
1-95 non-milled 943 876 921
1-95 milled 1059 911 1009
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Table 8-7 Results for PCC-AC shear ramp tests, 20 °C

Specimen | Height | Displ. Rate Tack Coat Axial Stress | Peak Shear Stress Average Peak
1D (mm) | (mm/min) (kPa) (kPa) Shear Stress (kPa)
Imm?7 51.21 1.0 CMS-2 58.13 235.05 33216
Imm8 49.54 1.0 CMS-2 -22.84 429.26 )
25mm6 50.87 2.5 CMS-2 -40.62 109.51 360.18
25mm9 53.58 2.5 CMS-2 -110.03 611.86 )
1mm6 50.91 1.0 PG64-22 -53.12 446.89
Imml6 48.01 1.0 PG64-22 -85.46 102.03 224.11
Imm]18§ 47.40 1.0 PG64-22 -140.10 123.42
25mml4 [ 50.07 2.5 PG64-22 -132.47 226.04 363.96
25mm§ 50.18 2.5 PG64-22 -70.23 501.88
Table 8-8 Results for PCC-AC shear ramp tests, 40 °C
Specimen | Height | Displ. Rate Tack Coat Axial Stress | Peak Shear Stress Average Peak
1D (mm) | (mm/min) (kPa) (kPa) Shear Stress (kPa)
Imm12 48.95 1.0 CMS-2 -108.48 78.11 63.47
Imm13 50.35 1.0 CMS-2 -27.92 48.82
25mmll | 46.87 2.5 CMS-2 -38.19 121.31 106.35
25mml4 | 49.90 2.5 CMS-2 -115.57 91.38
1mm04 52.54 1.0 PG64-22 -73.38 78.32 62.05
Imm13 49.72 1.0 PG64-22 -49.39 45.78 )
25mm02 | 52.46 2.5 PG64-22 -9.13 99.03 12957
25mml10 | 49.74 2.5 PG64-22 -114.73 160.11 )
Table 8-9 Results for PCC-AC shear ramp tests, 60 °C
Specimen | Height | Displ. Rate Tack Coat Axial Stress | Peak Shear Stress Average Peak
1D (mm) | (mm/min) (kPa) (kPa) Shear Stress (kPa)
1mm04 50.07 1.0 CMS-2 -17.18 21.64 2513
Imm10 51.80 1.0 CMS-2 -29.01 28.61
25mm01 50.74 2.5 CMS-2 -17.853 19.15 2038
25mm02 | 49.84 2.5 CMS-2 -14.92 21.60
1mm07 49.80 1.0 PG64-22 -8.58 13.74 20.93
Imml5 44.69 1.0 PG64-22 -25.02 28.11
25mm01 | 49.91 2.5 PG64-22 -9.63 18.13 29.86
25mml2 | 50.63 2.5 PG64-22 -54.42 41.59
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Table 8-10 Summary of PCC-AC bond strengths, [19]

Temperature | Temperature Shear Displacement Rate

(°F) (8] 1 in./min | 30 in./min. | 300 in./min
0 -17.78 882.5 806.7 703.3

20 -6.67 1234.2 1275.5 1268.6
40 4.44 1213.5 1316.9 1599.6
60 15.56 848.1 1206.6 1840.9
80 26.67 606.7 992.8 1482.4
100 37.78 461.9 675.7 903.2

Table 8-11 Results for CTB-AC shear ramp tests, 40 °C

Specimen | Height | Displ. Rate Tack Coat Axial Stress | Peak Shear Stress Average Peak
1D (mm) | (mm/min) (kPa) (kPa) Shear Stress (kPa)
1mm06 50.34 1.0 CSS-1h -433.95 353.52 36749
Imm10 50.42 1.0 CSS-1h -454.80 381.46 )
25mm07 | 51.01 2.5 CSS-1h -384.17 328.16 27323
25mm09 [ 50.27 2.5 CSS-1h -252.53 218.31 )
Imm12 52.87 1.0 EA-P -262.10 201.83 253.82
1mm02 52.01 1.0 EA-P -421.71 305.80
25mm03 | 54.56 2.5 EA-P -237.98 155.92 159.62
25mml3 | 51.15 2.5 EA-P -244.48 163.32
1mm02 51.12 1.0 EPR-1 -305.84 225.03
1mm04 50.22 1.0 EPR-1 -465.11 351.91 304.38
1mmO05 51.37 1.0 EPR-1 -429.51 336.19
25mm03 | 52.51 2.5 EPR-1 -397.30 280.99 265.65
25mm99 | 52.54 2.5 EPR-1 -336.37 250.31
Table 8-12 Results for CTB-AC shear ramp tests, 60 °C
Specimen | Height | Displ. Rate Tack Coat Axial Stress | Peak Shear Stress Average Peak
1D (mm) | (mm/min) (kPa) (kPa) Shear Stress (kPa)
ImmO01 50.27 1.0 CSS-1h -464.15 343.00 32760
Imm05 51.51 1.0 CSS-1h -414.71 312.19 )
25mm02 | 50.54 2.5 CSS-1h -439.87 308.00 788 58
25mm08 | 53.78 2.5 CSS-1h -368.20 269.16 )
Imm10 50.75 1.0 EA-P -548.90 390.34 408.94
Imml1 54.85 1.0 EA-P -653.41 427.53
25mm08 [ 50.84 2.5 EA-P -73.04 66.93 153.95
25mmll [ 54.85 2.5 EA-P -338.59 240.37
ImmOA | 50.39 1.0 EPR-1 -256.48 177.18 21827
ImmOI 51.39 1.0 EPR-1 -389.84 259.35
25mmOQ | 52.65 2.5 EPR-1 -209.00 134.49
25mm01 [ 53.12 2.5 EPR-1 -312.59 258.29 176.12
25X0C 51.46 2.5 EPR-1 -197.55 135.59
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Figure 8-1 Debonded composite AC-AC slab without tack coat

Figure 8-2 Axial failure of CMS-2 specimen (C4 6-3-2) at 2.5 mm/min, 40 °C
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Figure 8-3 Axial failure of CMS-2 specimen (C4 6-3-2) at 2.5 mm/min, 40 °C

Figure 8-4 Axial failure of PG64-22 specimen (M1 5-16-2) at 2.5 mm/min, 40 °C
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Figure 8-5 Axial failure of PG64-22 specimen (M1 5-16-2) at 2.5 mm/min, 40 °C
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Figure 8-6 Average shear stress vs. time for AC-AC interface tacked with CMS-2
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Figure 8-7 Average shear stress vs. time for AC-AC interface tacked with PG64-22
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Figure 8-8 Summary of bond strengths for AC-AC interface
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Figure 8-9 Shear failure of CMS-2 specimen (m1 6-16-2) at 1.0mm/min, 40 °C

Figure 8-10 Shear failure of CMS-2 specimen (m3 6-3-2) at 1.0mm/min, 40 °C
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Figure 8-12 Shear failure of PG64-22 specimen (m1 5-7-2) at 2.5 mm/min, 40 °C
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Figure 8-14 Shear failure of PG64-22 specimen (25mmm3) at 2.5 mm/min, 20 °C
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Figure 8-16 Debonded composite PCC-AC slabs without tack coat
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Figure 8-17 Average shear stress vs. time for PCC-AC interface tacked with CMS-2
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Figure 8-18 Average shear stress vs. time for PCC-AC interface tacked with PG64-22
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Figure 8-19 Summary of bond strengths for PCC-AC interface
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Figure 8-20 PCC-AC specimen tacked with PG64-22 (cracks highlighted in white)
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Figure 8-21 PCC-AC specimen tacked with CMS-2
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Figure 8-22 Summary of PCC-AC shear bond strengths, [19]
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Figure 8-23 Composite CTB-AC specimen
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Figure 8-24 Average shear stress vs. time for CTB-AC interface primed with CSS-1h
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Figure 8-25 Average shear stress vs. time for CTB-AC interface primed with EAP
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Figure 8-26 Average shear stress vs. time for CTB-AC interface primed with EPR-1
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Figure 8-27 Summary of bond strengths for CTB-AC interface

Figure 8-28 CTB-AC specimen primed with CSS-1h, sheared at Imm/min (40 °C)
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Figure 8-29 CTB-AC specimen primed with EPR-1, sheared at Imm/min (60 °C)

Figure 8-30 Debonded CTB-AC specimen primed with EA-P, 60 °C
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9 Development of Design Guidelines for Use of Tack and

Prime Coats

9.1 3-D Layered Elastic Program Description

The final objective of the determination of interfacial bond strength is to develop
guidelines that can be used to minimize interlayer slippage. A detailed parametric study was
conducted to investigate the effect of system parameters including layer thickness and

stiffness on the stress-strain-displacement fields induced in the pavement.

Although BISAR (Bitumen Structures Analysis in Roads) developed by Shell Research
is a program that considers vertical and horizontal loadings in a multilayered system, its
shortcoming is that it can be used only for three layered system. Another program, ELSYMS,
developed at University of California, Berkeley uses a similar approach to analyze a

multilayered system but cannot analyze the effect of horizontal loads.

In this investigation, a computer program was developed by Xu, et al [32] as part of this
research to study stresses, strains and displacements modeling in various types of pavement
sections using a 3-D approach. The following simplifying assumptions, similar to

Burmister’s theory [10], are made in modeling the pavement:

e The pavement is made up of layered elastic materials that are homogenous, isotropic

and follow Hooke’s law.

e Each layer is weightless, of uniform thickness, and extends infinitely in horizontal

directions.

e The bottommost layer is of infinite depth, and the stresses and displacements at

infinite depth are zero.

e The layer surfaces are fully bonded and it is reflected by stress and displacement

continuity across interfaces.

e The surface shear and normal stresses on the top of the uppermost layer are zero

outside loading areas.
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e The contact pressure is same as the tire pressure, and the tire contact areas are
circular with uniform distribution of shear and normal stresses occurring over area

of contact.

The method of calculating the stresses, strains and displacements in the pavement sections is
semi-analytic. The model formulation in this method is analytic but the solution is obtained
numerically. Using Hankel transforms (Small and Booker, [25, 26]) the three dimensional

analytic problem is reduced to two or one dimensions, simplifying the solution process.

9.2 Load Conditions

The loading for analysis is assumed to be a standard, static, 18-kip dual tire assembly.
This assembly consists of two tires at each end of the axle. The axle length is 6-ft, and the
dual tire separation at each end is 1-ft (center-to-center). Only tires at one end of the axle are
considered for analysis as the assembly at the other end of axle is considered too far away to
have any significant impact on loading under consideration. Figure 9-1 shows the layout of
dual tires at end of the axle and the orientation of the axes. The vehicle axle is oriented along
Y-axis and the direction of motion is along positive X-axis. For convenience, the origin is
assumed to lie midway on the line joining the center of two tire assembly. The vertical load
on each tire is 4500-1Ib, a quarter of the load on the whole assembly. The tires are inflated to a
pressure of 100 psi and, therefore, the contact pressure between the tire and the pavement is
100 psi as well. For each tire, the vertical load divided by the contact pressure (100 psi) gives
the contact area which is 45-in” in this case. Assuming a circular contact area, the radius of

contact area is 3.785-in.

The effect of horizontal load (shear) is modeled by considering three cases: (a) pure
vertical load with no horizontal load, (b) vertical load with 40% of vertical load as shear load
and, (c) vertical load with 70% of vertical load as shear load. The case with pure vertical load
represents the situation when the vehicle is stationary or moving at a high speed. Kummer
and Meyer [16] have recommended a skid number of at least 37, measured at 40 mph, for
main rural highways. Skid number is coefficient of friction multiplied by 100. The case with

40% shear load is equivalent to having 40% horizontal shear at moderate speeds. Barber [8]
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has shown that the coefficient of friction between the tires and the pavement can be as high
as 0.8 when the effect of wind is considered. This type of loading is obtained while traveling
on a 75-ft radius curve with no banking at 30-mph. Studies by Kummer and Meyer [16] have
recommended a skid number value of 60 at or near 0 mph. Based on these two findings, a
maximum value of 0.7 was chosen for coefficient of friction for worst case scenario. For the
purpose of this study, the shear loads are considered only in the direction of motion of traffic

that simulates the forces while braking. Typical skid number values are shown in Table 9-1.

9.3 Temperature Effects

The properties of asphalt mix depend on the binder properties which, in turn, are
significantly influenced by temperature. In addition, the bond strength of any interface tacked
with asphalt is also dependent on temperature. Thus, the resistance of a pavement to
horizontal loads depends on temperature as well. This section deals with incorporation of

temperature effects into design of pavements to minimize interfacial shear failure.

Most of delamination and eventual shoving occurs either at high temperature or very
high loads or a combination of the two. The pavement temperature considered for analysis in
this study is the maximum 7-day high temperature at the selected depth. Using either
LTPPBind™ (http://www.tfthrc.gov/) or SHRPBind™ [22] programs, the ambient 7-day

maximum air temperature is obtained. For details, please refer to Section 5.3, which deals
with the computation of pavement temperatures using the program for a given location.
Using the technique outlined in Section 5.3, pavement temperatures were calculated for
Enka, NC. Enka, NC was chosen as the mix used in this study was from a plant in this area.
Figure 9-2 shows the variation of high pavement temperature as a function of depth for Enka,
NC. The temperature at mid-height for any asphalt layer was assumed to be the
representative temperature for the whole layer. The asphalt mix stiffness was calculated
based on the temperature at its mid-height using the data obtained and presented in Chapter
7. Using the dynamic moduli of the AC mix (Table 7-12 and Table 7-14), Figure 9-3 was
developed showing the dynamic axial moduli for AC mix at various temperatures. PCC and
CTB moduli are assumed to not change with temperature and hence are assumed to be

constant. The interfacial temperatures were calculated using Figure 9-2 and the bond
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strengths measured at various temperatures (presented in Chapter 8) were interpolated at the
interface temperature. Table 9-2 and Table 9-3 summarize the bond strengths obtained for

various interfaces.

9.4 Analysis of AC-AC Bonding

Using representative pavement section, shown in Figure 9-4, the analysis was
conducted using the computer program developed in the study. The properties of aggregate
base course (ABC), cement-treated subbase (CT Subbase), and subgrade were typically
available values [14] and are shown in the figures. The properties of the overlay (AC) as well
as the underlying layer (AC) are assumed to be solely dependent on temperature; although in
practice the underlying AC layer might have lower stiffness due to weathering action of
traffic and climate. The analysis was conducted at numerous points along Y-axis (vehicle
axle) and on a line parallel to X-axis passing through center of one of the tires. Figure F-1
and Figure F-2 in Appendix F summarize the mobilized interfacial shear stresses for AC-AC
combination case. The maximum shear stress at the interface was determined at each point

using the following equation:

Thax = \V Tzzx + Z-zzy (Equation 9-1)

Figure 9-5 and Figure 9-6 show the mobilized shear stresses at 20 °C and 7-day
maximum average high temperature, respectively. It can be seen from Figure 9-5 that the
interfacial shear stress increases with increasing magnitude of horizontal shear load. Further,
an increase in layer thickness reduces the interfacial shear stress as would be expected. The
higher shear stress produced due to presence of horizontal loading also reduces with
increasing thickness. Thus, unaccounted horizontal loads are more likely to have an adverse
effect on pavements with thin overlays than thicker ones. At 20 °C, the bond strength of AC-
AC is much higher (regardless of the tack coat used) than the mobilized shear stresses. This
indicates that, at 20 °C, delamination will not occur. The thickness of the overlay at 20 °C
should be the minimum required by practical and construction guidelines as debonding is not

likely to take place irrespective of the tack coat used.
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Figure 9-6 shows the mobilized shear strengths combined with interfacial bond
strengths at 7-day maximum average high temperature. The shear stresses decrease with
increase in layer thickness whereas the bond strength increases with layer thickness.
(Increasing layer thickness causes the interfacial temperatures to be lower and lower
temperature results in higher bond strength.) The intersection of these two sets of curves
gives the minimum required thickness for pavement design to prevent delamination. It can be
observed that the minimum required thickness for PG64-22 and CMS-2 tack coats based on a
shear displacement rate of 1.0 mm/min is 2.5 to 3.5 inches depending on magnitude of shear
(horizontal) load. For pure vertical loads, the thickness is 2.5-inch, whereas if 70% horizontal
shear is taken into account the thickness is 3.5-inch for, both, PG64-22 and CMS-2 based on
I-mm/minute strain rate. The difference in performance of PG64-22 and CMS-2 as tack coat

at low strain rates is marginal.

At a strain rate of 2.5 mm/min, the PG64-22 binder performs better as a tack coat than
CMS-2. The minimum required thickness for 70% horizontal load for PG64-22 is 2.25-inch
whereas for CMS-2 it is 3.25-inch. Based on this data it can be concluded that PG64-22
performs better or equal to CMS-2 emulsion. Considering that the residual asphalt has a

grading of PG52 for CMS-2, the result of this analysis seems to be reasonable.

9.5 Analysis of PCC-AC Bonding

Figure 9-7 shows the pavement structure used for analysis of a concrete pavement. The
pavement consists of an 8-inch thick concrete slab overlaid by a variable thickness of AC
overlay. The stiffness of the overlay as well as the interface shear strength was calculated at
various temperatures, and the design curves generated. Figure F-3 and Figure F-4 in
Appendix F summarize the mobilized interfacial shear stresses in PCC-AC combination case.
Figure 9-8 and Figure 9-9 show the developed shear stresses versus thickness of overlay for
various types of loading conditions. It can be observed that the mobilized interfacial shear
stresses reduce with increasing temperature. This indicates that with increasing temperature,
the shear deformation of the asphalt layer increases. From Figure 9-8 it can be seen that at a

strain rate of 2.5 mm/minute, the performance of PG64-22 and CMS-2 as tack coats is almost
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similar. The minimum required thickness for overlay is 2-inch considering the worst case

scenario, and a little more than 1-inch considering a moderate horizontal shear loading.

It can be observed from Figure 9-9 that at 7-day maximum temperature, CMS-2 and
PG64-22 generate equal bond strengths. The interpolated bond strength at higher
temperatures turns out to be significantly lower for PCC-AC interface compared to AC-AC
combination. This implies that debonding would occur for all overlay thicknesses; however
this does not happen in practice. The surface roughness of PCC provides sufficient friction to
reduce the chances of delamination. The likelihood of debonding occurring for PCC-AC
interfaces at higher temperatures is minimized if minimum design thickness requirements can

be met.

9.6 Analysis of CTB-AC Bonding

Figure 9-10 shows the pavement structure used for CTB-AC bonding analysis. Figure
F-5 and Figure F-6 in Appendix F summarize the mobilized interfacial shear stresses in CTB-
AC combination case. The bond strength determination for CTB-AC interface was conducted
at 40 and 60 °C, and Figure 9-11 and Figure 9-12 show the development of shear stresses at
40 °C and 7-day maximum average temperature. Analysis conducted at 40 °C at 1.0
mm/minute strain rate, shows a minimum required design thickness of 2.25, 3.0 and 3.75
inches for CSS-1h, EPR-1, and EA-P emulsion as prime coats at 70% horizontal shear.
However, at 40 °C and 2.5 mm/minute displacement rate, the minimum design thickness
increases to 3.75 inches for CSS-1h and EPR-1, and to 6 inches for EA-P. Figure 9-12 shows
design curves for 7-day maximum average temperatures. CSS-1h emulsion performs better
than EA-P and EPR-1 emulsion as prime coats. The required design thickness for CSS-1h at
70% horizontal shear loads is 2.5 and 4.0 inches at 2.5 and 1.0 mm/minute displacement rate.
For EA-P, the design thickness is 4.5 inches regardless of the rate of shear at 70% horizontal
load. For EPR-1, the required thickness is 4.0 and 4.5 inches at 1.0 and 2.5 mm/min shear
displacement rate. Based on the performance, the emulsions can be rated as CSS-1h, EPR-1
and EA-P. Nevertheless, this analysis clearly confirms the practice recommendation by some
DOT’s and Al that prime coat should be used for AC overlay thickness smaller than 4-5

inches thick, regardless of its type (cutback versus emulsion).
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9.7 Outline of Guideline Development for Use of Tack or Prime

Coat

Using the steps outlined below, the procedure described in this chapter can be applied to

any pavement section for bond strength analysis. The procedure is following:

I.

2.

Select a design pavement structure, e.g. similar to shown in Figure 9-4 or Figure 9-10.

For the pavement geographical location, develop a temperature curve, e.g. similar to

Figure 9-2.

Determine the dynamic moduli values for the materials used therein. For AC mixes,
determine the values at various temperatures (Figure 9-3). The appropriate moduli for AC

layers can be computed based on the temperature at its mid height.

Determine the interfacial temperatures based on layer thicknesses and interpolate the
peak bond strength values available in Table 9-2 and Table 9-3. This procedure can be
extended to develop quantitative guidelines to determine the optimum rate of tack coat

application.

. . 2 2 . .
Using the FLA program compute the interlayer stress (4/7-, +7_, ) at various points.

Generally, the peak stresses will occur at the edge of the wheel. Skid numbers presented
in Table 9-1 can be used to compute the minimum horizontal loads at various speed
levels. Various loading conditions can be considered, including horizontal loads, and the
mobilized interfacial stress curves for different thicknesses can be plotted (similar to

Figure 9-6 and Figure 9-12).

Superimpose the interpolated bond strength values (Figure 9-12) on these curves to
obtain the minimum required thickness. The minimum required thickness would be the

intersection of the ‘bond strength curve’ and the ‘mobilized shear stress’ curve.
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9.8 Summary and Conclusions

This chapter covers the development of design guidelines to reduce interfacial bond
failures. Using SHRPBind and LTPPBind programs, the pavement temperature was
determined for various depths for Enka, Buncombe County, NC. The dynamic axial moduli
for asphalt mixes and the interfacial bond strengths were computed at various depths. The
loading conditions considered for analyses were the standard 18-kip axle combined with
zero, 40% and 70% horizontal shear loads. For each scenario, complete analysis was
performed. Using a layered elastic program stresses, strains and displacements were
computed in the pavement at various locations. The program used a 3-D semi-analytic

method to compute the stresses and strains but the method of solution was numeric.

Appendix F shows the distribution of mobilized interfacial shear stresses for various
combinations. The peak stress occurs, for horizontal load cases, at the front edge of the
wheel. At low overlay thicknesses, the stresses are higher and localized, and they dissipate
very fast with increasing distance from the center of the wheel. With increasing thickness, the
stress distribution becomes more uniform with stresses dissipating less rapidly with distance
from the center of the wheel. The application of horizontal load increases the shear stress at

the interfaces in all combinations, AC-AC, PCC-AC and CTB-AC.

For AC-AC interface, CMS-2 performs as good at PG64-22 binder as tack coat. The
difference in their bond strengths at high temperatures is marginal. At 20 °C, the chance of
debonding at AC-AC interface is negligible. At 7-day maximum average high temperatures
expected in-situ, the overlay thickness has to be designed appropriately based on the
procedure developed herein to assure that chances of delamination are minimized. For PCC-
AC interface, the chances of debonding are significantly lower if minimal thickness design
requirements are met. For CTB-AC interface, clearly CSS-1h performs better than EA-P and
EPR-1 as prime coats. Furthermore, an overlay thickness of minimum 4-5 inches will ensure

that the prime coat bond will not fail or debonding will not occur.
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Table 9-1 Recommended minimum skid numbers for rural highways [16]

Mean Traffic Skid Number
Speed, ¥, (mph) | SN* | SN,,°

0 60 —

10 50 —

20 40 —

30 36 31

40 33 33

50 32 37

60 31 41

70 31 46

80 31 51

Table 9-2 Interfacial shear bond strength summary for PG64-22 and CMS-2

Temperature . . CMS-2 PG64-22
Interface o Strain rate (mm/min) - -
O Shear Strength (psi) | Shear Strength (psi)

20 1.0 156.3 170.7

2.5 159.1 90.8°

1.0 65.1 65.4

AC-AC 40 2.5 69.5 80.4
1.0 0.43 0.77

60 2.5 1.02 1.12

20 1.0 48.25 32.5

2.5 52.3 52.8
1.0 9.2 9.0

PCC-AC 40 2.5 15.4 18.8
1.0 3.6 3.0
60 2.5 3.0 4.3

Table 9-3 AC-CTB shear bond strength summary for CSS-1h, EA-P, and EPR-1

Temp. | Strain rate CSS-1h EA-P EPR-1
(°C) | (mm/min) | Shear Strength (psi) | Shear Strength (psi) | Shear Strength (psi)
40 1.0 53.3 36.8 44.1
2.5 39.6 23.2 38.5
60 1.0 47.5 59.3 31.7
2.5 41.9 22.3 25.5

* SN = skid number, measured at mean traffic speeds
> SNy = skid number, measured at 40 mph

® This value is too low when compared with others.

" Value is high compared to other trends.
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Figure 9-2 AC average 7-day maximum high pavement temp. vs. depth
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Figure 9-3 Dynamic axial modulus for asphalt mixes vs. temperature
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Figure 9-4 Pavement structure and layer properties, AC over AC
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Figure 9-5 Mobilized interfacial shear vs. overlay thickness, AC-AC, 20 °C
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Figure 9-6 Mobilized interfacial shear vs. overlay thickness, AC-AC, 7-d max temp.
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Figure 9-7 Pavement structure and layer properties, AC over PCC
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Figure 9-8 Mobilized interfacial shear vs. overlay thickness, PCC-AC, 20 °C
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Figure 9-9 Mobilized interfacial shear vs. overlay thickness, PCC-AC, 7-d max temp.
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Figure 9-10 Pavement structure and layer properties, AC over CTB
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Figure 9-11 Mobilized interfacial shear vs. overlay thickness, CTB-AC, 40 °C
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Figure 9-12 Mobilized interfacial shear vs. overlay thickness, CTB-AC, 7-d max temp.
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10 Summary, Conclusions and Recommendations

10.1 Summary and Conclusions

This study investigated the causes(s) of excessive delamination and shoving distress
observed in NCDOT Division 13. Two potential causes of these distresses were identified to
be: (a.) Unstable mixtures caused due to intermittent purging of baghouse fines, and, (b.)

Improper choice and/or application of tack coat.

Work conducted by Tayebali et al [28] evaluated the field cores and their compliance
with NCDOT specifications. The field cores were obtained based on a survey conducted in
Division 13 of NCDOT. Field cores from two counties, Buncombe and Rutherford, were
selected for evaluation. The results of gradation, volumetric, and stability analysis indicated
that the in-situ asphalt mixes used in Buncombe and Rutherford counties were generally
within the NCDOT design specifications, and should have performed well under normal
traffic conditions. Buncombe County sections, however, had excessive delamination and
shoving distresses whereas Rutherford County sections did not show an occurrence of any of
such distresses. It was originally hypothesized that one of the contributory factors to the
delamination and shoving was the intermittent purging of baghouse fines in the field asphalt

mixtures and, therefore, additional laboratory tests were conducted to verify the claim.

Gradation analysis using particle analyzer, however, showed comparable gradations for
baghouses and regular mineral fillers for both counties. The dynamic mechanical analysis of
mastics using DSR suggested that baghouse fines might lead to stiffening of the binders, and
consequently increased rut resistance of AC mixes. Further, there was no significant
difference in |G*| values of mastics prepared with baghouses versus regular filler. Laboratory

FSCH and RSCH tests conducted on mixes with baghouse fines showed that:
e Baghouse fines have a stiffening on mixes from both counties;

e Mixes containing baghouse fines are more resistant to rutting compared to mixtures

without baghouse fines; and

e Mixes from both counties show similar dynamic shear stiffness and rutting

characteristics.
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Mixtures containing regular mineral filler and baghouse fines were subjected to APA
testing at NCDOT Materials and Test Unit. Test results showed that the accumulated rut
depths for mixtures from Buncombe and Rutherford counties were approximately 6.15-mm
(1/4-inch) and 12.5-mm (1/2-inch), respectively, for both mixtures with and without
baghouse fines. Although, these rut depths suggest excessive rutting susceptibility for mixes
based on the NCDOT specification, it confirms findings based on other tests that indicated
that the performance of mixtures with and without baghouse fines are very similar. However,
the modified AASHTO T283 test clearly indicated that the mixtures containing baghouse
fines were moisture sensitive as compared to the mixtures containing regular mineral filler
even though, an anti-strip additive was used for both mixtures. The TSR ratios for the
Buncombe County mixtures were 78 and 85-percent for mixtures with and without baghouse
fines, respectively. The TSR ratios for Rutherford County mixtures were 83 and 92-percent

for mixtures with and without baghouse fines, respectively.

Based on the results of this investigation, it is concluded that the intermittent purging
of baghouse fines could be the contributory factor in the delamination and shoving distress
observed in NCDOT Division 13. It appears that the mechanism by which this distress is

manifested is the following:

e Some in-situ mixtures may contain very high proportion of baghouse fines in relation to
regular fines due to intermittent purging of the baghouse fines. Although the NCDOT
JMF requires use of an anti-strip additive, the dosage does not appear to be sufficient to
counter act moisture damage leading to in-situ mixture deterioration and, consequently,
loss of strength and stability. Once the moisture damaged mixture is susceptible to
shoving under traffic loading, the CRS-2 emulsion is not able to provide the tacking
strength necessary for the surface layer to remain bonded to the lower layer, hence,

leading to delamination.

¢ In Rutherford County where some pavement sections may contain relatively higher
amount of baghouse fines due to intermittent purging, the PG64-22 binder used as tack
coat appeared to provide sufficient bonding that may prevent asphalt layer from

delaminating even though mixtures may undergo slight moisture damage.
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Apart from intermittently purging baghouse fines into mixes, the pavement sections in
Rutherford and Buncombe counties use CRS-2 emulsion and PG64-22 binder as tack coat.
The improper use of tack coat could be a contributory factor to delamination distresses
observed in those counties. It was, therefore, decided to investigate the contribution of prime
and tack coat bond strength contribution to the integrity of pavements in relation to overlay
AC thickness. The goal was to develop a mechanistic design procedure to minimize the

occurrence of delamination distresses.

A survey was conducted across all the state highway departments and agencies to
acquire information about the use of prime and tack coats in the field. Of the 26 responding
agencies, ten reported that there was no requirement on use of prime coat for new
construction. A majority of the remaining sixteen used a combination of cutbacks and
emulsions for prime coats. Only two states, Georgia and New Jersey, require use of prime
coat if the AC thickness is less than 5 inches, and Missouri requires it if the AC thickness is
less than 4 inches. For prime and tack coats, there was no objective test to ensure proper

curing. This could, potentially, lead to a lot of problems during the service life.

DSR test results on residual binders from emulsions were used to determine their PG
grade. Generally, with higher the PG rating greater would be the expected shear strength.
Using rolling wheel compaction, composite AC-AC, and PCC-AC specimens were fabricated
in the lab. The target air void content for all AC specimens was 4%. Problems encountered in
fabricating CTB slabs, required CTB-AC composite fabrication in gyratory molds. Before
paving the overlay, the lower layer was tacked or primed, and the emulsions were allowed to
cure for 24 hours. The rate of application was 0.06 and 0.24 gallons per square yard for tack
coat and prime coat, respectively. The samples were then cored and cut to 6-inch diameter

and 2-inch height before being tested in simple shear at various temperatures.

A displacement rate of 1.0 and 2.5 mm per minute was used to determine the bond

strength of the specimens. The test results concluded that:

e Non-bonded surfaces have extremely low strengths compared to bonded surfaces.
Therefore, use of a bonding agent (tack or prime coat) is always recommended during

constructions.
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e For AC-AC composites, the performance of PG64-22 binder as a tack coat is better than
CMS-2 emulsion. This is supported by higher axial and shear strengths of PG64-22

tacked specimens compared to CMS-2 specimens.

e For PCC-AC specimens, the behavior of PG64-22 as tack coat is comparable to CMS-2.
One reason for this could be due to the fact that the rate of application of residual
asphalt could be higher for PG64-22 than for CMS-2. In particular, it was found that
PG64-22 performance at higher temperature and lower strain rate was relatively poor.
The bond strengths recorded for PCC-AC combination were substantially lower
compared to AC-AC. Secondly; the relative imperviousness of PCC (vis-a-vis AC)
could lead to less absorption of asphalt from tack coat and, consequently, a poorer
bond at high temperature and low strain rate. The relative differences in PCC and AC
moduli could also be a contributory factor as well as the absence of corrugations on the
PCC slab. In the field, the underlying concrete pavement has grooves or milled surface

that increases the friction between the overlay and the PCC slab.

e The bond development in CTB-AC case was due to a contribution of the prime coat as
well as aggregate interlock. CSS-1h emulsion performed better than EA-P and EPR-1

emulsions as prime coat.

Using shear and axial frequency sweep tests, the dynamic moduli of asphalt mix were
determined at various temperatures and, properties for PCC were determined at 28 days.
Based on the pavement temperature at various depths, the dynamic moduli and interfacial
bond strengths were interpolated to yield temperature-corrected values. These values
(dynamic moduli) coupled with the standard 18-kip loading data were, then, input into the
FLA program developed in this investigation. The program computed the stresses, strains and
displacements at various points in the pavement structure as function of vertical as well as
horizontal shear loading. The maximum shear stresses were computed at the interface for
different loading conditions. The variation of maximum mobilized shear stresses was then
plotted against the interpolated bond strengths to obtain the required minimum design

thicknesses.

For AC-AC, at 7-day maximum average temperatures, the overlay design thickness

using CMS-2 and PG64-22 tack coat and shear displacement rate of 1.0 mm/minute was
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comparable (3.5 inch); however at 2.5 mm/minute displacement rate PG64-22 (2.5 inch)
gave a lower design thickness than CMS-2 (3.25 inch) indicating a superior performance.
Mechanistic analysis indicates that delamination will not be a problem for AC-AC
combination at 20 °C as the bond strengths are much higher than the mobilized interfacial
shear stresses. For PCC-AC combination, at 20 °C and 2.5 mm/minute displacement rate, the
design thickness for AC overlay is slightly higher than 2-inch; at the same temperature and
1.0 mm/minute the design thickness for CMS-2 and PG64-22 is 2.5 and 4 inch, respectively.
Therefore, it can be concluded that CMS-2 yields lower thickness for PCC-AC combination
than PG64-22 binder. As indicated earlier, this could be due to excess PG64-22 (compared to
the residual asphalt in CMS-2), smooth PCC surface, and low rate of tack coat absorption by
the PCC surface. At 7-day maximum temperature, for PCC-AC combination, the interpolated
bond strengths are much lower than the mobilized shear stresses. Therefore, the choice of
tack coats is dependent not only on the types of interfaces under consideration but also on the
rate of application. Higher rate of tack coat is undesirable when using impervious and smooth
surfaces as PCC. At higher temperature, instead of providing a good bond, it will actually act
as a slippage surface. In severe cases it may even lead to bleeding on the thin AC overlay

layer.

For CTB-AC interface, CSS-1h emulsion seems to be better than EA-P and EPR-1.

Overall, based on the results of this study, the following conclusions can be drawn:

e Addition of baghouse fines could cause stiffening of AC mixes. However, appropriate
amounts of anti-strip additive needs to be added to counteract the added moisture

susceptibility due to the presence of baghouse fines.

e The contribution of tack coat to the bond strength is dependent on the grade of the
residual asphalt as well as the interfaces under consideration. PG64-22 performs
slightly better for the AC-AC case whereas CMS-2 performs marginally better for
PCC-AC case.

e For thin pavement sections, the use of prime coats is recommended to increase the bond
between the AC layer and the underlying layers. Similarly, use of a suitable tack coat is
recommended for all overlay construction with minimum AC layer thickness of 2.5-3.5

inches when PG64-22 or CMS-2 emulsion is used as tack coat. If a different tack coat
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is used, the minimum thickness can be obtained for the given site using the design

guidelines developed in this study.
e (CSS-1h performs better as a prime coat than EA-P and EPR-1 emulsions.

e For emulsions used as prime and tack coats, it is necessary to ensure complete curing
before paving new layer. Any inappropriate curing could reduce the bond as well as

trap moisture causing problems later in service.

e The choice of proper tack coat (CMS-2 versus PG64-22) should be based on operational
considerations. Use of PG64-22 as tack coat enables the tacked section to be open to
traffic immediately after application. Further the convenience of night time paving as
well as minor effect on exposure moisture outweighs the trouble of dealing with hot
asphalt. Curing problems with emulsions prevail over the uniformity and ease of their

application.

Finally, this research study provides a methodology and design guide based on mechanistic
analysis to select appropriate tack or prime coat for the given field conditions. Based on
selection of the tack or prime coat, the AC layer thickness can be adjusted to minimize the

delamination distresses.

10.2 Future Scope

The study conducted herein compared the bond strengths of various materials at 1.0

and 2.5 mm/minute shear displacement rate. Following aspects need to be examined further:

e The current results should be validated by testing laboratory fabricated composite slabs

under wheel-tracking device, and field testing.

e The current study is based on laboratory tests, testing of the field cores from various
pavement sections (good performing vs. poor performing) should be explored to get a

correlation between the laboratory test results and field observations.

e Laboratory testing could be conducted under multi-axial loading states to simulate in-situ

condition closely.
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e The various loading conditions used for analysis use a static load. A relationship needs to

be developed between the following:
o Vehicular speed and the rate of shear strain as function of depth, and
o Vehicular speed and loading frequency.

e The analyses conducted using the FLA program assume isotropy, elastic behavior, and
homogeneity. Approaches that consider anisotropy and viscoelastic behavior could

offer significant insight into the complex behavior of asphalt materials.
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Appendix A

Questionnaire — ON PRIME AND TACK COATS

A Mechanistic Approach to Evaluate Contribution of Prime and Tack Coat
In Composite Asphalt Pavements
North Carolina Department of Transportation, Project HWY-2001-04

Scope of the Survey: An evaluation of the effectiveness of emulsified asphalt prime
coats as compared to cutback asphalt prime coats, and to make a survey of the state
practices with respect to types and rates of application of both prime coats and tack
coats.

Responding Agency:

Name and Title of Individual Completing Questionnaire:

Does your agency require the use of a prime coat on new construction?
Yes NO

If the answer to question 1 is yes, what are the required type of material and the normal
rate of application?

Is the use of prime coat related to asphalt pavement thickness? If so, explain

Is a specific cure time specified? Yes _ No

If yes, how much cure time?

What types of laboratory tests are required for prime coat material(s) ?
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Are any types of field performance test(s) required? Yes  NO . If yes, please
explain

Have you been able to detect any difference in pavement performance by using or not
using a prime coat? Yes  No . Ifyes, please explain

Do you have opinion as to the merits of an emulsified asphalt prime as compared to a
cutback asphalt prime? Yes NO __ . Ifyes, please explain

What types of asphalt materials are used for tack coats — types and application rates?

If you use emulsified asphalt tack coats for nighttime paving, what provisions are made
for the emulsion breaking prior to placement of the hot-mix asphalt?

Please return completed questionnaire to:
Prof. Akhtar A. Tayebali, P.E.

North Carolina State University
Department of Civil Engineering
Campus Box 7908

Raleigh, NC 27695-7908

Ph: (919) 515-7611

Completed questionnaires can be faxed at (919) 515-7908. If you prefer to fill this
questionnaire in electronic format, please send an e-mail to tayebali@eos.ncsu.edu.
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99410 NORTH CAROLINA DEPARTMENT OF TRANSPORTATION
RALEIGH, NORTH CAROLINA 27611

HOT MIX ASPHALT JOB MIX FORMULA

APAC-CAROLINA, INC TYPE MIX: BCSC, TYPE HDS

ENKA, NC JOB MIX FORM NO: 93-447-052
EFFECTIVE DATE: 07-27-93
PLANT CERTIFICATION NO: DM-310 PROJECT NO:
COUNTY: BUNCOMBE

AGGREGATE SOURCES AND BLEND PERCENTAGES

SUPPLIER LOCATION/SOURCE MATERIAL BLEND(%)
VULCAN MATERIALS ENKA QUARRY #78M 42
VULCAN MATERIALS ENKA QUARRY W.SCRGS. 30
VULCAN MATERIALS ENKA QUARRY D.SCRGS. 28

TOTAL: 100.0%

JMF COMBINED GRADATION ASPHALT CEMENT %(TOT) 5.7
SIEVE SIZE % PASSING
27 GRADE PG64-22
1% EST ASH 11-3-93 03
1 MAX. SP. GV. 2.486
¥ 100 LABORATORY SP.GV.  2.364
vy 98 VOIDS IN TOTAL MIX % 4.9
3/8” 95 MIN. % COMPACTION  95.0
NO. 4 72 MIX TEMPERATUREF. 285
8 50 FLOW (0.01 IN.) 11
16 39 STABILITY (LBS.) 3000
40 24 NON STRIP ADDITIVE % 0.50
80 12 MODIFIER % 0.00
200 5.0

ASPHALT CEMENT SUPPLIER : SPECS.

TACK COAT SUPPLIER : SPECS.

NON-STRIP ADD. SUPPLIER  : PAVE BOND LP — CINCINNATI, OHIO
MODIFIER SUPPLIER :

COMMENTS:

% AC DECREASED TO INCREASE VOIDS. BLEND CHANGES TO CONTROL GRADATION &
VOIDS IN MIX. #8 SIEVE CHANGE BASED ON FIELD TEST RESULTS.

DATE JMF VOID:

APPROVED BY:
J.E. GRADY, JR.
PAVEMENT CONSTRUCTION ENGR.
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99410 NORTH CAROLINA DEPARTMENT OF TRANSPORTATION
RALEIGH, NORTH CAROLINA 27611

HOT MIX ASPHALT JOB MIX FORMULA

THOMPSON CONTRACTORS, INC TYPE MIX: BCSC, TYPE HDS

RUTHERFORDTON, NC JOB MIX FORM NO: 93-903-051
EFFECTIVE DATE: 02-07-94
PLANT CERTIFICATION NO: DM-286 PROJECT NO:
COUNTY: RUTHERFORD

AGGREGATE SOURCES AND BLEND PERCENTAGES

SUPPLIER LOCATION/SOURCE MATERIAL BLEND(%)
THOMPSON CONTRACTORS  MILLER CREEK QUARRY #78M 47
THOMPSON CONTRACTORS  MILLER CREEK QUARRY SCRGS. 33
THOMPSON CONTRACTORS BROAD RIVER SAND 20

TOTAL: 100.0%

JMF COMBINED GRADATION ASPHALT CEMENT %(TOT) 6.2
SIEVE SIZE % PASSING
2 GRADE PG64-22
1% EST ASH 11-3-93 0.4
1” MAX. SP. GV. 2.502
¥ 100 LABORATORY SP.GV.  2.378
vy 98 VOIDS IN TOTAL MIX % 5.0
3/8” 95 MIN. % COMPACTION  95.0
NO. 4 69 MIX TEMPERATURE F. 285
8 53 FLOW (0.01 IN.) 9
16 43 STABILITY (LBS.) 1900
40 24 NON STRIP ADDITIVE % 0.50
80 11 MODIFIER % 0.00
200 5.9

ASPHALT CEMENT SUPPLIER : SPECS.

TACK COAT SUPPLIER : SPECS.

NON-STRIP ADD. SUPPLIER  : PERMA-TAC — SCAN ROAD

MODIFIER SUPPLIER :

COMMENTS:

DATE JMF VOID:
APPROVED BY:
J.E. GRADY, JR.

PAVEMENT CONSTRUCTION ENGR.
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NORTH CARCLINA DEPARTMENT OF TRANSPORTATION
RALEIGH, NORTH CAROLINA 27611

HOT MIX ASPHALT JOB MIX FORMULA

———————— ———————— T ——— o ——

APAC-CAROLINAy INC. TYPE MIX: BCSCy TYPE 1I-2
ENKAy NC JOB MIX FORM NO: 01-229-161
EFFECTIVE DATE: 05-11-01
PLANT CERTIFICATION NO: DM-310 PROJECT NO=3
. COUNTY:

AGGREGATE SOURCES AND BLEND PERCENTAGES

SUPPLIER LOCATION/SOURCE MATERIAL BLEND (%)
VULCAN MATERIALS ENKA QUARRY 78M 2640
VULCAN MATERIALS ENKA QUARRY WeSCRGS 63.0
VULCAN MATERIALS ENKA QUARRY DeSCRGSe 11.0

TOTAL 100.0%

JMF COMBINED GRADATION ASPHALT CEMENT 2(TOT) 7.0
SIEVE SIZE % PASSING
------------------- GRADE PG64-22
i 100 EST ASH
1 128 i00 MAXe SPe GVe 2469
R 100 LABORATORY SPe. GVe 24333
3/4" 100 VOIDS IN TOTAL MIX Z 5.5
1/2n 100 MINs Z COMPACTION 95.0
3/8" 97 MIX TEMPERATURE F» 300
NO+ & 77 FLOW (0«01 INa) 11
8 62 STABILITY (LBSe.) 2020
16 44 NON STRIP ADDITIVE Z 0.60
40 50 MODIFIER 2% 0.00
a0 13
NOe 200 59

ASPHALT CEMENT SUPPLIER: SOUTH STATES KNOXVILLE

TACK CDAT SUPPLIER : SPECS.

NON-STRIP ADDe SUPPLIER: ARR-MAZ LOF 6500
MODIFIER SUPPLIER :

COMMENTS:

DATE JMF VOID:

APPROVED BY:
JeZe GRADYy JRs -
PAVEMENT CONSTRUCTION ENGRe.
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Appendix D

APA Test Results
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Rutting Test Data Sheet

Project No. : NC State
Mix ID No. : Buncombe Co.

TestNo. : R1210-1
Test Date : 12/10/99

Temperature : 50

(deq. C)

Wheel Load : 100 (lbs)

Mix Type Data File : R1210_1.ptd Hose Pressure : 100 (psi)
Operator Run Status: Complete Run Time 2:14:43  (hh:mm:ss)
Left Sample 1D BNC w [Bulk S Gravity | % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count F C 1 2 3 4 Average [Deflection |Average |Change
0 0 0
500 2.467
1000 3.554 441
1500 4.181 17.6
2000 4.592 9.8
3000 5.081 10.7
4000 5.403 6.3
5000 5.653 4.6
6000 5.831 3.2
7000 5.981 2.6
8000 6.152 2.9
8001 6.152 0
Middle Sample ID [Bulk S Gravity | % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count F C 1 2 3 4 Average |Deflection [Average |Change
0 0 0
500 0
1000 0
1500 0
2000 0
3000 0
4000 0
5000 0
6000 0
7000 0
8000 0
8001 0
Right Sample ID BNC w/o [Bulk S Gravity | % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count F C 1 2 3 4 Average [Deflection |Average |Change
0 0 0
500 2.065
1000 3.294 59.5
1500 3.98 20.8
2000 4.418 11
3000 4.993 13
4000 5.317 6.5
5000 5.595 5.2
6000 5.715 2.1
7000 5.967 4.4
8000 6.128 2.7
8001 6.124 -0.1
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Pavement Technology, Inc APA Rut Test (Deformation vs Stroke Count)

w
(=
=}

€
E
c
L2
=)
©
€
S
L
4]
(]

1000 2000 3000 4000 5000 6000 7000 8000 9000

Strokes (20/point)
——LeftBNCw) ——Middle () ——right (BNC w/o)

176



Rutting Test Data Sheet

Project No. : NC State TestNo. : R1209-1 Temperature (deq. C)
Mix ID No. : Rutherford Co. Test Date : 12/09/99 Wheel Load (Ibs)
Mix Type Data File : R1209_1.ptd Hose Pressure : 100 (psi)
Operator Run Status: Complete Run Time 2:14:38 (hh:mm:ss)
Left Sample ID RF w [Bulk S Gravity % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count F C 1 2 3 Average |Deflection |Average [Change
0 0 0
500 5.858
1000 7.328 251
1500 8.237 124
2000 8.929 8.4
3000 9.953 11.5
4000 10.657 71
5000 11.246 5.5
6000 11.691 4
7000 12.01 2.7
8000 12.335 27
8001 12.335 0
Middle Sample ID |Bu|k S Gravity % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count E C 1 2 3 Average [Deflection |JAverage |Change
0 0 0
500 0
1000 0
1500 0
2000 0
3000 0
4000 0
5000 0
6000 0
7000 0
8000 0
8001 0
Right Sample ID BNC w/o |Bu|k S Gravity % Air Void
Stroke Temperature Depth Gauge Reading(mm) Manual Net Man |APA-DAS |Percent
Count F C 1 2 3 Average |Deflection |Average [Change
0 0 0
500 5.616
1000 6.982 24.3
1500 7.901 13.2
2000 8.602 8.9
3000 9.655 12.2
4000 10.513 8.9
5000 11.197 6.5
6000 11.891 6.2
7000 12.331 3.7
8000 12.782 3.7
8001 12.782 0
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Pavement Technology, Inc APA Rut Test (Deformation vs Stroke Count)
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Appendix E

DSR Test Results
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Table E- 1 |G*| and d values for binders at 58 °C

Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
G*[(Pa) | S(deg) | |G*|(Pa) | 3(deg) | [G*(Pa) | &(deg) | |G*(Pa) | & (deg)
1.00E-02 2.13E+01 8.94E+01 | 5.55E+01 | 8.93E+01 1.58E+01 8.91E+01 | 4.79E+01 | 8.93E+01
5.00E-02 1.06E+02 8.93E+01 | 2.74E+02 | 8.82E+01 7.84E+01 8.95E+01 | 2.35E+02 | 8.81E+01
1.00E-01 2.12E+02 8.90E+01 | 5.41E+02 | 8.72E+01 1.57E+02 8.91E+01 | 4.63E+02 | 8.71E+01
1.50E-01 3.16E+02 8.89E+01 | 8.03E+02 | 8.65E+01 2.34E+02 8.89E+01 | 6.86E+02 | 8.65E+01
5.00E-01 1.03E+03 8.76E+01 | 2.52E+03 | 8.42E+01 7.68E+02 8.77E+01 | 2.15E+03 | 8.41E+01
1.00E+00 2.00E+03 8.65E+01 | 4.80E+03 | 8.28E+01 1.50E+03 8.68E+01 | 4.10E+03 | 8.26E+01
1.59E+00 3.11E+03 8.58E+01 | 7.46E+03 | 8.16E+01 2.36E+03 8.61E+01 | 6.35E+03 | 8.16E+01
5.00E+00 9.22E+03 8.38E+01 | 2.04E+04 | 7.87E+01 6.96E+03 8.41E+01 1.73E+04 | 7.88E+01
1.00E+01 1.75E+04 8.23E+01 | 3.72E+04 | 7.69E+01 1.33E+04 8.26E+01 | 3.17E+04 | 7.71E+01
2.00E+01 3.30E+04 8.03E+01 | 6.70E+04 | 7.49E+01 2.49E+04 8.06E+01 | 5.64E+04 | 7.51E+01
Table E- 2 |G*| and d values for binders at 64 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) d (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 9.10E+00 8.78E+01 | 2.28E+01 | 8.97E+01 6.96E+00 8.92E+01 1.94E+01 | 8.94E+01
5.00E-02 4.49E+01 8.93E+01 1.14E+02 | 8.92E+01 3.39E+01 8.94E+01 | 9.63E+01 | 8.91E+01
1.00E-01 9.00E+01 8.94E+01 | 2.26E+02 | 8.86E+01 6.78E+01 8.95E+01 1.93E+02 | 8.85E+01
1.50E-01 1.35E+02 8.92E+01 | 3.38E+02 | 8.82E+01 1.02E+02 8.93E+01 | 2.88E+02 | 8.80E+01
5.00E-01 4.46E+02 8.85E+01 1.09E+03 | 8.62E+01 3.35E+02 8.86E+01 | 9.27E+02 | 8.61E+01
1.00E+00 8.81E+02 8.78E+01 | 2.10E+03 | 8.50E+01 6.64E+02 8.80E+01 1.79E+03 | 8.49E+01
1.59E+00 1.35E+03 8.71E+01 | 3.29E+03 | 8.40E+01 1.05E+03 8.73E+01 | 2.77E+03 | 8.38E+01
5.00E+00 4.18E+03 8.53E+01 | 9.31E+03 | 8.14E+01 3.15E+03 8.53E+01 | 7.92E+03 | 8.13E+01
1.00E+01 8.02E+03 8.37E+01 1.74E+04 | 7.96E+01 6.08E+03 8.36E+01 1.48E+04 | 7.96E+01
2.00E+01 1.53E+04 8.15E+01 | 3.15E+04 | 7.74E+01 1.16E+04 8.08E+01 | 2.70E+04 | 7.77E+01
Table E- 3 |G*| and d values for binders at 70 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 4 24E+00 8.85E+01 | 9.56E+00 | 8.93E+01 3.29E+00 8.89E+01 | 8.25E+00 | 8.94E+01
5.00E-02 2.05E+01 8.90E+01 | 4.72E+01 | 8.95E+01 1.65E+01 8.93E+01 | 4.02E+01 | 8.96E+01
1.00E-01 4.10E+01 8.92E+01 | 9.46E+01 | 8.93E+01 3.29E+01 8.95E+01 | 8.12E+01 | 8.93E+01
1.50E-01 6.17E+01 8.93E+01 1.41E+02 | 8.90E+01 4.95E+01 8.94E+01 1.21E+02 | 8.90E+01
5.00E-01 2.05E+02 8.90E+01 | 4.65E+02 | 8.77E+01 1.64E+02 8.91E+01 | 3.99E+02 | 8.77E+01
1.00E+00 4.09E+02 8.86E+01 | 9.13E+02 | 8.67E+01 3.28E+02 8.87E+01 | 7.82E+02 | 8.66E+01
1.59E+00 6.33E+02 8.80E+01 1.44E+03 | 8.57E+01 5.15E+02 8.82E+01 1.22E+03 | 8.57E+01
5.00E+00 1.98E+03 8.61E+01 | 4.20E+03 | 8.33E+01 1.58E+03 8.62E+01 | 3.59E+03 | 8.31E+01
1.00E+01 3.86E+03 8.43E+01 | 7.94E+03 | 8.14E+01 3.09E+03 8.45E+01 | 6.80E+03 | 8.11E+01
2.00E+01 7.49E+03 8.14E+01 1.48E+04 | 7.87E+01 5.94E+03 8.11E+01 1.27E+04 | 7.83E+01
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Table E- 4 |G*| and d values for baghouse mastics at 58 °C

Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 2.59E+02 7.95E+01 | 3.74E+02 | 8.26E+01 1.63E+02 8.13E+01 1.62E+02 | 8.20E+01
5.00E-02 1.05E+03 8.37E+01 1.57E+03 8.57E+01 6.14E+02 8.77E+01 5.95E+02 8.78E+01
1.00E-01 1.99E+03 8.51E+01 2.92E+03 8.64E+01 1.20E+03 8.77E+01 1.17E+03 8.78E+01
1.50E-01 2.87E+03 8.56E+01 4.29E+03 8.64E+01 1.80E+03 8.75E+01 1.75E+03 8.76E+01
5.00E-01 8.88E+03 8.64E+01 1.33E+04 8.58E+01 5.77E+03 8.61E+01 5.51E+03 8.56E+01
1.00E+00 1.70E+04 8.66E+01 | 2.52E+04 | 8.53E+01 1.13E+04 8.44E+01 1.07E+04 | 8.38E+01
1.59E+00 2.75E+04 8.66E+01 4.07E+04 8.47E+01 1.71E+04 8.29E+01 1.68E+04 8.26E+01
5.00E+00 747TE+04 8.93E+01 1.08E+05 8.65E+01 5.11E+04 7.58E+01 4.89E+04 7.47E+01
1.00E+01 1.38E+05 8.28E+01 1.97E+05 8.84E+01 9.99E+04 6.68E+01 9.61E+04 6.48E+01
2.00E+01 ** ** 3.71E+05 | 7.82E+01 | 2.09E+05 | 5.33E+01 | 2.03E+05 | 5.24E+01
Table E- 5 |G*| and d values for baghouse mastics at 64 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 1.19E+02 7.69E+01 1.35E+02 | 8.30E+01 8.68E+01 7.80E+01 | 8.08E+01 | 7.81E+01
5.00E-02 4 41E+02 8.03E+01 | 5.95E+02 | 8.62E+01 2.72E+02 8.65E+01 | 2.64E+02 | 8.69E+01
1.00E-01 8.19E+02 8.22E+01 1.18E+03 8.67E+01 5.16E+02 8.78E+01 4.99E+02 8.78E+01
1.50E-01 1.21E+03 8.38E+01 1.75E+03 8.72E+01 7.65E+02 8.77E+01 7.43E+02 8.76E+01
5.00E-01 3.67E+03 8.68E+01 5.53E+03 8.79E+01 2.48E+03 8.61E+01 2.42E+03 8.59E+01
1.00E+00 6.67E+03 8.92E+01 1.05E+04 | 8.84E+01 4.86E+03 8.35E+01 | 4.74E+03 | 8.37E+01
1.59E+00 1.05E+04 8.73E+01 1.68E+04 8.91E+01 7.59E+03 8.16E+01 7.45E+03 8.13E+01
5.00E+00 3.16E+04 7.43E+01 4.78E+04 8.34E+01 2.40E+04 7.10E+01 2.31E+04 7.08E+01
1.00E+01 6.65E+04 5.77E+01 9.27E+04 7.22E+01 5.20E+04 5.43E+01 4.94E+04 5.48E+01
2.00E+01 1.79E+05 3.56E+01 2.00E+05 5.34E+01 1.29E+05 3.89E+01 1.27E+05 3.67E+01
Table E- 6 |G*| and d values for baghouse mastics at 70 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 5.58E+01 7.27E+01 1.02E+02 7.22E+01 4.33E+01 7.30E+01 4.42E+01 7.23E+01
5.00E-02 1.75E+02 7.91E+01 | 3.62E+02 | 7.75E+01 1.36E+02 8.28E+01 1.30E+02 | 8.43E+01
1.00E-01 3.15E+02 8.11E+01 6.55E+02 7.93E+01 2.31E+02 8.66E+01 2.25E+02 8.68E+01
1.50E-01 4.67E+02 8.28E+01 1.00E+03 8.13E+01 3.38E+02 8.71E+01 3.28E+02 8.70E+01
5.00E-01 1.47E+03 8.82E+01 2.75E+03 8.52E+01 1.10E+03 8.49E+01 1.07E+03 8.45E+01
1.00E+00 2.78E+03 8.57E+01 | 4.74E+03 | 8.83E+01 2.20E+03 8.08E+01 | 2.12E+03 | 8.08E+01
1.59E+00 5.23E+03 8.23E+01 | 8.13E+03 | 8.72E+01 3.31E+03 7.66E+01 | 3.22E+03 | 7.73E+01
5.00E+00 1.57E+04 5.25E+01 2.29E+04 6.84E+01 1.25E+04 5.37E+01 1.17E+04 6.05E+01
1.00E+01 4.72E+04 3.06E+01 5.37E+04 4.91E+01 3.38E+04 3.39E+01 2.98E+04 4.23E+01
2.00E+01 1.39E+05 1.80E+01 1.76E+05 2.54E+01 1.13E+05 1.84E+01 1.06E+05 1.93E+01

™ Values discarded
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Table E- 7 |G*| and d values for P#200 mastics at 58 °C

Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 8 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02 1.79E+02 | 7.95E+01 | 2.81E+02 | 8.04E+01 4.26E+03 8.43E+01 | 1.14E+02 | 8.63E+01
5.00E-02 6.28E+02 | 8.68E+01 | 9.57E+02 | 8.69E+01 5.96E+04 8.82E+01 | 5.03E+02 | 8.85E+01
1.00E-01 1.23E+03 8.74E+01 1.86E+03 8.68E+01 1.72E+04 8.82E+01 9.88E+02 | 8.78E+01
1.50E-01 1.83E+03 8.73E+01 2.75E+03 8.66E+01 1.00E+03 8.76E+01 1.46E+03 8.74E+01
5.00E-01 5.88E+03 8.62E+01 8.70E+03 8.52E+01 3.23E+03 8.58E+01 4.67E+03 8.54E+01
1.00E+00 1.15E+04 | 8.47E+01 | 1.69E+04 | 8.38E+01 6.36E+03 8.41E+01 | 9.03E+03 | 8.34E+01
1.59E+00 1.76E+04 8.35E+01 2.64E+04 | 8.25E+01 1.01E+06 7.85E+01 1.43E+04 | 8.23E+01
5.00E+00 5.32E+04 7.72E+01 7.47E+04 | 7.66E+01 3.02E+04 7.34E+01 4.15E+04 | 7.27E+01
1.00E+01 1.03E+05 6.82E+01 1.41E+05 | 7.00E+01 2.06E+07 5.11E+01 8.23E+04 | 6.65E+01
2.00E+01 2.13E+05 5.58E+01 2.81E+05 5.88E+01 8.87E+07 3.47E+01 1.87E+05 | 4.67E+01
Table E- 8 |G*| and d values for P#200 mastics at 64 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
IG*| (Pa) 3 (deg) IG*| (Pa) 3 (deg) IG*| (Pa) 3 (deg) |G*| (Pa) 3 (deg)
1.00E-02_| 9.04E+01 | 7.59E+01 | 1.35E+02 | 7.83E+01 | 3.73E+01 | 8.14E+01 | 5.87E+01 | 8.35E+01
5.00E-02 | 2.82E+02 | 8.60E+01 | 4.26E+02 | 8.65E+01 | 1.46E+02 | 8.66E+01 | 231E+02 | 8 81E+01
1.00E-01 | 529E+02 | 8.74E+01 | 8.18E+02 | 8.72E+01 | 2.81E+02 | 8.79E+01 | 4.44E+02 | 8.82E+01
1.50E-01 | 7.82E+02 | 8.73E+01 | 1.21E+03 | 8.71E+01 | 4.20E+02 | 8.77E+01 | 6.60E+02 | 8.80E+01
5.00E-01 | 2.53E+03 | 8.61E+01 | 3.92E+03 | 8.59E+01 | 1.37E+03 | 8.54E+01 | 2.15E+03 | 8.56E+01
1.00E+00 5.01E+03 8.42E+01 | 7.66E+03 | 8.44E+01 2.76E+03 8.25E+01 | 4.16E+03 | 8.25E+01
1.59E+00 | 7.78E+03 | 8.19E+01 | 1.20E+04 | 8.30E+01 | 4.17E+03 | 7.96E+01 | 6.75E+03 | 8.19E+01
5.00E+00 | 2.45E+04 | 6.96E+01 | 3.55E+04 | 7.47E+01 | 1.44E+04 | 6.17E+01 | 2.07E+04 | 7.13E+01
1.OOE+01 | 532E+04 | 5.47E+01 | 7.02E+04 | 6.31E+01 | 3.59E+04 | 4.19E+01 | 4.61E+04 | 5.15E+01
2.00E+01 1.41E+05 3.64E+01 | 1.47E+05 | 5.45E+01 1.15E+05 2.22E+01 | 1.21E+05 | 3.37E+01
Table E- 9 |G*| and d values for P#200 mastics at 70 °C
Frequency _ Buncombe County _ Rutherford County
(Hz) Virgin Aged Virgin Aged
|G*| (Pa) 3 (deg) |G*| (Pa) 6 (deg) |G*| (Pa) 5 (deg) |G*| (Pa) 5 (deg)
1.00E-02 4.82E+01 7.01E+01 6.44E+01 7.39E+01 2.09E+01 8.23E+01 3.56E+01 8.23E+01
5.00E-02 1.46E+02 8.24E+01 | 2.08E+02 | 8.44E+01 7.33E+01 8.54E+01 | 1.29E+02 | 8.77E+01
1.00E-01 2.49E+02 | 8.63E+01 | 3.76E+02 | 8.68E+01 1.27E+02 8.72E+01 | 2.47E+02 | 8.82E+01
1.50E-01 3.62E+02 8.66E+01 5.57E+02 | 8.70E+01 1.85E+02 8.70E+01 3.61E+02 | 8.80E+01
5.00E-01 1.18E+03 8.49E+01 1.79E+03 8.54E+01 6.13E+02 8.27E+01 1.18E+03 8.50E+01
1.00E+00 2.36E+03 8.24E+01 3.57E+03 8.31E+01 1.25E+03 7.64E+01 2.36E+03 8.12E+01
1.59E+00 3.72E+03 8.19E+01 5.60E+03 7.98E+01 1.51E+03 6.78E+01 3.59E+03 7.61E+01
5.00E+00 1.25E+04 6.29E+01 1.79E+04 | 6.37E+01 8.29E+03 4.53E+01 1.31E+04 | 5.58E+01
1.00E+01 3.53E+04 3.50E+01 4.16E+04 | 4.71E+01 2.92E+04 2.18E+01 3.11E+04 | 4.17E+01
2.00E+01 1.13E+05 2.00E+01 1.29E+05 | 2.30E+01 1.00E+05 1.14E+01 1.02E+05 | 2.18E+01
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Table E- 10 |G*|sin 6 values for Buncombe County materials, S8 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 2.13E+01 5.55E+01 2.54E+02 3.71E+02 1.76E+02 2.77E+02
5.00E-02 1.06E+02 2.74E+02 1.05E+03 1.56E+03 6.27E+02 9.56E+02
1.00E-01 2.12E+02 5.41E+02 1.98E+03 2.92E+03 1.22E+03 1.86E+03
1.50E-01 3.16E+02 8.01E+02 2.86E+03 4.28E+03 1.83E+03 2.74E+03
5.00E-01 1.03E+03 2.51E+03 8.86E+03 1.33E+04 5.86E+03 8.67E+03
1.00E+00 2.00E+03 4.76E+03 1.69E+04 2.51E+04 1.14E+04 1.68E+04
1.59E+00 3.10E+03 7.38E+03 2.75E+04 4.05E+04 1.75E+04 2.62E+04
5.00E+00 9.17E+03 2.00E+04 7.47E+04 1.08E+05 5.19E+04 7.26E+04
1.00E+01 1.74E+04 3.62E+04 1.37E+05 1.97E+05 9.60E+04 1.33E+05
2.00E+01 3.25E+04 6.47E+04 ** 3.63E+05 1.76E+05 2.40E+05
Average 6.58E+03 1.37E+04 3.01E+04 7.56E+04 3.63E+04 5.03E+04

Table E- 11 |G*|sin 3 values for Buncombe County materials, 64 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged
1.00E-02 9.10E+00 2.28E+01 1.16E+02 1.34E+02 8.77E+01 1.33E+02
5.00E-02 4.49E+01 1.14E+02 4.34E+02 5.94E+02 2.81E+02 4.25E+02
1.00E-01 9.00E+01 2.26E+02 8.12E+02 1.18E+03 5.29E+02 8.17E+02
1.50E-01 1.35E+02 3.37E+02 1.20E+03 1.75E+03 7.82E+02 1.21E+03
5.00E-01 4.46E+02 1.08E+03 3.66E+03 5.53E+03 2.53E+03 3.91E+03
1.00E+00 8.80E+02 2.09E+03 6.67E+03 1.05E+04 4.98E+03 7.63E+03
1.59E+00 1.35E+03 3.27E+03 1.05E+04 1.68E+04 7.71E+03 1.19E+04
5.00E+00 4.16E+03 9.20E+03 3.04E+04 4.75E+04 2.30E+04 3.42E+04
1.00E+01 7.97E+03 1.71E+04 5.62E+04 8.83E+04 4.34E+04 6.26E+04
2.00E+01 1.51E+04 3.08E+04 1.04E+05 1.61E+05 8.39E+04 1.20E+05
Average 3.02E+03 6.42E+03 2.14E+04 3.33E+04 1.67E+04 2.43E+04
Table E- 12 |G*|sin 6 values for Buncombe County materials, 70 °C
Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged
1.00E-02 4.24E+00 9.56E+00 5.33E+01 9.68E+01 4.53E+01 6.19E+01
5.00E-02 2.05E+01 4.72E+01 1.72E+02 3.53E+02 1.45E+02 2.07E+02
1.00E-01 4.10E+01 9.46E+01 3.11E+02 6.43E+02 2.49E+02 3.76E+02
1.50E-01 6.17E+01 1.41E+02 4.63E+02 9.92E+02 3.61E+02 5.56E+02
5.00E-01 2.05E+02 4.64E+02 1.47E+03 2.74E+03 1.18E+03 1.78E+03
1.00E+00 4.09E+02 9.11E+02 2.77E+03 4.74E+03 2.34E+03 3.54E+03
1.59E+00 6.33E+02 1.43E+03 5.18E+03 8.12E+03 3.69E+03 5.51E+03
5.00E+00 1.98E+03 4.17E+03 1.25E+04 2.13E+04 1.12E+04 1.61E+04
1.00E+01 3.84E+03 7.85E+03 2.40E+04 4.06E+04 2.03E+04 3.05E+04
2.00E+01 7.40E+03 1.45E+04 4.29E+04 7.55E+04 3.87E+04 5.06E+04
Average 1.46E+03 2.96E+03 8.97E+03 1.55E+04 7.81E+03 1.09E+04
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Table E- 13 |G*|/sin 6 values for Buncombe County materials, 58 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 2.13E+01 5.55E+01 2.63E+02 3.77E+02 1.82E+02 2.85E+02
5.00E-02 1.06E+02 2.74E+02 1.06E+03 1.57E+03 6.29E+02 9.59E+02
1.00E-01 2.12E+02 5.42E+02 1.99E+03 2.93E+03 1.23E+03 1.86E+03
1.50E-01 3.16E+02 8.04E+02 2.88E+03 4.30E+03 1.83E+03 2.75E+03
5.00E-01 1.03E+03 2.53E+03 8.90E+03 1.33E+04 5.89E+03 8.73E+03
1.00E+00 2.01E+03 4.84E+03 1.70E+04 2.53E+04 1.15E+04 1.70E+04
1.59E+00 3.12E+03 7.54E+03 2.76E+04 4.08E+04 1.78E+04 2.67E+04
5.00E+00 9.28E+03 2.08E+04 7.47E+04 1.08E+05 5.46E+04 7.68E+04
1.00E+01 1.77E+04 3.82E+04 1.39E+05 1.97E+05 1.11E+05 1.50E+05
2.00E+01 3.34E+04 6.94E+04 ** 3.79E+05 2.58E+05 3.28E+05
Average 6.72E+03 1.45E+04 3.04E+04 7.73E+04 4.63E+04 6.14E+04

Table E- 14 |G*|/sin 8 values for Buncombe County materials, 64 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 9.11E+00 2.28E+01 1.23E+02 1.36E+02 9.32E+01 1.38E+02
5.00E-02 4.49E+01 1.14E+02 4.47E+02 5.97E+02 2.83E+02 4.27E+02
1.00E-01 9.00E+01 2.26E+02 8.27E+02 1.18E+03 5.30E+02 8.19E+02
1.50E-01 1.35E+02 3.37E+02 1.22E+03 1.75E+03 7.83E+02 1.21E+03
5.00E-01 4.46E+02 1.08E+03 3.67E+03 5.54E+03 2.54E+03 3.93E+03
1.00E+00 8.82E+02 2.09E+03 6.67E+03 1.05E+04 5.03E+03 7.70E+03
1.59E+00 1.35E+03 3.27E+03 1.06E+04 1.68E+04 7.86E+03 1.21E+04
5.00E+00 4.19E+03 9.20E+03 3.28E+04 4.81E+04 2.62E+04 3.68E+04
1.00E+01 8.06E+03 1.71E+04 7.87E+04 9.74E+04 6.51E+04 7.87E+04
2.00E+01 1.54E+04 3.08E+04 3.07E+05 2.50E+05 2.38E+05 1.81E+05
Average 3.06E+03 6.42E+03 4.42E+04 4.32E+04 3.46E+04 3.23E+04

Table E- 15 |G*|/sin 6 values for Buncombe County materials, 70 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 4.24E+00 9.56E+00 5.84E+01 1.07E+02 5.13E+01 6.71E+01
5.00E-02 2.05E+01 4.72E+01 1.78E+02 3.71E+02 1.48E+02 2.09E+02
1.00E-01 4.10E+01 9.46E+01 3.19E+02 6.67E+02 2.50E+02 3.77E+02
1.50E-01 6.17E+01 1.42E+02 4.70E+02 1.01E+03 3.62E+02 5.57E+02
5.00E-01 2.05E+02 4.65E+02 1.47E+03 2.76E+03 1.19E+03 1.79E+03
1.00E+00 4.09E+02 9.14E+02 2.79E+03 4.74E+03 2.38E+03 3.59E+03
1.59E+00 6.34E+02 1.44E+03 5.28E+03 8.14E+03 3.76E+03 5.69E+03
5.00E+00 1.99E+03 4.23E+03 1.98E+04 2.47E+04 1.41E+04 2.00E+04
1.00E+01 3.88E+03 8.03E+03 9.27E+04 7.10E+04 6.16E+04 5.68E+04
2.00E+01 7.57E+03 1.51E+04 4.50E+05 4.11E+05 3.31E+05 3.31E+05
Average 1.48E+03 3.05E+03 5.73E+04 5.25E+04 4.14E+04 4.20E+04
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Table E- 16 |G*|cos d values for Buncombe County materials, 58 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged
1.00E-02 2.26E-01 6.48E-01 4.72E+01 4.81E+01 3.24E+01 4.66E+01
5.00E-02 1.31E+00 8.63E+00 1.15E+02 1.17E+02 3.47E+01 5.23E+01
1.00E-01 3.56E+00 2.63E+01 1.69E+02 1.85E+02 5.64E+01 1.02E+02
1.50E-01 6.31E+00 4.84E+01 2.18E+02 2.71E+02 8.54E+01 1.61E+02
5.00E-01 4.36E+01 2.54E+02 5.57E+02 9.76E+02 3.90E+02 7.23E+02
1.00E+00 1.21E+02 6.05SE+02 1.01E+03 2.08E+03 1.06E+03 1.81E+03
1.59E+00 2.27E+02 1.09E+03 1.65E+03 3.75E+03 2.00E+03 3.46E+03
5.00E+00 9.92E+02 3.99E+03 8.53E+02 6.62E+03 1.18E+04 1.73E+04
1.00E+01 2.35E+03 8.43E+03 1.74E+04 5.50E+03 3.83E+04 4.83E+04
2.00E+01 5.56E+03 1.75E+04 * 7.60E+04 1.20E+05 1.46E+05
Average 9.31E+02 3.19E+03 2.44E+03 9.55E+03 1.74E+04 2.17E+04
Table E- 17 |G*|cos J values for Buncombe County materials, 64 °C
Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged
1.00E-02 3.48E-01 1.33E-01 2.71E+01 1.64E+01 2.21E+01 2.74E+01
5.00E-02 5.27E-01 1.57E+00 7.40E+01 3.93E+01 1.97E+01 2.57E+01
1.00E-01 9.81E-01 5.37E+00 1.12E+02 6.83E+01 2.38E+01 3.93E+01
1.50E-01 1.80E+00 1.05E+01 1.31E+02 8.45E+01 3.67E+01 6.15E+01
5.00E-01 1.18E+01 7.16E+01 2.06E+02 2.06E+02 1.71E+02 2.79E+02
1.00E+00 3.31E+01 1.82E+02 9.28E+01 2.89E+02 5.07E+02 7.48E+02
1.59E+00 6.72E+01 3.45E+02 4.90E+02 2.74E+02 1.10E+03 1.46E+03
5.00E+00 3.46E+02 1.40E+03 8.54E+03 5.50E+03 8.56E+03 9.35E+03
1.00E+01 8.76E+02 3.14E+03 3.56E+04 2.84E+04 3.07E+04 3.18E+04
2.00E+01 2.25E+03 6.89E+03 1.45E+05 1.20E+05 1.14E+05 8.56E+04
Average 3.59E+02 1.20E+03 1.90E+04 1.54E+04 1.55E+04 1.29E+04
Table E- 18 |G*|cos d values for Buncombe County materials, 70 °C
Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged
1.00E-02 1.08E-01 1.18E-01 1.66E+01 3.12E+01 1.64E+01 1.79E+01
5.00E-02 3.40E-01 4.02E-01 3.30E+01 7.81E+01 1.94E+01 2.02E+01
1.00E-01 5.40E-01 1.19E+00 4.88E+01 1.22E+02 1.63E+01 2.08E+01
1.50E-01 7.81E-01 2.45E+00 5.85E+01 1.51E+02 2.12E+01 2.93E+01
5.00E-01 3.46E+00 1.83E+01 4.62E+01 2.32E+02 1.04E+02 1.43E+02
1.00E+00 9.91E+00 5.31E+01 2.06E+02 1.41E+02 3.11E+02 4.31E+02
1.59E+00 2.22E+01 1.06E+02 7.02E+02 3.98E+02 5.23E+02 9.95E+02
5.00E+00 1.35E+02 4.93E+02 9.56E+03 8.45E+03 5.71E+03 7.94E+03
1.00E+01 3.85E+02 1.19E+03 4.06E+04 3.51E+04 2.89E+04 2.83E+04
2.00E+01 1.12E+03 2.90E+03 1.32E+05 1.59E+05 1.06E+05 1.19E+05
Average 1.68E+02 4.77E+02 1.83E+04 2.04E+04 1.42E+04 1.57E+04
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Table E- 19 |G*

sin § values for Rutherford County materials, 58 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 1.58E+01 4.79E+01 1.61E+02 1.61E+02 HHE 1.14E+02
5.00E-02 7.84E+01 2.35E+02 6.13E+02 5.94E+02 ek 5.03E+02
1.00E-01 1.57E+02 4.62E+02 1.20E+03 1.17E+03 ek 9.87E+02
1.50E-01 2.34E+02 6.85E+02 1.79E+03 1.75E+03 ek 1.46E+03
5.00E-01 7.67E+02 2.14E+03 5.76E+03 5.50E+03 HHE 4.65E+03
1.00E+00 1.50E+03 4.07E+03 1.12E+04 1.07E+04 HAE 8.97E+03
1.59E+00 2.36E+03 6.28E+03 1.70E+04 1.66E+04 ek 1.41E+04
5.00E+00 6.92E+03 1.70E+04 4.96E+04 4.72E+04 ek 3.96E+04
1.00E+01 1.32E+04 3.09E+04 9.18E+04 8.69E+04 ek 7.54E+04
2.00E+01 2.45E+04 5.44E+04 1.67E+05 1.61E+05 HHE 1.36E+05
Average 4.97E+03 1.16E+04 3.46E+04 3.31E+04 e 2.82E+04

Table E- 20 |G*

sin d values for Rutherford County materials, 64 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 6.96E+00 1.94E+01 8.49E+01 7.91E+01 3.69E+01 5.83E+01
5.00E-02 3.38E+01 9.63E+01 2.71E+02 2.63E+02 1.46E+02 2.31E+02
1.00E-01 6.78E+01 1.93E+02 5.15E+02 4.99E+02 2.81E+02 4.44E+02
1.50E-01 1.02E+02 2.88E+02 7.65E+02 7.43E+02 4.20E+02 6.60E+02
5.00E-01 3.35E+02 9.25E+02 2.47E+03 2.41E+03 1.36E+03 2.15E+03
1.00E+00 6.63E+02 1.78E+03 4.83E+03 4.71E+03 2.73E+03 4.12E+03
1.59E+00 1.05E+03 2.76E+03 7.51E+03 7.36E+03 4.10E+03 6.68E+03
5.00E+00 3.14E+03 7.83E+03 2.27E+04 2.18E+04 1.27E+04 1.96E+04
1.00E+01 6.04E+03 1.45E+04 4.22E+04 4.04E+04 2.40E+04 3.61E+04
2.00E+01 1.15E+04 2.64E+04 8.08E+04 7.59E+04 4.34E+04 6.70E+04
Average 2.29E+03 5.48E+03 1.62E+04 1.54E+04 8.91E+03 1.37E+04

Table E- 21 |G*

sin § values for Rutherford County materials, 70 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 3.29E+00 8.24E+00 4.14E+01 4.21E+01 2.07E+01 3.52E+01
5.00E-02 1.65E+01 4.02E+01 1.35E+02 1.29E+02 7.30E+01 1.29E+02
1.00E-01 3.29E+01 8.11E+01 2.30E+02 2.24E+02 1.27E+02 2.47E+02
1.50E-01 4.95E+01 1.21E+02 3.37E+02 3.27E+02 1.85E+02 3.60E+02
5.00E-01 1.64E+02 3.98E+02 1.10E+03 1.07E+03 6.08E+02 1.17E+03
1.00E+00 3.27E+02 7.81E+02 2.17E+03 2.09E+03 1.21E+03 2.33E+03
1.59E+00 5.15E+02 1.22E+03 3.22E+03 3.14E+03 1.39E+03 3.48E+03
5.00E+00 1.58E+03 3.56E+03 1.01E+04 1.01E+04 5.89E+03 1.09E+04
1.00E+01 3.07E+03 6.72E+03 1.89E+04 2.00E+04 1.09E+04 2.07E+04
2.00E+01 5.87E+03 1.24E+04 3.57E+04 3.50E+04 1.98E+04 3.78E+04
Average 1.16E+03 2.54E+03 7.19E+03 7.23E+03 4.02E+03 7.71E+03
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Table E- 22 |G*|/sin d values for Rutherford County materials, 58 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 1.58E+01 4.79E+01 1.65E+02 1.64E+02 HHE 1.14E+02
5.00E-02 7.84E+01 2.35E+02 6.14E+02 5.95E+02 ek 5.03E+02
1.00E-01 1.57E+02 4.64E+02 1.21E+03 1.17E+03 ek 9.88E+02
1.50E-01 2.34E+02 6.88E+02 1.80E+03 1.75E+03 ek 1.47E+03
5.00E-01 7.68E+02 2.17E+03 5.79E+03 5.53E+03 HHE 4.68E+03
1.00E+00 1.51E+03 4.13E+03 1.13E+04 1.08E+04 HAE 9.09E+03
1.59E+00 2.37E+03 6.42E+03 1.73E+04 1.69E+04 ek 1.44E+04
5.00E+00 6.99E+03 1.77E+04 5.27E+04 5.07E+04 ek 4.35E+04
1.00E+01 1.34E+04 3.25E+04 1.09E+05 1.06E+05 ek 8.97E+04
2.00E+01 2.52E+04 5.83E+04 2.60E+05 2.56E+05 HHE 2.57E+05
Average 5.07E+03 1.23E+04 4.60E+04 4.50E+04 e 4.21E+04

Table E- 23 |G*|/sin J values for Rutherford County materials, 64 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 6.96E+00 1.94E+01 8.87E+01 8.26E+01 3.77E+01 5.91E+01
5.00E-02 3.39E+01 9.63E+01 2.72E+02 2.64E+02 1.47E+02 2.32E+02
1.00E-01 6.78E+01 1.93E+02 5.16E+02 4.99E+02 2.81E+02 4.44E+02
1.50E-01 1.02E+02 2.88E+02 7.66E+02 7.44E+02 4.21E+02 6.60E+02
5.00E-01 3.35E+02 9.29E+02 2.48E+03 2.42E+03 1.37E+03 2.16E+03
1.00E+00 6.64E+02 1.80E+03 4.89E+03 4.77E+03 2.78E+03 4.19E+03
1.59E+00 1.05E+03 2.79E+03 7.67E+03 7.53E+03 4.24E+03 6.81E+03
5.00E+00 3.16E+03 8.02E+03 2.54E+04 2.44E+04 1.63E+04 2.19E+04
1.00E+01 6.11E+03 1.50E+04 6.40E+04 6.04E+04 5.38E+04 5.90E+04
2.00E+01 1.18E+04 2.77E+04 2.05E+05 2.12E+05 3.03E+05 2.18E+05
Average 2.33E+03 5.68E+03 3.11E+04 3.13E+04 3.83E+04 3.14E+04

Table E- 24 |G*|/sin d values for Rutherford County materials, 70 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 3.29E+00 8.25E+00 4.53E+01 4.64E+01 2.11E+01 3.59E+01
5.00E-02 1.65E+01 4.02E+01 1.37E+02 1.30E+02 7.35E+01 1.29E+02
1.00E-01 3.29E+01 8.12E+01 2.31E+02 2.25E+02 1.27E+02 2.47E+02
1.50E-01 4.95E+01 1.21E+02 3.38E+02 3.28E+02 1.86E+02 3.61E+02
5.00E-01 1.64E+02 3.99E+02 1.11E+03 1.08E+03 6.18E+02 1.18E+03
1.00E+00 3.28E+02 7.84E+02 2.23E+03 2.15E+03 1.28E+03 2.38E+03
1.59E+00 5.15E+02 1.22E+03 3.41E+03 3.30E+03 1.63E+03 3.70E+03
5.00E+00 1.59E+03 3.62E+03 1.56E+04 1.34E+04 1.16E+04 1.59E+04
1.00E+01 3.10E+03 6.88E+03 6.07E+04 4.43E+04 7.85E+04 4.68E+04
2.00E+01 6.02E+03 1.30E+04 3.59E+05 3.22E+05 5.09E+05 2.73E+05
Average 1.18E+03 2.61E+03 4.42E+04 3.87E+04 6.03E+04 3.44E+04
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Table E- 25 |G*|cos O values for Rutherford County materials, 58 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 2.62E-01 6.17E-01 2.47E+01 2.26E+01 HHE 7.31E+00
5.00E-02 6.74E-01 7.60E+00 2.50E+01 2.30E+01 ek 1.33E+01
1.00E-01 2.43E+00 2.33E+01 4.73E+01 4.55E+01 ek 3.78E+01
1.50E-01 4.62E+00 4.23E+01 7.72E+01 7.22E+01 ek 6.73E+01
5.00E-01 3.04E+01 2.20E+02 3.97E+02 4.21E+02 HEE 3.75E+02
1.00E+00 8.49E+01 5.27E+02 1.10E+03 1.15E+03 HAE 1.04E+03
1.59E+00 1.61E+02 9.31E+02 2.10E+03 2.16E+03 ek 1.92E+03
5.00E+00 7.18E+02 3.36E+03 1.25E+04 1.29E+04 ek 1.23E+04
1.00E+01 1.70E+03 7.07E+03 3.93E+04 4.10E+04 ek 3.29E+04
2.00E+01 4.06E+03 1.45E+04 1.25E+05 1.24E+05 HHE 1.28E+05
Average 6.76E+02 2.67E+03 1.80E+04 1.82E+04 e 1.77E+04

Table E- 26 |G*|cos 0 values for Rutherford County materials, 64 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 9.46E-02 1.92E-01 1.81E+01 1.67E+01 5.59E+00 6.64E+00
5.00E-02 3.31E-01 1.53E+00 1.66E+01 1.42E+01 8.65E+00 7.70E+00
1.00E-01 5.89E-01 5.08E+00 2.00E+01 1.88E+01 1.02E+01 1.40E+01
1.50E-01 1.29E+00 1.02E+01 3.13E+01 3.08E+01 1.69E+01 2.32E+01
5.00E-01 8.32E+00 6.24E+01 1.69E+02 1.73E+02 1.10E+02 1.65E+02
1.00E+00 2.32E+01 1.60E+02 5.48E+02 5.24E+02 3.59E+02 5.46E+02
1.59E+00 4.96E+01 2.99E+02 1.10E+03 1.12E+03 7.56E+02 9.47E+02
5.00E+00 2.60E+02 1.20E+03 7.84E+03 7.58E+03 6.81E+03 6.65E+03
1.00E+01 6.78E+02 2.66E+03 3.03E+04 2.85E+04 2.67E+04 2.87E+04
2.00E+01 1.85E+03 5.78E+03 1.00E+05 1.02E+05 1.06E+05 1.01E+05
Average 2.87E+02 1.02E+03 1.40E+04 1.40E+04 1.41E+04 1.38E+04

Table E- 27 |G*|cos 0 values for Rutherford County materials, 70 °C

Frequency Binder Baghouse Mastic P#200 Mastic
(Hz) Virgin Aged Virgin Aged Virgin Aged

1.00E-02 6.13E-02 8.51E-02 1.26E+01 1.34E+01 2.78E+00 4.73E+00
5.00E-02 2.08E-01 3.10E-01 1.70E+01 1.29E+01 5.89E+00 5.07E+00
1.00E-01 2.73E-01 1.01E+00 1.39E+01 1.24E+01 6.17E+00 7.62E+00
1.50E-01 5.18E-01 2.12E+00 1.73E+01 1.73E+01 9.72E+00 1.23E+01
5.00E-01 2.46E+00 1.60E+01 9.88E+01 1.03E+02 7.80E+01 1.03E+02
1.00E+00 7.19E+00 4.69E+01 3.52E+02 3.40E+02 2.94E+02 3.59E+02
1.59E+00 1.65E+01 9.14E+01 7.69E+02 7.07E+02 5.69E+02 8.63E+02
5.00E+00 1.04E+02 4.32E+02 7.42E+03 5.74E+03 5.82E+03 7.39E+03
1.00E+01 2.93E+02 1.05E+03 2.81E+04 2.20E+04 2.71E+04 2.32E+04
2.00E+01 9.25E+02 2.58E+03 1.07E+05 1.00E+05 9.83E+04 9.43E+04
Average 1.35E+02 4.22E+02 1.44E+04 1.29E+04 1.32E+04 1.26E+04
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Appendix F

Mobilized Interfacial Shear Stresses
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Figure F-1(a-f) Mobilized interfacial shear stresses for AC-AC combination at 20 °C
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Figure F-2(a-f) Mobilized interfacial shear stresses for AC-AC, high temp.
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Figure F-3(a-f) Mobilized interfacial shear stresses for PCC-AC, 20 °C
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Figure F-4 (a-f) Mobilized interfacial shear stresses for PCC-AC, high temp.
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Figure F-5(a-f) Mobilized interfacial shear stresses for CTB-AC, 20 °C
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Figure F-6(a-f) Mobilized interfacial shear stresses for CTB-AC, high temp.
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