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Introduction

Asphalt pavements are inevitably subject to ingress of water. Prolonged exposure of these pavements to
water, sometimes due to inadequate drainage, can result in premature failure of the pavement. Moisture
damage occurs either through loss of adhesion between asphalt and aggregate (i.e., stripping of asphalt from
aggregate) or due to cohesive failure of the binder itself (Hicks, 1991). Both phenomena contribute to
reduction in strength or stiffness of the asphalt concrete layer. The reduction in stiffness contributes to the
development of various forms of pavement distresses. An ongoing challenge exists with establishing proper
testing protocols and specifications to minimize the potential for moisture damage of asphalt pavements.
Numerous laboratory tests have been investigated and developed over the years toward the design of
moisture-damage-resistant asphalt mixes. The developed tests can be subdivided into two main categories:
gualitative and quantitative. The qualitative tests include boil test, freeze/thaw and pedestal test, quick bottle
test, rolling bottle method, and many others (Solaimanian et al. 2003). The quantitative tests include
immersion compression tests, indirect tensile test, Marshall immersion test, double punch method, resilient
modulus tests, Hamburg wheel tracking test, moisture-induced stress test, and several others (Solaimanian et
al. 2003). The great number of different aggregate types and the numerous types of unmodified and
modified asphalt binders used across the United States, coupled with varied environmental conditions,
traffic, and construction practices, have made testing to accurately predict asphalt concrete moisture
susceptibility a difficult task. It has remained a challenge to the pavement industry to improve the current
moisture damage tests and enable better and more reliable distinction between poor and good performing
asphalt mixes.

Review of the literature on moisture-induced damage tests indicates that a better alternative to the
traditional AASHTO T 283 is deemed necessary by many state agencies and researchers. A number of
different candidates have been researched during the past decade, including: dynamic modulus, tension-
compression fatigue, Hamburg wheel tracking device (HWTD), Moisture-induced Stress Tester (MiST),
flow number, and indirect tensile stiffness and strength tests. These studies generally featured a range of
moisture-conditioning schemes, including dry, water bath, single freeze/thaw cycle, multiple freeze/thaw
cycles, MiST, submersion during the test, long exposure to water (up to 70 days), and environmental
conditioning. From the literature it can be concluded that the AASHTO T 283 cannot simulate the actual
action of water as it happens during the service life of flexible pavements. The monotonic nature of loading

in this test prevents obtaining sufficient information about the rate of moisture-induced damage progression
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under cyclic loading. Under this literature review, the HWTD test and MiST were found to be among the
most promising options to replace the current practice of moisture sensitivity evaluation. However, results of
recent surveys indicate that DOTs and contractors are currently more inclined to use HWTD tests rather than
MIiST. A possible advantage of the HWTD test could be its applicability for rutting evaluation of the mixes at
the same time the mix is exposed to water conditioning.

With regard to the tests on the mixture constituents, the surface free energy measurement technique
seems to be an effective screening tool for determining the compatibility of binders and aggregates. Binder
testing, especially when modified with an anti-strip additive, is always an effective way of identifying any
adverse effect that the use of an additive might have on the rheological behavior and stability of the binders.

The Wisconsin Department of Transportation (WisDOT) has been among the most active state
highway agencies in seeking improved testing protocols and specifications to address moisture damage of
asphalt pavements. WisDOT’s commitment in this respect is clearly manifested through the number of
research projects it has funded with respect to various aspects of moisture damage of pavements. The
research project discussed in this report is the most recent sponsored by the Department toward the

improvement of existing test protocols and specifications.

The overall goal of the project was to determine a reliable testing protocol for use by the Wisconsin
Department of Transportation and develop recommendations regarding moisture sensitivity testing of asphalt

concrete mixtures in Wisconsin. To achieve this goal, several objectives were pursued:

1. Identify the proper moisture sensitivity test method or suite of practical tests (along with the associated
conditioning practices) that can be representative of the field performance of mixes.

2. ldentify test methods capable of evaluating the effectiveness of moisture susceptibility treatments such
as application of anti-stripping agents or modifications made to the mix design.

3. Correlate the laboratory evaluation results to the field performance in regard to moisture damage
potential.

4. Revise the existing specifications or develop a guide specification if needed to reduce the risk of
moisture damage.

The research was conducted for a period of 22 months, from October 2017 through August 2019, at the
Northeast Center of Excellence for Pavement Technology (NECEPT) at Penn State. The initial task of the
research included a comprehensive literature review of pertinent past research and specifications. This
literature review was used to develop a laboratory testing plan and analysis to address the goal of the
research. The laboratory work included a battery of moisture conditioning and mechanical tests to evaluate

the moisture damage resistance of the selected research materials. Four different mixes were identified by
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the Project Oversight Committee (POC) to be included in this research. The selection was based on
laboratory test results as well as field performance. Two aggregates were dolomite based and two siliceous
based.

Four different moisture conditioning schemes were exercised in this research following relevant
AASHTO or ASTM standards: (1) vacuum saturation followed by freezing and hot water conditioning
(AASHTO T 283), (2) vacuum saturation followed by hot water conditioning (AASHTO T 283), (3) MiST
conditioning (ASTM D7870), and (4) submerged load-induced conditioning (AASHTO T 324). The effect
of these conditioning schemes was assessed by measuring three properties: (1) indirect tensile strength, (2)
indirect tensile dynamic modulus, and (3) rut depth under repeated wheel passes. A full matrix of testing
was completed for all four aggregate sources. Based on the results from the full matrix comprehensive study,
a moisture damage mitigation study was undertaken. Results were summarized, conclusions were drawn,

and recommendations were made for improvement of specifications based on the findings.
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Experimental Program

The core activity of this research was the selection and execution of a suitable set of conditioning and
mechanical tests on specific materials selected to achieve the project objectives. The project required the
development of an experimental plan for this purpose and approval of this plan by the Project Oversight
Committee. The plan was developed based on the results from the literature review and submitted to the
POC in March 2018. Execution of the plan began in April upon approval by the POC, even though because
of time constraints, procurement and processing of materials as well as preliminary material characterization

were initiated while the experimental plan was under development.

Materials for this research were selected based on discussions between the research team and the POC. The

materials were selected by the POC in light of the project objectives.

Aggregates

Aggregates came from four different quarries known as the Menasha, Waukesha, Rock Springs, and Olsen
guarries. The locations of the aggregate sources are presented in Figure 1. The Menasha and Waukesha
aggregates are described as dolomite (dolostone) with some limestone. These two sources are in the central
east and southeast of Wisconsin, respectively. The Menasha aggregate was selected because in the
laboratory tests it had demonstrated a low tensile strength ratio (TSR) when tested to evaluate the moisture
damage resistance, while the Waukesha aggregate was selected because it had exhibited high TSR. The
aggregates from Rock Springs and Olsen, both siliceous based, were selected based on their field
performance. The sources of these two aggregates were Rock Springs, centrally located, and Chippewa Falls
and Downing, in the western part of the state, respectively. In at least one observation, these two aggregates
had shown marginal or poor performance after 11 years of service.

The materials were received either in canvas bags or in 5-gallon plastic containers. Accompanying
the material from each source was the asphalt binder, received either in 5-gallon containers or quart cans.
The stockpiles received for each source are presented in Table 1. Containers of reclaimed asphalt pavement
(RAP) and recycled asphalt shingles (RAS) were also shipped to the research facility in canvas bags or 5-

gallon containers.
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Figure 1 Wisconsin map: Locations of aggregate sources are shown in bold

Table 1 Aggregate stockpiles received for each source

Stockpiles

Menasha Manglzlr?éured Natural Sand 1/2" Chip 5/8" Chip
)
=
=] Manufactured A "
3 Waukesha Sand Natural Sand 3/8" Chip 5/8" Chip
T
o ) 1/4" & 3/16" .
ol Rock | SESoreened | yan sand | aerchip | /% Crushed
= pring Combined
<

Olsen | 3/8" Screenings | /% Soreened 3/8" Bit 3/4" Bit

Binders

Four binder grades were received for this project. Binders designated as PG 58-28, 58-28F, and 58-28WF
were received along with the aggregates from the Menasha and Waukesha sources. It must be noted that the
designations “F” and “WF” at the end of the binder PG number are used to distinguish between the binders,
as that is how the binders were labelled when received. These designations do not refer to specific grading
of the binders the same way that the terms “S”, “H”, and “V” are used. Binders designated as 58S-28

accompanied aggregates received from the Olsen and Rock Springs sources. The boil test, discussed later,
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was conducted as a screening test to choose one of the three binder sources for use with the Menasha and

Waukesha aggregates.

Material Processing
A major activity of the research was processing of the materials received. Processing consisted of dry and
washed sieve analysis of representative samples from each stockpile (AASHTO T 27 and T 11, respectively),
sieving aggregates of each stockpile on individual sieves, and storing the materials for each sieve size in bins.
Sieve analysis was conducted to determine the particle size distribution of each stockpile from each source
through both wet and dry methods. Approximately 4,000 Ib of materials were sieved and stockpiled,
requiring a considerable level of time and resources. At times, a shortage of materials was noticed due to
discrepancy between the gradation of as-received material and the JMF-reported gradation for all four
sources. Under these conditions, through coordination with the source and the project subcontractor (Bloom
Companies, LLC), additional material was received and processed.

Gradation of the RAP material for Menasha, Rock Springs, and Waukesha was determined using
ignition oven (AASHTO 308) and solvent extraction. Among the four sources, Menasha was the only source

indicating use of RAS along with RAP. Gradation of RAS particles was also determined using ignition oven.

Mix Design Verification

An important activity was verification of the designs as presented in the job mix formulas. The exception
was the Olsen mix, for which adjustment to proportions of stockpiles was needed to establish a mix design
with no RAP content. The gradations finalized for each mix are provided in Appendix A.

The research team noticed that the material received from the Olsen plant was significantly different
from the gradation indicated in the original JMF received from WisDOT. Therefore, through coordination
with the Project Oversight Committee, an updated version of the JMF was received. After comparing the
results of sieve analysis performed in the lab with those from the old and new JMFs, it was concluded that
the aggregates from Olsen complied better, but not completely, with the new JMF. However, the new JMF
indicated the use of RAP, which was not part of the old JMF, and hence was not shipped to NECEPT.
Although the material received as 3/4” bit, 3/8” bit, and 3/8” screened sand was generally in compliance with
the new JMF, the gradation of the material designated as 5/16” in JMF was substantially different from the
material received. To resolve this issue, the research team washed the materials retained on standard sieve #4
to obtain the desired gradation for the 5/16” for Olsen. Yet another issue with this source was the angularity
and fractured face of the particles. Hence, the fractured face count was conducted according to ASTM
D5821. For the coarse aggregate, combined from all stockpiles, the average percent of one face fractured
was 81%, and for two or more faces fractured it was 72%. According to Superpave specification M 323,

these values satisfy fractured face requirements for a surface mix for design traffic level of 0.3 to 3 million
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ESALs (equivalent single axle loads). The level of fractured face does not satisfy the requirements for a
surface mix at higher traffic levels. For example, for a traffic level of 3 to 10 million ESALs, the
requirement is 85 and 80 percent, for one face and two or more faces fractured, respectively.

Since no RAP was received for the Olsen source (even though the JMF included RAP), several
options were considered at the time: (1) request RAP from the source, (2) use RAP locally available at
NECEPT, and (3) do not use RAP. After discussion with the POC, the decision was made to continue using
the Olsen mix without inclusion of RAP, as that might provide a base in comparison with other sources for
which RAP was part of the mix. Therefore, for the Olsen mix, the RAP material reported in the JMF was
replaced by the aggregates received from this source. Attempts were made to proportion the aggregate
stockpiles in a way to be close to the JIMF gradation. For the Olsen aggregate, the original work was carried
out with a finer mix, closer to the JMF gradation. To improve the design and volumetrics, a coarse gradation
was adopted and used for further testing. For the Olsen aggregate, as the gradation and material were
different from the JMF, the specific gravity of the aggregate was determined according to AASHTO T84
(fine aggregate) and AASHTO T85 (coarse aggregate), and the specific gravity of the combined gradation
was used for further calculations. Comparison of bulk specific gravity (Gms) from the aggregate tests and
backcalculated effective specific gravity from mix maximum theoretical specific gravity (Gmm) indicated
unreasonably large differences. The effective gravity, calculated from Gmm, Was verified to be accurate,
implying that the results from AASHTO T84 were heavily influenced by the material passing #200 sieve. As
a result, the fine aggregate specific gravity test was repeated using the washed sieve material and after
removing the material passing #200 sieve.

The approach for verification of mix design was through generating gyratory compacted specimens
at design number of gyrations and design asphalt content as reported in the received job mix formula and
using recommended mixing and compaction temperatures in the JMF (Table 2). Bulk specific gravity of
compacted specimens was determined, paralleled with determination of Gum of the loose mix for each for
each source. Table 3 provides a summary of mix volumetrics at the design number of gyrations for each
mix. Multilaboratory precision estimates provided in AASHTO T 312 for 12.5-mm mixes indicate a d2s
limit of 1.7%. Difference "Two" Standard Deviation Limit (d2s), also known as 95% limit on the difference
between two test results, indicates that approximately 95% of all pairs of test results from different
laboratories can be expected to differ in absolute value by less than 2.77s, where "s" is standard deviation.
Therefore, the air void levels obtained through the verification step were within the acceptable range in

comparison with the values reported in the JMF.
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Table 2 Datarelated to mixes used in this research

ol Ul Mix Com Design
G Binder Binder Binder ) % Tem Temp. No gf
PG Content Content RAP RAS o P o P- ”
C C Gyrations
% %
Menasha 12.5 58S-28 6.0 4.6 23 148 140 40
Waukesha 12.5 58S-28 5.8 4.6 29 148 140 75
58-
Rock S. 12.5 28WE 51 4.3 20 148 140 75
58-
Olson 12.5 28WE 5.6 5.6 0 148 140 75

Table 3 Volumetric parameters at design for the researched mixes
Rock

Menasha

Waukesha

Springs

Design 40 75 75 75
Gyrations

- Virgin

% Binder, % 4.6 4.6 4.3 5.60
Total Binder,

% % 6.0 5.8 5.1 5.6

CCLU Gmm 2.468 2.500 2.470 2.515
Air Void, % 3.6 3.2 34 3.9
VMA, % 16.6 15.8 14.6 154
VFA, % 78.6 79.7 76.7 75.2

Selection of Tests

Several test protocols were selected for this research. Selection was made based on the original proposal and
results of the literature review (Task 1) and presented in the experimental program of Task 2. Table 4
presents a list of all asphalt concrete tests that were conducted for this research and the reason for their

selection.

Evaluation Using Boil Test

Three different binders were received for the Menasha and Waukesha sources. Through coordination with
the POC, it was decided to conduct a screening test to select the most appropriate binder for these two
sources. A full matrix of boil testing was exercised using all four binders with materials from all four
sources. Gradation closely matching job mix formula was applied for each case. Details of the boil test and
the results are presented in Appendix B of this report. Final rating was assessed as an average value based on
visual observation by three individuals. Bearing in mind that the results from the boil test are subjective in
nature, no apparent incompatibility was found among the aggregates and binders, as the ratings averaged
above 8 (out of 10) for all cases. A rating of 10 was considered an excellent adhesion. The results of this

investigation were communicated with the POC chair. As a result of the discussion, it was decided to use 58-
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28WF for the Menasha and Waukesha sources, as it is more readily available, and use the PG 58S-28 with
the Olsen and Rock Springs sources, for which the binder was originally targeted. Additional boil tests were
conducted at a later stage of the research using the coarse portion of the aggregates only (Appendix B).

Results are discussed in the next chapter.

Table 4 Tests conducted on asphalt concrete specimens

Test Standard Purpose and Reason for Selection
Indirect Tensile Strength AASHTO | Assess moisture damage resistance based on a widely
Test on Freeze/Thaw T 283 used test protocol as the benchmark.
Conditioned Specimens
Hamburg Wheel Tracking | AASHTO T | The Hamburg Wheel Tracking test has been researched
Device (HWTD) 324 and is under serious consideration by several state
highway agencies including Wisconsin.
Conditioning through ASTM MiST provides conditioning through suction/pressure of
Moisture Induced Stress D 7870 water into the specimen porous space, a process which
Tester (MiST) plus simulates field conditions and is absent in the AASHTO T
Adhesion | 283 protocol.
Dynamic Modulus AASHTO | When tested on both dry and conditioned specimens,
TP 131 provides a measure of retained modulus, an engineering
property which is an input to the Mechanistic-Empirical
Pavement Design Guide.
Ultrasonic Pulse Velocity ASTM Conducted on dry and conditioned specimens to determine
C 597 if a quick nondestructive test such as UPV could provide
reliable assessment of moisture damage in asphalt
concrete.

Evaluation Using AASHTO T 283 Standard and Tensile Strength Ratio
AASHTO Standard T 283 was adopted as the reference testing system for moisture damage evaluation. This
is the most widely used protocol by state highway agencies. Three different types of tests were conducted
under this system. Two of the methods followed T 283 specimen preparation and testing procedures strictly,
with one group undergoing one cycle of freeze at -18 °C followed by hot water conditioning at 60 °C, after
vacuum saturation of specimens, and the other group was only subjected to hot water conditioning with no
freeze, again after vacuum saturation. The original proposed plan for testing according to AASHTO T 283
included only the 95-mm-thick specimens with the freeze option. At the interim presentation of April 2018,
the Project Oversight Committee recommended adding the no-freeze protocol, as that is the protocol used by
Wisconsin DOT.

A modified version of the protocol was also conducted using the freeze option but using 60-mm-
thick specimens. The 60-mm-thick specimen was used to make it possible for direct comparison of results
with those obtained from disk-shaped specimens tested in dynamic modulus and Hamburg Wheel Tracking

Device (HWTD). The disk-shaped dynamic modulus specimens and HWTD specimens were 60-mm thick.
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Testing with Hamburg Wheel Tracking Device

Testing under Wet Conditions

AASHTO T 324 was followed for testing the specimen’s resistance to moisture damage under wheel
tracking. Testing was conducted on specimens when submerged in water at 46 °C and under 22,000 wheel
passes. Replicate specimens were prepared using the gyratory compactor. The specimens were trimmed at
the sides and were paired to deliver the required track. Two tracks were generated out of four compacted

specimens.

Testing under Dry Conditions

The idea behind testing dry specimens using the HWTD was to determine how much of the damage could be
attributed to the water effect, as some damage to the specimen is likely to occur simply because of loading,
even in the absence of water. Such distinction is possible only through testing specimens under the same
conditions but exposing one set to a dry testing environment and submerging another set in water while

loading. The dry testing was completed for all four sources of material.

Investigating Temperature Control for Testing of HWTD under Dry Conditions

The major challenge faced was controlling temperature at 46 °C for dry testing. Dry testing was undertaken
after modifications were made to the test equipment and temperature could be controlled within 46 + 1 °C.
The temperature control hood provided by the manufacturer was utilized and installed following the
manufacturer’s recommended installation guide. Originally, temperature fluctuation was within a range of 2
to 3 °C despite using the manufacturer’s hood and the recommended procedure. The fluctuation was not
believed to be the result of any manufacturing defect; rather it seemed to be an issue of the system’s
capability and accuracy.

Dummy specimens were prepared and subjected to HWTD loading under dry condition for a period
of 5 hours. The machine temperature was set at 46 °C and a Campbell Scientific CR23X micrologger was
utilized to record the temperature. Three thermocouples were used: one at the center of the device and the
other two at the two ends, close to the specimens. Data were collected at a frequency of one data point per
minute. Data collection was conducted while load tracking the specimens under dry conditions. This
scheme of temperature measurement and testing provided data based on which adjustments were made to the
machine to ensure temperature control within the target range. Adjustments included the addition of very
small circulation fans inside the HWTD test chamber. Improvement was made to the machine temperature
distribution by adding two small fans to the air circulation system. This effort helped bring the temperature
fluctuation to within +1 °C. For reference, when testing under submerged conditions AASHTO T 324

requires temperature control within £1 °C. AASHTO T 324 does not provide any criteria for the temperature
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range when testing under dry conditions. As no standard test protocol exists for testing specimens under dry

conditions, the same temperature criteria used for wet conditions were applied to dry conditions.

Interpretation of HWTD Test Results

The graph of a typical deformation-time curve delivers three segments: initial (primary) creep, secondary
creep, and tertiary creep (Figure 2). The initial creep defines the early stage of deformation, which typically
occurs within a limited number of cycles. The secondary creep is a more stable part of deformation, which
defines the progress of rutting with increasing number of passes linearly and typically carries a significantly
larger number of cycles compared with the initial creep. Finally, the tertiary creep begins when the mix has
become unstable and is showing a significant rate of deformation as time progresses. In this report, the point
of intersection of the slopes from secondary and tertiary creeps is defined as the inflection point for tertiary
creep. In case of testing under water, this point is defined as the stripping inflection point. There are several
distinguishing parameters that can be derived from the HWTD test and used in this research: maximum rut
depth (i.e., rut depth at the highest number of wheel passes), stripping or tertiary creep inflection point (SIP
or TIP), ratio of stripping slope (or tertiary creep slope) to secondary creep slope, number of wheel passes to
reach 10 mm of rut depth, rut depth after completion of 10,000 wheel passes, and finally the stripping slope
in terms of rut depth for 1,000 wheel passes. All of these parameters have been extracted from the test results

and presented in the next chapter.

Number of Wheel Passes (Traffic or Loading Time)

: : >
! i Stripping Inflection Point
rg ; | ~.(or Tertiary Creep Inflection Point)
2|8 S
§ Lz), Zone of Secondary Creep
@ I d d
21 g !
S E :
= 5 i Zone of Tertiary Creep
S o | i
15 :
N |
\ 4

Figure 2 Different creep zones for a typical load-deformation test

Larson Transportation Institute at Penn State 11 Larson.psu.edu



MiST Testing
MiST was one of the main conditioning protocols utilized for this project (Figure 3). The standard protocol
is covered under ASTM D7870. There is an AASHTO provisional test method, drafted in 2017, which had
not yet been standardized at the time of this writing. The major difference is that the AASHTO version has
an extra aspect of conditioning referred to as “adhesion conditioning.” This conditioning is for 20 hours at
the same temperature as the cyclic conditioning and is done first. Previous work, as reported by the
equipment manufacturer, has indicated that the pumping
action is more suited to capture the cohesion effect
(binder susceptibility to moisture damage) than the
adhesion effect (the bond between the binder and the
aggregate).  Furthermore, parallel to this research,
WisDOT has been conducting MiST with the adhesion
conditioning. Therefore, MiST testing with the extra 20-
hour conditioning time was selected for this research, as it
makes it possible to compare the test results from this
research with those from WisDOT, if needed. MiST
testing was conducted at 46 °C so that the results could be

compared with the test results from the HWTD tests.

During this project a total of 28 specimens were -
Figure 3 Picture of MiST with lid secured

conditioned using the MiST. Before conditioning, the ready for conditioning specimens

bulk specific gravity of each specimen was measured.

Afterwards, sets of two or three specimens were placed inside the MiST chamber, each on a base plate
separated by spacers (Figure 4). This step was followed by filling the chamber with water and securing the
lid. After deairing the chamber, the 20-hour adhesion conditioning was started once the water temperature
was within 10 °C of the setpoint (46 °C). Upon completion of adhesion conditioning, the cyclic conditioning
was initiated under a pressure of 40 psi. It took roughly 3.5 hours to apply the required 3,500
suction/pressure cycles. Upon completion of the test, water was drained from the chamber into a clean
bucket for visual observation of any material that may have been removed from the specimens during the
conditioning cycles. The water for all sets of MiST-conditioned specimens for this project was clean and
clear, indicating no loss of material during conditioning. After draining the warm water, cool water was
poured inside the chamber to cool the specimens for several minutes before removal. After removing the
specimens, each was tested immediately to determine the Gy and Gmp swell index. The Gmp swell index is
the percent change in bulk specific gravity before and after conditioning. The swell index was considerably
low for all of the specimens tested in this research. The MiST-conditioned specimens were placed in front of

fans to air dry after measuring their bulk specific gravities and before further testing. The specimens were
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also subjected to CoreLok suction to remove water to the extent possible. It must be noted that drying
specimens that have been subjected to MiST conditioning or vacuum saturation is very different from drying
specimens that have been simply placed in water for a few minutes for the purpose of measuring specific

gravity. In the former case, the amount of water filling the voids of the specimen is considerably higher than

the amount of water in the latter, and cannot be easily removed from the specimen.

Figure 4 Specimen before MiST conditioning (L) and after MiST conditioning (R)

Dynamic Modulus Test

Dynamic Modulus as an Engineering Property

Dynamic modulus (E”) is a linear viscoelastic material property. It is a performance-related property and a
measure of time-dependent stiffness and response of the asphalt concrete under repeated loading at various
loading frequencies. It is one of the main engineering properties used in the Mechanistic-Empirical
Pavement Design Guide (MEPDG) to evaluate mix performance and in deciding the mix quality with respect
to both rutting and fatigue cracking.

Test Protocols

The conventional test is conducted according to AASHTO T 342 using cylindrical specimens and the
uniaxial mode of testing. Existing literature confirms that there is a strong correlation between the dynamic
modulus values measured in uniaxial mode and the ones in indirect tension mode using disk-shaped
specimens (Kim et al. 2004). In this research, indirect tension dynamic modulus testing of disk-shaped
specimens was selected according to AASHTO T 131-18. The reason for this selection was to have dynamic
modulus (DM) specimens with the same geometry as specimens used in the HWTD test and in the Moisture-
induced Stress Tester.
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Conditioning and Modulus Ratio

Dynamic modulus tests were conducted before and after exposure to different moisture-conditioning
protocols. The objective was to investigate how different conditioning processes, namely, Moisture-induced
Stress Tester and freeze/thaw conditioning, would affect modulus of asphalt concrete. MiST conditioning
was conducted at 46 °C and included 20-hour static conditioning before application of suction pressure
cycles. The modulus ratio (MR) is defined as the ratio of dynamic modulus after moisture conditioning
(retained modulus) to that before conditioning of the same test specimen. Modulus ratios were also
compared with tensile strength ratio measured following AASHTO T 283.

Testing and Computations

To conduct the DM test in the indirect tension (IDT) mode, a disk-shaped, 60-mm-thick specimen was
subjected to controlled sinusoidal (haversine) compressive stress in the vertical direction and at different
frequencies (0.1/0.5/1/5/10 Hz). A typical DM test is conducted at a range of temperatures. However, all
testing for this research was conducted at 25 °C, since the goal was simply to determine the change in
modulus as a result of moisture-induced conditioning. The applied stresses and resulting axial and
transverse strains are measured as a function of time and used to calculate the dynamic modulus (AASHTO
2018). The test configuration is demonstrated in Figure 5. A set of four extensometers, two in the vertical
direction and two in the transverse direction, were mounted at the vicinity of the center of the specimen.
Each face of the specimen was instrumented with two extensometers (Figure 5). The extensometers capture
displacement within the gauge length during the test. The gauge length of the extensometer used in this study
was 38 mm.

All specimens were conditioned at a 25 °C environmental chamber overnight to ensure temperature
uniformity within the specimen before the test. To minimize damage within the specimen, the test started at
the highest frequency (10 Hz) and moved to lower frequencies in sequence. The stress level was chosen in a
way to ensure that the maximum horizontal strain did not exceed 50 microstrains. The strain level should be
sufficiently high to deliver reliable measurements and minimize noise effect but low enough to prevent any
damage caused by mechanical loading.

Using the applied load amplitudes and measured vertical and horizontal displacement on the

specimen, the dynamic modulus at each frequency is calculated as follows (AASHTO 2018):

3 — _ 2|57 Biva—Favy
) = = S el 0
Where:
|E* ()| = Dynamic modulus, Pa
|P*| = Applied load amplitude, N
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a = Loading strip width, m

d = Thickness of specimen, m

|V7*| = Average vertical displacement magnitude, m

|U*| = Average horizontal displacement magnitude, m; and

By, B2, ¥1, ¥2 = Geometric coefficients determined by extensometer gauge length.

4
Ba5

Figure 5 Dynamic modulus test in IDT mode configuration: (a) front view and (b) side view
(AASHTO TP 131-18)

Specimen Preparation and Test Schedule

Specimens were prepared using a Superpave gyratory compactor. A 150-mm-tall specimen was compacted
and cooled overnight. Subsequently, it was sawed to deliver two 60-mm-thick disk specimens. A total of six
disk-shaped specimens were made through this process for each material source (total of 24 specimens). All
specimens were marked so that specimens were loaded through the same axial direction before and after
exposure to moisture conditioning.

The overall test schedule for each material source is illustrated in Appendix E. Scheduling the DM
tests was somewhat challenging due to equipment limitations (for example, MiST can only process a
maximum of three specimens at a time) and time constraints. To ensure consistency among all four material
sources, a 21-day test cycle was designed and strictly applied to all material sources.

The bulk specific gravity of each test specimen (after trimming) was measured at several stages to
closely monitor the changes in density at each stage, especially after testing and conditioning. On day 12, six
specimens of each material source were split into two groups, each group subject to a different moisture
conditioning process. The specimens were grouped via a random number generator to reduce bias. The air
void comparison between the two groups and the overall average air void are presented in Figure 6. The
average air voids of all groups were within the target of 7 to 8%, thus eliminating the effect of air void on

moisture conditioning and mechanical tests.
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Air Void Distribution

10
O Overall Average Air Void = Average Air Void of MIST Specimens
9 @ Average Air Void of F/T Specimens
8
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Air Void, %

Rock Spring Olsen Waukesha Menasha

Figure 6 Average air void distribution for DM specimens

Ultrasonic Pulse Velocity (UPV) Test

Testing Asphalt Concrete with UPV

UPV utilizes the propagation speed of mechanical waves, mostly at frequencies in the range of about 50 to
150 KHZ within a medium, to determine the integrity and properties of samples. Propagation speed of
mechanical waves is directly related to the density of the medium (the higher the density, the higher the wave
speed), while the presence of voids and cracks reduces the wave speed. UPV has been widely used in the
study of concrete samples and structures as, for example, discussed in studies by Tomsett (1980) and Panzera
et al. (2011). The test method has been standardized in ASTM C597-16, but its application in asphalt
mixtures is relatively new.

The potential of using ultrasonic technique to improve the testing and evaluation of asphalt mixture
has been investigated by researchers such as Birgisson et al. (2003), Cheng et al. (2013), and Arabani and
Tavassoti-Kheiry (2006). Cheng et al. (2013) used ultrasonic detection method (UDM) to determine the
ultrasonic velocity of asphalt mixtures at different temperatures and water contents during the cycles of water
temperature-radiations (W-T-R). The researchers reported that UDM can be used to quickly evaluate the
damage state of asphalt mixture after the action of W-T-R cycles and it also effectively predicts the degree of

damage.
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UPV Test Setup

In this study, a Proceq® Pundit PL-2 UPV device with a pair of 150-kHz compressional transducers and a
pair of 250-kHz shear wave transducers were used to conduct the UPV test (Figure 7). The test setup consists
of a data acquisition and signal processing
unit (a), a signal transducer (b), and a signal
receiver (c). Depending on the type, the
signal transducers can generate = - . B froceq®
compressional waves (P-waves) or shear — : : undit PL-2
waves (S-waves), and the receivers are \
selected accordingly. Transducers with
different frequencies can be used (e.g., 54

kHz, 150 kHz, etc.). In general, signals with

higher frequencies can generate higher

resolutions. However, the waves with higher =

S

frequency ~are more  susceptible to Figure 7 UPV test setup used in the study
attenuation. This issue becomes of concern

in a material such as asphalt, which has high potential to attenuate signals due to its viscoelastic nature.
Hence, the use of very-high-frequency signals should be avoided for asphalt concrete specimens to ensure
that a high-quality signal can be collected for typical specimen sizes, shapes, and test conditions.

The most suitable combinations of gain-factor and excitation voltage were determined for testing 60-
mm-thick, disk-shaped specimens to provide the average 80% signal amplitude for the transmitted pulses.
The 80% threshold is a generally accepted criterion in UPV testing to ensure that the transmitted wave would
be strong enough to provide an acceptable level of response but would not be so strong as to result in
overshooting and failing to capture the actual oscillation peaks. To achieve this goal, one should consider
attenuation characteristics of the medium (i.e., asphalt concrete in this case), geometry of the specimen, and
microstructure of the material to be tested. The setup and target measurement locations were also determined

according to the allowable margins for each type of transducer to be used.

Interpretation of UPV Test Results

Compressional and shear waves are inherently different in their properties. Compressional waves transmit
through a material by reducing the molecular distance at parts of the material. Once the wave passes through
a section of the material, the molecular distance returns to its original state (Figure 8-a). This process is
energy-consuming, and the wave loses energy while propagating through a material. Compressional waves

can transmit through all sorts of material (i.e., solid, liquid, or gas); however, they cannot transmit through a
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discontinuity in a material (e.g., a crack or a large void). Hence, they can be used to determine the integrity
of the medium. Shear waves, on the other hand, cause a disturbance in the medium (Figure 8-b). Based on
the direction of the disturbance, shear waves can have different polarities. Shear waves cannot transmit
through non-solid medium and cannot pick up the presence of water inside the material. A combination of

compressional and shear waves can be used to determine the elastic properties of the material, including
Poisson’s ratio and elastic modulus.

Compressional Wave

P = —r I r—r—7—7

r High densityl

Undisturbed medium

Y o e s s

=

(@)
t Low densityJA
Shear Wave Wavelength
(b)
https://bit.ly/2)5FDxM —>

Direction of wave travel

Figure 8 Propagation of (a) compressional waves and (b) shear waves in a medium

Figures 9 and 10 present signal outputs of a UPV test conducted on a sample of asphalt concrete in
compressional and shear wave configurations, respectively.

Signal Curve

%pg_- 1.0%
= L83 s Arrival of the
compressional
i wave
2
@
2 0 S T e
£
E
<
-50—
-100 f } } f } f f } } f } } f } }
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Time [ps]
Figure 9 Sample compressional wave signal output after a UPV test
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Signal Curve
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Figure 10 Sample shear wave signhal output after a UPV test

The system starts the timer at the moment the first wave is generated in the transducers and records the time
when the wave arrives at the receiver. In case of compressional waves (Figure 9), only p-waves are generated
by the transducer, and the time when the front of this wave is received is reported as the propagation time.
However, the shear wave transducers are known to generate both compressional and shear waves in the
medium (Wong et al. 2008, Yurikov et al. 2019). These secondary p-waves are weaker than the
compressional wave measurements, but they have higher transmission velocities than the shear waves and
arrive at the receiving transducer earlier than the shear waves (Figure 10). The arrival time of the s-wave is
the time associated with the maximum positive peak after the p-wave. For example, as shown in Figure 10,
actual arrival time of the shear wave is 47 us, and this time must be distinguished from the arrival time of the
weak compressional wave, given by the device output as 18.1 us. Hence, the correct time of arrival of the
shear waves should be extracted manually from the raw waveform data. The travel time and the distance
(height of sample) were used to calculate the velocity for both compression and shear wave (V, and Vs,
respectively). The estimated wave velocities for all of the samples from the four aggregate sources are
provided in Appendix F.

In this study, the elastic modulus of asphalt concrete samples was calculated using Equation 2
(Kheiry et al. 2017).

pVe 3V -4
_—_  F = -

E Z =]
Vg~V

(2)

Where: E = Elastic modulus of the material, p = density (kg /m?), V, = compressional wave velocity
(m/s), and V, = shear wave velocity (m/'s).

Larson Transportation Institute at Penn State 19 Larson.psu.edu



Instrumentation of Specimens and Data Collection

All test samples had a diameter of 150 mm, with thickness of 60 mm or 95 mm, based on the purpose of the
test. Measurements were conducted at different locations of the samples based on the type of the wave
(Figure 11).

For  compressional  waves, five different
measurements were conducted on each sample at points 1
through 5. The order of measurements was kept consistent
at different stages of testing the same specimen so that a Pisomn.
point-to-point comparison was possible from one stage of
testing the specimen to the next. For shear waves,

measurements were conducted only at the center of the

specimen (i.e., point 5) to eliminate edge effects on the
measurements. Wave reflection from the edges adds Figure 11 Location of measurements
complexity to analysis and establishing arrival time of shear on test samoles
waves. Both transducers were held in place firmly throughout the measurement. To improve the
transmission of waves between the transducer and the specimen, a coupling agent was placed between the
specimen and the transducers. The coupling agent is required to ensure proper contact between the transducer
and the surface of the asphalt concrete specimen. For compressional wave measurements, a generic
ultrasound gel was used, while for shear wave measurements, a specific shear coupling agent was used. This
material has a very high viscosity, making the transmission of shear waves between the specimen and
transducers possible.

Figure 12 demonstrates a typical UPV test on a 60-mm sample of asphalt concrete using both (a)
compressional wave transducers and (b) shear wave transducers. Compressional wave transducers collect
data regardless of the holding direction, whereas shear wave transducers are very sensitive to the polarity of

the wave and must be held in the correct direction to maximize the quality of the collected data.

r N & _ '

] SRS e LN B 0] I
Figure 12 Conducting UPV measurements on a 60-mm asphalt
concrete sample: (a) compressional wave and (b) shear wave
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Testing Sequence

For each aggregate source, six replicate specimens were made using a Superpave gyratory compactor,
followed by cooling to room temperature. The samples were then maintained at a 25 °C environmental
chamber for 2 hours to achieve temperature equilibrium before conducting the baseline UPV measurements.
Specimens were conditioned either through a cycle of freeze/thaw (AASHTO T 283-14) or using MiST. In

summary, five sets of UPV measurements were conducted on samples at the following conditions:

1. On unconditioned samples

2. On unconditioned samples after measurement of bulk specific gravity (&)

3. On unconditioned samples after dynamic modulus test

4. On saturated conditioned samples after conditioning with MiST or AASHTO T 283

5. On dried and conditioned sample after dynamic modulus test
After the specimens were conditioned following DM testing (Table 5), three samples were conditioned for
each aggregate source following AASHTO T 283 (with freeze/thaw) and three samples were conditioned
using MiST. Conditioning was followed by storage in a 25 °C water bath for a minimum of two hours to

achieve temperature equilibrium.

Table 5 Summary of conditioning methods used for asphalt concrete specimens

Menasha Olson Rock Springs Waukesha
ID | Conditioning | ID | Conditioning | ID | Conditioning | ID | Conditioning
MI1 MiST o1l MiST RI1 MiST WI1 | Freeze/thaw
MI2 | Freeze/Thaw | OI2 | Freeze/Thaw | RI2 | Freeze/Thaw | WI2 MiST
MI3 MiST OI3 | Freeze/Thaw | RI3 MiST WI3 MiST
Mi4 MiST Ol4 MiST RI4 | Freeze/Thaw | Wi4 MiST
MI5 | Freeze/Thaw | OI5 MiST RIS | Freeze/Thaw | WI5 | Freeze/thaw
MI6 | Freeze/Thaw | OI6 | Freeze/Thaw | RI6 MiST WI6 | Freeze/thaw

Condition 1 served as the baseline measurement (i.e., tests were conducted on dry specimens before any
water conditioning). Furthermore, specimens were tested with UPV shortly after compaction, so that
properties were not impacted by aging. Specimens in Condition 2 were soaked in water for 4 minutes for
G,.» Measurement and had therefore absorbed some water. Since the presence of water inside the specimen
could potentially affect the compressional wave velocity in the specimens, compressional wave
measurements were conducted immediately following removal of the specimens from the water bath. As
shear wave velocity is not impacted by the presence of water, this velocity was measured after all of the
compressional UPVs were finished. UPV measurements after the first IDT DM test (Condition 3) were
conducted to assess any property change as a result of the IDT DM testing. Condition 4 measurements were

conducted immediately after the end of water conditioning of the specimens that had been subjected to DM
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testing. This stage of testing was intended to capture any potential moisture damage. However, as the
samples at the end of the condition cycle were partially saturated, no direct comparison was possible with the
previous measurements. Hence, UPV measurements of Condition 5 were conducted on specimens after they
were allowed to dry to a good extent and before conducting the second IDT DM test. This drying period
might have also contributed to some degree of healing in the specimens. As previously mentioned, at each
stage, a total of five compressional measurements and one shear wave UPV measurement were conducted
according to the layout showin in Figure 11. The average of the five compressional UPV measurements was

used for determining the elastic modulus of the specimens using Equation 2.
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Findings and Interpretation of Results

In this chapter, the results of the research project and the associated findings are presented. First, the results
from each type of test are discussed, followed by overall interpretation of the results and recommendations

for use of the results in specifications.

In general, when the boil test was conducted on specimens prepared using the design aggregate gradation, the
level of binder stripping was relatively low. As the original results from the HWTD showed damage to the
specimens, it was decided to rerun the boil tests using only the coarse aggregate portion for each source.
Based on the testing on the coarse aggregate, the results indicated a higher level of stripping in the boil test

when coarse aggregate was used compared to the mix aggregate gradation (see Appendix B for details).

Results from testing specimens from all four sources of materials are presented in Table 6 and Figure 13.
Details are provided in Appendix C. The results indicate susceptibility of all mixtures to moisture damage
based on the AASHTO T 283 protocol when a freezing cycle is included in the conditioning. The results
indicate a passing mix for Rock Springs, marginal performance for Menasha and Waukesha, and failing
results for the Olsen mix when no freeze is applied and using TSR of 0.8 as the threshold. The no-freeze TSR
results from this research closely or exactly match the no-freeze TSR results reported in JMF for two of the
four mixes (Table 6). The two mixes showing a significant difference from the JMF TSR are the Waukesha
and Olsen mixes. With no freeze cycle, the research results indicate these two mixes failing TSR, whereas
the JMF presents passing mixes. This discrepancy could simply be the result of differences in binders used
in the field versus those used in the research laboratory testing, even though one cannot reach this conclusion
with a high level of certainty.

For all cases, the dry strength seems satisfactory, being in the range of 95 to 110 psi. This is a
respectable level of dry strength because the binders are classified as PG 58-28. However, all specimens
exhibited a noticeable amount of strength loss due to moisture damage when the freezing cycle was included,

resulting in a poor to marginal tensile strength ratio.
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Table 6 Results from conducting moisture damage tests using three different procedures
based on AASHTO Standard T 283

Source

Factor Menasha | Waukesha Ro_ck Olsen
Springs

95-mm Dry Strength® 96.7 95.7 111.3 90.5
Specimens, Wet Strength® 61.0 65.8 72.1 66.4
VETSTErn with Freeze TSR®@ 0.63 0.69 0.65 0.73
of 95—m_m Dry Strength 96.7 95.7 111.3 90.5
AASHTO Specimens, Wet Strength 73.0 70.7 91.8 63.6
No Freeze TSR 0.75 0.74 0.83 0.70
T283  "g5imm Dry Strength 108.2 109.2 120.9 94.5
Specimens, Wet Strength 72.9 80.6 86.6 72.4
with Freeze TSR 0.67 0.74 0.72 0.77

JFM Reported TSR 0.78 0.97 0.83 0.86®

(1) All strength values are reported in psi and represent average from three replicates.
(2) TSR: Tensile strength ratio (average strength of conditioned specimens over that of dry specimens).
(3) Not directly comparable with results from this research due to mix design differences.
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Figure 13 Results from indirect tensile test, average of three replicates reported
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Details of all HWTD test results for each source are presented in Appendix D. The appendix also includes
the air void of specimens used in the right and left tracks for all HWTD tests (submerged, dry, and after
MiST). A summary of test results is presented in Table 7. Six parameters were extracted from the test
results, as presented in the table.

Table 7 Test results from HWTD test

Aggregate Source

Parameter Condition Menasha Waukesha Rock Olsen
Springs
) Wet 22.0 17.4 18.8 21.6
Maximum Rut g0 MisT 9.1 10.9 8.1 9.4
Depth, mm
Dry 7.2 8.3 7.6 6.3
Wet 11,777 14,876 16,415 8,162
SIP After MiST 13,442 18,427 15,368 >22,000
Dry >22.,000 >22.,000 >22.000 >22.000
Stripping/Creep Wet- 4.4 3.70 6.3 7.0
Slope Ratio After MiST 1.6 1.8 1.0 0.8
Dry 0.9 0.9 0.6 0.6
Passes 1o 10 Wet. 15,192 18,647 18,706 11,649
mm Rut After MiST 24,570@ 23,837 36,379 26,815
Dry 43,677 31,691 43,570 86,644
Rut Depth at Wet 6.0 4.9 4.8 7.6
10,000 Passes, After MiST 6.0 5.9 6.0 6.6
mm Dry 5.7 6.1 5.9 5.3
Stripping Slope Wet 1.36 1.03 1.58 2.05
(mm/1,000 After MiST 0.31 0.47 0.19 0.23
passes) Dry 0.13 0.17 0.12 0.07

(1)Passes > 22,000 is not a direct measurement. It implies that, if an inflection point exists, it will be beyond the
number of passes used in this research. The maximum number of wheel passes in this research was 22,000.

(2)Numbers shown larger than 22,000 are obtained through extrapolation and do not represent an actual number
of cycles.

Wheel Tracking under Wet Conditions

An example of HWTD testing under submerged conditions is presented in Figure 14. All sources developed
a stripping inflection point within the range of applied wheel passes. The ratio of stripping slope to creep
slope is also noticeably high for all sources. The Olsen mix exhibited the poorest performance, reaching the
stripping inflection point under 10,000 passes for both left and right tracks of the test and the highest
stripping/creep slope ratio. It must be noted that the results from the HWTD test must be interpreted in the
light of the fact that the test is highly severe and effective in terms of inducing damage to the mix under
water. Therefore, a decision needs to be made with respect to establishing threshold values when using any

of the parameters or a combination of them.
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Figure 14 Performance of Menasha mix tested in HWTD under submerged condition

Wheel Tracking under Dry Conditions

It was expected that HWTD testing under dry conditions would be significantly less damaging to the tested
materials. Indeed, this was the case as manifested in Table 7 for all sources, and in the example of the
relationship between rut depth and number of passes as presented in Figure 15. The inflection point for
tertiary creep was nonexistent. The creep slope ratio of less than 1 for all sources implies that the rate of
rutting was decreasing with the increase in number of wheel passes within the range of applied passes. It can
be clearly seen that there is a significant difference between the damage from wet tested specimens versus
dry tested specimens. Therefore, the results clearly indicate that the major portion of damage for the tested
mixes can be attributed to the water effect.

Sometimes, when a mix is tested dry, the slope of the curve showing the relationship between rut
depth and number of wheel passes increases drastically at some point when the mix becomes unstable and
develops tertiary creep. The curve of a tertiary creep failure under dry testing conditions resembles that of a
stripping mix under submerged testing conditions. None of the four mixes tested dry developed tertiary

creep under the applied testing conditions (i.e., temperature of 46 °C and 22,000 wheel passes).
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Figure 15 Performance of Menasha mix in HWTD under dry testing condition

Wheel Tracking of MiST-Conditioned Specimens

The last series of HWTD tests were conducted on the specimens which were subjected to MiST conditioning.
Details of conditioning are explained in Chapter 2. After conditioning the specimens were processed for
specific gravity measurement followed by the HWTD test. It should be noted that there was a time span of
approximately 5 days between MIiST conditioning and HWTD testing. This rest period might have
contributed to some healing of specimens before HWTD testing. During rest periods healing can recover part
of the damage caused to the specimen (Moreno-Navarro et al., 2015). The microdamage healing is real and
measurable once the specimen is given enough time to rest (Little et al., 2001).

An example of results is presented in Figure 16. For all fours sources and for all six parameters
presented in Table 7 (except rut depth at 10,000 passes), the results for MiST-conditioned specimens
consistently fall between those for dry and submerged tested specimens. The MiST-conditioned specimens
suffered some level of damage, hence delivering results in the expected trend compared to dry specimens.
The MiST-conditioned specimens, however, do not show the severity of damage seen in the submerged

specimens.
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Figure 16 Performance of Menasha mix in HWTD tested dry after MiST conditioning

It was discussed in the previous chapter that dynamic modulus was measured on specimens before and after
water conditioning. The purpose of this testing was to determine how the modulus (stiffness) of the mix is
affected by moisture conditioning, as modulus is an important engineering property used in performance
prediction models. The average dynamic modulus of all material sources under five test frequencies is shown
in Figure 17. This plot depicts the dynamic modulus before moisture conditioning. The error bar stands for
one standard deviation. As expected, modulus decreases as the loading frequency decreases. On average,
higher values were obtained for the Waukesha and Rock Springs sources compared with the other two.

The comparison between dynamic modulus before and after moisture conditioning for each material
source is presented in Figures 18 through 21 (individual test results are provided in Appendix E). As a
reminder, conditioning was either through one cycle of freeze/thaw or through MiST. Modulus ratio refers to
the dynamic modulus after moisture conditioning to the dynamic modulus before conditioning. For this
research, there was a time span of 3 to 4 days after completion of conditioning (either MiST or freeze/thaw)
and prior to the second IDT DM test. This time span was used to determine bulk specific gravity of
specimens at different stages and to remove the water from the specimens to the extent possible so that IDT
DM test results would be comparable with the original test results from dry specimens. Water reduction
efforts included drying the samples in front of fans, as well as trying to remove excess moisture using a

CoreLok® vacuum chamber.
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For all mixes, with no exception, a drop in mix stiffness was observed after conditioning. Overall,
the modulus ratio varies in the range of approximately 0.55 to 0.75. Lower dynamic modulus ratio is
indicative of higher moisture damage effect. Except for the Rock Springs material, the general trend is that
the freeze/thaw cycle has a more severe impact on reducing the modulus compared with the MIiST
conditioning. However, statistical student t-test analysis did not indicate any significant difference between
the modulus ratio from MiST conditioning versus the modulus ratio from freeze/thaw conditioning for the

sources used in this study.

Dynamic Modulus before Conditioning
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Figure 17 Average dynamic modulus of asphalt specimens before conditioning (25 °C)
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Figure 18 Indirect dynamic modulus and modulus ratio comparison for Rock Springs
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Figure 19 Indirect dynamic modulus and modulus ratio comparison for Olsen
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Figure 20 Indirect dynamic modulus and modulus ratio comparison for Waukesha
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It is of interest to know how the ranking of mixes based on the DM ratio compares with the ranking
based on the tensile strength ratios. Such comparison is presented in Figure 22. In general, except for the
Rock Springs mix, the DM ratio and TSR are roughly similar for the MiST DM ratio, freeze/thaw DM ratio,
and TSR of 95-mm specimens with freeze. TSR with no freeze and TSR of 60-mm specimen appear to
deliver the highest ratios. The implication of this finding is on deciding the threshold to be used as a pass/fail
criterion in design specifications. Selection of the appropriate value depends on the type of conditioning and
the engineering property to be considered (modulus versus strength). Note that the DM ratios presented in

Figure 24 are the average of DM ratios from all testing frequencies.
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Figure 22 Modulus ratio and tensile strength ratio comparison

Tests on Unconditioned Samples (Condition 1)

These measurements served as the baseline for comparison of the effect of conditioning and modulus testing
on the properties of the specimens. Measured compressional wave velocities at the five points for each
specimen were relatively consistent, with minimum coefficient of variation (COV) of 0.86% for specimen

one of the Menasha specimens, and maximum COV of 6.93% for one of the Olsen specimens. Results are
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summarized in Table 8. Figure 23 demonstrates the estimates of the elastic modulus of asphalt concrete
specimens based on the results of the UPV test on unconditioned samples. The ranking of the mixes based on
UPV modulus before conditioning almost matches the ranking of the mixes based on dynamic modulus,
discussed previously. Rock Springs and Menasha demonstrate the highest and lowest modulus, respectively,
like the results found from DM testing. Olsen and Waukesha fall between the two, as is also the case with
the DM testing. Obviously, the numerical values from UPV testing are not directly comparable to those

from DM testing because of significant difference in the frequency of testing.

Table 8 Summary of modulus of elasticity for the four aggregate sources (dry condition)

Aggregate AITHIERSS Standard
Source SelLE Deviation (MPa)
(MPa)
Menasha 15935 219.6 1.38
Olson 19261 1140.0 5.92
Rock Springs 19733 526.4 2.67
Waukesha 17598 689.3 3.92

Tests on Unconditioned Samples, after Measurement of G,,;, (Condition 2)

These measurements were conducted to evaluate the effect of the absorbed water during the 4-minute
submersion on the estimated moduli of specimens. On average, and except for the Olsen material, there was
a slight increase in the compressive elastic modulus due to the intrusion of water into the specimen during
density measurement (Table 9). The observed slight increase in moduli was expected, as the presence of

water results in higher transmission velocity for compressional waves, hence higher modulus.

Table 9 Summary of modulus of eEasticity after &,

Aggregate AITHIERSS Standard 7 Change n
Source e Deviation (MPa) G SO
(MPa) Condition 1
Menasha 16319 543.2 3.33 241
Olson 19217 907.5 4.72 -0.23
Rock Springs 20232 992.9 491 2.53
Waukesha 17853 540.0 3.02 1.45

Tests on Unconditioned Samples, after First IDT DM Test (Condition 3)

Since the induced strain in IDT dynamic modulus testing was very small and the number of load repetitions
was very limited, it was reasonable to assume that no damage would occur to the specimen as the result of
this test. This is an important assumption because one of the methods used to assess moisture damage in this
research was through comparison of specimen modulus before and after conditioning. If the impact of
moisture damage were convoluted with the effect of damage from mechanical testing, then the results would

not be conclusive and could not be used to truly assess the moisture damage effect. Hence, to ensure the
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integrity of specimens after completion of the IDT DM test, UPV measurements were conducted on the
specimens before and after completion of the modulus tests.

Table 10 presents the estimated modulus from the UPV test after completion of the first IDT DM test
and its variation from the original UPV modulus estimate (Condition 1). As can be noticed, no significant
change in average modulus for each of the four sources was observed at the end of the first IDT DM test, an

indication of specimen integrity after completion of the DM test.

Table 10 Summary of modulus of elasticity for the four aggregate sources after the first IDT DM test

Average

% Change in

AEE Mowus o, S0
(MPa) Condition 1
Menasha 15,716 1,001.9 6.38 -1.37
Olson 19,162 730.9 3.81 -0.51
Rock Springs 19,733 469.2 2.38 0.00
Waukesha 17,866 418.6 2.34 1.52

Tests on Moisture-Conditioned Samples (Condition 4)

After completion of the IDT DM test, the specimens underwent freeze/thaw or MIST conditioning. A
comparison of the estimated moduli at this stage with the original moduli (Condition 1) for all specimens is
presented in Table 11. As expected, a drop in the estimated moduli in nearly all samples was observed.

Even with the noticeable presence of water in the conditioned specimens, the average moduli for the
samples from all different sources decreased from those of Condition 1. The highest decrease of 9% belongs
to the samples from Menasha, and the lowest decrease of 2% to the samples from Rock Springs. Statistical t-
test analysis puts Menasha as the only mix with a significant drop in modulus for both conditioning systems.
The t-test also shows the Olsen mix with a significant drop based on the freeze/thaw conditioning but not
based on MIST conditioning. Moreover, the conditioning resulted in a significant increase in the variation
between the moduli of the specimens compared with the moduli for Condition 1. This higher variability is

most probably because of moisture conditioning.

Table 11 Effect of different conditioning techniques on the moduli after the first IDT DM test

After Freeze/Thaw \ After MiST
Average | Standard | o, % | Average | Standard | ., %

Aggregate Modulus Deviation %) Change (MPa) Deviation %) Change
Source (MPa) (MPa) 9 (MPa) 9
Menasha 13,690 861.9 6.30 -14.09 15,257 246.6 1.62 -4.26
Olsen 16,529 806.2 4.88 -14.18 18,905 2,006.8 10.61 -1.85
Rock Springs 19,398 2,049.4 10.56 -1.69 19,209 177.1 0.92 -2.66
Waukesha 16,080 1135 0.71 -8.62 17,143 270.6 1.58 -2.59
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Tests on Moisture-conditioned Samples, Second IDT DM (Condition 5)

Mechanical testing of conditioned specimens can be conducted immediately after completion of conditioning
or after some rest period and reduction of water content of the specimens. It was discussed previously that
there was a time span of 3 to 4 days after completion of conditioning (either MiST or freeze/thaw) and prior
to IDT dynamic modulus testing. Samples were dried during this time span to the extent possible so that
UPV test results would be comparable with the original test results from dry specimens. In the previous
sections it was demonstrated that IDT DM does not significantly affect the moduli of specimens. Hence, it is
safe to assume that the moduli estimated using UPV after the second IDT DM can be effectively used to
evaluate the effect of conditioning on the properties of samples. Note should be made that some level of
healing might have occurred in the samples during the drying process, affecting the results.

A comparison of the estimated moduli for all samples is presented in Table 12. As can be noticed, in
all sources the moduli have decreased compared with the moduli estimated from Condition 1 measurements.
The amount of change is more pronounced from those reported in Table 11. The large scatter of the results
in these samples is expected because of conditioning. It can also be noticed that, except for the Rock Springs

samples, freeze/thaw conditioning caused larger changes in moduli compared with MiST conditioning.

Table 12 Effect of different conditioning techniques on the moduli after the second IDT DM test

After Freeze/Thaw After MiST

Source (MPa) (MPa) (%) | Change | (MPa) (MPa) (%) | Change
Menasha 13,486 1,461.4 10.84 -15.37 14,564 265.9 1.83 -8.60
Olson 16,505 510.4 309 | 1431 | 17,949 16755 | 933 | 681
Rock Springs 19,882 2,433.9 12.24 0.76 17,998 337.7 1.88 -8.79
Waukesha | 15,786 339.7 215 | <1029 | 16592 3413 206 | 5.72

As can be clearly noticed, removal of the water from specimens resulted in reduction in the estimated
moduli in almost all cases (Tables 13 and 14). A general comparison of all UPV test results for the five

conditions discussed are presented in Figures 23 through 27.
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Table 13 Effect of water removal on the moduli of MiST conditioned specimens

Partially Saturated
Samples after

Dried Conditioned Samples after

Second IDT DM

Conditioning
Agoregate | oiiive | ceviation | SO [Moduius | beviaion | 0V | o %
(MPa) (MPa) (MPa) (MPa)
Menasha 15,257 246.60 1.62 14,564 265.95 1.83 -4.54
Olson 18,905 2,006.79 | 10.61 17,949 1,675.51 9.33 -5.06
Rock Springs 19,209 177.15 0.92 17,998 337.75 1.88 -6.30
Waukesha 17,143 270.58 1.58 16,592 341.29 2.06 -3.21

Table 14 Effect of water removal on the moduli of freeze/thaw conditioned specimens

Saturated Samples after Dried Conditioned Samples after
Conditioning Second IDT DM
Aggregate szralge Star_ldgrd cov Av:ajralge Starjdgrd cov %
e Modulus | Deviation (%) Modulus | Deviation (%) | change
(MPa) (MPa) (MPa) (MPa)
Menasha 13,690 861.86 6.30 13486 1,461.42 10.84 -1.49
Olson 16,529 806.25 4.88 16505 510.45 3.09 -0.15
Rock Springs 19,398 2,049.43 10.56 19882 2,433.92 12.24 2.49
Waukesha 16,080 113.47 0.71 15786 339.69 2.15 -1.83
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Figure 23 Comparison of moduli at different stages of UPV testing (stacked based on condition)
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Figure 24 Comparison of moduli at different stages of UPV testing (stacked based on source)
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Figure 27 Comparison between effect of freeze/thaw and MiST conditioning on moduli (Condition 5)

It was discussed that change of specimen modulus as a result of moisture conditioning was measured using
both the IDT DM test and the UPV test. For each case, the term modulus ratio can be defined as presenting
the ratio of retained modulus to the original modulus (Equation 3). A comparison of this modulus ratio is
presented in Figure 28 for these two methods of testing. The scatter plots in Figures 29 and 30 indicate the
strong correlation between the modulus ratio from the UPV test and the modulus ratio from the dynamic
modulus test. Note should be made that the first graph presents the MiST-conditioned specimens and the
second graph the freeze/thaw conditioned specimens. A detailed comparison for each source is presented in

Appendix F.

, Modulus after Conditioning
Modulus Ratio = 3)

Modulus bafore Conditioning

As can be noticed, the MR for UPV is significantly higher than the MR from IDT DM
measurements, except for MiST conditioning on samples from the Waukesha aggregates source. For this
case, both UPV and IDT DM result in the same MR. The fact that MR from UPV is higher than that of IDT
DM is most probably the result of vastly different strain levels utilized in these two techniques of testing.

Strain levels from UPV are significantly smaller and loading frequencies are much higher than those used in
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IDT DM, resulting in significantly higher modulus values. The higher strain level of IDT DM and the lower

loading frequency in this test can account for more of the induced damage.
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Figure 28 Comparison of the modulus ratio of UPV and IDT DM based on the conditioning technique
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Figure 30 Comparison of modulus ratio from UPV and DM tests for freeze/thaw
conditioned specimens

An important part of this research was to investigate means of improving the moisture damage resistance of
mixes in case the proposed testing protocols were indicative of poor performance. It was previously
discussed that four different moisture conditioning schemes were utilized in this research. The plan for
moisture damage mitigation was to change one or several mix parameters and subject the mix to a selected
moisture conditioning and testing protocol to measure the effect of the change. The project time and budget
constraints did not allow such sensitivity analysis for mixes from all four sources and using all conditioning
and testing protocols that were employed during the full testing matrix. Therefore, the study was limited to
three selected mixes and testing only with the Hamburg Wheel Tracking Device. The wheel tracking was
selected for sensitivity analysis as one of the most reliable and conservative tests to evaluate the moisture
damage effect. Furthermore, WisDOT has recently been utilizing wheel tracking for testing several mixes
used in the state, and results from those tests could be used as reference in case there is future need for
comparison.

The following measures were considered to study how the moisture damage could be reduced for the
mixes studied in this research:

1. Binder Grade and Binder/Aggregate Compatibility
2. Aggregate Type Effect

3. Use of Liquid Antistripping Agent

4. Use of Hydrated Lime

5. Replacement of Material Passing #100 Sieve
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The asphalt mixes selected for this part of the study included material from Menasha, Waukesha, and Rock
Springs. Three liquid antistrip agents were considered: Ingevity P75, Ingevity P25, and PreTech Industries
Pavegrip 300. The plan was to start with the P75 antistripping agent, and if not successful, continue using
the next agent. The P75 antistripping agent is a warm-mix additive and has been specially formulated for
one of the Wisconsin siliceous aggregate sources. The P25 agent is also a warm-mix asphalt additive and has
been used in the Northeast region. The Pavegrip 300 has been promoted as a high-performance antistrip
additive.

The experiment with the Rock Springs material only included using the P75 antistrip agent. The
dosage rate was 0.4% by the mass of total binder. The antistrip agent was added to the virgin binder (PG
58S-28) following the manufacturer’s recommended blending process. Testing with HWTD was conducted
and results indicated significant improvement in the outcome for all performance measures (Table 15 and
Figure 31). Since the P75 additive resulted in significant improvement and excellent performance, no further
modifications were made to the mix. Note should be made that calculation of stripping inflection point (SIP)
is meaningful only if an inflection point exists and the slope of the second portion of the curve is larger than

the first portion.

Table 15 Effect of liquid antistrip on moisture damage resistance for Rock Springs aggregate

Maﬁfﬂum Strin/Creep 7 of Passes to  Rut Depth at
Additive/Change SIP p/Creep 14 mm Rut 10,000
Depth, Ratio
Depth Passes, mm
mm
None
PG 58S-28 18.8 16,415 6.3 18,706 4.8
P75 Antistrip
PG 58S-28 5.9 >22,000 0.8 63,144 3.9

The next set of experiments included materials from Menasha and Waukesha. Evaluation with the
Waukesha aggregate was limited to the change of binder grade. However, evaluation with the Menasha
aggregate was comprehensive, covering a range of changes to improve moisture damage resistance, as this

was the mix showing the most level of susceptibility to moisture damage.
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Figure 31 Performance of Rock Springs mix after modification with P75 antistripping agent

The first experiment with these two mixes consisted of replacement of the PG 58-28WF binder with
a PG 64-22 binder, which is used as a standard binder at NECEPT. Specimens were made and subjected to
testing under HWTD at 46 °C. Results manifested significant improvement in performance, an indication of

the importance of binder in moisture damage resistance (Table 16 and Figures 32 and 33).

Table 16 Effect of binder grade on HWTD test results

Rut Strip/Cree # of Passes to = Rut Depth at
Binder/Source Depth, SIP prireep 10 mm Rut 10,000
Ratio
mm Depth Passes, mm
PG 58-28WF 22.0 11,777 44 15,192 5.2
Menasha
PG 64-22 5.8 17,743 11 49,895 3.6
Menasha
PG 58-28WF 17.4 15,515 4.8 18,347 49
Waukesha
PG 64-22 73 15,635 15 33,300 3.65
Waukesha
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Figure 33 Results from HWTD for the Waukesha source with PG 64-22

For comparison, specimens were also made for a typical Superpave 9.5-mm mix with local aggregate
(dolomite/limestone) using two different binders: the PG 64-22 binder and the PG 58-28WF binder that was

received for use with the Menasha/Waukesha aggregates. These specimens were subjected to wheel tracking
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at 46 °C. Results are presented in Table 17 and Figure 34. These two mixes performed better than the

original mixes using Menasha/Waukesha aggregates and PG 58-28WF. One reason for such a significant

improvement could be because of compatibility between the binder and the aggregate in the presence of

water. However, one cannot ignore the fact that mix design and aggregate gradation might have contributed

to the difference observed. It must also be noted that the mix with the local limestone aggregate and the PG

64-22 binder demonstrated better performance compared with the mix having the same aggregate but with

the PG 58-28WF.

Table 17 HWTD test results with a local limestone aggregate and two different binders

Rut Strin/Cree # of Passes to = Rut Depth at
Binder Depth, SIP prireep 10 mm Rut 10,000
Ratio
mm Depth Passes, mm
PG 58-28WF 5.6 19,907 10.7 23,571 37
PG 64-22 29 22,000 1.0 171,762 22
Number of Wheel Passes
0 5,000 10,000 15,000 20,000 25,000
0
-1 with PG 64-22

Rut Depth, mm

with PG 58-28

HWT TEST DATA

Source: Local Dolomite/Limestone

-10

Figure 34 Results of HWTD test under wet conditions with local limestone at 46 °C with

PG 58-28WF and PG 64-22

Attention was next placed on improving performance of the Menasha mix through several measures

outlined previously. Results of different experiments using these measures are presented in Table 18. In
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general, improvement was observed for all measures compared to the control mix even though not to a

significant level. Associated graphs are presented in Appendix D due to space constraints.

Table 18 Results of HWTD test with Menasha aggregate under different conditions at 46 °C

: # of Rut ..
Maximum Stripping
Rut Strip/Creep Passes | depth at Sone
Additive/Change  peprp,  SIP Ratio to10 10,000 1 000
mm mm rut  passes, S
depth mm
None 1.36
PG 58-28WF 22.0 11,777 4.4 15,192 5.2
o 20.1 14,988 4.5 16,698 5.7 ok
PG 58-28WF : ’ . ) .
P25 198 13.898 39 16.535 ca 1.32
PG 58-28WF ) ' . ) .
Lime 1.11
PG 58-28WF 15.6 14,558 4.2 18,368 4.5
1.02
P75
PG 58S-28 15.8 15,171 3.7 18,674 5.0
i 1.21
Pavegrip™ 300
PG 58-28WF 19.9 12,345 4.1 16,129 5.2
P75 1.12
PG 58-28WF & 16.3 15.687 1 10026 i
Replacement of -
#100

The amount of data generated in this research when combined with past data generated by WisDOT provides
a strong database for deciding suitable tests and developing criteria to be used in the mix design stage and
related specifications. Ranking of mixes based on different tests and parameters used in this research are
presented in Table 19. Results from various tests and conditioning protocols do not necessarily rank the
mixes in the same way with respect to moisture damage susceptibility. This is expected, as the mix response
to different combinations of conditioning and testing processes will not be the same. In other words, the
most likely reason for inconsistency in ranking is associated with the mechanism of inducing moisture
damage in different tests and conditioning systems. The question to be answered is, which of the
combinations provides the most reliable condition for predicting the mix performance in the field with

respect to moisture damage.
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A simple approach was developed to consider all rankings and combine them to deliver a final score
for each mix, without consideration for severity of the damage for each case. In this approach, for a specific
test result (for example, as ranked based on TSR), the mix with the least susceptibility to moisture damage
among the four mixes was given a score of four, and the mix with the highest potential for moisture was
given a score of one. Then, the scores from all ranking parameters were summed together. Based on this
system of grading, scores of 93, 79, 75, and 53 were obtained for Rock Springs, Waukesha, Olsen, and
Menasha, respectively. Such grading yields the following order from the least sensitive to the most sensitive
with respect to moisture damage: Rock Springs, Waukesha, Olsen, and Menasha. This simple ranking sets
the Rock Springs and Waukesha as better performing mixes compared with Olsen and Menasha. This
grouping does not exactly match the JMF TSR, which sets all as passing mixes except Menasha. Nor does
this ranking match the TSR findings of this research for both freeze and no-freeze options. While this
ranking does not match the TSR of this research, it does correlate strongly with the ranking based on the wet
strength of mixes from the indirect tensile test with the no-freeze cycle. This is an important conclusion and
clarifies the reason for discrepancy between HWTD results and TSR results with the no-freeze cycle. TSR
simply defines the ratio of strengths before and after conditioning and does not directly address the strength
level of the mix. The HWTD test simulates load/water interaction with the mix under repeated loading, for
which the results are heavily strength dependent.

It is worth exploring whether it makes more sense to base the moisture damage sensitivity of a mix
on a combination of TSR and wet strength (or dry strength) rather than basing it solely on TSR. For
example, when comparing wet strength and TSR of the Rock Springs mix with the other three mixes for the
60-mm specimens, TSR values are comparable, ranging between 0.67 to 0.77. However, the Rock Springs
mix, despite having a comparable TSR to other mixes, has a significantly high wet strength and higher
resistance to moisture damage.

The proposed ranking of these four mixes almost matches the ranking given by maximum rut depth
from the HWTD test under submerged conditions. This ranking also almost matches the ranking based on
the number of passes required to reach 10 mm of rut depth in the submerged HWTD test. The ranking also
matches that based on stripping inflection point under submerged conditions. Finally, this ranking closely

matches that given by dynamic modulus ratio and UPV modulus ratio based on the freeze/thaw conditioning.
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Table 19 Ranking of mixes with respect to moisture damage susceptibility

Parameter Condition 1 2 3 4
Wet No
Freeze, R M W (@]
Indirect 95 mm
Tensile \é\éelfnllinreeze, R O & W same M
SLEELT Wet Freeze
60 ’ R W M & O same
i . mm
A MiST-IDT-DM R W (@) M
) Wet No
@ o Freeze, R M & W same o)
g i’,.i 95 mm
= o Wet Freeze, o W R M
3] § 95 mm
° Wet Freeze,
I= % 60 mm (@] W R M
g Wet Freeze
N after IDT DM, (@) W R M
) 60 mm
Z MiST after IDT
it DM, o) w R M
60 mm
Max. Rut Submerged W R (©) M
Depth, mm | After MiST R M (0] W
Dry O M R W
SIP Submerged R W M @)
s After MiST O W R M
2 | Strip/Creep | Submerged W M R 0
E Slope ratio | After MiST (@) R M w
< | Passesto Submerged R W M @)
T 10 mm Rut | After MiST R O M W
Dry O R M W
Rut Depth Submerged R W M (@)
at 10,000 After MiST
passes R &W & M same 0]
After Freeze/
Wet Thaw R W o M
E Modulus After MiST W o R M
-
a) After Freeze/
= Modulus | Thaw R W&O M
Ratio After MiST W o) M R
After Freeze/
Wet Thaw R o W M
> Modulus After MiST R o W M
D
Modulus ?Ltg;vﬁeeze/ R W o M
Ratio After MiST W M &R & O same
Note on Acronyms: M (Menasha), O (Olsen), R (Rock Springs), and W (Waukesha)
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Summary, Conclusions and
Recommendations

This research was undertaken with the goal of identifying suitable test protocols to assess the moisture
damage potential of asphalt concrete mixes placed in the State of Wisconsin. To achieve this goal, specific
mixes and materials were carefully selected by the Project Oversight Committee. Two of the mixes were
from dolostone sources, one with high tensile strength ratio based on AASHTO T 283 and one with low
tensile strength ratio. The other two were siliceous with marginal to poor field performance. A battery of
conditioning procedures and tests were conducted on the selected mixes, and results were analyzed to
determine the potential of the applied protocols for identifying the quality of tested mixes with respect to
moisture damage resistance. Specific response parameters were analyzed from each conditioning and testing
scheme. The response parameter after moisture conditioning was compared with that before conditioning
with the objective of evaluating the capability of the procedure in manifesting the susceptibility of the mix to
moisture damage. Table 20 shows response parameters, conditioning procedures, and mechanical tests

investigated in this study.

Table 20 Summary of materials, tests, and response parameters in this study

Response

L Conditioning Test
Dry
Strength Hot Water/No Freeze, Indirect Tensile
Freeze/Thaw,
and MiST
Modulus Freezg/Thaw Indirect Tensile
MiST and UPV
Dry,
Rutting Hot Water/No Freeze, HWT
Freeze/Thaw, and MiST
Dry,
g;gl?ﬁ;(?;ii’%?p:ﬁ Hot Water/No Freez_e, HWT
Freeze/Thaw, and MiST
Ratio of Stripping Dry,
Slope to Creep Hot Water/No Freeze, HWT
Slope Freeze/Thaw, and MiST
Creep Slope for Dry,
1,000 Wheel Hot Water/No Freeze, HWT
Passes Freeze/Thaw, and MiST
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Based on the test results it was found that the conditioning and test protocols investigated in this research do
not all rank the mixes in the same order with respect to moisture damage sensitivity. It is concluded that the
most possible reason for inconsistency in ranking is associated with the mechanism of inducing moisture
damage in different tests and conditioning systems. A simple approach was proposed to consider all
rankings and combine them to deliver a final score for each mix, without consideration for severity of the
damage for each case. Such grading yields the following order, from the least sensitive to the most sensitive
with respect to moisture damage: Rock Springs, Waukesha, Olsen, and Menasha.

Results from AASHTO T 283 with the no-freeze group compare well with the values presented in
the job mix formula for the Rock Springs and Menasha mixes, showing these two with good and marginal
performance, respectively. However, the results do not compare well with the JMF TSR results for the
Waukesha and Olsen mixes. Results also indicate that inclusion of the freeze cycle increases the level of
damage and generally results in lower TSR.

The preceding ranking of the mixes almost matches the ranking given by the following parameters
from HWTD testing under submerged test conditions: maximum rut depth, the number of passes required to
reach 10 mm of rut depth, and the stripping inflection point. Finally, this ranking closely matches that given
by dynamic modulus ratio and UPV modulus ratio based on the freeze/thaw conditioning.

The results from dynamic modulus testing indicated that both the MiST conditioning and freeze/thaw
conditioning result in reduction of the mix modulus. However, it was generally found that the reduction was
more severe when the freeze/thaw cycle was used. Similarly, the results from UPV testing also captured the
effect of these two conditioning systems, as a reduction in UPV modulus was observed. It was also
demonstrated that the presence of water in the specimens can affect the estimated moduli by UPV, resulting
in higher moduli. The modulus ratio from the UPV tests was generally higher than that from dynamic
modulus tests because the UPV testing was based on extremely small levels of strain and probably not

capturing the induced damage to the same level as the dynamic modulus test is.

Selection of Test Protocol and Conditioning

Mix conditioning according to the AASHTO T 283 protocol, MiST, and Hamburg wheel tracking all are
reasonable approaches to inducing moisture damage. However, attention must be paid to these methods with
the respect to their ability to simulate field conditions. HWTD and MiST are better systems with respect to
simulating the moisture damage in the field, as both induce suction and pressure into the mix under repeated

cycles. The HWTD presents itself as the most severe in terms of inducing damage, and the results must be
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interpreted accordingly. It may be appropriate to follow a tiered system of testing, for example to apply
HWTD and MiST for roads with higher traffic volumes and AASHTO T 283 protocol for roads with lower
traffic volumes. AASHTO T 282 is recommended for lower-volume roads, as the test requires simpler and
less costly equipment compared with HWTD and is readily available in most laboratories of producers and
state highway agencies. It is highly recommended that HWTD be included in the specifications for mix
design, at least for heavy-duty projects. For those projects that require HWTD testing, there should not be
any need for indirect tensile testing, as the results from HWTD are more reliable. It is also reasonable to
explore the use of HWTD for the purpose of quality control during production. Current quality
assurance/quality control procedures are widely based on mix design parameters (asphalt content, gradation,
etc.) and compaction level, and the procedures lack any reliable performance test. HWTD is among the
performance tests that should be investigated to fill this gap.

Finally, conditioning through MIST is very promising, and it has the potential to be included in
specifications once further information is gathered on the system. It is recommended that work with this
device should continue to collect more information. The process has great potential to be included in
specifications.

In case performance prediction is considered using design guides such as AASHTO Pavement ME,
consideration should be given to indirect tensile dynamic modulus testing, as it provides an essential
engineering property which is an input to performance prediction models. The reduced modulus from
moisture damage could be an input to the model to indicate possible increase in distress levels as a result of
moisture damage. Finally, while ultrasonic pulse velocity proved capable of manifesting the modulus drop
for both MiST-conditioned and freeze/thaw-conditioned specimens, the drops were not at the same level of
modulus recorded from the indirect tensile test. Further research is needed to establish the UPV test for

routine operation and inclusion in asphalt testing specifications.

Establishing Criteria
It was shown through comparison with HWTD test results that use of TSR by itself may be misleading. It is
appropriate to consider TSR along with a minimum requirement on wet strength of the mix. Table 21

presents recommendations for consideration.

Table 21 Using combination of TSR and wet strength as pass/fail criteria

Conditioning Minimum TSR Minimum Tensile
(AASHTO T 283) Strength (Wet), psi
No Freeze Cycle 0.80 70.0
With Freeze Cycle 0.75 65.0

In establishing criteria for accepting or rejecting a mix based on laboratory test results, one cannot ignore the

impact of climate and traffic. A test protocol that might prove reliable in distinguishing between good and
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poor performance of mixes in the field for certain climatic and traffic conditions may deliver false positive or
negative results for an environment with different conditions. As the results presented in this report are
provided for the State of Wisconsin, the impact of climate in connecting these results to field performance is
accounted for to some extent. However, traffic should be factored into establishing design threshold values
for moisture damage resistance of the mix. It is expected that a mix in a high-traffic location will be exposed
to higher level of moisture-induced damage and distress compared to the same mix placed in a low-traffic
environment, even under the same climatic conditions. Hence, it is warranted to tie the criteria for passing
and failing a mix with respect to moisture damage to the expected traffic level. For example, the criteria
presented in Table 22 could be used. It must be noted that the values presented in the table are examples
based on the results obtained in this research. Comparison with field performance and validation of results is
a definite need before implementing any criteria such as the ones presented in Table 22. As shown in this
table, if the maximum rut depth does not exceed 10 mm after 20,000 cycles, there is little need to have any
other check on the mix. If the maximum rut depth exceeds 10 mm, it will be wise to include further criteria
such as SIP, strip/creep ratio, and number of passes to 10-mm rut depth. The results from HWTD tests in
this research show that the strip/creep ratios for all mixes exceed 4.4. It is reasonable to use this criterion
only if SIP is low. If SIP occurs at a very high number of wheel passes, then one wonders if the slope ratio
should be included as a criterion even if it is excessively high. Inclusion of this ratio may lead to rejection of
the mix despite high SIP and low rut depth. For example, for the Rock Springs and Waukesha mixes, the SIP
is roughly 16,500 and 15,550, respectively, whereas the slope ratio is 6.3 for the former and 4.8 for the latter.
At these high levels of SIP, even with high ratios of slope, the mix should not behave poorly.

Table 22 Conceptual criteria based on HWTD test in submerged condition

Traffic Level, Max. Rut SIP Strip/Creep Passes to
(millions of Depth at (minimum) Ratio 10-mm Rut
ESALS) 20,000 passes (maximum) (minimum)
(mm)
=8 10
15 16,000 2.0 15,000
10
22 and <8 15 14,000 2.0 12,000
20 16,000 3.0 14,000
15
<2 20 14,000 3.0 10,000
25 16,000 4.0 12,000
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Submitted Job Mix Formulas and Design
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Table A-1 Gradation of Individual Stockpiles based on Dry Sieve Analysis - Menasha

Menasha Plant - NECEPT - Before Wash

Sieve Size 5/8" | 1/2" Mfg Sand Nat Sand RAP RAS
1" 25mm 100 100 100 100 100 100
3/4" 19mm 100 100 100 100 100 100
1/2" 12.5mm 75.8 100 100 100 99.9 99.5
3/8" 9.5mm 106 | 94.4 100 100 96.8 98.6
#4 4.75mm 3.3 15.1 96.4 96.8 77.1 86.6
#8 2.36mm 1.0 2.1 64.6 86.5 545 74.3
#16 1.18mm 0.9 1.7 40.8 77.3 34.5 52.3
#30 0.6mm 0.9 1.6 27.6 62.2 19.8 31.8
#50 0.3mm 0.9 1.5 14.8 24.3 7.2 18.5
#100 0.15mm 0.9 1.4 4.8 3.0 2.6 7.6
#200 0.075mm 0.8 1.3 1.6 0.6 1.2 2.6

Table A-2 Gradation of Individual Stockpiles based on Washed Sieve Analysis - Menasha

Menasha Plant - NECEPT - After Washing

Sieve Size 5/8" | 1/2" Mfg Sand Nat Sand
1" 25mm 100 | 100 100 100
3/4" 19mm 100 | 100 100 100
1/2" 12.5mm 75.2 | 100 100 100
3/8" | 9.5mm 11.8 | 94.5 100 100
#4 4.75mm 4.0 | 15.8 95.1 97.0
#8 2.36mm 3.8 3.5 64.4 86.7
#16 1.18mm 3.7 31 41.3 77.1
#30 0.6mm 3.7 3.0 26.7 60.4
#50 0.3mm 3.7 2.8 13.6 22.5
#100 | 0.15mm 3.7 2.7 5.2 2.9
#200 | 0.075mm 3.7 2.6 2.7 0.9
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Table A-3 Gradation of Individual Stockpiles based on Dry Sieve Analysis - Waukesha

Waukesha - NECEPT - Before Wash

Sieve Size 5/8" | 3/8" Mfg Sand Nat Sand RAP
1" 25mm 100 100 100 100 100
3/4" 19mm 100 100 100 100 100
1/2" 12.5mm 92.0 | 100 100 100 100
3/8" 9.5mm 21.1 | 933 100.0 100.0 95.2
#4 4.75mm 14 5.3 86.0 95.7 65.9
#8 2.36mm 1.1 2.3 55.3 88.9 43.4
#16 1.18mm 1.1 1.6 34.2 82.2 26.7
#30 0.6mm 1.0 15 20.9 66.6 14.2
#50 0.3mm 1.0 14 11.2 19.1 4.4
#100 0.15mm 0.9 1.4 5.2 2.2 15
#200 0.075mm 0.8 13 2.7 0.8 0.6

Table A-4 Gradation of Individual Stockpiles based on Washed Sieve Analysis - Waukesha

Waukesha - NECEPT - After Washing

Sieve Size 5/8" | 3/8" | Mfg Sand Nat Sand
1" 25mm 100 | 100 100 100
3/4" | 19mm 100 | 100 100 100
1/2" | 12.5mm 93.5 | 100 100 100
3/8" | 9.5mm 246 | 93.9 100 100
#4 4.75mm 2.4 6.5 86.7 95.7
#8 2.36mm 2.1 33 56.0 88.9
#16 1.18mm 2.0 2.6 34.8 82.2
#30 0.6mm 2.0 2.5 21.6 66.7
#50 0.3mm 2.0 2.5 11.9 19.7
#100 | 0.15mm 2.0 2.4 6.1 2.2
#200 | 0.075mm 1.9 2.4 3.7 0.8
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Table A-5 Gradation of Individual Stockpiles based on Dry Sieve Analysis — Rock Springs

Rock Springs - NECEPT - Before Wash

3/16" Manf. | 1/4" Manf. 5/8" Screened

Sieve Size 3/4" | 3/8" Sand Sand Sand RAP
1" 25mm 100 100 100 100 100 100.0
3/4" 19mm 100 100 100 100 100 100.0
1/2" 12.5mm 86.3 | 100 100 100 98.8 100.0
3/8" 9.5mm 59.5 | 100 100 100 97.0 85.1
#4 4.75mm 18.3 | 20.3 100.0 97.2 93.4 62.5
#8 2.36mm 8.2 3.2 79.8 81.3 90.9 45.3
#16 1.18mm 5.0 0.8 51.0 62.8 88.8 32.6
#30 0.6mm 3.9 0.5 30.1 47.2 82.4 20.5
#50 0.3mm 3.3 0.4 12.8 26.8 39.6 7.7
#100 0.15mm 2.5 0.3 2.9 3.5 4.4 2.5
#200 0.075mm 1.8 0.3 1.2 13 1.1 1.0

Table A-6 Gradation of Individual Stockpiles based on Washed Sieve Analysis — Rock Springs

Rock Springs - NECEPT - After Washing

3/16" Manf. 1/4" Manf. 5/8" Screened
Sieve Size 3/4" 3/8" Sand Sand Sand
1" 25mm 100.0 100.0 100.0 100.0 100.0
3/4" 19mm 100.0 100.0 100.0 100.0 100.0
1/2" 12.5mm 91.0 100.0 100.0 100.0 98.8
3/8" 9.5mm 61.7 100.0 100.0 100.0 97.0
#4 4.75mm 20.6 24.9 99.9 97.4 93.4
#8 2.36mm 8.6 34 79.7 81.5 91.0
#16 1.18mm 53 1.0 51.0 63.1 88.8
#30 0.6mm 4.3 0.6 30.2 47.7 82.4
#50 0.3mm 3.7 0.5 12.9 27.6 38.3
#100 0.15mm 3.0 0.5 34 4.7 51
#200 0.075mm 2.3 0.4 1.7 2.3 1.6
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Table A-7 Gradation of Individual Stockpiles based on Dry Sieve Analysis - Olsen

Olsen - NECEPT - Before Washing

Sieve Size 3/4" Bit | 3/8" Bit 3/8" Screened Sand 3/8" Screenings
1" 25mm 100.0 100.0 100.0 100.0
3/4" 19mm 98.9 100.0 100.0 100.0
1/2" 12.5mm 58.5 100.0 100.0 100.0
3/8" 9.5mm 354 99.6 98.1 100.0
#4 4.75mm 19.3 75.1 83.9 91.7
#8 2.36mm 14.0 51.8 70.6 80.2
#16 1.18mm 10.7 36.1 54.1 71.7
#30 0.6mm 8.5 26.4 31.7 66.7
#50 0.3mm 54 17.1 9.1 58.8
#100 0.15mm 2.9 10.1 2.0 38.1
#200 0.075mm 1.7 6.1 0.9 17.2

Table A-8 Gradation of Individual Stockpiles based on Washed Sieve Analysis - Olsen

Olsen - NECEPT - After Washing

Sieve Size 3/4" Bit | 3/8" Bit 3/8" Screened Sand 3/8" Screenings
1" 25mm 100.0 100.0 100.0 100.0
3/4" 19mm 96.8 100.0 100.0 100.0
1/2" 12.5mm 54.3 100.0 99.8 100.0
3/8" 9.5mm 30.9 100.0 97.5 100.0
#4 4.75mm 14.0 77.1 84.0 92.5
#8 2.36mm 9.3 53.8 70.6 81.4
#16 1.18mm 7.2 38.2 55.0 73.3
#30 0.6mm 6.2 28.7 33.8 68.7
#50 0.3mm 4.8 20.0 10.8 62.1
#100 0.15mm 3.4 13.2 3.8 44.7
#200 0.075mm 2.6 9.3 2.6 24.3
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Boil Test Report and Results

Objective

The objective of this experiment was to utilize the boil test for determining compatibility or
incompatibility of the aggregate asphalt mixtures intended for this research study.

Scope of Work

The boil test was simply considered as an initial screening criterion and was conducted on loose asphalt
mixtures made with different binders and aggregates. Sixteen different asphalt/aggregate mixtures, using
four binders and four aggregate types, were prepared and subjected to the boil test. Comparison was
made between the original mix and the boiled mix, and the results were reported as a qualitative rating of
the level of stripping. Pictures were taken of the material before and after boiling for comparison.
Finally, mass loss/gain of the material was determined and reported.

Introduction

The boil test is an old method of investigating asphalt/aggregate mixture susceptibility to moisture
damage, and was approved by ASTM committee in 1977.! However, it continues to see somewhat
widespread acceptance in academic papers for testing moisture sensitivity, mostly in combination with
other testing methods.>?” When testing loose asphalt/aggregate mixtures, the boil test is not the preferred
adhesion properties test compared to more modern tests such as the rolling bottle test,® but it is a valid
testing method for moisture sensitivity.* Boil testing is a subjective test, as assessment is based on visual
observation of performance®?®,

Boil testing continues to be used, due in large part to its simplicity and extremely low cost. It requires
simple testing materials and equipment. Additionally, iterations can be done in rapid succession with
minimal operator training. However, because testing only occurs on loose mix, as compared to compacted
mix, the effect of many mix parameters on the moisture damage resistance is not considered. Binder-
aggregate adhesion is the only variable tested in boil testing in a qualitative manner.® Adhesion is a
function of binder and aggregate physicochemical properties®, but those properties are not easy to
quantify.

Stripping is defined as the physical separation of aggregate and binder.® De-cohesion of binder to itself
and de-adhesion of the binder to the aggregate is primarily caused by moisture effects via water or water
vapor.® In asphalt mix, stripping can be observed as aggregate becoming uncoated by binder and even
separating from the bulk asphalt mix entirely. In boil testing, stripping is a result of de-cohesion and de-
adhesion of the binder, dissolution of the binder in boiling water, and appearance of stripped binder on the
surface of the water.® The result of stripping in boil testing is most apparent on the resultant asphalt mix
via lightening of the color of the asphalt mix.>®

Larson Transportation Institute at Penn State B-1 Larson.psu.edu



Materials

Aggregates from the four sources were named: Waukesha, Menasha, Rock Springs, and Olsen. Four
performance-grade binders were named: MTE 58S-28, 58-28F, 58-28WF, and 58-28. A full matrix of
testing was used, delivering sixteen combinations. Graded material was used for each source to prepare
the mixtures following proportions provided in the mix design. The blends were prepared at design
binder content. A second set of boil tests were conducted on the coarse portion of the aggregate gradation
(i.e., material retained on #4 sieve).

Experimental Procedure

Experimentation largely followed the “Standard Practice for Effect of Water on Bituminous-Coated
Aggregate Using Boiling Water,” ASTM D3625/D3625M-12,* but small modifications were made to
standard practice. In all, four binders and four aggregates of mixed sizes were tested, resulting in 16 total
samples. Additionally, a secondary test was conducted with two samples of one-sized aggregate, 9.5 mm,
and a single binder at two different binder ratios.

Next, asphalt mix samples were split into three separate sub-samples of approximately the same mass,
about 300 grams. The sub-samples were massed and labeled. One of the sub-samples was boiled, one was
submerged in room-temperature distilled water, and one did not undergo moisture testing. The boiled
sample was heated to 95 °C in an oven for 30 minutes, then transferred to a 1000-mL beaker filled with
600 mL of boiling distilled water heated via propane torch (see Figure B-1). The water was brought back
to a boil, and the asphalt mix was boiled for 10 minutes. Simultaneously, a control sample was put in a
500-mL beaker with 400 mL of room-temperature distilled water. After 10 minutes of boiling, the
samples were allowed to cool for 45 minutes, stripped binder was skimmed off the surface of the water
with cotton swabs, and the samples were drained of water. Finally, the samples were dried on Teflon
paper overnight. The control sample was drained and allowed to dry overnight as well. Finally, the mass
of the samples was measured again, and pictures of the samples were taken side-by-side with the sample
which did not undergo moisture testing.

Figure B-1 Boil testing setup using propane fuel and handheld torch
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Discussion of Findings

Table B-1 presents the average aggregate coating ratings based on three separate observers. For the
individual scores of each observer, see Attachment 1. The rating system is based on a 0-10 system, where
0 represents complete stripping and 10 represents no stripping. In visual comparison of moisture effects,
there were minute, but observable changes in color mostly. To view comparative photos, see Attachment
2. According to overall scores, it is difficult to categorically rate any of the combinations as being an
incompatible matrix.

Table B-1 Average aggregate coating ratings, out of 10, derived from ratings of three observers

Average Aggregate Coating Rating

Binder Waukesha Menasha Rock Springs Olsen
MTE 58S-28 9.5 9.4 8.93 8.6
58-28F 9.3 8.8 9.30 8.6
58-28WF 8.8 9.4 8.47 8.7
58-28 9.3 9.3 8.3 8.7

Table B-2 lists the samples’ mass changes from before the boil test to after the boil test. To view initial
and final masses of the samples, see Attachment 3. Overall, all of the boiled samples of asphalt mix
gained an average of about 0.13 grams and all of the samples of asphalt mix immersed in cold water
gained about 0.2 grams. The mass changes were on the order of —L_ 0f the total mass of the sample and
1 .. . . 1000 .. .. .
less than of o of the initial mass of the binder. The loss in mass Is due to stripping. The gain in mass is
due to water a%sorption. Therefore, on average, the boiling water and cold water caused water absorption
effects which were greater than the stripping effects, in terms of mass. Binder 58-28WF gained the most
mass and binder 58-28F lost the most mass, on average.

Table B-2 Boil test mass changes, masses in grams

Boil Test Mass Change, grams

Binder Waukesha Menasha Rock Springs Olsen
Cold Water Cold Water Cold Cold
Boil Boil Boil Water Boil Water
MTE 58S-28 0.2 0.1 0.6 0.2 -0.2 -0.2 0.1 0.3
58-28F 0.1 0 0.1 0.3 -0.9 0.4 0.6 0.3
58-28WF 0 0.4 0.4 -0.1 0 0.5 0.7 0.4
58-28 -0.2 0.2 0.2 0 0 -0.1 0.4 0.5

As the original results from the HWTD showed damage to the specimens, it was decided to rerun the boil
tests using only the coarse aggregate portion for each source. The results indicated a higher level of
stripping in the boil test when coarse aggregate was used compared to the mix aggregate gradation (Table
B-3). The rating is on the scale of zero to 10, with increasing number indicative of less stripping
potential.
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Table B-3 Rating of Stripping Potential from Boil Test on Coarse Aggregate

Binder/Additive MTE 58S-28 58-28WF
Menasha 7.5 8.0
§ Waukesha 7.0 6.5
2 Olsen 7.7 8.5
Rock Springs 5.5 4.9

Conclusion

The conclusions are based on general qualitative assessment of boil test results. No apparent
incompatibility could be observed based on the results from testing graded material. Comparing the
initial and final mass, no strong pattern emerges. Mass changes in the primary boil test with full gradation
mix displayed mass changes within a reasonable margin of error. In visual comparison and aggregate
coating rating system of moisture effects, the differences were minute. Based on the testing on the coarse
aggregate, the results indicated a higher level of stripping in the boil test when coarse aggregate was used
compared to the mix aggregate gradation (Table B-3). The rating is on the scale of zero to 10, with
increasing number indicative of less stripping potential.
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Attachment 1: Ratings by Individuals

Table B-4 Individual aggregate coating ratings, three observers

Observer #1

Waukesha |Menasha |Rock Springs [Olsen
MTE 58S-28 9.5 9.7 9.3 9.4
58-28F 9.5 9.4 9.4 9.2
58-28WF 9.5 9.7 9.4 9.5
58-28 9.9 9.9 9.8 9.7
Observer #2

Waukesha |Menasha |Rock Springs [Olsen
MTE 58S-28 9.5 9.5 8.5 8
58-28F 9.5 8 9 8
58-28WF 8 9 8 8
58-28 9 9 7 8
Observer #3

Waukesha |Menasha |Rock Springs [Olsen
MTE 58S-28 9.5 9 9 8.5
58-28F 9 9 9.5 8.5
58-28WF 9 9.5 8 8.5
58-28 9 9 8 8.5
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Attachment 2: Before and after Photos
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Figure B-2 Before and after boil testing: Waukesha aggregate with MTE 58S-28 binder
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Figure B-3 Before and after boil testing: Waukesha aggregate with 58-28F binder
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Figure B-5 Before and after boil testing: Waukesha aggregate with 58-28 binder
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Figure B-7 Before and after boil testing: Menasha aggregate with 58-28F binder
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Figure B-9 Before and after boil testing: Menasha aggregate with 58-28 binder
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Figure B-11 Before and after boil testing: Rock Springs aggregate with 58-28F binder
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Figure B-12 Before and after boil testing: Rock Springs aggregate with 58-28WF binder
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Figure B-13 Before and after boil testing: Rock Springs aggregate with 58-28 binder
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Figure B-15 Before and after boil testing: Olsen aggregate with 58-28F binder
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Figure B-16 Before and after boil testing: Olsen aggregate with 58-28WF binder
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Figure B-17 Before and after boil testing: Olsen aggregate with 58-28 binder
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Results from Indirect Tensile Tests on Dry
and Conditioned Specimens

(Conditioned Based on AASHTO T 283 & MIST)
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Table C-1 Summary of Results from Indirect Tensile Test under Different Conditions
(Mix Source: Menasha)

Condition of Strength Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, (measured to
KPa PSI % peak), KJ/m®

MT3 569.3 82.6 2.64 9.33
Dry MT10 640.9 93.0 2.27 9.01
95-mm thick MT19 789.9 114.6 2.17 11.13
average 666.7 96.7 2.36 9.82
MT2 365.5 53.0 3.17 7.29
Wet/Freeze MT7 442.0 64.1 2.93 8.28
95-mm thick MT8 453.5 65.8 3.01 8.44
average 420.3 61.0 3.04 8.00
MT9 456.7 66.2 2.99 8.28
Wet/No Freeze MT17 544.8 79.0 2.64 9.11
95-mm thick MT18 508.5 73.8 2.75 8.78
average 503.3 73.0 2.79 8.72
MT13 700.8 101.6 2.27 10.15
Dry MT14 765.9 1111 2.35 11.22
60-mm thick MT16 770.7 111.8 2.29 11.37
average 745.8 108.2 2.30 10.91
MT11 496.0 71.9 2.56 7.92
Wet/Freeze MT12 517.8 75.1 2.67 8.70
60-mm thick MT15 493.9 71.6 2.53 7.96
average 502.6 72.9 2.59 8.19
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Table C-2 Summary of Results from Indirect Tensile Test under Different Conditions
(Mix Source: Waukesha)

Condition of Strength Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, (measured to
KPa PSI % peak), KJ/m?®

WT6 683.9 99.2 2.67 10.64
Dry WT8 627.5 91.0 2.40 9.15
95-mm thick WT9 668.1 96.9 2.22 9.03
average 659.8 95.7 2.43 9.61
WT2 420.3 61.0 3.23 8.13
Wet/Freeze WT4 472.8 68.6 2.67 7.53
95-mm thick WT10 468.2 67.9 2.56 7.50
average 453.77 65.8 2.82 7.72
WT3 483.5 70.1 2.80 7.67
Wet/No Freeze WT5 473.0 68.6 2.75 7.82
95-mm thick WT7 505.7 73.3 2.64 7.80
average 487.4 70.7 2.73 7.76
WT14 750.1 108.8 2.19 10.73
Dry WT15 751.2 109.0 2.21 10.58
60-mm thick WT16 757.0 109.8 2.24 10.73
average 752.8 109.2 2.21 10.68
WT11 524.2 76.0 2.27 7.50
Wet/Freeze WT12 575.4 83.5 2.24 7.87
60-mm thick WT13 567.8 82.4 2.32 8.07
average 555.8 80.6 2.28 7.81
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Table C-3 Summary of Results from Indirect Tensile Test under Different Conditions

(Mix Source: Rock Springs)

Strength

Condition of Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, (measured to
KPa PSI % peak), KJ/m®
RT10 744.0 107.9 2.18 10.10
Dry RT11 779.4 113.0 2.07 10.04
95-mm thick RT12 779.3 | 113.0 2.16 10.53
average 767.6 111.3 2.14 10.22
RT14 447.2 64.9 2.22 6.08
Wet/Freeze RT15 490.0 71.1 2.10 6.34
95-mm thick RT16 553.2 80.2 2.10 7.06
average 496.8 72.1 2.14 6.49
RTS8 628.0 91.1 1.81 7.22
Wet/No Freeze RT9 623.8 90.5 1.97 7.64
95-mm thick RT13 647.4 93.9 1.86 7.69
average 633.1 91.8 1.88 7.52
RT2 816.1 118.4 2.03 10.36
Dry RT4 795.4 115.4 1.92 9.72
60-mm thick RT6 889.9 129.1 1.91 10.97
average 833.8 120.9 1.95 10.35
RT1 588.7 85.4 1.84 6.73
Wet/Freeze RT3 601.2 87.2 1.79 6.86
60-mm thick RT5 602.2 87.3 1.84 6.99
average 597.37 86.6 1.82 6.86
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Table C-4 Summary of Results from Indirect Tensile Test under Different Conditions
(Mix Source: Olsen)

Condition of Strength Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, (measured to
KPa PSI % peak), KJ/m®

0oT8 621.6 90.2 2.18 8.69
Dry OT0 621.9 90.2 2.51 9.94
95-mm thick 0oT10 628.6 91.2 2.29 9.09
average 624.0 90.5 2.33 9.24
012 394.8 57.3 2.80 7.08
Wet/Freeze 0oT3 479.4 69.5 2.99 9.25
95-mm thick oT5 499.6 72.5 2.77 8.69
average 457.9 66.4 2.85 8.34
OT4 403.5 58.5 3.12 8.03
Wet/No Freeze OT6 451.8 65.5 3.07 8.70
95-mm thick oT7 460.6 66.8 2.75 8.02
average 438.6 63.6 2.98 8.25
OoT11 623.4 90.4 2.40 9.71
Dry 0T12 656.3 95.2 2.16 9.27
60-mm thick oT14 674.3 97.8 2.21 9.55
average 651.3 94.5 2.26 9.51
0T13 455.9 66.1 2.80 8.27
Wet/Freeze 0T15 509.3 73.9 2.64 8.73
60-mm thick oT16 532.4 77.2 2.72 9.39
average 499.2 72.4 2.72 8.80
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Indirect Tensile Strength
for
Freeze-Thaw & MIST Conditioned Specimens
after
Completion of Dynamic Modulus Testing
(60-mm thick specimens)
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Table C-5 Summary of Results from Indirect Tensile Test for Dynamic Modulus Specimens'”

Condition of Strength Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, | (measured to
KPa PSI % peak), KJ/m?

Mix Source: Menasha

M2 4520 | 656 2.47 7.39

after ngfs'ThaW M5 433.8 62.9 2.72 8.25
O thick M6 4752 | 689 2.40 7.78
average 453.7 65.80 2.53 7.81

M1 5044 | 732 2.75 9.16

after MiST M3 5493 | 79.7 272 9.92
60-mm thick M4 576.0 | 835 2.57 10.27
average 543.23 78.80 2.68 9.78

Mix Source: Waukesha

w1 529.0 76.7 2.57 9.07

after FS‘ZIZ:'ThaW W5 5701 | 82.7 2.45 9.41
60-mm thick W6 581.3 84.3 2.32 9.17
average 560.13 81.2 2.42 10.19

w2 575.2 83.4 2.32 9.16

after MiST W3 635.2 92.1 2.62 11.35
60-mm thick w4 631.9 91.7 2.32 10.05
average 614.1 89.1 2.42 10.19

(1) These specimens were subject to dynamic modulus testing before and after moisture conditioning. After
completion of the second dynamic modulus test, the specimens were subject to indirect tensile strength
test for which the results are presented in this table.
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Table C-6 Summary of Results from Indirect Tensile Test for Dynamic Modulus Specimens'”

Condition of Strength Strain at Toughness
Specimen Specimen ID (Peak Stress) Peak Stress, | (measured to
KPa PSI % peak), KJ/m?

Mix Source: Rock Springs

R2 5709 | 828 1.90 6.86

after ngf:'ThaW R4 558.7 | 81.0 2.02 7.16
O thick RS 582.7 | 845 2.10 8.15
average 570.8 82.8 2.01 7.39

R1 600.6 | 87.1 2.20 8.42

after MiST R3 5947 | 863 2.47 9.29
60-mm thick R6 6713 | 97.4 2.62 10.81
average 622.2 90.3 2.43 9.51

Mix Source: Olsen

02 522.4 75.8 2.60 9.08

after FS‘ZIZ:'ThaW 03 5273 | 765 2.75 9.53
60-mm thick 06 557.1 80.8 2.85 10.31
average 535.6 77.7 2.73 9.64

01 557.2 80.80 2.82 10.70

after MiST 04 612.7 88.91 3.50 12.49
60-mm thick 05 586.5 85.10 2.95 10.99
average 585.5 84.9 3.09 11.39

(1)These specimens were subject to dynamic modulus testing before and after moisture conditioning. After
completion of the second dynamic modulus test, the specimens were subject to indirect tensile strength
test for which the results are presented in this table.
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Results from Testing with Hamburg Wheel
Tracking Device (HWTD)

1. Submerged Condition
2. Dry Condition
3. Dry After MiST

4. Moisture Damage Mitigation Study
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Table D-1 Air Void of Specimens Tested in HWTD under Submerged Condition

Specimens of Track 1 Specimens of Track 2
(Right side)® (Left side) @
Specimen 1 Specimen 2 Specimen 1 Specimen 2
Menasha 6.5 6.4 7.0 6.8
§ Waukesha 7.3 6.6 6.1 6.2
ug) Rock Springs 7.3 7.2 7.1 6.5
Olsen 6.9 7.0 6.9 7.2

(2)Right and Left imply facing away from the machine
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Table D-2 Air Void of Specimens Tested in HWTD under Dry Condition

Specimens of Track 1
(Right side)®

Specimens of Track 2
(Left side) @

Specimen 1 Specimen 2 Specimen 1 Specimen 2
Menasha 7.6 7.2 6.9 7.2
§ Waukesha 7.5 7.1 7.2 7.2
03) Rock Springs 7.4 7.2 7.0 6.7
Olsen 7.7 7.7 7.2 7.2

(2)Right and Left imply facing away from the machine
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Table D-3 Air Void of Specimens Tested in HWTD after MiST Conditioing

Specimens of Track 1 Specimens of Track 2
(Right side)® (Left side) @
Specimen 1 Specimen 2 Specimen 1 Specimen 2
Menasha 6.6 6.1 6.4 6.6
§ Waukesha 6.7 6.6 6.5 6.5
03) Rock Springs 6.8 6.9 6.9 6.9
Olsen 6.8 6.7 7.0 6.4

(1)Right and Left imply facing away from the machine
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Results from Indirect Tensile Dynamic
Modulus Tests
(Modified AASHTO TP 131-18)

Notes on Legends in Graphs:
e DM: Dynamic Modulus
e F/T: Freeze Thaw

¢ MR: Modulus Ratio

Larson Transportation Institute at Penn State E-1 Larson.psu.edu



Day 1: Mix and
compact gyratory
sample

B

Day 10: Remove metal
dots, run UPV test, and
measure Gub

2

‘ Day 11: Store disks

‘ Day 18-20: Store disks ‘.

¥

Day 2: Cut

gyratory sample
into disks

2

« ‘ Day 9: Store disks ‘ «

Day 3: Measure bulk
specific gravity (Gmn)
of disks

Day 4: Run UPV test,
measure size, and glue
metal dots onto disks

) 4

Day 8: Perform
dynamic modulus
test

pe

Day 5-7: Store disks in
an environmental
chamber at 20°C

8

Day 13: Measure
weight in water and

“ Day 12: MIST condition ‘
|

Day 12: Freeze/Thaw
condition

Lol
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Day 17: Perform
dynamic modulus
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« ‘ Day 16: Store disks ‘«
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Note: UPV = Ultrasonic Pulse Velocity,
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Day 14: Run UPV
test, measure weight

in air

Day 15: Glue metal dots
onto disks again

SSD = Saturated Surface Dry
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Table E-1 Summary of Modulus Values

Material Source
Parameter | Condition Menasha | Waukesha | Rock Olsen
Springs
- Modulus®: Dry 2680 3414 3805 3341
e 7}
Soood M2 ?Eg:/freeze 1700 2490 2896 2325
PRI =
£s2s E after MiST 1874 2548 2306 2390
> = >
nEF-RXo Modulus after Freeze
& § Ratio @ Thaw 0.66 0.71 0.74 0.70
after MiST 0.68 0.76 0.63 0.72
Modulus, Dry 15,935 17,598 19,733 19,621
e
5y | MP SIS AEEAE 13,486 15,786 19,882 | 16,505
E o Thaw®
2 '; after MiST®) 14,564 16,592 17,998 17,949
7 % Modulus after Freeze
& Ratio Thaw
after MiST

(1)Only Modulus from 10 Hz frequency is reported in this table.
(2)Modulus ratio is calculated separately for each of three specimens, and then averaged.
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Modulus Ratio and Tensile Strength Ratio Comparison
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Air Void Distribution of Specimens Used in Dynamic Modulus Testing
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Results from Ultrasonic Pulse Velocity
(UPV) Test

Notes on Legends in Graphs
e Before Gmb: Dry samples after compaction
e After Gmb: SSD samples after AASHTO T-166

o After first IDT DM: Unconditioned and dry samples after the first IDT Dynamic
Modulus (DM) test

e After F/T: Samples after Freeze/Thaw conditioning
e After MiST: Samples after Mist Conditioning

e After second IDT DM: Samples with reduced water content (partially dried)
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NOTE:

Saturated samples refer to specimens that were subject to freeze-thaw
conditioning or MiST conditioning, and immediately after conditioning they
were subject to UPV testing. The term “saturated” simply implies that water
was retained in the specimen at the time of UPV testing. It does not mean
that the specimens were fully saturated.

Dried samples refer to specimens that were subject to freeze-thaw
conditioning or MiST conditioning, and water was removed from the
specimens to a very large extent before the specimens were subject to UPV
testing. The term “dry” does not mean complete dryness of the specimens.
However, it does indicate that little water is in the specimen at the time of
UPV testing compared with the water content after completion of conditioning.
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Table F-1 Summary of estimated compressional wave (p-wave) and shear wave (s-wave) velocities
for the samples from the four aggregate sizes

o Before SSD After SSD After IDT 1 After Conditioning After IDT 2
2 | Sample
Ug) ID Ve Vs Ve Vs Ve Vs Ve Vs (mis) Ve Vs
(m/s) | (m/s) | (m/s) | (m/s) | (m/s) | (m/s) | (m/s) (m/s) (m/s)
MI1 | 3223.9 | 1436.5 | 3266.7 | 1433.0 | 3208.8 | 1373.9 | 3228.9 1373.9 3285.5 | 13194
© MI2 | 3229.7 | 1433.0 | 3229.1 | 1457.4 | 3224.1 | 1461.0 | 3210.8 1282.7 3193.1 | 1293.7
cccg MI3 | 3323.6 | 1422.8 | 3380.9 | 1475.4 | 3393.9 | 1436.5 | 3293.1 1380.2 3321.8 | 1316.5
é MI4 | 3276.2 | 1436.5 | 3341.8 | 1475.4 | 3279.5 | 1457.4 | 3190.6 1399.5 3195.7 | 1349.1
MI5 | 30815 | 1380.2 | 3121.0 | 1358.3 | 3104.8 | 1334.1 | 3117.8 1222.4 3104.5 | 1200.4
MI6 | 3322.7 | 1439.9 | 3368.0 | 1464.5 | 3326.7 | 1464.5 | 3296.7 1305.0 3261.6 | 1279.9
o1l 3560.7 | 1501.3 | 3606.0 | 1535.9 | 3619.9 | 1568.1 | 3535.1 1433.0 3545.3 | 1412.7
ol12 3523.0 | 1505.0 | 3543.9 | 1539.8 | 3529.6 | 1520.3 | 3392.3 1367.6 3462.4 | 1406.1
S ol13 3370.1 | 1512.6 | 3397.9 | 1543.8 | 3420.3 | 1512.6 | 3307.7 1383.4 3281.7 | 1416.1
8 Ol4 3487.3 | 1539.8 | 3463.7 | 1564.0 | 3503.5 | 1508.8 | 3456.9 1535.9 34414 | 1468.1
ol5 3591.4 | 1520.3 | 3572.9 | 1588.9 | 3633.3 | 1524.2 | 3483.1 1508.8 3530.9 | 1453.9
ol6 3488.5 | 1539.8 | 3553.3 | 1580.5 | 3492.3 | 1547.8 | 3377.3 1443.4 3418.5 | 1446.9
RI1 3547.4 | 1547.8 | 3503.9 | 1605.9 | 3489.0 | 1532.0 | 3393.2 1516.5 3377.3 | 14975
§ RI2 3674.5 | 1632.2 | 3592.8 | 1641.1 | 3636.4 | 1627.7 | 3581.2 1524.2 3573.7 | 1532.0
S RI3 3492.2 | 1547.8 | 3515.2 | 1588.9 | 3546.7 | 1601.6 | 3424.9 1547.8 3439.4 | 1493.8
g R14 3484.6 | 1580.5 | 3528.2 | 1614.6 | 3558.9 | 1584.7 | 3423.7 1516.5 3375.2 | 14975
& RI5 3497.7 | 1593.1 | 3542.0 | 1614.6 | 3588.7 | 1568.1 | 3385.3 1490.0 3445.1 | 1490.0
RI16 3556.4 | 1618.9 | 3629.5 | 1636.6 | 3632.2 | 1605.9 | 3431.7 1524.2 3482.4 | 1493.8
WI1 | 34325 | 1479.0 | 3322.4 | 1512.6 | 3415.6 | 1512.6 | 3351.1 1399.5 3350.8 | 1393.0
© WI2 | 3445.3 | 1528.1 | 3437.6 | 1551.8 | 3428.1 | 1543.8 | 3360.1 1475.4 3437.2 | 1429.6
g WI3 | 3483.8 | 1475.4 | 3508.9 | 1532.0 | 3479.4 | 1516.5 | 3381.6 1436.5 3449.4 | 1389.8
3 WI4 | 3488.0 | 1464.5 | 3516.1 | 1512.6 | 3466.6 | 1501.3 | 3466.7 1443.4 3426.1 | 1402.8
= WI5 | 3457.3 | 1501.3 | 3473.2 | 1520.3 | 3426.3 | 1493.8 | 3365.7 1399.5 34249 | 1380.2
WI6 | 3405.3 | 1528.1 | 3424.1 | 1457.4 | 3416.2 | 1524.2 | 3424.3 1399.5 3414.0 | 1367.6
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