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Executive Summary

This investigation was undertaken to develop a mechanistic design procedure for
selection of tack and prime coat type in relation to traffic loading, pavement temperature and

the required AC overlay thickness.

The need for this research was based on the occurrence of excessive delamination
problems in Division 13 of NCDOT. Pavements in Buncombe County where emulsions were
used as tack coat, experienced higher incidence of delamination distress compared to the
pavement sections in Rutherford County where PG64-22 asphalt cement was used as tack

coat.

The question that arose was, is PG64-22 a better tack coat compared to the emulsions
used? The first task undertaken to answer this question was a survey of practices followed by
other departments of transportation. The survey included both the use of tack and prime

coats.

In al, 26 states responded to the survey questionnaire. With regards to the use of
prime coats, of the 26 states, 10 states responded that there is no requirement for the use of
prime coats for new construction. Two states, Georgia and New Jersey, require use of prime
coat if the AC thicknessis less than 5 inches, and Missouri requiresit if the AC thicknessis
less than 4 inches. With regards to the use of tack coats, a host of materials is used that

includes emulsions as well as asphalt cements of various grades.

In North Carolina, CMS-2 emulsion is popularly used as tacking material. So in this
study, its performance was compared to the asphalt cement with Superpave™ grade PG64-
22.

The methodology used in this study to compare the performance of different tack and
prime coats required first, the development of a 3-D computer program that takes into
account the horizontal shear stresses induced on the pavement surface due to vehicle braking
effects (acceleration and deceleration). Taking into account the induced shear loading, the
shear stresses at the interface layers were computed. These shear stresses were then

compared to the bond strength of the tack or prime coat under consideration. It should be



noted here that: 1) the induced shear stress at the interface depends on the AC overlay
material properties as well as the temperature that the pavement is subjected to; and 2) the
thickness of the overlay. If the induced shear stress is more than the bond strength,

delamination will be imminent.

The tack coat performance was evaluated for both AC over AC and AC over PCC
(PCC-AC) pavements. The results of this study indicate that PG64-22 used as atack coat for
AC-AC shows superior performance compared to the CMS-2 emulsion. There are two
possible reasons for this: 1) the residua asphalt in CMS-2 emulsion had a Superpave™
grading of PG52 as compared to asphalt cement that was PG64 (higher viscosity); and 2) the
rate of application was same for both tack coat, and therefore the amount of residual asphalt
inCMS-2isless.

On the other hand, for PCC-AC composite pavement, the CMS-2 emulsion performs
better relative to the PG64-22. The reason for this behavior is attributed to the
imperviousness of the PCC layer. It appears that a higher amount of PG64-22 actually
enables the dlippage between layers to occur more readily giving poor bond strength. It is,
therefore, apparent that the application rate of tack coat plays avery important role. Too
much will not only lead to delamination but may aso result in bleeding of asphalt on the

surface.

With respect to prime coats, three were evaluated in this study — CSS-1h, EPR-1, and
EA-P. All three are on the NCDOT approved list. It should be noted here that prime coats are
usually used on subgrades, subbases and aggregate bases. However, in this study CTB was
used as it was not possible to determine the bond strength with subgrade or subbase due to
their low stiffness. Results of the analysis conducted in this study shows that CSS-1h
performs better than the other two emulsions. Mechanistic analysis indicates that, in genera,
a prime coat must be used to counteract induced shear stresses and hence prevent
delamination when the AC overlay thickness is less than 3.5 to 4 inches. These results
support current construction practices followed by Georgia, New Jersey, and Missouri.

Finally, this research study provides a methodology and design guide based on
mechanistic analysis to select appropriate tack or prime coat for given field conditions. Based



on the AC layer thickness a suitable tack or prime coat can be chosen (or vice versain some

cases) to minimize the delamination distress.
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1 Background

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 an ever increasing number of vehicles on the roads, the need for proper
maintenance of the existing infrastructure cannot be overemphasi zed.

Typically for thicker asphalt pavements, construction is done in layers. Thisis due to
ease of construction and economic reasons. Before paving a rehabilitation asphalt layer, the
top surface of the existing layer is cleaned and atack coat is applied to bond the new surface
to the underlying layer. The tack coat consists of alight 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
ispaved [33]. 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 same as 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 dlippage 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 vertica compressive stresses and
has a negative impact on ride quality. In the literature available so far, assumptions of either
full friction or no friction between interlayer surfaces have been made when designing
pavements. Although alot of progress has been made in the field of polymer compositesin

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/Distr esses/pushing.htm)

Figure 1-2 Delamination, exposur e 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/ad4.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.
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Figure 1-4 Typical slippagefailure[17, 32]

1.2.1 Study by Mohammad et al [31]

Mohammad, et al [31] has measured the influence of different tack coats on interface
shear strength. They conducted aload-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:
Compact the ‘bottom’ part of the specimen in a Superpave gyratory compactor
After cooling, apply the tack coat at the specified rate
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 Ib/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.
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(a) Collarsto provide lateral confinement (b) Assembled collarswith specimen inside

Figure 1-5 Collars designed for testing samplesin shear, [31]

1.2.2  Study by Shahin et al [35]

Shahin et a [35] have discussed the effect of layer slippage on the performance of asphalt
pavements. Using an example of an airfield pavement and with BISAR (Bitumen Structure
Anaysisin Roads) and the French Shell model [12] for analysis, various scenarios were
evaluated about the fatigue life of the pavement. The pavement section considered had a 2-

inch thick overlay over a4-inch thick asphalt cement (AC) surface course. The base course



was 25-inches 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 criteriafor 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 alowed below the
uppermost layer, the tensile strain also existed at the bottom of the overlay. In addition, the
following observations were made:

Only asmall amount of slippage is sufficient to produce strains in the pavement that

approach those of the free dippage case.

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 dippage leading to higher strains.

The subgrade strains increase with increasing slippage. Because two thinner layers are

not as stiff as one layer of the same overall thickness, the compressive vertical strain on

the subgrade increases.

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 dippage 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 athicker 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 and a minimum overlay thickness of 2 inch.

1.2.3 Study by Uzan et al [47, 48]

A research to evaluate the adhesion between asphalt mixes was conducted by Uzan, et al.
[47, 48] using the Goodman’ s constitutive law:



t =K” Du Equation 1-1
where:
t isthe shear stress at interface,
Du 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 a [35]. 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:
Adhesion, represented by the tensile properties of the dlip plane.
Interlocking, from the penetration of aggregates into the voids of the other layer. The
interlocking component depends on the texture of the surfacesin contact and properties
of the asphalt mix.
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 atensile test. (The interlocking effect would be absent for
pure tension.)

The following factors largely influenced the interface shear strength:

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:
(& 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.

—sed

LLLLLLLL LLLL

= 4
1
N
I
o
=
i

T S

‘1’ upper layer
|

T : Shear Force

—_— e —e — — — — — — — —

o e e i —

>

lower layer

SN NN NN NN

ITTTT77 77777777777 777777 7777777777777
Figure 1-6 Schematic of specimen deformation during shear testing, [48]

1.2.4 Study by Tschegg et al [45]

A common method for measuring the bond strength of asphalt cores is the pull-off test [45].

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 axia direction of the base layer. The maximum load is registered during
the pull-off test. Thisis a ssimple 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 thistest, 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.

1.25 Study by Ameri-Gaznon et al [7]
Ameri-Gaznon et al [7] 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, f , values were determined at 104 °F at aloading 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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The effect of interfacial bonding has been discussed in great detail. In absence of
interlayer bond, the overlay acts independently of the rest of the pavement system allowing
greater relative movement 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 dlippage.

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. Typicaly, 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 [25]

The authors 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:

Evaluation of the rate of increase of viscosity and evaporation characteristics of the prime

coat material.

Measurement of absorption of prime coat material into the base course.

Quantification of change in the hardness of the base layer with time.

And adhesion between the base course and the asphalt |ayer.

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 trandates 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 trandates 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. Theinterfacial 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 [21]

The study consisted of mainly three steps. The first step consisted of analyzing an
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 the 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 temperaturesin 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 lifts, and for the third it was a single lift. The section
constructed in a single lift rutted more than the other two, probably due to inadequate
compaction at the bottom of the layer when placed in one deep lift. The section least likely to
rut was the one with three lifts. Overall, it was suggested that adegquate compaction combined
with the use of modified emulsions could reduce the interlayer slippage on airport

pavements.
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Figure 1-9 Specimen shapes and testing method, [21]
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Figure 1-10 Shear test on emulsions, [21]
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1.2.8 Study by Mukhtar et al [32]

Tests similar to the current study were conducted by Mukhtar et a [32] 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, atack coat was applied at one of
the surfaces and the PCC specimen was inserted in a mold having 2-inch internal diameter.
L oose 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 smulate 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 rates of 1.0, 30 and 300 inch per min. The testing was carried
out at temperatures 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 whed!.

PCC |2in

Figure 1-11 Specimenswith tack coat at interface, [32]

1.2.9 Study by Sholar et al [38]

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 devel oped to measure the
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test the 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
(19.0mm) performed significantly better than finer (12.5mm) gradations in terms of shear
strengths. 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 [38]

1.2.10 Prime Coats

Prime coating is the spray application of asphalt on the surface of a non-asphalt base
course. Usualy untreated materials are primed with cutback asphalt that hel ps waterproof the
surface of the base, plug capillary voids, coat and bind loose mineral particles, and provide
adhesion between the base and asphalt concrete. Although, emulsion based primes have been
used as an aternative 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. Thisissue 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 lifts. 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, critica
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 AC over PCC layers so that they form a monolithic structure to
withstand traffic and environment. A strong tack coat is essential for the distribution of shear
stresses 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). In North Carolina, 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 a curing period before opening to traffic.

For overlay as well as new construction of AC pavements, asphalt concrete mats are
usually placed in 1.5-2 inch lifts. As discussed earlier for prime coats, construction
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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 decel eration. 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
the North Carolina Department of Transportation (NCDOT), by Tayebali et al [43] 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 plantsin 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 used CRS-2.5 emulsion
and PG64-22 binder, respectively, as atack coat.

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

NCDOT specifications and the only possible cause of distress could be improper interlayer
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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 viscoel astic properties
(dynamic shear modulus, |G*|, and the phase shift, d) over arange 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 athin film of tack coat. It was
concluded from the FSCH test that cores from non-distressed sections had higher |G*| and
G*/sind 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 arange of temperatures. This test is performed in a controlled stress
mode in accordance with AASHTO TP-7, Procedure F [6]. 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 cyclesto 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 emulsion
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, d, 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
2.5mm/minute after gluing them to meta platens. This test is used to measure the tensile
strength of asphalt mixtures and, in particular, for layered specimens it represents the
(tensile) strength of the interfacia joint. It was found that bond strength of the CRS-2.5
emulsion was 46% lower compared to cores from Rutherford County. The failure for
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 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 is not possible to conclude
whether PG64-22 is a better tacking material than CRS-2.5. This is 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 to determine

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 thisinvestigation is 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 [43]. In order to comprehend the
contribution of prime and tack coats, it is 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 and development of 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 a 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 (81.2) on the contribution of prime and tack coats to pavement
performance was conducted. A survey questionnaire (Appendix A) was designed and sent
to al state highway agencies to gather data on their experience for pavement construction
with and without the use of prime and tack coats. At the same time, areview of the

methods of stress analysis for layered systems was conducted. The most promising
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method, 3-D semi-analytic approach, was chosen and a program developed for use in this

investigation.

2.2.2 Asphalt and Mastics Testing
The Asphalt Institute Manual Series MS-16 [9] 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 (82.2.2) and the next task (82.2.3) 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). Thistask consists of three subtasks:

evauate the properties of aged and virgin binders,

rheological properties of mastics (aged and unaged), and

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 (minera filler) containing:

zero percent baghouse fines; and
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:
Laboratory FSCH and RSCH test on 6-inch diameter specimens compacted using
SGC;
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Georgiawhed rutting test at NCDOT M&T Unit on 6-inch diameter specimens
prepared using SGC; and
Moisture sensitivity testing using the modified AASHTO T283 procedure.

2.2.4 Material Characterization

The objective of thistask 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 CTB and the PCC specimens were
evaluated at 28 days using cylindrical specimens. For the asphalt concrete mix, the axial
and shear stiffness were characterized at different temperatures and frequencies. Stiffness
versus frequency master curves was prepared from the data obtained. These results will
enabl e the selection of the appropriate stiffness and moduli values required for the
mechanistic evaluation.

2.2.5 Fabrication of Slabsand Test Specimens

In this task, composite slabs — 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 dabs, steel molds were fabricated. The lower layer of the dab was
either 2-inch thick CTB layer or PCC layer for the evaluation of prime and tack coats,
respectively. The CTB and PCC layers were alowed 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 are EPR-1, CSS-1h
and EA-P. Similarly for tack coat evaluation, slabs will be prepared without any tack
coating, and using CM S-2 emulsions and PG64-22 asphalt cement. A dense mix asphalt
concrete layer was then 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.
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2.2.6 Bond Strength Determination using Shear Testing
The objective of thistask was to evaluate the CTB or PCC-AC layer interface bond

strength of various prime and tack coats used. In this study, the bond strength was
proposed to be evaluated using the smple shear test at constant height. Testing was
conducted at 40 and 60 °C. For AC-AC interface 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 axia stresses were monitored and
the cohesion value 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 a semi-analytic method was
developed as part of the overall project. The pavement is modeled primarily as alayered
system of linear elastic materials with surface asphalt layer as an 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 as to 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

whether prime coat was required for new construction,

rate of its application,

relation of prime coat to asphalt pavement thickness,

curing time,

laboratory tests for prime coats,

field performance tests

difference between pavements with and without prime coats,

merits of emulsified asphalts versus cutback asphalts

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

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. Thefollowing states responded to the questionnaire: Alabama, Alaska, Arkansas,

Arizona, Connecticut, Florida, Georgia, 1daho, Illinois, Kansas, Kentucky, Maine,

Minnesota, Mississippi, Missouri, Nebraska, New Hampshire, New Jersey, New Y ork,
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Oklahoma, Rhode Idland, 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 state 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,
(8 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 are states that
have noted the following in preference to emulsion over cutbacks as prime coats.
MS (emulsions, when applied properly, are easier to work with),
MO (emulsions have more pickup versus cutback),
IL (emulsions for resurfacing projects) and
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.
. Therates of application of the prime coat are from 0.03 gal/yd? to 3.44 gal/yd®. In some
cases, there was dilution of the emulsion 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.

11.

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 is considered by some states in specifying use of

prime coats. 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, al 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), ditillation, solubility in trichloroethylene, residue test and

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

While afew of the agencies reported that prime coat does improve performance, there

was a significant number (50%) who did not see any difference in performance. Some of

the reasons cited for better performance were:

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

(b) Erosion control of the base.

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

(d) Ease of dengification 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, alarger 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 is 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
afew 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 mixturesin 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:

the evaluation of the gradation of baghouse fines using the state-of-the-art particle
analyzer at FHWA Turner Fairbank Highway Research Center;

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

was also evaluated using the DSR; and

the properties of residual asphalts and emulsions

4.2 Selection of Fines

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

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

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

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

In al, 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.
Experience showed that this was adequate for most of the mineral fillers.

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 Resultsand Discussion

In al 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 dightly more viscous medium. The two media
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used for Rutherford County ‘coarse’ bag-house fines were distilled water (W) and 90-percent
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-nm. The baghouse fines from Buncombe
County has the mean particle size 40-nm and the Rutherford County ‘fine’ baghouse fines
has a mean particle size of 31-mm. The ‘coarse’ baghouse fines from Rutherford County have
amean particle size of 88-nm, 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 rheologica 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 [5].
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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:

Binder (virgin and RTFO-aged, PG64-22 for both counties)

Mastic (virgin and aged) from the baghouse fines. Only the ‘fine’ baghouse fine

was used from Rutherford County.

Mastic (virgin and aged) from the regular minera filler (fraction passing #200

seve).
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.

442 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 radians per second 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 TP5 to be arange 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 levels 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 d.
These results were then used to generate master curves at 64°C for dynamic shear modulus
|G*| and |G*|/sind.

443 Test Resultsand 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 genera:

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

2) |G*| vaues 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) in 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 alarge amount of water, they were broken prior to
being tested in the DSR. The following two approaches were used to break the emulsions:

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. The oven uses a temperature of 163 °C for
testing purposes. The emulsions were broken in RTFO at lower temperature of 85 °C in
order 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 resullts.

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.

451 Test Resultsand 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 alog-linear scale. All the curves
had an R value of one indicating a very good fit.

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

3. Thetesting 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. Theresidua binders of CRS-1H, EA-P and |.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):

CRS-1H
EA-P
l.LA.S.
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CRS-Koch, and
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 and Figure 4-14, it can be seen that the EAP 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.
Thisis 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 preferenceisCMS-2, CRS-1, CRS-1H, IAS and EAP.

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 minera 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 finesfrom particle size analysis (set 2) [23]

Particle Buncombe Buncombe Rutherford Rutherford Rutherford

Property Baghouses Passing #200 'Coarse' Fines 'Fine' Fines Passing #200
MOEILJTSQ%SISM ) 5.72 5.40 7.10 5.43 531
ui?g:ﬁ:f;t(g) 10.20 7.60 4,00 0.11 867
gl?r?/r;ﬁirzn(tcf) 173 215 172 196 228
| n?jlrgaltv;e(sssl) 2.25 231 114 2.60 2.30
mi'i(fgtv(;ea) 4.40 2.90 275 3.88 359
Mgg;eP(?rrrt;;Ie 40.0 305 88.0 310 305

Table 4-2 Temperatures for residual binderswhen |G*|/sind 2 1.0 kPa

Emulsion | Temp. (°C) | PGrating
CRS-1H 73.7 PG70
EA-P 4.7 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 extrapol ated to determine the appropriate
1-kPatemperature. Extratesting was not felt necessary because the results were almost a straight line when
graphed.
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5 Performance Testing of SGC Specimens

5.1 Introduction

The main objective of this task was to evaluate the performance of laboratory samples,
prepared 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 severd
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 IMF

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 methodol ogy
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:

Shear testing
FSCH (Frequency Sweep at Constant Height Test)

RSCH (Repeated Shear at Constant Height Test)
APA test
TSR tests

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
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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 isimperative 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) [6]. 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 [36] developed within the
SUPERPAVE™ program.

5.3.2 Temperature Zones

SHRP report (SHRP-A-415) [37] 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 [37]. 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
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
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minimizes errors due to variations in the mix temperature sensitivity due to its accelerated
rate of damage accumulation. North Carolinafallsin regions B and IC with both Buncombe

and Rutherford counties being in region |C with critical and maximum temperatures in the

range of 35to0 38 °C.

5.3.3 Sdection 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. Idedlly, 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 parameter under investigation was 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).

5.34 Rdiability Factors
AASHTO provisional standard TP-7 [6] 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 [36] software:

T~ T =-000618" (latf +02289 " (lat)+24.4 (5.2

Where Ty, and Ty 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:
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To=Ta ([-0063" d+0.007" d?- 0.0004" o) (5.2

Where Ty and Ty 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 cal culated
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 cal cul ated
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 thistask 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 minera filler (passing #200 sieve) was evaluated
using the FSCH and the RSCH tests.

54.1 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
sieve sizes and were then blended to the appropriate NCDOT specified IMF (Appendix C)
gradations. The exception to this procedure was that the Rutherford County sand and all the
baghouse fines 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
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baghouse fines. For Rutherford County, there were two types of baghouses:. the 'fine
baghouse fines and the 'coarse’ baghouse fines. For the purpose of |aboratory 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 atemperature 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 5t1-percent. Both ends were then sawed to achieve the required height of 2-inches.
Table 5-1 shows the air void content of the specimens used for the RSCH test. It may be
noted that the specimen identification for Buncombe and Rutherford counties consists of ‘W’
for the specimens containing baghouse fines, and ‘WO’ for specimens without the baghouse

fines.

54.2 FSCH Test

The FSCH test measures the viscoel astic shear properties (dynamic shear modulus,
|G*| and the phase shift, d) over arange 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
[6] in which asinusoida 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
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
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fines have a tiffening effect on the mixtures. That is, on an 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-pecent for the Rutherford County mixes.
These results 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.

54.3 RSCH Test

The RSCH test measures the rutting potential of the mix over arange of temperatures.
In this study, the RSCH test was conducted in accordance with AASHTO TP-7, Procedure F
[6]. A controlled cyclic sinusoidal shearing stress was applied for a period of 0.1 s followed
by arest period of 0.6 swith 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

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.

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.
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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 Materias and Tests 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 [30].” The
APA measures rutting susceptibility by rolling a steel wheel over a 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 whedl passes over the hoses and dlab 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 isa‘proof’ test or a‘pass/ fail test,” many variations of the test
temperatures and rut depth acceptance criteria exist based on local experience. NCDOT
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 atarget 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 a&¢ NCDOT. Two

cylindrical specimens were used for each test and an average rut depth was determined.
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55.1 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

those 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
dightly more rutting (which was also evident from the field cores received [43]) 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 regard, the APA
test shows that the baghouse fines used in this study do not have any effect on the
performance of the asphalt mixtures from either county, aresult consistent with all prior

performance test results presented in earlier sections.

5.6 Effect of Baghouse Fines on Moisture Sensitivity

NCDOT Materias and Tests 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 al, 8 specimens were made for each asphalt mixture with and without the
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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 ratio for asphalt mixtures containing baghouse fines for Buncombe and
Rutherford counties are 78-percent and 84-percent, respectively, which fails 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 [42]
based on 6 inch diameter specimens aso confirmed the finding of this investigation.

5.7 Summary and Conclusion

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

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

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

not containing baghouse fines;

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

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

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

application, or improper breaking of emulsions. It should be noted that remaining 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 Gy, of 150-mm diameter laboratory mix specimens

Buncombe County

Rutherford County

Height Air voids Avg. Air Height Air void Avg. Air
samplelD | ) (%) void (%) | 2P0 m) (%) Void (%)
BW11 50.2 4.9 47 RW41 50.5 5.5 55

BW12 49.3 4.5 ) RWA42 475 5.5 '
BWO11 50.4 4.9 49 RWO41 47.4 5.6 55
BWOQO12 48.6 4.8 ) RWO42 48.6 5.3 )

Gmm — mixes w/baghouse fines 2.511 Gmm — mixes w/baghouse fines 2.513
Gmnm — mixes wo/baghouse fines 2.505 Gmnm — mixes wo/baghouse fines 2.509

Table 5-2 Nationwide pavement temper atures, [37]

. Temperaturein °C
Region Effective | Critical Maximum
A 27.7 35 37.6
I B 33.0 40 41.8
IC 29.3 35 375
A 28.3 36 384
1B 34.2 42 437
I1C 36.0 43 457
A 30.1 36 38.6
I B 37.2 44 46.6
J1Ke: 35.1 42 44.3
Mean 32.3 39.2 41.6

Table 5-3 Average depths and test temperatures

County Weaf[her 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
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Frequency BW11 BW12 BWO11 BWQO12
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

Frequency | BW11 | BW12 | BWO11l | 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

Table5-4 |G*| (Pa) versus frequency (Hz) for lab mixes, 50.2 °C, Buncombe County

Table5-5d (degrees) versusfrequency (Hz) for lab mixes, 50.2 °C, Buncombe County

Table5-6 Average |G*|,d, and |G*|/sin d values, 50.2 ° C, lab mixes Buncombe County

Frequency |G*| _(Pa.) |G*| (Pa.) d (dgg.) d(deg.) |G* |/§in d | |G*|/sind
(With) (W/o) (With) (W/0) (With) (W/0o)

10 1.67E+08 1.27E+08 43.46 48.76 2.42E+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
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Frequency RW41 RW42 RWO41 RWO42
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 3.21E+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 | RWO41 | RWO42
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 54.41 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

Table5-7 |G*| (Pa) versus frequency (Hz) for lab mixes, 50.2 °C, Rutherford County

Table5-8d (degrees) versus frequency (Hz) for lab mixes, 50.2 °C, Rutherford County

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

Frequency |G*| _(Pa.) |G*| (Pa.) d (d_eg.) d(deg.) |G* |/_si nd | |G*|/sind
(With) (W/o) (With) (W/o) (With) (W/o0)

10 2.14E+08 1.80E+08 4479 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 461E+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
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Table5-10 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 1D % Strain
Buncombe BW11 2.10 Buncombe BWO11 2.70
Buncombe BW12 1.59 Buncombe BWO12 157

Average % Strain 1.85 Average % Strain 2.14
Rutherford RwW41 1.70 Rutherford RWO41 2.18
Rutherford RW42 1.89 Rutherford RWO42 2.15

Average % Strain 1.80 Average % Strain 2.17

Table5-11 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!D (mm) %) void %) | 2nplelD (mm) %) Void (%)
BW02 75.6 6.5 65 RWO05 75.6 7.7 76
BWO03 75.5 6.5 ) RWO06 75.4 7.4 )
BWO1 75.5 6.4 65 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
. Air voids Max. Load ' Air voids Max. Load
Sample ID Height (mm) %) (N) Sample ID Height (mm) %) (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
BW11 63.8 7.0 2270 BW10 63.8 6.9 1700
Average 6.9 2142 6.9 1650

Table 5-13 Buncombe County (W/out baghouse fines) TSR results (4-inch specimens)

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

SampleID Height (mm) %) N) SampleID Height (mm) %) N)

BWOO03 64.0 6.6 1980 BWOO01 63.6 6.9 1600

BWOO06 63.7 6.8 2050 BWO02 63.8 6.5 1750

BWOO08 63.9 6.3 2080 BWO05 63.8 6.3 1760

BWO09 63.9 6.8 1900 BWO07 63.8 6.7 1810
Average 6.6 2002 6.6 1730
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Table 5-14 Rutherford County (With baghouse fines) TSR results (4-inch specimens)

Unconditioned Specimens

Conditioned Specimens

. Air voids Max. Load . Air voids Max. Load
SampleID Height (mm) %) (N) SampleID Height (mm) %) (N)
RWO03 63.7 6.9 2450 RWO01 63.8 7.1 2050
RWO06 63.7 7.1 2400 RWO02 63.8 6.8 2050
RWOQ7 63.8 7.0 2450 RWO04 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

. Air voids Max. Load . Air voids Max. Load
SampleID Height (mm) %) (N) SampleID Height (mm) %) (N)
RWO02 63.9 6.5 2150 RWQOO01 63.7 6.4 1950
RWO04 63.9 6.4 2100 RWO03 63.9 6.4 2050
RWOO07 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
Table5-16 Summary of TSR results
QA/QC Average Tensile Strength (kPa) :
County Type of Mix Comparative Ten;' alf St(r)/ength
TSR Dry Wet o (%)
Buncombe With bag-fines Minor 209.3 162.9 77.8
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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Figure 5-1 Nine climatic regionsin US
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Figure 5-2 Dynamic Shear Modulus (|G*|) vs. freq., 50.2°C, Buncombe, lab mixes
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Figure 5-3 Phase angle (d) versusfrequency, 50.2°C, Buncombe, lab mixes
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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 [31] 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 sabs 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 drumsis necessary to prevent the sticking of asphalt mix to the drums.

6.2 Fabrication of Steel Molds

Sted molds (Figure 6-7 through Figure 6-10) were fabricated at NCSU to make the
dabs. 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 with a fairly accurate tolerance. To alow uniform compaction
inside the mold, the sides aong 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 moldsin and perpendicular to the

direction of compaction. On the surface of the aluminum plate were four L-sections to which
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the molds were anchored using stedl bolts. If ataller 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 alevel 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 dabs was received from NCDOT. The

material was heated to 160 °C in a convection oven for 4-5 hours. The molds were aso
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 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 atarget 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 asis done in the field. At the end of every pass, the roller was
turned dightly so as to cause the edge of the roller to move progressively from left end of the
mold to right. After every few passes, the flatness of the top surface was checked using a
water level. This process continued till afairly flat profile was obtained. After compaction,
the dlab was cooled for 24 hours before placing atack 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 were used to cast dabs.
The mold was assembled and bolted to the base plate. It was coated with athin layer of ail 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 dab was covered with wet cotton towels and was sealed in
a polythene plastic sheet (Figure 6-3 top part). Water was added daily to keep the towels
moist and aid the hydration of the slab. To accelerate specimen fabrication for laboratory
testing, the dab was hydrated for 7 days and 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 dabs
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 dlightly
damp cloth to retain the moisture. After 24 hours the mold was disassembled; however, as
the cement content in the CTB dabs 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 dabs, 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 [31]. The CTB materia was poured in a 6-inch diameter
modified proctor metal mold to a height of about 4.584 inches. It was then compacted in 5
layers using 56 blows per layer 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 in cotton towels and
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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 ametal 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 8-22, on page 130, shows a picture of composite CTB-
AC specimen.

6.4 Tack /Prime Coat Application

NCDOT specifications (8605 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 isin the middle
of the range. In consultation with the NCDOT, PG64-22 binder and CMS-2 emulsion were

chosen as tack coat materids.

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 dlabs 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) dab was cleaned with awire 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 al, 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 dabs (AC over AC and AC over PCC) were 4 inch in thickness. Nine cores
were drilled from these dabs, each core spaced 1%z 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 6-1 View of mold with adjustable ramps (on left)

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’

Figure6-6 CTB ‘disks coated with emulsion
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7 Material Characterization

7.1 Introduction

The objective of this task was to obtain materia characteristics needed for the
mechanistic analysis of the pavement sections. In this section, the properties of asphalt mix,
PCC and CTB were evaluated using the SST (Simple Shear Tester) testsand UTM
(Universal Testing Machine). 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 and CTB specimens.

7.2 Asphalt Mix Characterization

The asphalt mix (JMF enclosed in Appendix C, page 218), received from NCDOT, was

characterized by the following performance tests:
Shear tests
0 Frequency Sweep Test at Constant Height (FSCH),
0 Repeated Shear Test at Constant Height (RSCH),
Axid tests
o0 Frequency Sweep Test (AFST), and
0 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 specimenswas 4.0 + 0.5 %. The Gnm
(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 atarget air void content of 5.5%. The targeted air void content was dightly
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 mix was cooled, each specimen was cored to a4-in diameter and
the top and bottom portions shaved to give afina height of 6-in (15.2 cm). The specimens
used for axial testing were 4x6 inch in dimensions with an air void of 4+0.5%.

7.2.1 Frequency Sweep Test at Constant Height (FSCH)

The FSCH test measures the viscoel astic shear properties over arange 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 (d) are a
dightly different. It is expected that with increasing frequency, the phase angle would reduce
but thisis not the case at 60 °C (Figure 7-8). The phase angle increases with increasing
frequency at thisrelatively 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 arange 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 (detailsin §5.4.3). As
rutting is more likely to occur at higher temperatures, the tests were carried out at
temperature 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 cyclesis agood indicator of the mix behavior. It can be observed that at 60 °C,
the accumulated plastic strain 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 axial stiffness 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 asinusoidal 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 (d) between the stress and strain, and the dynamic axial
modulus (|E*|) 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 axia test, similar to the RSCH test, (details in 85.4.3) 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 sfollowed by arest period of 0.6 swith a peak
axia 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 more prone to axial deformation than at 40 °C. The number of cyclesat 60 °C
average to 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
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different sized 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 amost the same axia phase angle. The relationships between shear and
axial properties can be used to determine one if the other is known regardiess of the

frequency and test temperature.

7.3 Portland Cement Concrete (PCC) Characterization

A PCC mix was made using locally available aggregate, natural sand, and Type |
cement. The composition was atypical 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 atypical 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 sabs) air
entraining agent (AEA) and set-retarder were used. The target yield to prepare required
number of test samples or slabs was 1.5 ft2. 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 materias, 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
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rock and the sand. The mixing process was continued till small bubbles could be seen in the
aggregate sand slurry. The bubble formation was due to the addition of the AEA to the dlurry.
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 amoist 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, athird 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 lump of the concrete. The average of three dump 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.
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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
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 beam 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 alowed 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 thistest 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 inaUTM
and were subjected to an axial compressive load at a rate of 20 — 50 psi/s until 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 threetests, are listed in Table 7-19. The
average 7, 14 and 28 day strengths were 4810, 5250, and 5750 psi respectively. Most of the
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specimens tested had a biaxial failure near the edge, a characteristic of testing performed
using neoprene caps.

7.3.3 Modulusof Rupturefor 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 arate of 125 to 175 psi/min. For al 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 Concr ete 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
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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
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 dia 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 amost 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 3" 10° psi.

7.4 Cement Treated Base (CTB) Characterization

Base course is alayer 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 | cement was used for stabilization of the bases tested.

7.4.1 CTB Composition

Aggregates from Garner quarry of Martin Marietta and Type | Portland cement were
used to prepare CTB samples. Blending was achieved by combining #67 aggregate, washed
screenings and material passing #200 sievesin 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 Limitsfor 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 Sails), 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.

This 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
auniform 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 materia could not be rolled into threads on a glass plate. The plasticity index for the
CTB is 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 Sail
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 alayer 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
- 8540 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 6.9 10° 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 (%)
M1 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(qH“Z‘;”Cy M1 M2 M3 M4 Average
10 1.87E+09 165E+09 1.70E+09 1.79E+09 1.75E+09
5 1.63E+09 L46E+09 1.52E+09 159E+09 1.55E+09
2 1.29E+09 1.16E+09 1.20E+09 1.27E+09 1.23E+09
1 L.14E+09 LO7E+09 1.22E+09 1.15E+09 1.15E+09
05 8.60E+08 | 8.73E+08 8.00E+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 5.07E+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 191E+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

Fre(‘f_fsncy ML | M2 | M3 | M4 | Average
10 17.14 | 1571 | 16.12 | 14.46| 1586
5 1914 | 17.45 | 17.27 ] 1621| 1752
2 2249 | 19.19 | 2563 | 19.71| 2176
1 2279 | 20.98 | 23.79 | 19.91| 2187
05 27.15 | 26.12 | 26.36 | 22.89| 25.63
0.2 32.00 | 30.97 | 32.18 | 2840 30.89
0.1 35.61 | 36.60 | 37.60 | 31.29| 35.30
005 | 28.85| 3152 | 1833 | 30.84 | 27.39
002 | 3599 | 38.49 | 29.83 | 34.90 | 34.82
001 | 33.49 | 47.04 | 49.96 | 37.78 | 43.37

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

Fre(qH“Z‘;”CV 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 3.05E+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 161E+08 146E+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 5.00E+07

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

Fre(%usncy ML | 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 | 3401 | 35.15 | 34.02
1 37.70 | 33.21 | 40.61 | 38.23 | 37.44
05 | 39.73| 38.67 | 39.44 | 41.25| 39.77
02 | 4392 | 42.65 | 43.75 | 4451 | 43.71
0.1 | 46.39 | 44.68 | 4550 | 46.41| 45.75
005 | 4539 | 4361 | 46.71 | 43.77 | 44.87
002 | 46.98 | 50.20 | 46.32 | 47.60 | 47.78
001 | 47.87 | 49.21 | 52.98 | 4599 | 49.01
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Table 7-6 |G*| vs. frequency for AC mix, 40 °C, in Pa

Fr e(qH“Z‘;”Cy M1 M2 M3 M4 Average
10 4 55E+08 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 8.21E+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&”gncy ML | M2 | M3 | M4 | Average
10 3757 | 37.21 | 38.35 | 37.66 | 37.70
5 40.26 | 30.59 | 40.84 | 40.50 | 40.30
2 42.85 | 40.19 | 44.88 | 43.05| 42.79
1 45.02 | 47.16 | 44.91 | 44.42 | 4538

0.5 45.79 | 45.83 | 46.66 | 46.50 | 46.19
0.2 4592 | 47.46 | 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(qH“Z‘;”Cy M1 M2 M3 M4 Average
10 LO3E+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 5.00E+07 | 5.20E+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 2.83E+07

0.05 2.50E+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

Fre(?_'“S”Cy ML | M2 | M3 | M4 | Average
10 4221 | 4056 | 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 | 3164
05 3154 | 30.19 | 32.32 | 3250 | 28.85
0.2 28.85 | 27.54 | 29.72 | 29.29| 26.74
0.1 26.13 | 24.79 | 29.06 | 26.97 | 24.63
005 | 23.87 | 23.06 | 27.41 | 24.17| 22.37
002 | 22.90| 20.43 | 22.36 | 23.78 | 2057
001 | 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
M1 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 . . 3.8%
SAO3 60°C Repeated Axial Test 3.9%
SAM4 . 3.8%
° R A T
SAGS 40°C epeated Axial Test A0%
SA07 . : 4.0%
SAL2 20, 30, 40, 60 °C | Axial Frequency Sweep Test 3.8%

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

Frequency 20C 30C
(H2) 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

89




Table 7-13 Axial phase angle (degrees) vs. frequency for AC mix, 20 and 30 °C

Frequency 20C 30C
(H2) SAQ07 | SA12 | Average | SA07 | SA12| Average
10 16.84 | 18.74 | 17.79 | 25.17| 26.84| 26.00
5 1849 | 20.74 | 1961 | 27.66| 29.79 | 28.72
2 21.01 [ 23.76 | 2238 | 31.24] 33.95| 32.60
1 23.10 [ 26.30 [ 24.70 | 33.87| 37.62| 35.75
0.5 25.79 [ 29.12 | 27.45 | 36.76 | 40.62 | 38.69
0.2 29.44 | 3311 | 31.27 |40.12] 4491 | 4251

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

Frequency 40C 60 C

(H2) SA07 SA12 Average SAQ7 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 40C 60 C

(H2) SAQ7 | SA12 | Average | SA07 | SA12 | Average
10 3319 [ 3442 | 33.81 | 4114 4423 | 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 |1 39.87 | 40.60 | 37.17 | 42.72| 39.95
0.5 43.04 | 40.90 | 41.97 - - —

0.2 44.72 | 41.20 | 42.96 — — —

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

Sample 1D | & Te('j"(‘:’)erat“re Max axial cycles | Max Plastic Strain
SAOL 80 8800 137%
SAO3 60 14000 144%
SA4 20 100000 0.19%
SAO5 20 100000 0.17%
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Table 7-17 Aggregate moistur e contents and specific gravities

Property Sand Rock Cement
SG (SSD) 2.630 2.632 3.15°
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 355 622 622

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/cwit 1.88 oz/cwt

Table 7-19 Properties of concrete

Property Value
w/cratio 0.42
Sump 4.75in
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 pilesused for CTB

Sievesize | #67 | Screenings| P#200 | Blended | DOT Specs
15" 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 99.0 100.0 404 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 5

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 Moistur e density determination for CTB

Mold Weight (Ib) 13.11 Mold Volume (ft°) 0.075
Test Mo\ll\éingB Wtof | WetUnit | Wtof wet | Wt of dry (:/c;/niteerzwrt Dvrvé;;‘t”
No. (Ib) Sail (Ib) wt (pcf) sample (Ib) sample (Ib) (%) (pch)
1 23.73 10.63 141.72 0.810 0.782 359 136.81
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 (d) vs. frequency for AC mix, 20 °C
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Figure 7-3 Dynamic shear modulus (|G*|) vs. frequency for AC mix, 30 °C
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Figure 7-4 Shear phase angle (d) 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 (d) vs. frequency for AC mix, 40 °C
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Figure 7-7 Dynamic shear modulus (|G*|) vs. frequency for AC mix, 60 °C
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Figure 7-8 Shear phase angle (d) vs. frequency for AC mix, 60 °C
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Figure 7-9 Average dynamic shear modulus (|G*|) vs. frequency for AC mix
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