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ABSTRACT

The Effects of Using Alkali-Silica Reaction Affect&kecycled Concrete Aggregate in
Hot Mix Asphalt. (August 2010)
Brian James Geiger, B.S., Michigan Technologicalersity
Co-Chairs of Advisory Committee: Dr. Dan G. Zollarg

Dr. Anal K. Mukhopadhyay

The effects of using alkali-silica reaction (AS&)ected recycled concrete
aggregate (ASR-RCA) in hot mix asphalt (HMA) wemgeastigated in this study.
Dilatometer and modified beam tests were perfortoetetermine the possibility of new
ASR occurring in reactive aggregates within the HbtAe-expansion of existing gel.
The Lottman test and micro-calorimeter were usatktermine the moisture
susceptibility of HMA made with ASR-RCA. A diffential scanning calorimeter
(DSC) with thermogravimetric analysis (TGA) was dise evaluate the drying of an
artificial gel and x-ray diffraction (XRD) was usé&alcheck for the potential presence of
gel in the filler fraction of the ASR-RCAs. Micmbeval and freeze-thaw tests were
evaluated for their potential to indicate the pnegeof excess micro-cracks or ASR gel.

Expansion testing indicated that both ASR-RCAsengill reactive with 0.5 N
NaOH solution saturated with calcium hydroxide (G$50°C. Dilatometer testing of
HMA specimens in NaOH+CH solution at 60°C indicatedaction between the asphalt
binder and the solution, but little, if any, ASRhe lack of expansion in the modified
beam test supports the binder-solution interactidawever, dilatometer testing in
deicer solution at the same temperature indicdtadsome ASR may have occurred
along with the primary binder-solution interactiofhe volume change characteristics
associated with the binder-solution interactiorhveihd without ASR was supported by

the change in pH and alkali concentration of tls¢ $elution.



DSC/TGA testing indicated that the artificial gielhydrated at approximately
100°C. XRD analysis of the filler indicated thatse gel may have accumulated in this
fraction. Moisture damage testing indicated gaegistance to moisture damage by
HMA mixtures made with ASR-RCA especially compated virgin siliceous
aggregate. Micro-deval and freeze-thaw tests edectithe presence of micro-cracks
due to ASR in ASR-RCAs as higher mass loss thanithen aggregate.

The potential distress mechanisms that may ocbenwsing ASR-RCA in an
HMA pavement were identified. Results obtainedhgsiccelerated laboratory
conditions were extrapolated based on anticipa&dd ¢onditions. Guidelines for the

mitigation of potential distresses in HMA made WiABR-RCA are presented.
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NOMENCLATURE
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AASHTO - American Association of State Highway afrdnsportation Officials
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ASTM - American Society for Testing and Materials
Ca - Calcium
CH/Ca(OH) - Calcium Hydroxide
DSC - Differential Scanning Calorimeter
ED RCA - RCA from Edwards AFB
EDL - Electrical Double Layer
EDS - Elemental Dispersive Spectroscopy
ESEM - Environmental Scanning Electron Microscope
HL RCA - RCA from Holloman AFB
HMA - Hot Mix Asphalt
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ppm - parts per million
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1. INTRODUCTION

Alkali-Silica Reaction (ASR), a reaction betweelicsous aggregates and alkali
hydroxides in concrete pore solution to form anasgive gel, is one of the main
chemical distress problems that may occur withimceete. If the damage caused by
ASR and other problems is significant, removalepiacement of the concrete will be
necessary. Disposal of this concrete can be pradiie due to decreasing landfill space
and increased focus on reuse of materials to pr@swgtainability. One way to reuse
the concrete is to crush it in order to form reegctoncrete aggregate (RCA). Since the
expansion of ASR is a result of the gel absorbiagew it is desirable to reuse recycled
concrete aggregate that has suffered from ASR (RER) in a manner that will
minimize its exposure to moisture. RCA has beeaussiccessfully as a base material,
but the exposure to moisture would be undesirablamh ASR-RCA. Also, ASR-RCA
used in concrete would not only expose it to mogtbut there would likely be fresh
faces of the reactive aggregates created durirghicrg that could cause additional ASR
to occur. As an alternative, the ASR-RCA couldibed as an aggregate in hot mix
asphalt (HMA) with the hope that the asphalt filanreunding the aggregates would
protect them from moisture.

The objective of this study was to provide comprediee technical guidance on the
use of alkali silica reaction (ASR) damaged reaydertland cement concrete (PCC)
aggregate in hot mix asphalt (HMA) pavements. Tlueae this objective, the following

work was undertaken:

» Determination of proper techniques and classifeetifor condition assessment
of existing PCC pavements suffering from ASR dsdreASR-RCA can be used

most effectively if the distress level of the exigtPCC pavement is known.

This thesis follows the style of tAigansportation Research Record.



» Determination of the allowable severity of ASR dama@n ASR-RCA. This
included identifying potential tests to measuredamage present in ASR-RCA.

» Assessment of the potential for continued ASR dbsasgethe effects of pre-
existing reaction products (ASR gel) and distresdgures (micro-cracking)
within the HMA mixture. This included identifyingotential tests to determine
the reactivity of ASR-RCA alone and in HMA specimanade using ASR-
RCA.

» Determination of potential remedial measures togmeany new ASR and
mitigate the damage present in ASR-RCA.

» Evaluation of the effects of ASR-RCA on long-tererfprmance of HMA
pavement subject to field conditions. These caonktinclude climate (rainfall,

temperature, etc.), traffic loading, and deiceriapfions.

This report is organized into six sections. Theose section presents the literature
review of the topics of ASR, RCA, ASR-RCA, and ntoie damage in HMA
pavements. The third section describes the labtigrédst program including the
materials used and the tests that were performedeoselected materials. Section four
presents the results of the laboratory test progmadha discussion of how those results
apply to the use of ASR-RCA in HMA pavements. Tifta section discusses the
difference between the laboratory tests and adieldIconditions as well as the potential
impacts of those differences. Section six presgr@sonclusions drawn from the study
along with recommendations for using ASR-RCA in Havements and additional

research for better understanding of the subject.



2. LITERATURE REVIEW

In order to avoid repeating past work and to undersbetter the topic of using
RCA suffering from ASR in HMA, a literature revieand discussions with
knowledgeable individuals were conducted. An esitee literature review on the
physical, chemical, and mechanical properties oAR@d their effects on HMA mix
were conducted. An attempt was made to identifylan studies or field projects that
used ASR-affected RCA materials in HMA pavemer8tudies on related topics such as
alkali-silica reactivity along with the use of R@G&d ASR affected RCA in PCC, were
also reviewed. The following subsections descABR including the necessary
conditions for it to occur and theories of the nmatdbm by which expansion occurs,
RCA and its use in PCC and HMA, ASR-RCA and its inseCC and HMA, and finally

moisture damage in HMA.

2.1  Alkali-Silica Reaction

Alkali-silica reactivity is a potential cause ofeshical distress in PCC. T.E.
Stanton of the California Highway Department idéeti ASR in 1940 and since then, it
has been observed all around the wotl@)( The reaction between the alkaline pore
solution of the PCC and reactive silica in the aggtes produce a reaction product
called alkali-silica gel. If this gel absorbs saint moisture, it expands, creating
internal pressures in the PCC. If these internedgures exceed the tensile strength of

the concrete, the PCC will crack.

2.1.1 Causes/Conditions
The mechanism by which ASR occurs is quite complek has been the subject
of a primary focus of ASR research. The threedagjuirements for ASR to occur are:
» Reactive silica in the aggregates
= Sufficient available alkalis
» Sufficient moisture in the PCQ{14)



In addition to the three requirements listed abdve presence of calcium hydroxide
[Ca(OH)] in the pore water solution also appears to bergortant factor4-6). If any
one of the three factors is not present in the i@acthen the reaction will not proceed.
Several chemical reactions take place during tkaiadilica reaction, which result in the
formation of gel and/or reaction rims around aggtegarticles.

Since silica is one of the most abundant compountise earth’s crust, it is
found in most aggregates that are used in confte However, the reactivity of
silica depends on its crystal structure. Amorphsilisa and fine-grained forms of
crystalline silica tend to be reactive while coagsained forms tend to be nonreactive.
Amorphous forms of silica include opal and volcagl@sses. The cryptocrystalline and
microcrystalline forms of silica are basically maufdine-grained quartz whereas
macrocrystalline forms of silica contain coarsehygd quartz. The greater reactivity of
amorphous and fine-grained silica when comparex&nse-grained silica is attributed
to the greater surface area of the material. mbeeased surface area results in more
surface defects where reactions can occur. A mpessieffect has been found in some
of the more reactive aggregates in which maximumetreity occurs with a certain
amount of reactive aggregates in the concretelamdreactivity decreases with larger
amounts of aggregates.

Alkalis, sodium (Na) and potassium (K), are nafyrptesent as substituted
cations inside silicate cement phases and alkdites (1). During the hydration of the
cement, the alkali sulfates tend to form hydroxidgOH and KOH), which increase
the alkalinity of the pore solution. The alkaivéds in the cement are related to the
alkali levels in the raw materials used in its proiibn as well as the method used to
produce the cement. Modern air regulations anceased energy costs have led to the
use of methods that result in increased cemenli aliatents. Other sources of alkalis
in the concrete pore solution are aggregates traam alkalis and admixtures such as
fly ash. The amount of alkalis that are solubléhi& concrete pore solution and hence
available for the reaction is more important thaa total alkali content of the concrete

materials. Alkalis may also become concentratealportion of the concrete through



migration with moisture. One example where thigldaccur is in a slab in a hot, dry
area where moisture in the surface evaporateshenchigration of moisture from the
bottom brings additional alkalis to the surfacextdnal sources may also contribute
additional alkalis to the concrete. Examples @démal sources are deicing salts,
seawater, and ground water.

Moisture is already present in the concrete froeethcess mix water needed for
workability. Additional moisture can come from teevironment, although the effects
of external moisture can be reduced by decreabmgermeability of the concrete. A
minimum internal relative humidity of 80-85% candséficient to cause a deleterious
reaction ). The moisture plays two roles in the alkalieslireaction. First, it provides
the method of transport for alkali and hydroxylsdo reach the reactive aggregate
particles. Second, the moisture is absorbed bgé¢héhat the reaction produces causing
it to expand.

Chatterji @-6) has found that calcium hydroxide is also an ingoarfactor in the
alkali-silica reaction. Calcium hydroxide playsatwoles in the reaction. One role is as
a source of hydroxyl (Ollions that break down the silica. The other islidhat excess
calcium ions in the pore solution surrounding thgragate particle restrict the migration
of silica out of the aggregate. The role of caitiydroxide is discussed further in the
following subsection.

2.1.2 Expansion Mechanism
There are five main theories of the mechanisms liglwASR occurs. These
are:
* Hansen’'s Theoryl®)
* McGowan and Vivian's Theoryl)
* Powers and Steinour’s Theord/7j
* Chatterji's Theory%-10
» Electrical Double Layer TheoryL{, 18-20



Hansen proposed that the cracking that occurréaeitoncrete was due to the
formation of an osmotic pressure cell surroundhmgydggregate. He stated that the
cement paste would act as a semi-permeable memtmnaaed silicate ions (i.e. water
and alkali ions/molecules could diffuse through plaste but the silicate ions could not).
Alkali-silicate that formed on the surface on agragate surface would draw solution
from the cement paste to form a liquid-filled pock&he liquid that was drawn in would
then exert an osmotic pressure against the cogficement pastel).

McGowan and Vivian challenged Hansen’s theory efrttechanism for ASR on
the basis that cracking of the concrete shoulévelthe osmotic pressure and prevent
additional damage. They believed that the reaatgpegate particles absorb water and
swell in the gel condition to cause cracks. Theamsion of the concrete was then
caused by widening of the cracks cause by AB3R (

Powers and Steinour believed that the theoriesgseg by both Hansen and
McGowan and Vivian were fundamentally similar. yhlkought that the primary
damage mechanism was swelling of the solid reagroduct as controlled by the
amount of lime it contained, but that osmotic puessnight also develop. Their
theories for both mechanisms are explained below.

The reactivity of silica is determined by the numbkincomplete silicon-
oxygen-silicon linkages in the particle, meaningttfeactivity is a function of specific
surface and holes due to atomic disorder. Whalica particle is exposed to a strong
base, the hydroxyl ions attack the surface andugildpenetrate the particle. As the
available water increases, the reaction produabines softer and may eventually
become a colloidal solution or sol. The hydroxyis break the silicon-oxygen bonds
producing colloidal particles with higher hydroxadncentrations resulting in smaller
colloidal particles. If the attack occurs in thregence of excess lime, then a non-
swelling lime-alkali-silica complex is formed whehemical equilibrium with the lime
is reached. However, if the alkali-silica compigxot in equilibrium with the lime,
then swelling will occur. When the alkali-silicaraplex imbibes water, they felt the

swelling is due to displacement of colloidal unitish respect to one another. One cause



of insufficient lime is that lime is depressed ladis in the solution so not enough lime
may be available at the reaction site to form the-expansive gel. Another cause is
that the lime-alkali-silica complex can hinder th#usion of the calcium ion to the
reaction site while allowing the other ions to d#é to form additional gel that can
swell. This also explains the persistence of thellsng gel long after its formation even
though lime is present in the concrete.

For the osmotic pressure to buildup, they explathedl water within concrete
would tend to move to regions where it has the kiiree energy. The water held by
the alkali-silica complex has lower free energynthaater external to the complex. As
the strength of the solution within the alkali-sdlicomplex increases, greater osmotic
pressure is required to prevent the entry of aoliki water into the complex. If the
alkali-silica complex is fluid and confined, thesnootic pressure may be generated. If
the alkali-silica complex is solid, pressure may lsé generated by the swelling of the
reaction rim 17).

Chatterji proposed a new theory based on hisfitbla the previous theories did
not fully explain the observed phenomena. Histhean be summarized in five steps

as follows:

I. Hydroxyl ions penetrate the silica grains in thghhpH environment of the
concrete pore solution. An increase in pH or i@mancentration will
increase the rate at which the hydroxyl ions pentetr

il. In a mixed electrolyte, such as Ca(Qldhd NaCl, both cations will penetrate
the silica grains with the hydroxyl ions to maintai charge balance.
However, the smaller hydrated cation will penetratgreater amounts than
the larger one. The order of increasing size tibna typically found in a
concrete pore solution is'Kthen N4, then Li, then C&".

iii. The hydroxyl ions hydrolyze the siloxane bonds aditg to:

=Si-O-SE + OH — =Si-OH + Si-O



This reaction opens the reactive grains to furétierck by hydroxyl ions and
frees silica that diffuses out of the aggregateiatalthe solution.

V. The diffusion of silica out of the reactive graissontrolled by the calcium
concentration of the surrounding pore solutionghér concentrations of
calcium will reduce the amount of silica that caffude out.

V. Expansion occurs when more materials!,Ne&t*, OH, and HO, enter the
grain than silica diffuses out.

According to this theory, the low expansion ofthalcium gels and the
reduction of expansion by lithium are explainedls large size of the hydrated calcium
and lithium ions, which prevent them from penetrgtihe reactive grain. This theory
also offers an explanation as to why the extethefalkali-silica reaction is not always
related to the level of distress that it cauge$(. If large amounts of silica are leaving
the grain then the reaction may continue withoussgay harmful expansion.

The electrical double layer (EDL) theory was fpsbposed by ChatterjiL() to
explain the expansive nature of ASR gel as welhaerrors that have been encountered
when measuring the concentrations of ions in pohatisns expressed from concrete.
Prezzi et. al. 18,19 used the EDL to estimate the expansive preskatextould be
generated by an ASR gel. According to the EDleratie silica is dissolved from the
aggregate by the high pH solution, it exists asliclal suspension in the pore solution.
The colloidal silica particles have a negative acefcharge, which must be balanced by
positive ions from the solution in order to maintaharge neutrality. These positive
ions form a diffuse double layer around the cobdsllica particle, which consists of the
Stern layer and the Gouy-Chapman layer. The $ager is adsorbed on the surface of
the silica particle and its charge is dependerthemumber of adsorption sites on the
surface of the particle as well as other factdise Gouy-Chapman layer is the diffuse
outer layer and its charge is dependent on thear# constant of water as well as other
factors. The charge in both layers is also depanole the number of adsorption sites on

the surface of the silica particles and the valearoy concentrations of the positive ions



in the solution. Because it is double charged; Gas a greater affinity for the
negatively charged silica surface than the singdged Naor K" ions. Also,

Rodrigues et. al20) have demonstrated that<#s chemically adsorbed on the surface
due to a nonelectrostatic affinity.

The thickness of the EDL is a function of the aamtcation and type of ions in
the surrounding solution. As the ionic concentraincreases, the EDL thickness and
repulsion forces between particles decrease. Csele as water is added and the
solution concentration decreases, the EDL thickimessases along with the repulsion
force. The expansive pressure generated by theagdbe calculated from the thickness
of the EDL as well as other factors. Prezzi etcalculated pressure ranging from 2.2 to
10.3 MPa. This range of values is in agreemerit paitblished figures from Diamond,
who found pressures of 6-7 MP21), and Figg, who found expansion pressures can
exceed 10 MP&2Q).

2.1.3 Impact/Results
The expansion caused by ASR typically results@&king of the concrete
resulting in a map-like pattern of cracks. In d@iddi, expansion due to ASR may cause

movement of the concrete structural elements vedt other elements.

2.2 Recycled Concrete Aggregate
Attempts have been made to recycle waste conftretese as aggregate in base
courses, Portland cement concrete, and hot mixa#tsph

2.2.1 Properties

Several studies of RCA have found that recyclettoete aggregates have a
greater water absorption capacity than typical r@taggregates. This increased water
absorption was attributed to the higher porositthefcement mortar, compared with
most natural aggregates, that remains attachdubtaggregates. The aggregate particles
were also found to be very angular and irregulghigpedZ3-41). RCA has been
documented to produce high pH (greater than 11litisols when combined with water
(42).
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2.2.2 Use in Portland Cement Concrete

The increased absorption capacity and high angutzrthe RCA were
attributed to the increased water demand of mixadenwith RCA compared to natural
aggregates. Some studies have found that thef i®&€A reduces the mechanical
properties of the concrete while others found tRo have insignificant impact on
the mechanical properties. There was a generakawnt that the fine fraction of the

RCA was more likely to have a deleterious impaahtthe coarse fractio2§-36.

2.2.3 Use in Hot Mix Asphalt

Several states allow the use of RCA in hot mihaffgfHMA). Several studies
have been performed to determine the propertieparidrmance of HMA containing
RCA. These studies have found that, in compariganixes made with virgin
aggregates, HMA made with RCA will either have ghleir air void content for the same
asphalt binder content or a higher optimum bindetent for the same air void content
(37-41). This has been attributed to the increased ggrosthe cement paste attached
to the aggregate similar to that found in the sisdif RCA in Portland cement concrete.
The more absorptive RCA particles usually absorbenagphalt into the larger pores and
absorb asphalt more deeply into the particle. &loee, design asphalt contents when
using RCA can be expected to be relatively highon@/et al., 40) found that RCA
lowers abrasion resistance and bond strength of Hihddle of RCA when compared to
HMA made of virgin granite aggregate. The studiage had differing results for the
stripping potential of HMA made with RCA. Paraithana and Mohajeran89) found
that HMA mixes made with RCA had a greater potémiastripping while Heins38)
found that HMA mixes made with RCA had strippingeadial similar to mixes made
with virgin aggregates. Paranavithana and Mohaj€B9) also found that HMA mixes
made with RCA had significantly lower resilient nubals and indirect tensile strength
than those made with virgin aggregates. Howevemg\et al 40) found that the use of
RCA fines in the mix improved the rut resistancehaf HMA mixture. Some studies
have found that the RCA particles have a greatefeiecy to break down during mixing
and compacting of the HMA39,41J).
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2.3  Alkali-Silica Reaction Affected Recycled Concrte Aggregate

Studies on the use ASR-RCA have not been as ex¢eas those on the use of
ordinary RCA. However, some studies were founthenuse of ASR-RCA in Portland
Cement Concrete.

2.3.1 Use in Portland Cement Concrete

A study by Gottfredsen et. ad3) found that RCA from concrete in which the
aggregates had only partially reacted caused geatkhet significant reaction. In
contrast, RCA from concrete in which was severefdorated caused only a minor
expansion. This was attributed to the reactiveipoiof the silica having most likely
been completely reacted. In a study by Li and &S#4, ASR-RCA still caused

significant expansion when used to produce new rebac

2.3.2 Use in Hot Mix Asphalt

The literature review did not find any studiedlod use of recycled concrete
aggregate that had suffered from alkali-silica ti@ég in hot mix asphalt. Discussions
with national experts also did not provide any ewick of the use of RCA suffering from
ASR in HMA. While these searches cannot be camsitlexhaustive, it is reasonable to

assume that no research on this topic has beerspedito date.

24 Moisture Damage

Moisture damage in asphalt pavements is the datioedof the mechanical
properties of the asphalt composite due to the@actf water. Moisture damage in
HMA concrete can be defined more precisely as fitogressive functional
deterioration of a pavement mixture by loss ofablaesive bond between the asphalt
cement and the aggregate surface and/or loss obtiesive resistance within the
asphalt cement principally from the action of wa{db). Moisture damage is a
complex phenomenon involving chemical, physicatl arechanical processes;
therefore, characterization and modeling of moestlamage is a challenging task.
Moisture transport can occur in asphalt mixturesugh the following different

mechanisms:4(6)
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Infiltration through cracks [both adhesive failijedong the aggregate - paste
interfaces) and cohesive-failure (within the aspbament)] and interconnected
voids
* Vapor diffusion through small pores (smaller tharvaids)
» Capillary rise, although this is not normally amiaent mechanism
* Severe environmental conditions (high ambient redatumidity, high annual
rainfall, high temperature fluctuations, etc.) eminance the intensity and/or
relative importance of the above three mechanismddrecrease the severity of
moisture damage
These three modes of moisture transport and télaitionship with moisture
damage were discussed in a companion pagr ASR cannot be a cause of distress in
HMA concrete provided there is insufficient moistwapor or water inside the mixture.
Moisture is essential to create a high pH situatwerever cement mortar portions are
attached with the aggregates and to cause anfia@diorms to swell. Therefore, the
greater the moisture damage, the higher the charidSR, provided the other
conditions for ASR are also satisfied. Any remediaasures to formulate moisture
damage resistant HMA mixtures would ostensibly ceddSR related issues, if any.
However, the most common antistripping agents, (hdrated lime and liquids
containing amines or ammonium compounds) will inseethe alkalinity of the mix and

may, in fact, favor ASR.

2.4.1 Mechanism

The moisture susceptibility of an HMA is a funetiof the surface free energy of
the asphalt binder and the aggregates. The conhkiifiect of the surface free energy of
the two materials to produce the adhesive bondggner Gibbs free energyAGy) is

modeled by:

Y 25N 25
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Where the subscripts A and S refer to the aspivader and the aggregate
respectivelyy"" is the non-polar Lifshitz van der Waals componédithe surface free
energy, and the + and - superscripts refer to #weid acid and base components
respectively48-51). Mixes containing aggregates with a more baatane, such as
limestone, tend to have lower moisture susceptiiian those containing aggregates of
a more acidic nature, such as siliceous aggre4®es?.

2.4.2 Mitigation
The moisture susceptibility of an HMA can be restliby adding lime to the

mixture or through the use of liquid anti-strip atge
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3. LABORATORY TEST PROGRAM

The laboratory test program describes the maseuiséd and the tests that were

performed on those materials.

3.1 Materials

Three different aggregates were used in this stadyrgin chert aggregate and
ASR-RCAs from two different United States Air Fofsases (AFB). Other materials
used in this study include asphalt binder, chemrieagjents, and deicer solution. These

materials are described below.

3.1.1 Chert

The chert consists primarily of cryptocrystallipeartz, which is known to be
reactive with alkaline solution. Chert particlesre separated from a Chert-rich Texas
Gravel to generate reactive virgin aggregate feringhe dilatometer testing. The Texas
gravel primarily contains chert (65%) with lesseraants of quartzite (10%), limestone
(18%), and volcanics (7%). The chert was seletigfovide a control against which
the test results of the RCAs could be comparedadtition, chert provides alkali-silica
reactivity without the increased complexity caubgdhe mortar fraction attached to the
RCA. Therefore, it provides the basic understandintpe reaction mechanisms.

In addition to the as-received chert, special daswwere fabricated using
selected particles of chert for a detailed studghefmicrostructure of the reaction
products. These particles were cast in an epcsig e the form of a disk. After the
epoxy set, the disk was cut to a thickness sligipthater than the height of the chert
particles. The disk was then sanded and polishedeate an exposed surface on the
chert on one face of the disk. The exposed facepslished using 0.25um diamond
powder. This high degree of polishing was seletwesllow for easy observation of any
reaction products that formed on the surface ottieet. An image of these special

chert samples is presented in Figure 1 .



15

Figure 1 Special Polished Chert Specimens Usedetailed Microstructure Study

3.1.2 Alkali-Silica Reaction Affected Recycled Comete Aggregate from Air
Force Bases

The criteria for material selection were prepared form of standard
guestionnaire, which is provided in Appendix A. elpotential AFBs were contacted to
provide the necessary information by filling thageestions. All the available
information is summarized in Appendix B. Only t4&Bs were qualified as potential
sources of ASR-RCA based on the criteria provisge8ippendix A. However, ready to
use RCA was not available from these two seleaedces. In Seymour Johnson AFB,
the ettringite related distress was found to bedtimainant mechanism rather than ASR.
The New Mexico Department of Transportation wae @entified as a potential source,

but the material was not received.
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3.1.2.1 ED RCA

ED RCA is a recycled concrete aggregate from EdsvaFB, California. The
original diagnosis of ASR was determined by the téemical Branch of the
Sacramento District of the Army Corp of Engineessaesult of an investigation into
map-cracking of the runway and taxiway pavementO®b. An example of this map-
cracking is presented in Figure 2.

Figure 2 Map-Cracking of Pavement Surface for Edweds AFB

A total of four cores from two map-cracked areaserselected for the
investigation. X-ray diffraction, stereo light,lpdzed light, and scanning electron
microscopy were used to confirm the presence of ABRR gel was found in cracks
and air voids, and darkened reaction rims werergbdesurrounding some aggregate
particles.

Twenty-two cores from Edwards AFB were sent toGloacrete and Materials

Branch of the US Army Corp of Engineers for invgation of possible ASR in 2004.
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Some of the cores were sawn longitudinally and@iés were fractured to expose fresh
faces. The sawn cores were examined for the presamd depth of cracks. Cracks
caused by ASR were coated with ASR products. Sodiobaltinitrite and rhodamine B
dye were applied to the fresh fracture faces totreéh potassium and calcium to stain
the ASR products yellow and pink. The siliceouarse aggregate used in the concrete
was determined to be the reactive component foABR. An image of the stockpile of

ASR affected concrete at Edwards AFB is presemtéddgure 3.

S S
EU-Pae

' Figure 3 Stockpile of ASR Affected Coh'crete at Ederds AFB

Additional petrographic observation by TTI confeththat the coarse aggregate
and reactive component of the ED RCA is a gramifjgregate containing strained
guartz. The concrete was received in large piasggesented in Figure 4, which were
then crushed to the proper size range using afjasher, a picture of which is presented

in Figure 5.
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Figure 5 Jaw Crusher Used to Crush RCAs

Many of the larger pieces required breaking witlemlgehammer prior to
crushing in the jaw crusher. The jaw crusher redube pieces to the size range needed
for the study without any additional crushing.
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After crushing, aggregate particles from the EDARA:re selected for
petrographic analysis. A stereomicroscope imaggebbn a particle of ED RCA is

presented in Figure 6.

Figure 6 Stereomicroscope Image of Gel on Surfacé ED RCA Particle at TTI

The white material on the particle presented guFe 6 has the appearance of a

typical ASR gel. The circled area, as observectutite SEM, is presented in Figure 7 .
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Figure 7 SEM Image of Gel from ED RCA, Magnified lew of the Marked Portion in the Image of
Figure 6, TTI

The Energy Dispersive Spectroscopic (EDS) anafysia this gel is presented
in Figure 8.
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Figure 8 EDS Analysis of Gel from ED RCA

The EDS analysis confirms that the material onstiméace of the ED RCA
particle is ASR gel containing sodium, potassiund ealcium.

3.1.2.2 HL RCA

HL RCA is a recycled concrete aggregate from Hoda AFB, New Mexico.
At Holloman AFB, the ASR was concentrated in the 263 inches of the pavement.
Material was collected during patch work to replaceas affected by ASR. The sand,
which was the reactive component, used in the ed@evas a natural sand with a high
silica content from the Rio Grande River ValleyheTASR resulted in severe map
cracking of the surface and misalignment of tredicins in the concrete as presented in

Figure 9.
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Figure 9 Map-Cracking and Misaligned Trench Drainat Holloman AFB

Holloman AFB has a mild climate regarding ASR wdtly conditions and few
moist freeze-thaw cycles with no use of deicergpelV cement is used in the concrete
to prevent issues with the high sulfate contenthefsoils. No petrographic reports
were available to confirm that the distress obsttwas due to ASR. Some additional
details can be obtained from Appendix C.

Petrographic observation at TTI revealed thattierse aggregate is primarily a
relatively smooth limestone. Traces of rhyoliticks and quartzite were also observed.
The primary reactive component was the fine agdeggehich was a rough sand. The
mortar fraction has a relatively high air void cemit The concrete was received in large
pieces, which were then crushed to the properraizge using a jaw crusher. Figure 10
shows a stereomicroscope image of the white matarihcated by the arrow, on the
surface of a specimen from Holloman AFB. Thisenat appears to have an

amorphous form when viewed under the stereomicpEsco
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Figure 10 White Material on Holloman, Sample 5

An ESEM image of this white material is shown igufe 11. The presence of
typical massive ASR gel is evident from Figure 11.

Massive ASR Gel.
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Figure 12 shows a reaction rim with white mateiiadicated by the arrow,
inside of a fine aggregate particle in another darfripm Holloman AFB. ESEM

images of the white material are shown in Figure1B.

Figure 12 White Material and Aggregate Rim on Holbman Sample 6, Stereomicroscope

Figure 13 (a) ESEM Image from Wh|te Material on HdIoman Sample 6, (b) A Magnlfled View of
Figure 13a
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The typical appearance of massive ASR gel withrorazacks is clearly evident

in Figure 13. The presence of aggregate crackidgge! (typical ASR distress features)

is clearly evident from thin section petrographyessented in Figure 14.

t |

Cement Past

& 3 " A Ty k ™ s Ny

Figure 14 Presence of ASR.GeI, Aggregate Cracking RCA from Holloman AFB

An additional specimen of the HL RCA was obserusihg the SEM in order to

confirm that the observed materials were in facRAf&l. An image of the gel on the

HL RCA is presented in Figure 15.
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Figure 15 SEM Image of Gel from Holloman RCA

The EDS analysis of the gel is presented in Figére

26
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Figure 16 EDS Analysis of Gel from HL RCA

The EDS analysis confirms that the product is &RAjel containing sodium,

potassium, and calcium.

3.1.3 Asphalt Binder

The asphalt binder used in the study is a PG7pr@@uced by Valero. The
mixing temperature of the binder was 163°C (32%fi) the compaction temperature
was 149°C (300°F).
3.1.4 Chemical Reagents

The chemical reagents used were of analyticalegralde analysis of the lot for

the sodium hydroxide is presented in Table 1.
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Table 1 Analysis of Lot for Sodium Hydroxide

NaOH 99%

Ca <0.005%
Cl <0.005%
Cu <0.001%

Heavy Metals <0.001%
Insoluble Matter | <0.003%

Fe 0.0001%
Mg 0.001%
Hg <0.1lppm
Ni 0.0002%
N <0.0003%
PO4 <0.0002%
K 0.01%
Na2CO3 0.4%
SO4 <0.0005%

The analysis of the lot for the calcium hydroxisi@resented in Table 2.

Table 2 Analysis of Lot for Calcium Hydroxide
Heavy Metals (as Pb) <20 ppm
Magnesium and Alkali Salts] < 0.1 %

Tetraethoxysilane (TEOS) was used to create tifecial gel. The analysis of
the lot for the TEOS is presented in Table 3.

Table 3 Analysis of Lot for Tetraethoxysilane

Ethanol (GC-TCD) <0.1%
Purity (GC-TCD) 99.9%
Color (Pt-Co) <5

Chloride <2 ppm
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3.1.5 Deicer

The deicer used was a potassium acetate solubon@ryotech, Inc. The
solution is a blend of 50% potassium acetate afd water by weight with less than 1%
proprietary corrosion inhibitors. The solutiorclear and colorless with no suspended
material. At 20°C, the deicer has a specific dyaof 1.28g/cni and a maximum
viscosity of 10cp. The deicer solution was tramsggband stored in five-gallon

polyethylene containers.

3.2  Test Methods
A summary of the tests performed on the mateus¢sl in this study are
presented in Table 4 .

Table 4 Summary of Test Methods
Material Tests
Aggregate Freezing and Thawing (AASHTO T 103), Gradation (AN T
27/AASHTO T 11, ASTM C 136/ASTM C117), Micro Deval
(AASHTO T 327, ASTM D 6928/ASTM D 7428), Petrogrgph
(ASTM C295), Dilatometer
Uncompacted Micro Calorimeter
HMA
Compacted HMA | HMA Beam Test similar to ASTM C 1293, Dilatomet@hemistry of
Soak Solution, Petrography, Lottman Test (AASHT@8B, ASTM D
4867)

The testing for each material is applicable tdb®SR-RCA and virgin
aggregates. The basic concept for each test ohetib any differences between testing
of different materials are outlined in the folloisections. All equipment that was

needed to perform the tests was available at TTI.

3.2.1 Gradation
The gradation of the chert samples was determisetd) a loss by washing
(ASTM C117) and a sieve analysis (ASTM C136). Ehgiadations were then used to

create a master gradation meeting the requirenoéiisderal Aviation Administration
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(FAA) specification P401 for use in producing adpbpecimens and for dilatometer
testing. The remaining chert and the RCA sampler® \sieved to separate the materials
into the different size fractions so that they coloé recombined to meet the desired

fixed gradation.

3.2.2 Dilatometer

The dilatometer is a device designed to meas@rgdlumetric expansion of a
system as a reaction occus8{55. The dilatometer consists of a stainless steel
container, a brass lid, a stainless steel towstaialess steel float, a cap, a linear
variable displacement transducer (LVDT), and arttuemouple. The set-up of the
dilatometer system is presented schematicallyguaifei 17 .The stainless steel container
has dimensions of 6 inches in both diameter anghih@ind is used to hold the test
specimen and solution. The brass lid is angletherbottom and coated with Teflon to
allow entrapped air to escape. The stainless el is attached to the top of the brass
lid and provides room for the float to move as\tb&ime of the system changes. An
LVDT core is attached to the top of the stainldssldloat to provide measurement of
volume changes. The cap is placed on top of Hielets steel tower and secures the
LVDT for accurate measurement of the float's movetnérhe thermocouple is located
inside of the dilatometer to provide accurate measent of the system temperature.

The LVDTs and thermocouples are connected to gpaten data acquisition
system. Due to the low strength of the signalegsed by the LVDTs and
thermocouples, a signal-conditioning unit is plabetiveen the dilatometer and the
computer. The computer automatically measuresdidacement and temperature at
the specified time interval, which for this studgsvevery fifteen minutes. The data are

then recorded to an excel spreadsheet for datgsamnal
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Figure 17 Schematic Representation of DilatometeBystem

Except in cases where a large degree of reactionrs, there is a downward
movement of the LVDTSs during the dilatometer testsich appears to be a
consequence of two phenomena. One phenomengréssure build-up inside the
dilatometer and the other being incomplete satmadf the sample. The pressure build-
up occurs because the dilatometer is a sealedhsy#s the water or solution in the
dilatometer vaporizes, it creates an increasedrptessure at the top of the dilatometer
tower. This pressure forces some vapor to es¢apagh the O-ring junctions. The
incomplete saturation is a result of the difficudtyfully saturating a specimen,
especially HMA specimens. As the specimens beaoore fully saturated during the
dilatometer test process, the level of the solutieareases and therefore the position of
the float is also decreased. To remove thesetsffatest using distilled water is run in
parallel with the solution tests for use as a catibn.

The dilatometer set-up process begins by soakiagest specimens in the
desired test solution for approximately twelveifteén hours. After soaking, the
dilatometers containing the specimens are placet\abrating table and subject to
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vacuuming for approximately two hours. When thisial vacuuming is completed, the
dilatometers are placed in an oven at the targéteéenperature to raise the specimen
temperature to the target. After the specimenhesthe second temperature, the
dilatometers are returned to the vibrating table subject to vacuuming for an

additional forty-five minutes at the target tempera. After the second vacuuming, the
solution level is adjusted to the desired initealdl and the cap and LDVT are secured in
position. After all of the dilatometers are prdgexdjusted and placed in the oven, the
data acquisition program on the computer is stardte set-up process for the

dilatometer and the time required for each stepegsented in Table 5 .

Table 5 Dilatometer Set-Up Process

Task Time Required
Acquire Samples 0.5-2 hrs
Soak Samples* ~12-15 hrs

Initial Vacuum 2 hrs

Heat to Target Temperature 2-4 hrs
Second Vacuum 45 min
Adjust Solution Level ~30 min
Record Displacement 7 days

*HMA samples were not soaked

Data monitoring is conducted periodically to emstirat the data was recorded
properly and that no sticking of the LVDT occurrethe data analysis begins by
plotting the measured displacement for each dilatenover time. This initial plot also
helps to determine the point at which the tempeeatuthe dilatometer stabilized. The
displacement curves are then adjusted so thainibied point reads zero displacement.
In order to remove the effects of incomplete sdtoimeof the specimens and pressure
build-up within the dilatometer as discussed abtive adjusted curve from a water test
is subtracted from the adjusted curve of a soluksh This calibrated curve is then

multiplied by the cross-sectional area of the toamd divided by the specimen volume
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to calculate the percent volume change that ocdwiith time. A detailed dilatometer
test protocol is provided in Appendix C.

Samples of loose aggregate were prepared by vmgjghit the desired amount of
aggregate according to the HMA gradation withowt mrneral filler. The aggregate
samples were placed in the dilatometer along viightést solution to be used. The
samples were allowed to soak overnight prior tostiaet of the dilatometer set-up.

Samples of compacted HMA were produced using tipefpave gyratory
compactor, which produces cylindrical specimen® @ylindrical specimens can be
compacted to the exact height needed to produrgke specimen for each test without
any cut faces with either 4-inch (10cm) or 6-intbdm) diameters. Since the internal
diameter of the dilatometer container is approxetyad inches, 4-inch diameter
specimens were used to allow room for the solutiosh expansion of the samples within
the dilatometer. The following describes the pdure used to fabricate HMA
specimens. Sufficient aggregate to produce theetbsumber of samples was weighed
out according to the design gradation. Crushedsdtome filler was used in place of the
filler from the aggregates used in the study. apgregates were then heated overnight
at 163°C (325°F) to dry them thoroughly and to eashat they were at the proper
temperature for mixing with the asphalt binder.e Bsphalt binder was heated at 163°C
(325°F) for two hours prior to mixing with the aggates. The aggregate was placed in
a heated bucket and the asphalt binder was addbd amount necessary for the desired
binder content. The aggregate and asphalt bindez thhoroughly mixed and then cured
at 149°C (300°F) for two hours. After curing, ungmacted samples were spread thin on
a table for cooling. For compacted specimensptbper amount of material was
weighed to produce one specimen. The materialphea®d in the gyratory mold and
then compacted to the desired density. After canipa, the specimen was removed
from the mold and allowed to cool. An examplewd t4-inch diameter specimens made
using ED RCA with 6.0% binder content is shown igufe 18 .
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Figure 18 Superpave Gyratory 4 Inch Diameter Speaiens

Some of the RCA at the top of the specimens wasrgkd to have severely
fractured during compaction. This may be partialyibuted to the greater compactive
effort needed for the low binder content (more th@a gyrations) of this mixture and
the high angularity and texture along with the tieédy low fracture strength of the

RCA. An image of one of these specimens in thetaiheter is shown in Figure 19 .
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Figure 19 Superpave Gyratory Specimen in Dilatomer

The white areas visible on top of the specimertladroken aggregates as
mentioned above. The significant amount of spaceanding the specimen can also
be seen in this image. The HMA specimens were @ettesd overnight in order to avoid
causing moisture damage prior to the start ofrigsti

3.2.3 Solution Analysis

The solutions from the dilatometer tests wereyaeal for pH as well as sodium,
calcium, and potassium concentrations. At the detigm of testing, the solution from
each dilatometer was poured into a large plasti&éeand thoroughly mixed to ensure
homogeneity. Samples of the solution were theroxea for pH and ion analysis. The
pH analysis was conducted using an Accumet ExceRXIpH meter. The XL-25
provides pH measurements to the nearest 0.00htbabrrected for temperature. The
XL-25 was calibrated using 1N sodium hydroxide soluand 0.01N sodium hydroxide
solution to allow for measurement in the pH ranf@214. Sodium hydroxide solution
was used for the calibration to maintain a sinmaic environment between the

calibration and the measurements to ensure acawadengs. The hydroxyl ion
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concentrations were calculated from the pH of tiat®n using the equation presented

below.

Kw

OH = —5

Where OH is the concentration of hydroxyl ions artp per million (ppm), kis the
dissociation constant of water, and pH is the negdbg of the concentration of
hydrogen ions. The sodium, calcium, and potassiontentrations were measured
using a Cole-Palmer flame photometer. The solutamples were filtered using
Whatman filter papetio remove any particulate matter that could cleguptake of the
flame photometer. In order to measure the conagotr, the solutions were diluted to
have concentrations between 0.0 and 10.0 ppm.dilited solutions were then filtered
again to ensure that there were no particulatésairsolution. The flame photometer
was calibrated using solutions having a known cotraéon. The percent change in
concentration for each ion type between the sfadsting and the completion of testing

was calculated using the equation presented below.

TONy —TON;
TON;

WION = * 100

Where %ION is the percentage change in concentratithe test solution of a
particular ion, IONis the concentration in ppm of the ion in solutairthe completion
of testing, and IONis the concentration in ppm of the ion in the solubefore testing

was started.

3.2.4 ESEM/SEM-EDS

Microstructural evaluation of the materials and tbaction products that
occurred was performed using an Electroscan Enwiesrtal Scanning Electron
Microscope (ESEM) and an FEI Quanta 600 Field EimisScanning Electron
Microscope with Elemental Dispersive Spectrosc@&GiyNI-EDS). The ESEM offers the

advantage that samples may be viewed in a moreahatate as it does not require as
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high of a vacuum or coating of the specimens witbraductive material. However, for
materials with low conductivity, such as those usetthis study, the resolution of the
images is not as good as it is for the SEM. Intaud the ESEM in the Texas A&M

EM Center does not have EDS capabilities and thexefannot provide the elemental
composition of the specimen. The SEM requiresnbatconductive specimens be
coated with a conductive material, which for thisdy was a platinum-palladium alloy.
In addition, because of the high vacuum requiresiehthe SEM, the samples must be
thoroughly dried to prevent moisture from the spem from reducing the vacuum. The
EDS capabilities of the SEM allow for analysis tdreental composition of points on
the surface of the specimen. This is particulaggful for determining if deposits on the

surface of a specimen have the composition of aR §&.

3.2.5 Modified Beam

A beam test based on ASTM C 1293 was performethfsrstudy. An asphalt
beam was fabricated using the linear kneadingafppactor. The finished dimensions
of this beam were eighteen inches by six inchethi®e inches. The beam was cut to a
length of 11 ¥4 inches and then in half lengthwisereate two beams with cross-
sections of approximately three inches by threbesc Holes were then drilled in the
ends of these beams for mounting of the measureshgtdé. The measurement studs
were mounted using a marine grade epoxy to rémstffects of the alkaline solution.

An example of the measuring stud mounted in tla Ibéam is presented in Figure 20.
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Figure 20 Measuring Stud Mounted in the End of Saple Beam

The beams were placed in a water bath at 60°@gfproximately twenty-four
hours to saturate them and reach the target tetoperaAfter an initial measurement
was made, the beams were placed in a 0.5N NaOka@okaturated with Ca(Okland
periodic length change measurements were made.

3.2.6 Lottman

The Lottman test (AASHTO T 283) is intended toigade the moisture
sensitivity of an asphalt mixture. It consistomparing the indirect tensile strength of
specimens conditioned in water at 60°C for 24 htwutbe strength of dry specimens.
For this study, additional testing was performedgpeacimens conditioned in 0.5N
NaOH solution at 60°C for 24 hours and 6.5 daysiadater at 60°C for 6.5 days.
Higher ratios of indirect tensile strength indicateower susceptibility to moisture
damage with most agencies requiring a minimum @tic0%.

3.2.7 Micro Calorimeter

The micro calorimeter measures the total energdbgsion between an
aggregate and asphalt binder. The test is perfibonea sample of aggregate between
150pum and 75um (No. 100 to No. 200) which has meeshed and dried. The asphalt
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binder is dissolved in toluene to allow for testatgambient temperatures. It has been
shown that a solution of asphalt binder in toludaes not compromise the physio-
chemical properties of the asphalt bindg6-67. The solution was prepared by
dissolving 1.5¢g of asphalt binder in 11mL of tolaeand allowing the solution to sit for
12-24 hours. The reaction cells used for the miadorimeter tests were glass vials
having open top plastic lids with a PTFE-silicep& to maintain an airtight seal.
Approximately eight grams of material was placeéach vial for testing. These vials,
along with an equal number of empty vials useddéterence cells, were subject to
vacuum at 150°C for three hours. After vacuumthg,vials were allowed to return to
room temperature. A vial containing a sample amérapty reference cell were then
placed in the micro calorimeter along with two ages per vial containing 2mL of
asphalt-toluene solution each. The heat flow bebitbe two vials was allowed to reach
equilibrium and then the solution was injected itte vials. The computer system
records the heat flow between the two vials. Affter heat flow returns to equilibrium,
the software calculates the area under the timefloeacurve to determine the total
energy of adhesion between the asphalt bindertenddggregate.

3.2.8 Differential Scanning Calorimeter / Thermograimetric Analysis

The Differential Scanning Calorimeter (DSC) wasdito characterize the
changes that occur in ASR gel upon heating. Th€ B®asures the heat flow into or
out of the specimen as the temperature is changled.DSC was equipped with a
Thermogravimetric Analyzer (TGA) that measureditiess change of the specimen as
the temperature changed. Samples of approxima@€lygng were heated from 30°C
(86°F) to 1000°C (1832°F) at a rate of 5°C (9°H) péute.

3.2.9 X-Ray Diffraction

X-ray diffraction (XRD) was used to aid in detemmg if ASR gel preferentially
concentrates to the finer fractions of the ASR-RCGamples of the filler fraction
(minus 75pum/No. 200) from each RCA were ground powder smaller than 45um
(No. 325 sieve) using a mortar and pestle. Thasgks were then tested in the XRD
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to determine the mineral components and the presainany amorphous materials
(especially ASR gel).
3.2.10 Micro-Deval

The Micro-Deval test measures the mass loss afjgregate sample abraded by
steel balls in the presence of water inside a siemh. The test was performed on
samples of both coarse (ASTM D6928) and fine aggee(ASTM D7428). ltis
anticipated that ASR-RCA will show greater Microvaémass loss than the virgin
unreacted aggregate. The higher loss can be atadelvith poor mechanical

performanceq8-60.

3.2.11 Freeze-Thaw

The freeze-thaw test (AASHTO T 103) measures tassnoss of aggregate
specimens subjected to a specified number of fngeand thawing cycles. The freeze-
thaw test was selected instead of the sulfate smgsdtest (ASTM C88) to avoid issues
with sulfate attack on the mortar fractions of R@A. The ASR-RCAs were tested
using this method, with results from virgin aggregaserving as controls. It is expected
that ASR-RCA'’s will have greater mass loss dueighér porosity and lower strength of
these RCA.



4. RESULTS AND DISCUSSION

The results of the tests performed on aggregatéHdmA specimens and the

implications of those results on the use of ASR-REAIMA are discussed in the

following section.

4.1  Asphalt Mixture Designs
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Two different gradations were used in this proje@ne is a dense-graded HMA

meeting the gradation requirements of Federal AonaAdministration specification

P401. This gradation is intended to be typicahoke used to construct the majority of

asphalt pavements. The percentages passing titasiasieve sizes of the P401

gradation are presented in Table 6.

Table 6 Gradation for P401 Specification

Sieve (mm) | Sieve | % Passing | Specification
25 1 100.0 100 Max
19 3/4 95.7 76 - 98

12.5 1/2 75.5 66 - 86
9.5 3/8 59.4 57-77
4.75 4 43.5 40 - 60
2.36 8 31.6 26 - 46
1.18 16 20.7 17 - 37
0.600 30 11.8 11 - 27
0.300 50 7.5 7-19
0.150 100 6.5 6-16
0.075 200 3.2 3-6

The P401 gradation and the specifications arehigally presented on a 0.45

power chart in Figure 21.
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Figure 21 P401 Gradation Plotted on a 0.45 Powerhart

This was the primary gradation used for the ditegter testing and Lottman
testing. Two different binder contents representimck and thin films of asphalt binder
were selected for each material. For the virgierchggregate, the two binder contents
were 4.0% and 6.5% by weight of the mix. For tlt®AR, the higher absorption
required higher binder contents so 6.0% and 8.0%dight of the mix were selected.

The second is an SMA gradation meeting the remqergs of the Unified
Facilities Guide Specifications (UFGS) 32.13.1'hisTmix was selected primarily for
use in the beam test to provide greater stonetestontact so that expansion of the
aggregates (if any) would be more likely to be $raitted to the ends of the beam rather
than absorbed by the asphalt mastics. The pegeEnfaassing the standard sieve sizes
of the SMA gradation are presented in Table 7.



Table 7 Gradation for UFGS 32.13.17 Specification

Sieve (mm) | Sieve | % Passing | Specification
19 3/4 100.0 100 Max
12.5 1/2 95.0 90 - 100
9.5 3/8 68.0 50 - 85
4.75 4 30.0 20 -40
2.36 8 22.0 16 - 28
1.18 16 18.0 -
0.600 30 16.0 -
0.300 50 14.0 -
0.150 100 12.0 -
0.075 200 10.0 8-11

43

The SMA gradation and the specifications are geagbly presented on a 0.45

power chart in Figure 22.
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The SMA gradation was used to construct the beaiisinder content of 6.5%

was used for the SMA gradation.

4.2 Dilatometer Test Results

Dilatometer testing was performed on the virgiertlaggregate and HMA
specimens made using chert as controls to underbetter the reaction mechanisms
that occur during the test. These tests were padd using NaOH solution of different
concentrations, 1N as well as 0.5N, saturated @#{OH) [CH]. Similarly, the ASR-
RCAs alone and HMA specimens made with the ASR-R@A also tested in the
dilatometer using NaOH solution saturated with Gktlditional testing of the ED RCA
was performed using potassium acetate deicer enlufifhe dilatometer test results are

presented and discussed below.

4.2.1 Virgin Aggregate Tests

Preliminary dilatometer tests were performed &Cr@nd (1N NaOH + CH) solution
using virgin chert specimens as well as uncompadddé made using chert. Due to
severe asphalt stripping of the uncompacted HMAispens under these conditions
(discussed later), the majority of the subsequgatianeter tests were performed at
60°C and 0.5N NaOH + CH solution in order to redilmeamount of stripping that
occurred. Additional testing of chert specimens warformed at 60°C and 1N NaOH +
CH solution to understand the role of alkalinitycahstant temperature. The expansion
results of the dilatometer tests of the virgin tispecimens at these different

temperatures and solution alkalinities are presemté&igure 23.
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Figure 23 Percentage Volume Change of Virgin Cher$pecimens Tested in 1IN NaOH+CH and
0.5N NaOH+CH at 60°C and 70°C

The bands shown in Figure 23 represent the rahgeroentage volume-change
results that were obtained for each of the threedenditions described earlier. The
results show that the reactivity of chert increasih increasing solution normality and
test temperature, as expected. At 60°C and 0.50H\a CH, the primary test
condition, a slight decrease in volume to a verglsincrease was measured during the
testing period, approximately 6 days. Only smalbants of product (ASR gel) were
observed during this time period on the surfacehefrt specimens (discussed later under
detailed microstructure study). This indicatesgy\slow reactive nature of the chert
specimens at the primary test conditions, i.e. Na®H +CH and 60°C. At 1N NaOH +
CH and 60°C, the chert demonstrates a small iner@aglume during the test period.
It seems that the increase in alkalinity, from Ot6BNLN NaOH, has little effect on the
degree of expansion at 60°C. However, when th@éeature is increased to 70°C, the

volumetric expansion increases substantially aNH®OH + CH. Therefore, thermal
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activation dominates the alkaline activation forRAB the particular chert studied. The

solution analysis for these tests is presentedguaré 24 and Figure 25.
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Figure 24 Percentage Change in Naand OH Concentrations for Virgin Chert Specimens Testedri
1N NaOH+CH and 0.5N NaOH+CH at 60°C and 70°C
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Figure 25 Comparison of Solution pH for Virgin Chat Specimens Tested in 1N NaOH+CH and

The very little percent reduction of both ™Nend OH / pH at 60°C and 0.5N

0.5N NaOH+CH at 60°C and 70°C

NaOH + CH presented in Figure 24 Figure 25 inditiadée very little reaction occurred

in the primary test conditions. On the other hamighificant reduction of both Nand
OH / pH was noticed at 1IN NaOH + CH and 70°C, whighports the high expansion

measured at these test conditions as presentedureR23. Therefore, the degree of

reaction predicted from test solution chemistry aaldlime-change results support each

other. Based on the observations of the volunpaesion, solution analysis, and

microstructural study as discussed later, it candmeluded that the studied chert is very
slowly reactive at 0.5N NaOH + CH and 60°C.
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4.2.2 Compacted HMA Made with Virgin Aggregate Test

The expansion over time for the compacted HMA spens made using chert (P
401 gradation, Figure 21) was measured at the pyiteat conditions and was
compared with the results of the virgin chert téstSigure 26.
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Figure 26 Percentage Volume Change of Virgin Chernd Compacted HMA Chert Specimens
Tested in 0.5N NaOH+CH at 60°C

The results of the compacted HMA specimens formdbaround the band of the
virgin chert specimens. Since the test conditivase determined to be mild, as far as
ASR is concerned (discussed earlier), the greatieime changes must be due to an
interaction between the NaOH solution and the dspivader. In support of the
observation that an interaction is occurring betwthe asphalt binder and the solution,
the compacted HMA specimens were observed to igeifisantly softer after testing

and had a tendency to crack during handling. hegd, a slight swelling is observed
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until 60 hours, if the downward movement is assutodae due to “error of inequality”
during calibration (described below). This sweliof the HMA is believed to be due to
the chemical interaction between the asphalt biaddrthe alkaline solution.

The use of the displacement curve of water-aggedg® A test to calibrate the
displacement of solution-aggregate/HMA test (désctiearlier) was based on the
assumption that the processes of vapor-solutioililequm within the dilatometer tower
and incomplete saturation of the samples were doguin a similar way for both the
water and solution tests. However, if these preegsvere not equivalent in both cases,
or if other processes were occurring in one oftéisés, errors would have been
introduced in the calibration process. These srcould account for the decrease in
volume measured for some of the HMA tests. Theltesf the Lottman test, as
presented later, clearly indicate that the NaOHtsmh caused more damage to the
specimens than the water alone. This increase@geicould have been caused by two
different processes that occurred at higher ratdsnthe NaOH solution tests than in
the water tests.

The first process is the absorption of moisturgéhl@yaggregates within the

HMA. A diagram of this phenomenon is presenteBigure 27 .
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ABSORPTI

Figure 27 Diagram of Asphalt Binder Stripping andMoisture Absorption by Aggregate

The aggregates were dried overnight in an ova®3atC (325°F) prior to mixing
with the asphalt binder, which provides a protextweating against moisture. If the
water or NaOH solution strips the binder from tggr@gate, the dry aggregates will be
able to absorb moisture from the water or solutaasing an apparent drop in the
measured solution volume. This would be especially for the highly absorptive
RCAs. Since the NaOH solution causes more dantegethe water, more aggregate
would be exposed to the solution resulting in atpeapparent decrease in the NaOH
solution level than the water level.
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The second process is the opening of previouslydessible voids. A diagram

of this phenomenon is presented in Figure 28.

Figure 28 Diagram of Filling of Inaccessible Void

The process of compacting the HMA specimens, udig@aggregate and asphalt
binder, sealed off some voids from the exteriothef specimen. When the specimens
were immersed in water or the NaOH solution, thesds would have been inaccessible
to the water/solution. Only a thin film of asphlilhder may have separated some of
these voids from the water/solution. As the watesolution damaged the specimen, the
thin film would be removed and create an opening the previously inaccessible void.
Water/solution would then enter the void resuliimgn apparent drop in solution level.
Since the NaOH solution caused more damage thaer wabre voids would have been
opened by this phenomenon resulting in a greaiaedse in the NaOH solution level

than the water level.
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If the downward movement (Figure 26) is believedé¢ due to error of
inequality during calibration (discussed abovegntthe upward movement (majority) is
swelling from binder-solution interaction (i.e. psmification, described later). The
solution chemistry change should support this chahteaction.

Examples of the appearance of the test solutimms fow and high binder
content compacted HMA specimens made with cheiedea 0.5N NaOH+CH and
water are presented in Figure 29.

Figure 29 Water and Solution Sampls from CompacteHMA Made with Chert Tested in 0.5N
NaOH+CH (L to R: 4.0% Binder in NaOH, 4.0% Binder in Water, 6.5% Binder in NaOH, 6.5%
Binder in Water)

The NaOH+CH solution was originally a clear sauatbut after testing, turned a
yellowish-brown color. This color is likely due toe presence of some fraction of the
asphalt binder in the solution. Color changesi hature were not observed when
testing aggregate specimens alone. The solutialysia for these tests is presented in
Figure 30 and Figure 31.
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HMA Chert Specimens Tested in 0.5N NaOH+CH at 60°C
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Figure 31 Comparison of Solution pH for Virgin Cheat and Compacted HMA Chert Specimens

The solution from the compacted HMA specimens leixénl relatively large

Tested in 0.5N NaOH+CH at 60°C

decreases in pH / hydroxyl ions but very little @&se in sodium. For ASR to have

occurred, decreases of both Na and OH ions witileagimagnitudes would be expected.

This indicates that the reaction that occurred prasarily between the asphalt binder

and the test solution. The swelling observed vka$yl due to a saponification reaction

between the asphalt binder and the solution (desgdater in detail). Similar expansion

results were observed for the chert specimensdt@steN NaOH+CH at 60°C, as

presented in Figure 32.
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Figure 32 Percentage Volume Change of Virgin Chernd Compacted HMA Chert Specimens
Tested in 1N NaOH+CH at 60°C

The results for compacted HMA tested in 1IN NaOH+@tde similar trends and
magnitudes of volume change to those of the 0.5QH¥eCH results. If the volume
change was due to ASR, the compacted HMA resultddumave greater expansion with
1N NaOH+CH than with 0.5N NaOH+CH as observed iertirgin aggregate alone.
Since the trends and magnitudes of volume changsott solutions are similar, the
swelling is likely due to the solution-binder irdetion. The softening observed in these
compacted HMA specimens was much greater tharidhtte 0.5N NaOH+CH tests, as
the specimens tested in 1N NaOH+CH solution wergghlg collapsed at the
completion of testing. An example of this alonghnexamples of specimens tested in
0.5N NaOH+CH solution and water are presentedgurei 33.



Figure 33 (a) Collapsed Chert HMA Specimen at Comnlption of Testing at 60°C Using 1N
NaOH+CH (b) Chert HMA Specimen Tested in Water at ®°C (c) Chert HMA Specimen Tested in
0.5N NaOH+CH at 60°C

The solution analysis for these tests is presentéijure 34 and Figure 35.
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HMA Chert Specimens Tested in 1IN NaOH+CH at 60°C
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Figure 35 Comparison of Solution pH for Virgin Cheat and Compacted HMA Chert Specimens
Tested in 1N NaOH+CH at 60°C

Again, the solution for the compacted HMA specismshows large decreases in

hydroxyl ions but very little change in sodium ionfSombined with the observed

softening of the binder, the decrease in hydraayd very little change in sodium,

appears to confirm that the reaction is primargguring between the asphalt binder

and the solution. This is helpful for interpretitng volume change results of the tests of

chert specimens tested at 70°C and 1N NaOH+CHrezepted in Figure 36.
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Figure 36 Percentage Volume Change of Virgin Cher@nd Uncompacted HMA Made with Chert

These tests were the preliminary tests used trmeie the desired test

Tested in 1IN NaOH+CH at 70°C

conditions for the dilatometer test program (memgb earlier). The initial tests of HMA

were performed on uncompacted specimens, so threaegstripping is greater than if

compacted specimens had been used. The asplast lippears to provide some

protection against ASR during the test period asbédinds for both the high and low

binder contents lie below that of the virgin cheggecimens (without binder). A large

degree of stripping of the asphalt binder was olexbm both sets of HMA specimens at

the end of the test period. An example of thisresented in Figure 37.
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Figure 37 Severe Stripping of Uncompacted HMA at @nclusion of Dilatometer Test

The aggregate shown in Figure 37 is typical ofabgregates observed at the
completion of dilatometer testing of uncompacted Al 1N NaOH+CH at 70°C. This
severe stripping made the majority of the aggregattaces available for ASR. Since it
is a closed system, it is not known if the majodfythe stripping occurred during the
set-up of the dilatometers or after data collechegan. As such, some of the observed
volume change for the HMA specimens may be dubddinder-solution interaction, as
discussed earlier, and therefore the protectivereadf the binder may be greater than is
apparent from the volume change results. The velanange results of the low binder
content compacted HMA made using chert are predenteigure 38.
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Figure 38 Percentage Volume Change of Low Binderdhtent HMA Specimens Made with Chert
Tested in 0.5N NaOH+CH and 1N NaOH+CH at 60°C

The results for both 0.5N and 1N test solutiorddgd similar trends and
magnitudes of volume change. Since 1N solutionlypced greater expansion due to
ASR than 0.5N solution (from aggregate alone tpstsented earlier), if ASR was
occurring in the compacted HMA specimens, thenltdeesults should be slightly
higher than the 0.5N results. Since the resuttbdth are similar, the reaction that is
occurring to produce a volume change is likely ttuan interaction between the
solution and the binder. The solution analysisnftbese tests is presented in Figure 39

and Figure 40.
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Table 8 Absolute Change in Hydroxyl Concentratiorfor Low Binder Content HMA Specimens
Made with Chert Tested in 0.5N NaOH+CH and 1N NaOH€H at 60°C

Average Average Average

Average | Initial OH | Average | Final OH Change in

Initial pH (ppm) Final pH (ppm) OH (ppm)

Chert 0.5N 13.803 0.642 12.347 0.024 -0.618

Chert IN 14.000 1.01 13.583 0.388 -0.622
Percent Difference
between 0.5N & 1N 0.7%

Results from both 0.5N and 1N solution tests iati¢hat approximately the
same amount of hydroxyl ion is consumed in eactti@a This would be consistent
with the neutralization of the naphthenic acidstaored within the asphalt binder.
Naphthenic acids are a family of complex organidsfound in most petroleum
sources. There is a large variation in the chelnsimaposition of these acids, although
they are given the general formula RCOOH, whereRltensists of various
combinations of carbon rings. In a single Califarcrude oil, researchers identified
1500 individual acids with boiling points rangingin 250-350°C (°F). The standard
test for determining the amount of acid within ad® petroleum or a petroleum product
consists of measuring the amount of KOH needectralize the acids in the
petroleum. These acids are typically active aiihievater interface in systems
containing both petroleum products and wa8dr§9. Since the HMA specimens from
both solutions contain the same amount of aspiradiel, the amount of NaOH
necessary to neutralize the acids within the bistieuld be the same for each. In
addition, since the film of binder coating the aggates is relatively thin for the low
binder content specimens, essentially all of thésashould be able to diffuse to the
binder/water interface to react. If complete na&ligation of available acids occurs
during the test period, the net effect of the redigation reaction on the consumption of

hydroxyl ions, at normal pavement service tempeeatuvill be independent of the
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temperature or solution normality for specimenswlatively low binder contents.
The volume change results of the high binder cardempacted HMA made using chert

are presented in Figure 41.
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Figure 41 Percentage Volume Change of High BindeZontent HMA Specimens Made with Chert
Tested in 0.5N NaOH+CH and 1N NaOH+CH at 60°C

As with the low binder content specimens, theltedar 0.5N and 1N tests show
similar trends and magnitude of volume change. I&\thie 1N tests initially have a
slightly greater expansion, the results at theddrttie testing period are very similar.
This would indicate that the initial peak is duehe binder-solution interaction, and that
eventually very little reaction is occurring. Té@ution analysis for these tests is

presented in Figure 42 and Figure 43.
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Table 9 Absolute Change in Hydroxyl Concentratiorfor High Binder Content HMA Specimens
Made with Chert Tested in 0.5N NaOH+CH and 1N NaOH€H at 60°C

Average Average Average
Average | Initial OH | Average | Final OH | Change in
Initial pH | (ppm) Final pH | (ppm) OH  (ppm)
Chert 0.5N 13.803 0.642 12.335 0.022 -0.620
Chert 1N 14.000 1.01 13.259 0.184 -0.826
Percent Difference
between 0.5N & 1N 24.3%

The 0.5N solution exhibited a decrease simildh&® observed for the low
binder content specimens, but the 1N solution skoavarger decrease. The similar
decrease for the 0.5N to the low binder contentigpens indicates that, although there
may be increased naphthenic acid due to the highder content, not all of the acid
was able to diffuse to the binder/solution integfé@ participate in the neutralization
reaction during the testing period. Thereforghmabsence of severe moisture damage,
the thicker film of the high binder content redutes effect of acid neutralization. The
larger decrease for the 1N solution is likely do¢he increase in total naphthenic acid
due to the increased binder content and the inedealsility of the 1N solution to
penetrate the samples as a result of the greategidone by the 1N solution, as
demonstrated in Figure 33.

4.2.3 ASR-RCA Tests

Both ASR-RCAs were tested at 60°C using 0.5N NaOEH as the primary test
condition for this study. HMA specimens fabricateith both high and low binder
contents were tested under these conditions. ditiad, ED RCA and HMA specimens
made using it were tested at 60°C using a potasaaatate deicer solution. The results
of the ASR-RCA tests are presented in the follovanbsections.

4.2.3.1 ASR-RCA NaOH Solution Tests
The volume change results of the ASR-RCAs tedt&dd and 0.5N NaOH +
CH are presented in Figure 44 and compared toethdts of the virgin chert under the

same conditions.
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Figure 44 Percentage Volume Change of ASR-RCA andirgin Chert Aggregate Tested in 0.5N
NaOH+CH at 60°C

Although the test conditions are very mild for theome ASR appears to be
occurring in the two RCAs. The initial expansian the ED RCA is greater than for the
HL RCA, but by the end of the test period, the tvawe similar expansion levels. The
rate of expansion of ED RCA was initially higheaththat at HL RCA, but later on (65-
70 hours), the rate of expansion of HL RCA excedtiatiof ED RCA. The solution

analysis for these tests is presented in FigurardBFigure 46.
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Figure 46 Comparison of Solution pH for ASR-RCA aul Virgin Chert Aggregate Tested in 0.5N
NaOH+CH at 60°C

The ED RCA test solutions have larger decreaseedium than the chert
specimens, despite having similar magnitudes fedgcrease in hydroxyl ions. The
percent reduction of both Rland OH of HL RCA is higher than that at ED RCA and
significantly higher than that of chert. The coemkntary decrease of both Nad
OH with similar magnitudes for all three aggregasegport the postulation that the
observed expansion is due to ASR. The higher pencrease of both Nand OH
correlated well with higher rate of overall expamsfor HL RCA.
4.2.3.2 ASR-RCA Compacted HMA Tests

One of the primary concerns of this study wasrghexpansion of existing gel in
the ASR-RCA and the occurrence of new ASR in HMAdmasing ASR-RCA. The
dilatometer and solution analysis results pertginmthese concerns are presented in the

following subsection.The volume change results of the HL RCA alonehas¢ test
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conditions, are compared to the results for conguhetMA made with HL RCA in
Figure 47.
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Figure 47 Percentage Volume Change of HL RCA and @npacted HMA Made with HL RCA
Tested in 0.5N NaOH+CH at 60°C

The results indicate that the bands for both lo@ laigh binder contents are
below that of the HL RCA. An initial downward mawent (40-55 hours) followed by
upward movement were the characteristics for theAriidecimens of both low and high
binder contents. The initial downward movemernikisly due to the error of inequality
discussed earlier, while the upward movement eyiklue to swelling from the binder-
solution interaction. The solution analysis frdmege tests is presented in Figure 48 and
Figure 49.
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Figure 49 Comparison of Solution pH for HL RCA andCompacted HMA Made with HL RCA
Tested in 0.5N NaOH+CH at 60°C

The solutions from the HMA tests have large desgsan hydroxyl ions without
large decreases in sodium ions, similar to thatlvinas observed in HMA specimens
made with chert. This would indicate that the mraiaction that is occurring in the
HMA tests is the binder-solution interaction ratbiean ASR. Apparent increases in
sodium with low binder content specimens are duatierent inaccuracies in the
measurement process and not as a result of adalisodium entering the system. The
volume change results for the ED RCA specimenggdasder the same conditions,
show similar trends as presented in Figure 50.
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Figure 50 Percentage Volume Change of ED RCA anddinpacted HMA Made with ED RCA
Tested in 0.5N NaOH+CH at 60°C

As with the HL RCA specimens, both the low andhhignder content bands are
below those of the ED RCA. In addition, an iniglwnward movement until 25-55
hours, followed by upward movement, occurs. Itesgwp that the error of inequality is
occurring also, followed by swelling due to thed®n-solution interaction. The solution
analysis for these tests is presented in FiguransllFigure 52.
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Figure 52 Comparison of Solution pH for ED RCA andCompacted HMA Made with ED RCA
Tested in 0.5N NaOH+CH at 60°C

As with the solutions from the chert and HL RCA KAMpecimens, the test
solutions from HMA specimens made using ED RCA Havge decreases in hydroxyl
ions without the corresponding decrease in sodama.i A slight increase or decrease of
Na' is within the error limits. This would indicateat the same binder-solution

interaction is occurring.

4.2.3.3 ASR-RCA Deicer Solution Tests
Specimens containing ED RCA were also tested & 68ing a potassium
acetate deicer solution. The volume change restittee ED RCA tests using deicer are

compared to those from the testing using 0.5N NaH CH in Figure 53.



1

0.30%

0.20%

g 0.10%
[4M]
f=)]
c
L)
6 0.00%
o) 20 40 60 80 100 120 140 160
5
£ 0.10%
+Min ED RCA 0.5N NaOH
® Max ED RCA 05N NaOH
-0.20% o Min ED RCA De-icer ]
+ Max ED RCA De-icer
-0.30%

Time (hr)

Figure 53 Percentage Volume Change of ED RCA Speoéns Tested in Deicer Solution and 0.5N
NaOH+CH at 60°C

The specimens tested in deicer solution demoesfraiater expansion than those
tested in 0.5N NaOH with CH. This is probably do¢he greater concentration of
potassium in the deicer, about 6.5N, as comparétktsodium in the 0.5N NaOH. The
solution analysis from these tests is presentédguare 54 and Figure 55.
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Figure 56 Percentage Volume Change of ED RCA anddinpacted HMA Made with ED RCA
Tested in Deicer Solution at 60°C

Results from the low binder content specimens farpand that overlaps the
band from ED RCA alone. The results from the Hgider content specimens fall
slightly above those of the low binder content amens. The majority of the greater
increase for both sets of HMA specimens appeaosd¢ar during the first 30-40 hours of
testing. This would likely indicate that, initig)lthe primary reaction for the HMA is
the saponification reaction resulting in swellinBhe similar rates for all three sets of
material combinations, after the first 30-40 howsuld then indicate that ASR may be
occurring at this time. Solution analysis for théssts is presented in Figure 57 and

Figure 58.
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Figure 58 Comparison of Solution pH for ED RCA andCompacted HMA Made with ED RCA
Tested in Deicer Solution at 60°C

The solutions from the HMA tests also have larggeases in pH, as was
observed for the ED RCA (Figure 55). However,gbkition from the ED RCA alone
shows greater increase of pH than that from the Hgécimens with both low and high
binder contents. The possible explanations aréitieer around RCA reducing direct
contact between mortar fractions in RCA and K-aeesalution and reduction of OHy
the binder solution interaction. The three stepslved are (I) initially, OHions
diffuse through the binder to the test solutioréasing the pH of the solution. This is
a slow process and likely only causes a slighteiase in pH over the test period. (II)
The binder-solution interaction starts due to trespnce of OHons in the solution,
which softens the binder causing some strippingraindo-cracking. (111) The stripping
and micro-cracks allow direct penetration of thkigon to the mortar and reactive

aggregate. Direct contact between the mortar alutien allows for higher rate of
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release of OHions which cause more significant increases in fithppears that the rate
of release of OHons is greater than the consumption of @iAthe binder-solution
interaction and any ASR that may occur, ultimatelgulting in an increase of the

solution pH. A diagram of this interaction is prated in Figure 59.

I _ 1 Alkaline Solution Reacts with
OH Diffuses to Binder to Cause Degradation
Solution and Moisture Damage

AGGREGATE R MORTAREHA GGREGATE § MORTAR

III Exposed Mortar Releases OH at a Greater Rate

OH m OH OH m
Out

OH m Solution Reacts with Binder and Aggregate

AGGREGATE
Figure 59 Diagram of Interaction Between Deicer Sation and Compacted HMA Made from ASR-
RCA

The solutions from the HMA tests also show a deseeof K of similar but
slightly lesser magnitude than those of the ED RiB¥e as presented in Figure 57.
This confirms that ASR may be occurring in HMA madeng ED RCA along with
primary binder-solution interaction. However, ifygASR is occurring, it is of lesser

intensity than ED RCA alone under the same testlitions.
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The HMA specimens were still intact after testiag,presented in Figure 60.
This indicates that the degradation of the binddower than that with NaOH + CH

solution, which possibly suggests that deicer-himateraction is different and less
harmful than NaOH + CH solution-binder interaction.

With deicer, binder-solution interaction may ceetite path for solution ingress,
which creates a favorable situation for ASR. &rae that ASR contributes more in
expansion measurements with deicers than thosethgtNaOH + CH solutions. The
volume change results from the low binder contemigacted HMA made using ED

RCA and tested in deicer solution are comparetided from the 0.5N NaOH + CH in
Figure 61.
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Figure 61 Percentage Volume Change of Low Binderdhtent Compacted HMA Made with ED
RCA Tested in Deicer Solution and 0.5N NaOH+CH at®&C

The band from the deicer tests is much higher thaand from the 0.5N
NaOH with CH tests. The evidence presented abmlieates that ASR may be
occurring in the specimens tested in deicer salutimterestingly, white deposits
(possibly ASR gel) were observed on the surfadce®@HMA specimens, as presented in
Figure 62, which was not observed in any of the NaOCH reacted HMA specimens.
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" i -
4 ,

Figure 62‘hite Depositon Exterior of Compacted MMA Made with ED RCA ested in Deicer
Solution at 60°C

An attempt was made to verify that the white padwbserved on the surface of
the specimens were in fact ASR products using SEM-EQil phases present in the
asphalt binder boiled off in the high vacuum of 8teM (70). This prevented the SEM
system from achieving sufficient vacuum to view siaenples. The increased volume
change is likely due to a combination of asphaitlbr-solution interaction and possibly
some ASR. The solution analysis for these tegtsasented in Figure 63 and Figure 64.
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Figure 63 Percentage Change in Naand K* Concentrations for Low Binder Content Compacted
HMA Made with ED RCA Tested in Deicer Solution and0.5N NaOH+CH at 60°C
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Figure 65 Percentage Volume Change of High BindeéZontent Compacted HMA Made with ED
RCA Tested in Deicer Solution and 0.5N NaOH+CH at®&C

There does not appear to be any strong similafitétween the two bands for the
high binder content compacted HMA specimens. &bk bf similarity is possibly due
to (i) the nature of binder-deicer interaction iestent, and (ii) some ASR is possibly
occurring in the specimens tested in deicer salubiat not in specimens tested in 0.5N
NaOH + CH. The reasons for initial downward movatad the 0.5N NaOH + CH
curves are provided earlier in the discussion epwading to Figure 47 and Figure 50.
It was mentioned earlier that the binder-deicegriattion is less harmful than binder-
(NaOH+CH) interaction, which is probably the reagmmnot getting any initial
downward movement (less or no “error of inequaldyting calibration) with deicer

tests. The solution analysis from these testsasgmted in Figure 66 and Figure 67.



90

40.0%
%Na+

S 20.0% % ——
z / 2
o
S 0.0% Z
(1]
=
=
@
(=)
S 20.0%
o
h
b
T 40.0%
(1]
R
(1]
Z -60.0%
1]
[=Ts]
=
8 80.0%
[

100.0%

ED 8.0, 0.5NNaOH | ED 8.0, 0.5N NaOH ED 8.0, De-icer ED 8.0, De-icer
%Na+ 22.4% 9.2%
%K+ 14.8% 26.7%
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Figure 67 Comparison of Solution pH for High Binde Content Compacted HMA Made with ED
RCA Tested in Deicer Solution and 0.5N NaOH+CH at®&C

The solution analysis from the high binder consgEcimens appears to indicate
that the volume change in 0.5N NaOH with CH is ttuthe binder-solution interaction,
and that, in the deicer solution, it is due to mbaation of the binder-solution

interaction and some ASR.

4.2.4 Dilatometer Summary

The low reactivity of chert demonstrates thatghenary test conditions, 0.5N
NaOH + CH at 60°C, are relatively mild. The lovacavity is apparent in both the
expansion data and the analysis of the test salutolume changes in compacted
HMA specimens containing chert appear to be pripdte to an interaction between
the asphalt binder and the alkaline solution. @kgansion over time measured for both
the RCAs in the dilatometer tests with RCA alond solution analysis confirms that

ASR occurred. The same binder-solution interaasavident as a dominating
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phenomenon in compacted HMA made with RCAs. Howes@nme ASR may have
occurred along with same binder-solution interactidien HMA containing ED RCA

was tested with concentrated deicers.

4.3  Detailed Microstructure of Polished Chert

The samples were reacted with 0.5N NaOH solutatarated with CH at 60°C
for varying time periods. Samples were removetti@following removal times: 2 days,
4 days, 7 days, and 28 days to confirm the occoereh ASR in chert under the given
test conditions. After the samples were removeely tvere gently rinsed with acetone
to remove any solution on the surface without remgwr disturbing the reaction

products.

4.3.1 Original Surface
An image of the typical appearance of the origgaface of the chert particles
before the reaction is presented in Figure 68 alwitly the average EDS analysis for the

surface.

- -~
HV mag WD HFW | det | 3/14/2009 — 20 ym ——— -
10.00 kV|2 000 x|10.9 mm|74.6 uym|ETD | 8:15:37 AM

Figure 68 Original Polished Chert Surface with Aveage Elemental Composition from EDS
Analysis
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The surface is relatively smooth and neither sodnor calcium was detected by

the EDS analysis.

4.3.2 Two-Day Results
The surface of the chert specimen, reacted fordays, appeared relatively smooth with
some etching due to dissolution as presented unr€&i§9 along with the average EDS

analysis for the surface.

10.00 kV|2 000 x[10.2 mm|74.6 ym| ETD ¢|1
Figure 69 Surface of Specimen Reacted for Two Daygth Average Elemental Composition from
EDS Analysis

The EDS analysis indicates that this surfacessmglly made of Si and O (i.e.,
silicon dioxide) without any presence of Na and Gace the surface is still smooth,
and no evidence of a product is provided by the BDB&8Yysis, it can be concluded that

no distinguishable reaction has taken place yet.

4.3.3 Four-Day Results

A few reaction sites were found along the edgeb@®fkpecimen reacted for four
days. An example of one of these sites is predentEigure 70 along with the average
EDS analysis for the product.
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d — 100 pm —————

ETD A 80
Figure 70 Deposit on Surface of Specimen Reactear fFour Days with Average Elemental
Composition from EDS Analysis

1 1C

The product appears to be ASR gel containing m&nivith larger amounts of
calcium than sodium.

4.3.4 Seven-Day Results

A small amount of reaction products were foundtmdurface of the specimen reacted
for seven days. However, a site was observed dlengdge of one of the chert
particles where a significant product occurredisHite is presented in Figure 71 along
with the average EDS analysis.



_ |||| pm HV mag wD HFW | det | 2/17/2009 50 pm
~10.00 kV| 1000 x| 11.7 mm| 149 ym | ETD | 7:37:06 PM

Figure 71 Gel Deposit on Edge of Chert Particle Reted for Seven Days with Average Elemental
Composition from Elemental Composition from EDS Andysis

The product from seven days reaction has a mugekrdaatio of sodium to
calcium than the four-day reaction product.

4.3.5 Twenty-Eight Day Results
Numerous deposits were observed on the surfateeahert specimen that was
reacted for twenty-eight days. An example of ohthese deposits is presented in

Figure 72 along with the average EDS analysisHemtroduct.
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d — 200 pm

0 ETD A —
Figu el Deposit on Surface of Chert Reactddr 28 Days with Average Elemental
Composition from EDS Analysis

This product has much more sodium than the proolosérved at seven days
reaction. The average ratios of sodium to calcismajum to silicon, calcium to silicon,
and silicon to oxygen for the deposits on the s@rfat different ages are presented in
Table 10.

Table 10 Average Elemental Ratios for Deposits @ifferent Reaction Ages

Age Ave Na:Ca | Ave Si:O | Ave Na:Si | Ave Ca:Si
4 0.63 0.24 0.53 0.81
7 0.86 0.17 0.92 1.13
28 4.21 0.18 1.80 0.60

Elemental ratios corresponding to specimen of taygsdeaction are not available as no

deposits were found on the surface of specimen @ftedays of reaction. The sodium
to silicon ratio increases from four days to tweeiyht days. The calcium to silicon
ratio increases from four to seven days, but tremahses from seven to twenty-eight

days. The silicon to oxygen ratio decreases froun fo seven days but then remains
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relatively constant. The sodium to calcium ratioreases from four to twenty-eight
days. At four and seven days, the ratio is lean tmity, indicating that there is more
calcium than sodium; but, at twenty-eight daygdicates that there is almost twice as
much sodium as calcium. This appears to indidaedalcium is initially the primary
ion involved in the formation of the product butiaer times sodium is the primary ion
involved.

4.4 Beam Test

The results of the beam test are presented in &igBir

0.30%
a Beam 1
0.20% ® Beam 2
0.10%
9
c
S 0.00%
g 20 40 60 80 100
o
>
W 0.10%
e
(1]
[++]
£
—
-0.20%
-0.30%
Time (days)

Figure 73 Expansion Results from Modified Beam Tés

No increase in length of the beams was apparent fhe beam tests. The noise
in the data is likely due to the difficulty of maimg the measuring studs perfectly in the

beam. The results of the beam tests partially auppe results of the dilatometer tests.
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Since the volume changes measured in the HMA diiater testing are believed to be a
result of the interaction between the binder ardsibiution and not the ASR reaction,
the lack of change in the beam lengths is congisténe beam only measures effects
caused by the aggregate and not due to changes solution or the mastic. Since the
dilatometer measures volume changes in the whalemsy it is expected to be more
sensitive than the beam test. Since no expansasir@corded and proper placement of
the measurement studs is very difficult, furthetiteg of the beams was not conducted.
From the limited test results, it is expected #rat volume change due to the
binder-solution interaction will not be manifesteslany measurable total solid volume
change in the field. However, this may not be truease of deicer reaction with HMA
in the field. The experiments with accelerated ¢omas (direct immersion in
concentrated K-acetate) showed that some ASR tlaale mlong with the binder-
solution interaction. However, in the field, thegdee of ASR depends on the degree of
penetration of deicers through interconnected vagiwell as cracks, which affects the
number of reaction sites. More penetration andti@asites can be responsible for a
higher degree of ASR in some specific circumstandesould be interesting to collect
field performance data from HMA field sections maéng reactive aggregate with
extensive use of deicers. If no evidence of ASBbserved, it is possible to say that

measurable ASR expansion due to deicers in HMAabably a remote possibility.

4.5 Lottman Test
The results of the Lottman testing on compactedAyecimens are presented
in Table 11.



Table 11 Lottman Test Results

Chert | EDRCA | HL RCA
TSR 80% 100% 96%
TSRwp 82% 104% 101%
TSRuw 103% 104% 106%
TSRs: * 85% 95%
TSRups = * 76% 91%
TSRuwe. * 85% 95%

*Specimens were too soft to test

TSR is the standard tensile strength ratio of ispees conditioned in water at
60°C for 24 hours as compared to specimens leftadryequired by ASTM D 4867.

The TSRp is the ratio of tensile strength of the specimmasditioned in 0.5N NaOH
solution at 60°C for 24 hours to the tensile sttkrgd those left dry. The TSR is the
ratio of tensile strength of the specimens condétin 0.5N NaOH solution at 60°C for
24 hours to the tensile strength of specimens tionegd in water at 60°C for 24 hours.
The TSR sis the ratio of tensile strength of the specimamwditioned in water at 60°C
for approximately 6.5 days to the tensile strergjtthose left dry. The TSRes is the
ratio of tensile strength of the specimens condétin 0.5N NaOH solution at 60°C for
approximately 6.5 days to the tensile strengttho§é left dry. The TSRue s is the ratio
of tensile strength of the specimens conditione@. BN NaOH solution at 60°C for
approximately 6.5 days to the tensile strengthpetgnens conditioned in water at 60°C
for approximately 6.5 days.

None of the specimens showed a damage index ie®W®0% limit. The results
for the chert specimens indicate that some moistaneage had occurred in specimens
conditioned in both water and NaOH solution foriirs. Because of the variability of
the Lottman results, the results for both RCAsdatk that little if any moisture damage
occurred in 24 hours. These results are suppbstedbservations made during the
breaking of the specimens. After breaking, moestuas observed throughout the cross-
section of the specimens made using chert. Intiaddfailure of the specimens

occurred in the binder and at the binder aggreig&teface, as presented in Figure 74.
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Figure 74 Fracture Cross-Section of Chert Specime@onditioned in Water for 24 Hours

In contrast, significant moisture was only obsdrirethe outer 1/2 inch to 1 inch
of the cross-section of the specimens made with RE&Aditionally, many of the
aggregates were broken through the mortar fracismresented in Figure 75 .

‘.‘.

Figure 75 Fracture Cross-Section of ED RCA SpecinmeConditioned in Water for 24 Hours
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Most of the broken mortar sections appeared drgontrast to the 6.5-day
results presented below.

The results at approximately 6.5 days indicaté sbene moisture damage
occurred in the specimens made with RCA. No resukt available for the chert
specimens because they became too soft to testssfiolty. For the ED RCA
specimens, the NaOH solution is causing greatemadarthan the water alone. It
appears that the same may be true for the HL R@&ispens but the difference may be
due to the variability of the test results. Theréased moisture damage is supported by
visual observations made during the breaking offlecimens. Moisture was observed
throughout the cross-sections of the specimensditad) in moisture in the mortar

fractions of the broken aggregates, as presentemjure 76.

Figure 76 Fracture Cross-Section of ED RCA SpécimléConditioned in Water for 6.5 Days

Less breakage of the mortar fractions was obsdanvedmparison to the 24-hour
specimens. In the specimens made using ED RCAe $aitares at the aggregate-binder
interface were observed for the granitic coarseegae from the RCA.

Since the binder grade selected for this studyckasen to reduce the stripping

that was observed on loose HMA specimens madechiht during the initial
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dilatometer at 70°C, the observed tensile strelogibes may not be as significant as
would be observed with other binders. However ctinert, which typically has high
moisture susceptibility, shows much greater stiefggs than the two RCAs, as
expected. With a softer binder, the chert wolkdll fail to meet the 70% minimum
TSR required by most agencies who use the Lottiesin t

There appears to be a correlation between these@@gregate used in the
original concrete and the moisture susceptibilitthe HMA made from the RCA,
which is also demonstrated by the micro calorimetsults, as presented below. This
would indicate that ASR-RCA containing reactive rsgaaggregate is more likely to be
moisture sensitive, since HMA mixtures containiigsous aggregates tend to have

greater moisture susceptibilit¢q-52).

4.6 Micro Calorimeter

The heat-flows in the micro calorimeter for eags$t of unreacted chert (UC),
chert reacted with 1N NaOH saturated with CH a7t fourteen days (RC), Edwards
RCA (ED), and Holloman RCA (HL)are presented inF&77.
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Figure 77 Heat Flow in Micro Calorimeter

The total energy of adhesion (TEA), as determimgthtegrating the area under
the curve in Figure 77 for each test, is presemddble 12. The TEA is proportional to
the strength of the interfacial bond between thgregate and the asphalt binder.

Table 12 Total Energy of Adhesion from Micro Caloimeter Test

Material TEA (mJ/qg) CcVv
Unreacted Chert 295 16.8%
Reacted Chert 755 10.3%
Edwards RCA 425 11.6%
Holloman RCA 680 2.1%

The values presented in Table 12 are based tnged two specimens. The
unreacted chert has the lowest TEA, and the reatted has the highest TEA, with the

two RCAs falling between the two. Neglecting tlifleets of surface area of the
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specimens, the results agree with the Lewis AcideBaeory used to estimate adhesion
between two materials. Asphalt binders typicallyéna slightly acidic character and
therefore are likely to bond better to basic matsri The unreacted chert is primarily
composed of siliceous materials, which also tenubtee an acidic character and
therefore exhibit poor bonding with asphalt. Teaated chert has some basic character
due to the ASR that has occurred at the aggregétece. This would be similar to the
effect of liquid anti-strip agents, which coat tgggregates and provide a more basic
character prior to mixing with the binder. Howeue products that may be increasing
the adhesive energy may also have poor mechanieabsh and therefore be of little
value for increasing the strength of the bond. dderse aggregates of the Edwards and
Holloman RCAs are of a granitic and limestone, eesipely. Since some of these
aggregates would be broken down and end up inrbkefraction during crushing, it is
anticipated that the nature of the coarse aggregatdd influence the TEA. Mortar that
has a basic nature is present in the samples §shekfore, the combined effects of the
coarse aggregate and mortar will determine the TE#ce the granitic aggregate of the
Edwards sample is less basic than the limestotigedflolloman sample, the lower TEA
for Edwards seems reasonable.

The results of the micro calorimeter testing agvéh the results of the Lottman
testing. The micro calorimeter results predict tha unreacted chert should have the
greatest moisture susceptibility, which was conéidiby the chert having the lowest
TSR in the Lottman results. At 6.5 days, the EDAR@d lower strength ratios than the
HL RCA, which agrees with the greater TEA for thie RCA.

4.7 Differential Scanning Calorimeter / Thermogravimetric Analysis
The DSC was performed on samples of fresh adifigel and gel that had been
allowed to carbonate. The results from the fredhage presented in Figure 78.
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Figure 78 DSC and TGA Results from Non-Carbonatedel

The initial endothermic peak (i.e., peak of negatieat flow) at 100°C is due to
the removal of water from the gel. The artifigj@l kept inside an environmental room
at 23°C for two months in order to allow gel cardton, which caused some portion of
the gel to be converted to Ca-carbonate. The DGCéEBults of the carbonate gel are

presented in Figure 79.
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Figure 79 DSC and TGA Results from Carbonated Gel

The carbonated gel has similar results to thecavbhenated gel with an initial
heat flow peak due to the loss of water but th&peamaller since some of the gel has
become carbonated. However, the peak at 800°Q{E} has become more defined,
and a loss of weight due to the carbon dioxidesagent. The second endothermic
peak at 800°C represents decarbonation of Ca-catbdormed during carbonation.

Carbonated gel will be less harmful within an HyAvement as the carbonation
will reduce the ability of the gel to reabsorb wadad swell. Storing of ASR-RCA
outdoors after it has been crushed will facilitedebonation of the gel. In addition, since
most of the water stored in the gel is lost betwHe®rC and 150°C (212°F and 302°F),
extended drying in this temperature range woulgreéerred to ensure that the gel is

fully dehydrated.
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4.8  X-Ray Diffraction
The results of the XRD analysis of the filler fiiaa from ED RCA are presented

in Figure 80.
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Figure 80 XRD Analysis of ED RCA Filler Fraction

The analysis indicates that the filler fractiorc@mposed of quartz, calcite,
portlandite, albite, muscovite, and phlogopite mah& Quartz, albite, muscovite and
phlogopite are from the granitic coarse aggregatwedl as fine aggregate whereas
Porlandite is from the mortar fraction of the EDA&RCThe presence of calcite indicates
that the cement paste and any gel that has coatedtio the filler fraction are
carbonated. In addition, a slight hump in the gsialbetween approximately 25° and
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35°, indicates the presence of amorphous matériallse ASR gel as well as some C-S-
H gel (from mortar) possibly constitutes the amaymhmaterials for the slight hump.
This is an indication that gel is probably presarthe filler fraction. However, since

this hump is not very prominent and some C-S-Hrgelferes with the results, the ASR
gel concentration in the filler seems to be low drtbes not represent solely the
amorphous materials detected in XRD. Also, thdysimsamay underestimate the
presence of gel since some of the gel has liketpine carbonated to form calcite. The
XRD analysis for the HL RCA filler fraction is sitar as presented in Figure 81.
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Figure 81 XRD Analysis of HL RCA Filler Fraction

As with the ED RCA filler, quartz, calcite, andrpandite are present in the filler
fraction along with the hump indicating an amorphaaterial. For the HL RCA,
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which contains a limestone coarse aggregate, thenere calcite than quartz. The
presence of calcite in both the coarse aggregateeaisriginal concrete and from
carbonation of gel and the mortar fraction resuk iarger peak for calcite than for
quartz, which is only present in the fine aggregdtke magnitude of the hump is
slightly higher in HL RCA than that in ED RCA, wihipossibly indicates the presence
of more gel in HL RCA than ED RCA with the assuroptthat gel carbonation and C-
S-H contribution in the hump is similar for botletRCAs. It is noteworthy that the fine
aggregate is reactive in HL RCA which possibly litaties concentration of gel in the
finer fractions. Since both ASR-RCAs have the hungicating the likely presence of
gel, it appears to confirm the expectation thatwgmlild concentrate to the finer
fractions. Based on these limited results, it appéo be prudent to exclude the finer
fractions from use in HMA to avoid the potential Bxpansion that they may cause due

to re-hydration.

4.9 Micro-Deval
Results of the coarse and fine aggregate MicroaDiests are presented in Table
13.

Table 13 Results from Micro-Deval Test

Material Chert HL RCA ED RCA
Size Coarse Fine Coarse| Fine | Coarse| Fine
Average Mass Loss (%) 5% 13% 15% 13% 13% 16%
CV (%) 2.0% 5.6% 0.1% | 0.2% | 0.9% 9.2%

The results indicate that the RCAs have highersn@asses than chert in the
Micro-Deval, as expected. This is likely due te thortar contained in the RCAs, which
is more likely to break down than the virgin aggreg In addition, the results indicate
that the fine fractions of the Chert and ED RCAdawhigher mass loss than the coarse
fraction, as expected. This is likely due to theréased surface area of the fine

aggregates. For the ED RCA, the concentrationatan to the finer fractions of the
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RCA may also contribute to the increased mass Ibgsvever, the fine fraction of the
HL RCA showed a lower mass loss than the coarstidra Visual observation of the
HL RCA particles before and after testing indicatieat the limestone coarse aggregate
was more susceptible to abrasion than the morgéathtid accumulated in the fine
fraction as discussed below.

The chert primarily consists of micro — and crypistalline forms of silica (e.qg.,
chalcedony as well as microcrystalline quartz)m8dimestone particles always remain
(by default) with the chert particles as fine cleggregate was sieved from a chert-rich
Texas gravel with limestone impurity. The chenttjgées were sharp, angular, and flat
before testing in the Micro-Deval. After testirige sharp edges and angular shape of
the particles were maintained. The limestone glagiin the chert fine aggregate had
high texture and high angularity. However, afesting, the surfaces of the limestone
particles were smoothed and the edges lost thaipekss. Due to the presence of these
soft limestone particles, the mass loss of fingtolvas recorded as relatively high.
Otherwise, the mass loss for pure fine chert shbaltbw, as expected. In that situation,
the mass loss for both the RCAs will be higher ttiat for the virgin aggregate. A

comparison of the chert particles before and afisting is presented in Figure 82.

Figure 82 Stereomicroscope Images of Chert Parties (a) Before and (b) After Testing in the
Micro-Deval
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The coarse aggregate in the HL RCA is primarilydgtone with minor amounts of
rhyolitic rocks and quartzite. The limestone istigely smooth and there are relatively
high air voids in the concrete. The HL RCA coaaggregate was very angular before
the Micro-Deval test. After testing, the aggregatmained angular but their texture
had been smoothed significantly. Therefore, thestass measured for the coarse
aggregate was due to abrasion, which reduced théréeof the particles, and not due to
particle breakdown. A comparison of the coarseR@A particles before and after
testing is presented in Figure 83.

Figure 83 Stereomicroscope Images of Coarse HL RCRarticles (a) Before and (b) After Micro-
Deval Testing

The fine aggregate was primarily mortar and didhaote as smooth of a texture as the
coarse aggregate after testing. Some of the alsvpo the fine fraction were filled with
a white material that may be ASR gel. A comparigbthe fine HL RCA particles
before and after testing is presented in Figure 84.
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Figure 84 Stereomicroscope Images of Fine HL RCAdrticles (a) Before and (b) After Micro-Deval
Testing

Due to its brittle nature, the mortar fractiontloé HL RCA was more likely to
break up during the crushing process than thersodrse limestone. Thus, more of the
mortar concentrated to the finer fractions thanlithestone. The soft limestone
particles were more susceptible to abrasion imloeo-deval than the mortar fraction.
Since there were greater quantities of limestorteercoarse fraction and greater
quantities of mortar in the fine fraction, the cg®mwas more susceptible to abrasion in
the micro-deval.

The coarse aggregate of the ED RCA is primarigndic. The 13% loss for ED
RCA coarse aggregate is higher than conventioretlitic aggregate (3.5-7.5%), which
is possibly due to ASR micro-cracking or the preseof mortar fractions. The ED fine
aggregate was basically mortar with some pieces@afse aggregate. A comparison of
the fine ED RCA particles before and after testsigresented in Figure 85 . A slightly
higher loss with fine aggregate is possible dugctumulation of more mortar fractions
as well as gel. It seems that the nature of thepkzmior both coarse and fine fractions is

similar which manifested as similar types of loss.
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Figure 85 Stereomicroscope Images of Fine ED RCAaRicles (a) Before and (b) After Micro-Deval
Testing

The differences between coarse and fine aggrégsgevith ED RCA is not
significant enough to verify that gel had accumedain the finer fraction. The lower
mass loss for the HL RCA fines and the fact thatED RCA fines do not have a highly
significant difference in mass loss from the coaggregate, indicate that the micro-
deval test of the fine aggregate cannot be coreidas a diagnostic tool to select or
reject the ASR-RCA fines in HMA on the basis of iresence of ASR gel. A larger
number of tests, satisfying statistical criterising several varieties of ASR-RCA are
necessary in order to validate this conclusionweleer, the micro-deval may still be
used as a quality indicator for coarse and fineeggie using the same guidelines as
would be used for a typical RCA§-60.

4.10 Freeze-Thaw
The results of the freeze-thaw testing are preskint Table 14.

Table 14 Freeze-Thaw Results
Material Chert ED RCA HL RCA
Size Fraction Coarse Fine Coarse Fine Coarse | Fine
Average Loss (%) 0.7% 4.5% 1.1% 7.0% 2.8% 8.0%
CcVv 0.2% 5.5% 0.3% 3.3% 59.1% | 4.4%
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The RCAs have greater mass loss than the virgr elggregate from the freeze-
thaw test, as expected. The possible presencel ahg micro-cracks in the mortar
along with the greater porosity and lower strerajtmortar compared to virgin
aggregates are the likely causes of the higher tnasgor the RCAs. The high
coefficient of variation (CV) for the coarse framtiof the HL RCA appeared to be due
to the limestone coarse aggregate used in the et@ncin one of the samples, an

aggregate particle had shattered as presentedune=86.

Figure 86 Stereomicroscope Image of Shattered Limtone Aggregate from HL RCA Coarse
Aggregate Freeze-Thaw Test

All of the pieces of this particle passed throtigh sieve resulting in much
higher loss than if only a small piece had broké#ras appeared to have occurred with
other particles. The tendency of the limestond¢igas to break down also explains why
the HL RCA had greater mass loss than the ED R@Adbntained granitic coarse
aggregate.
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The freeze-thaw test is performed on samples ab@/exm (No. 50 sieve). If
the gel has preferentially concentrated to the sirkum (No. 200 sieve) fraction, then
this test will not detect the effect of gel. Theref, the freeze-thaw test does not appear
to be able to detect the effect of gel in an ASRAREIowever, it appears to be capable
of detecting the effect of pre-existing micro-criagkdue to ASR.

Although the micro-deval test is faster and simgbeperform than the freeze-
thaw test, the freeze-thaw test seems more suifabtesting ASR-RCA. The damage
caused to some limestone particles, as presente@ aindicates that the freeze-thaw
test can detect the presence of micro-cracks imibigar and aggregate. In addition,
there was a clear difference between the resuliseofoarse and fine fractions for the
freeze-thaw test while the micro-deval did not seéemiifferentiate between the two size
fractions. In addition, the micro-deval test appda require some knowledge of the
aggregates used in the concrete to make a goagrietation of the results from ASR-
RCA. Therefore, it seems that the freeze-thawisasiore sensitive than micro-deval

test to the effects of pre-existing ASR, especiallgro-cracking.

4.11 Potential Distress Mechanisms
The potential distress mechanisms that might oicchiMA made with ASR-
RCA are:
* Mechanical Degradation
* Existing ASR
* New ASR
» Binder Degradation
Mechanical degradation of the ASR-RCA may occle ttuexisting micro-
cracks caused by ASR. These micro-cracks will bakapoints within the aggregate
particles and the pavement structure as presemeder87.
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Figure 87 Effect of Micro-Cracks on ASR-RCA Breakdwn

Micro-cracks may cause breakdown of the indivichaticles at several
different stages of processing. The first of thies#uring crushing when micro-cracks
will provide preferential planes for the breakdowfraggregates. However, the crushing
process may not expose all micro-cracks. Whemggeegates are dried and mixed with
the asphalt binder, impacts between patrticles atidtthie mixing equipment may cause
breaking along additional micro-cracks. Finallyhike the HMA pavement is placed and
in-service, traffic loadings may cause stress cotmagons that will break down any
micro-cracks that are still present. These cragkde especially problematic if they
allow moisture to enter the pavement structureiatestact with the mortar fraction of
the ASR-RCA.
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Existing gel within the RCA particles may rehy@raind swell causing cracking
within the pavement. However, if the gel is selyecarbonated, the potential for
rehydration of the gel will be greatly reduced.eTbnger the ASR-RCA is exposed to
the atmosphere after crushing and prior to mixintf) the asphalt binder, the greater the
likelihood that the gel will be carbonated. Dryiaghigh temperature (most effective in
the case of a batch plant) will ensure additiomabonation (if the exposure outside in
the first stage is not sufficient) as a secondestdgecall that the slow rate of
carbonation was observed when the artificial gelt kaitside for around two months
time at room temperature. However, it is expethead long exposure of natural gel
should ensure a considerable amount of carbonb&tore drying in an asphalt plant. It
is noteworthy that the availability of calcium imetgel is another factor that controls the
degree of carbonation.

Fresh faces of the reactive aggregate will be segaluring crushing. If
moisture damage occurs or RCA particles at theasardf the pavement crack, then
water may come into contact with the mortar fractwd the RCA. That water will then
have a high alkalinity, which may initiate new A8Rthe fresh faces of the reactive
aggregates.

A reaction occurs between alkaline solution amghak binder. This reaction
leads to swelling of the asphalt and weakenindnefainder. In addition, moisture
damage may occur without the alkaline solution eislg for RCAs containing
siliceous aggregates. Moisture damage may be proldematic if the pre-existing gel
is not sufficiently dried and/or carbonated. Tisisn additional factor other than those
applicable for any HMA-related moisture transpbarbugh interconnected voids and
cracks, diffusion, etc.
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5. FIELD IMPLICATIONS

The results presented in the previous sectiofrane accelerated laboratory
testing. As such, it is necessary to explore tfierdnces in conditions between the
laboratory testing and the field and what impaesthdifferences will have on the field
performance of HMA made with ASR-RCA.

5.1 Conditions

Although mild, the conditions used to accelerbtetest process in the laboratory
are still more severe than HMA made with ASR-RCAkisly to experience in the field.
The dilatometer test is a constant immersion tésiewin the field, the HMA will rarely
be completely saturated. Also, the primary sowfcakalis in the field are the mortar
fractions attached with the RCA, provided enoughstuee is available to release the
mortar alkalis to form an alkaline pore solutiddowever, the application of deicers to
an HMA pavement may provide additional alkalis.

It is anticipated that any volume change due maléi-solution interaction will
not be manifested as any measurable total soluhwelchange in the field. However,
this may not be true in the case of deicer reastibim HMA in the field. These
experiments with accelerated conditions (direct arsion with K-acetate) showed that
some ASR took place along with the main binder+smtuinteraction. However, in the
field, the degree of ASR depends on the degreemédtpation of deicers through
interconnected voids as well as cracks and numfreaation sites. The more
penetration and reaction sites can be respongbke fiigher degree of ASR in some
specific circumstances. It would be interestingabect field performance data from
HMA field sections made of reactive aggregate \exkensive use of deicers. If no
evidence of ASR or binder degradation is obseritasl possible to say that measurable
expansion due to deicers in HMA is a probably aatenpossibility.

The environmental conditions that the HMA will §gbject to in the field will
vary. Cycles of wetting and drying have been shtowexacerbate ASR in the field. In

addition, temperature cycles, especially freezertbygcles may accelerate deterioration
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of the HMA and create a favorable situation for AS&ong with the rate and type of
deicer applications, these conditions are diffitoltepresent in the laboratory. Alkali
redistribution, such as concentration of alkalithim certain areas of the pavement is
also difficult to simulate in the laboratory.

5.1.1 Processing

An ASR-RCA is likely to go through several proaagssteps before being used
in an HMA, many of which are likely to concentraite reaction products in the finer
fractions. These processing steps include cruskmgng, handling, and mixing.

Since concrete is typically removed in large pse@eushing is necessary to
reduce these pieces to a size range suitable éanusMA. ASR products tend to cause
cracks and micro-cracks in the surrounding areataltigeir expansive pressure.
Therefore, crushing will likely cause both the naorfraction and the coarse aggregate to
break at areas where ASR products have occurretbdbe preexisting cracks in those
areas. This will expose those products to mechaaition during the other steps.
Alternatively, the ASR products may be separatethfthe larger particles during
crushing. In this case, the ASR products will teerfd in the finer portions of the
crushed material.

After the ASR-RCA is crushed, it is typically sedtinto various size fractions by
mechanical means, typically by shaking it over sogeof particular sizes. This shaking
action will cause some abrasion of the ASR-RCAnagdarticles collide. Since the ASR
products have lower abrasion resistance than thieamend aggregate portions of the
concrete, the ASR products are likely to be remaudi concentrated to the finer
fractions more readily than the mortar and aggesgattions.

After sorting, the ASR-RCA would be placed intockpiles until it is transferred
to the HMA. Both the stockpiling and transfer aggeans may cause some additional
abrasion due to the movement of the particles astanother. The ASR products are
likely to concentrate to the finer fractions asatdsed above.

During mixing, the ASR-RCA will be subject to atidhal abrasion, which will
occur at higher temperatures. In a drum plans,whil occur as the ASR-RCA is lifted



120

and dropped by the flights of the drum. In a batiamt, this will occur in the aggregate
dryer as the ASR-RCA is tumbled in a stream ofdiot Some additional abrasion may
occur in the pugmill of the batch plant as the ABRA is mixed with the hot asphalt
binder. The effects of the different types of HNMPAduction are discussed in the
following section.

During each of the above steps, the ASR-RCA ardyehit contains have the
potential for carbonation. This is especially tfaethe stockpiling step if the material is
left in stockpiles exposed to the atmosphere foereded periods. A relatively lower pH
of the RCA-water system (11.0-11.5) than normal-carbonated concrete pore solution
is possibly due to the combined effects of carbdonaind dilution. The carbon dioxide
and heat from the exhaust gases during aggregategdor HMA production can also
increase the carbonation of the ASR-RCA and anytglit contains.

5.1.2 HMA Production

The type of HMA production will affect the degreewhich the gel is
dehydrated. There are two main types of HMA prdidac batch plants and drum
plants. In addition, the emerging technology ofiwanix asphalt (WMA) should be
considered.

Batch plants are the type of plant most commosBdun Europe and are
representative of the method used to produce thé dpecimens used in this study. A

schematic of a typical batch plant is presenteigure 88.
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Figure 88 Schematic of Typical HMA Batch Plant

In a batch plant, the aggregates are thorougldyg @gnd then stored in hot bins.
The desired amounts of each aggregate type ardrtresierred to the pugmill where it
is mechanically mixed with the asphalt binder. ddgtlants allow for greater control of
the quantities of materials used in the HMA buténbowver production rates than drum
plants. The dehydration process, removal of watewisture from ASR gel as well as
mortar fractions, can most effectively achievethia batch plant. It can also facilitate
some additional carbonation.

Drum plants are the type of plant most commonbdus the United States. A

schematic of a typical drum plant is presentedigufe 89.
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Figure 89 Schematic of Typical HMA Drum Plant

Hot Il Conveyor

In the drum plant, the aggregates are introdutéueabeginning of the drum and
drying takes place as the aggregates move alongrnigé of the drum. Continued loss
of moisture from the aggregates when the asphadiebiis added is required to cause the
asphalt to foam in order to better coat the agdesgaSince mixing is a continuous
process in the drum plant, production rates arkdrithan for batch plants but control of
material quantities is more limited. In additi@mce there is a requirement for some
moisture in the aggregates at the time of miximgndplants may not dehydrate the gel
completely.

WMA is produced at temperatures of 28-55°C (502E)Tower than
conventional HMA. The lower temperatures are actdehrough the use of additives to
the asphalt binder, which decrease its viscositygit temperatures without
significantly affecting the properties at the seeviemperatures. Because of the lower
temperatures at which WMA is produced, the gel @ARmay not be fully dehydrated
during the mixing process.

5.2 Potential Impacts
If water penetrates to the mortar of ASR-RCA, pradential reactions may occur
according to the test results. One is ASR anather is the reaction between an

alkaline solution and the asphalt binder. A schenwd this is presented in Figure 59.
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The test results indicate that the reaction betvike alkaline solution and the
asphalt binder occur more rapidly than ASR. Tlsoftening of the binder will likely
occur initially but may allow for greater moistudamage and then ASR at a later time.
The asphalt binder provides some moisture protec¢tdhe ASR-RCA initially.
However, moisture will eventually be available widrying degree to the mortar
fractions through combination of diffusion, ASR muecracks in the RCA, and some
kind of moisture damage. As a result, @Gidd alkali ions will be released and generate
a mild alkaline solution (pH = 11.0-11.5), whicmoareate some new ASR on the fresh
aggregate surfaces in extreme cases. HoweverHiluoé fne solution may not be
sufficiently high to develop any measurable new ASPeicer application can make the
solution pH relatively high (~ 12.0) in certain aimstances, which can cause more ASR
than without deicers. In PCC, gel imbibes adddaiomater and swells, which creates
expansive pressure. It is unusual that this additiovater requirement will be satisfied
in HMA pavement solely from external sources. Tfaes some new gels may form on
fresh aggregate surfaces but they will not be esiparin general due to lack of
moisture/water. Since the asphalt binder is a vedastic material, it will be able to
absorb some of the expansion caused by ASR (if @&specially if the ASR occurs
during periods of elevated temperature. As a resalid volume increase due to binder-
solution interaction (swelling) and expansion ofvn&SR gel (if any) or re-hydration
(expansive) of existing gel will either not be nfasted at all or would take longer than
the service life of HMA pavement made using ASR-REAwever, binder-solution
interaction and any ASR may not be a primary cadigailure, but micro-crack
formation due to ASR can create a favorable sibndior another distress (especially
moisture damage).

Although the dilatometer testing indicated thatRA®ight still occur in HMA
made with ASR-RCA exposed to deicer solution abitginal concentration, the
dilatometer conditions can still be considered ns@eere than the field. In the
dilatometer, the compacted HMA specimen was corajyisturrounded by a large

guantity of solution that maintains a constant $yippdeicer, but in the field the deicer
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would only be applied at the surface. Therefordy deicer that penetrated the HMA
pavement through cracks or diffusion would be améd for ASR. In addition, the
deicer would be subject to washing away or dilubgmrain or melted snow and ice.
ASR-RCA is likely to be weaker than virgin aggresgaand other RCA’s. As
such, it will have a greater tendency to break ddwring HMA production and in
service. Adjustments can be made to the inputmadgdor HMA production to account
for the change in the gradation of the ASR-RCA migiprocessing. If the ASR-RCA
breaks down at the surface of the pavement, italldlw for increased moisture ingress.
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6. CONCLUSIONS AND RECOMMENDATIONS

The dilatometer test was used to successfullsiflathe expansion of the virgin
aggregate and the two ASR-RCAs. For the virgirregate, increases in temperature or
solution normality produced the expected increas@slumetric expansion. However,
for the dilatometer tests of HMA, the interpretatiaf the results is not as clear due to
the complexity of the system. The interactionsuogng include:

» Saponification or neutralization of naphthenic adidthe asphalt binder by the
alkaline solution and heat energy
* Emulsification of some of the asphalt binder
* Moisture damage or stripping of some asphalt froenaggregate surfaces
exacerbated by high alkalinity and temperature
* Incomplete saturation of the compacted specimemabsorption by the dried
aggregates following moisture damage
The tests using virgin aggregate indicate that aspinder provides some protection
against ASR by blocking moisture access to theegggdes and by neutralizing some of
the hydroxyl in the solution. There was evidertad ED HMA specimens tested in the
potassium acetate deicer may have had some occaroéASR.

No expansion was measured in the modified beain Té8s supports the
observation that the reaction occurring in the cacgd HMA dilatometer tests was
primarily the saponification reaction between tlhgmthenic acids and the sodium
hydroxide solution. The volume change due to sdjation (swelling in the
dilatometer test) was not manifested as measusatitk linear expansion in the beam
test.

Virgin chert was found to have the highest mossusceptibility of the
aggregates tested. HMA specimens made with chdrthe lowest TSR between wet
and dry conditioned specimens in the Lottman testddition, the chert samples had
the lowest total energy of adhesion in the miclormaeter test, which also indicates the
greatest moisture susceptibility. ED RCA had glighigher moisture susceptibility
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than HL as indicated by its lower values of TSR &&@\. This difference can primarily
be attributed to the coarse aggregate used inrii@al PCC with the granitic aggregate
from the ED RCA having greater moisture suscepitykihan the limestone aggregate
from the HL RCA.

Differential scanning calorimeter testing and thegravimetric analysis of
artificial gel indicates that the gel loses wateaproximately 100°C (212°F), which is
lower than the temperatures to which the aggregatesypically heated during HMA
production. In addition, gel that was allowed &whonate had a lower water content by
weight and had additional weight loss due to ttss kof carbon dioxide at approximately
800°C (1472°F). Carbonation of the gel will redtlve potential for the gel to re-
expand if it comes into contact with water.

The micro-deval and freeze-thaw tests were unabdietect the presence of gel
in the coarse or fine fractions of the RCA. Howeveese tests remain useful to check
the quality of the aggregates, especially for ttes@nce of excessive micro-cracks
which could lead to aggregate breakdown during Hd@duction or in-service. It
seems the freeze-thaw test is more sensitive theno{deval test to detect the effect of
pre-existing ASR, especially micro-cracking.

6.1 Use of ASR-RCA in HMA

6.1.1 Recommendations
The following guidelines are suggested for the afs&SR-RCA in HMA:

* Any restrictions placed on the use of conventid®@A should also be used for
ASR-RCA.

* ltis advisable to store the crushed ASR-RCA outsldor as long as possible to
increase the carbonation of the gel and the mbdation. Increased
carbonation of the gel will reduce its potential fisture expansion through re-
hydration. Increased carbonation of the mortastioas in RCA will reduce the
pH of alkaline solution (11.0-11.5) that may be grated through moisture-
cement mortar interactions. The generated alkalohation will be consumed

mostly through faster binder-solution interactiangd its availability for any new
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ASR will greatly minimized. The expansion due tad®r-solution reaction as
well as some ASR (if any) will mostly be absorbediiee visco-elastic asphalt
binder and may not be manifested as any measuwsalitevolume change in the
fields. However, binder-solution interaction alomgh some ASR in isolated
sites can enhance the possibility of other disé®ss.g. moisture damage.
Therefore, the occurrence of any new widespread lSIRVIA made using
ASR-RCAs is a remote possibility.

An effective drying at high temperature in the plsmecessary to ensure
effective dehydration of gel, which will minimizke availability of additional
moisture inside HMA pavement. It would be prefeeatal produce the HMA in a
Batch Plant (if available) as it facilitates efigetdrying.

It is recommended not to use the fines and filemf ASR-RCAs as ASR gel
may preferentially accumulate in the finer fracaturing crushing and sieving
as demonstrated by the XRD analysis earlier. A @régending with good
quality fine aggregates will reduce the necessargdy content of the mix
thereby reducing its cost.

Efforts need to be made in order to reduce intareoted voids in HMA
mixtures and therefore the ability of moisturertflirate the HMA.

Conservative moisture damage criteria based ontareisamage testing can be
introduced in order to reduce the potential forntmsture related problems.
Although a moisture-damage resistant design igaasi, engineers may choose
to restrict the use of anti-stripping agents in Hxha&de with ASR-RCA as they
may provide additional OHor reactions. The limited results of the Lottreard
micro-calorimeter tests from this study indicategdonding between the ASR-
RCA and the asphalt binder, negating the needrftstripping agents.
Attention should also be paid to the reaction potsland micro-cracks from
other distresses, such as delayed ettringite foom&DEF) and alkali-carbonate
reaction (ACR) that may present along with ASRhia RCA. Ettringite
decomposes at high temperatures (110-114°C) to foeta-ettringite £+ AFm +
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hemihydrate + gypsum. The ettringite can reformgapansive reaction)
depending on temperature and water vapor pressaditions in HMA
pavement with or without any external source ofatal(e.g., sulfate from soil
below).

It is advisable not to use HMA made using ASR-R@Ahie portions of airfield
pavements prone to receive greater impact duegdmaétilanding (e.g., runway)
or high traffic frequency. However, placing a qtyasurface course made using
virgin aggregate on top of HMA made using ASR-RCH probably minimize
this issue.

It is recommended to determine the level of ASRréss and the reactivity of the
aggregate before making the RCA from the ASR-adi@ @CC pavement. The
FAA Advisory circular (AC No: 150/5380-8, 2004) cha used for this purpose.
This will assist in determining the proper utiliwat of ASR-RCA in HMA
pavements depending on climate, traffic, and deapgfications as well as
selecting the remedial measures. This is desciibdte next sub-section.

6.1.2 Condition Assessment and Aggregate Reactiiof the ASR-Affected PCC

Pavement

The procedure for condition assessment in ternassdéssing ASR distress levels

(e.g., low, medium, high) is briefly described hwelo

Visual observation of degree of map-cracking aingoexpansive features (e.g.,
joint seal damage, joint misalignment, heavingofbup, trench drain damage)
Petrographic examination of the core specimen®terchine presence and extent
of gel and micro-cracks

Identification of any other distresses (e.g., Detagttringite formation, freeze-
thaw, alkali carbonate reaction, sulfate attack) étased on both visual as well as
petrographic observations

Assessment of ASR distress (e.g., low, medium,)Higlsed on a combined
rating system (described in detail in AC No: 15@53)
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Aggregate (from PCC pavement) alkali silica reattigan be determined by the
following procedures:
» Prepare RCA and test the RCA by dilatometer (RClytgm test) to determine
the reactivity.
» Separate the aggregates followed by crushing tdwdrASTM C 1260 ASR
mortar bar testing.
* Measure residual expansion of concrete specimdesndi@e by dilatometer or
procedure similar to ASTM C 1293. As dilatometenot yet a standard ASR
test procedure, it is recommended to use ASTM @ 1261293 tests in parallel
with dilatometer test.
Aggregate quality assessment can be performedigucting freeze-thaw and/or
micro-deval tests as these tests were found saitaldetect the effect of pre-existing
ASR micro-cracking.

In general, a high aggregate reactivity shoult@die with a high ASR distress
in the field. However, depending on climatic comis and mix design controls, a
highly reactive aggregate may not always show abwagh ASR distress or a low
reactive aggregate may not always show a low distirethe field. Therefore,
combinations such as high reactivity-low distreskw reactivity-medium distress may
occur in some circumstances. Therefore, importahoeld be given to both (i) degree
of micro-cracking and gel abundance, and (ii) re#gtof the aggregate, in order to find
a better utilization of the ASR-RCA. The recommaeanhdaidelines for use of ASR-RCA
based on reactivity, distress level, and HMA pavetngenditions are presented in Table
15.

Highly reactive aggregates from a PCC pavemeifésng from high level of
ASR distress to be used in an HMA pavement sulbgesg¢vere climate, high traffic
loadings, and deicer application is the most sevase presented in Table 15. The
highly reactive aggregates increase the possilbiidyy new ASR may occur in the HMA
if the aggregates are exposed to alkaline solutidse of a harder binder and lower
interconnected air voids is recommended in ordeedoice the moisture susceptibility of
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the mix thereby protecting the aggregates from tuamsexposure. The severe climate
and deicer application will increase the poterfbalmoisture damage and exposure to
alkaline solution. High levels of distress in P@&/ement indicate that there will be
larger amounts of gel and micro-cracks in the RCArger amounts of gel require
longer drying times to ensure that all of the maistis removed from the gel and also
greater carbonation to reduce the potential f@xgansion of the dried gel. The larger
amounts of gel are also likely to concentrate &fiher fractions of the RCA, and
therefore the fines should not be used. The ise@amount of micro-cracking in the
RCA will increase its tendency to break down esggcunder high traffic or near the
surface.

Low reactive aggregates from a PCC pavement sadférom medium level
ASR distress to be used in an HMA pavement sulbgectild climate, low traffic
loadings, and no deicer application is one of tlilden cases presented in Table 15.
Since the aggregate reactivity is low, moisturespsbility is not as significant an issue
as anticipated for highly reactive aggregates.oAtise mild climate and lack of deicers
even further reduces the potentiality of any newRAS occur. Therefore moisture
susceptibility requirements are not as stringeribahighly reactive aggregates because
formation of alkaline solution will be much leskdly to cause additional ASR. The
medium level of distress indicates that there alldikely to be significant amounts of
gel and/or micro-cracks in the RCA. As a resulgager carbonation, and extended
drying will be needed as explained previously fa high distress situation. Similarly,
the restriction on the use of the fines needs tmamtained, and the effect of micro-

cracking under high traffic or near the surfacapgplicable.
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Table 15 Guidelines for Use of ASR-RCA Based on ggegate Reactivity, Pavement Distress Level,
and HMA Pavement Conditions

PCC Condition

HMA Conditions

Reactivity

Distress*

Climate**

Traffic

Deicer

Remediation Measures

High

High

Mild

Low

No

low air void connectivity, intense
carbonatiom and extended drying (batch
plant recommended), do not use in surfa
course, do not use fines

High

High

Severe

High

Yes

harder binder, low air void connectiwy
intense carbonatienand extended drying
(batch plant recommended), do not use i
surface course, do not use fines

High

Low

Mild

Low

No

low air void connectivity, normal
carbonatiom and drying (drum or batch
plant), may use in surface course with
caution, use fines with caution

Ce

—

High

Low

Severe

High

Yes

harder binder, low air void connectiwy
normal carbonatiomand drying (drum or
batch plant), do not use as a surface cou
do not use fines

rse,

Low

Medium

Mild

Low

No

intense carbonatienand extended drying
(batch plant recommended), do not use i
surface course, do not use fines

—

Low

Medium

Severe

High

Yes

intense carbonati®nand extended drying
(batch plant recommended), do not use i
surface course, do not use fines

—

Low

Low

Mild

Low

No

normal drying (drum or batch plant), may
use in surface course with caution, use fi
with caution

nes

Low

Low

Severe

High

Yes

normal drying (drum or batch plant), may
use in surface course with caution, do no
use fines

* High and medium distress levels are anticipate@salt in greater mass loss in the freeze-thaw and
micro-deval tests.
** | ow temperature and low rainfall combination repents mild climate whereas high temperature and
high rainfall combination represents severe climate
v If the results of moisture susceptibility testiisgich as the Lottman test) indicate strong resistém

moisture damage, then the requirement of low ail eonnectivity may be waived in order to minimize

the cost.

+ May need to keep ASR-RCA outdoors for longer tpeeiod and/or spread stockpiles more thinly, an
approximation of degree of carbonation may be daterd by measuring the pH of ASR-RCA
immediately after crushing then measuring the pA®R-RCA that has been allowed to carbonate in the
stockpiles. The reduction in pH will provide arpagximation of the degree of carbonation.

& Carbonation as a result of normal stockpiling picas.



132

6.2  Additional Research

The recommendations presented in Table 15 arellmsthe limited results of
this study. Additional research is needed to conthat all of the remediation measures
listed for each reactivity, distress level, and HNéndition are suitable and effective.

The effect of ASR-RCA fines was not definitivelstablished in this study.
Additional research into the impact of these finesHMA properties is needed. Also,
guidelines on blending ASR-RCA fines with finesrfrquality virgin aggregates need to
be developed.

Determine the carbonation rates of ASR-RCA dufielgl storage through pH
monitoring and petrographic studies to provide gliieks regarding effective storage
time.

Determine the moisture content of ASR-RCA at tbmgletion of drying in the
two different types of production facilities to pide guidelines regarding effective
drying.

Generate large volume of moisture susceptibilétadising different asphalt
binders when combined with varieties of ASR-RCBsmth Micro calorimeter and
Lottman test should be used for this purpose iewtal establish a better way to quantify
the moisture susceptibility.

In order to understand fully the long-term effeatsising ASR-RCA in HMA, a
field study of sections of HMA pavement made witSR-RCA should be conducted.
Factors such as (i) high rainfall, dry climate) (iigh traffic, low traffic, (iii) with and
without deicers, (iv) cold and hot climate can Heaively incorporated during test
section selection and design process. This wdlxatonstruction of test sections with
extreme situations, e.g., (i) one section undehn hagnfall and traffic conditions with
deicers application — high severity case, (ii) arosection under dry climate, without
deicers, less traffic — less severity case

The following data would need to be monitored dgr long-term study:
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» Alkalinity of solution within the HMA — efforts nekto be made to verify
whether current practice of pore solution extracfar PCC materials can be
applied to HMA materials. Otherwise, different imeds need to be explored.

* Solution pH in the HMA

* Expansion monitoring of the HMA pavement (similaRCC pavement)

» Petrographic investigation of cores samples peralyi taken from the test
section — information pertaining to (i) occurreréeany ASR products, micro-
cracks, (ii) binder softening and presence of nuoks in binder, will be
gathered.

Another area for potential research would be arfsic study of in-service HMA
pavements containing ASR reactive aggregates biewith normal RCA to which de-
icing chemicals have been applied. This would erarthe potential for reaction

between reactive aggregates and deicing chemidéls.study would include:

» Petrographic examination of the aggregates to uhéterif ASR had occurred
and, if so, to what extent

» Cracking initiating in the pavement layer of intgre

» Climatic conditions (e.qg., rainfall, relative huntid temperature)

* De-icing solution application times and rates

» Alkalinity of solution within the HMA

* Solution pH in the HMA
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APPENDIX A

STANDARD QUESTIONNAIRE SENT TO AFBS

Material availability:

1. Is ASR-damaged recycled concrete aggregate (RCAgrirabcurrently available
in your facilities? If available in which form?

2. Is RCA in a form of stockpile available? If yesh@ow old is the stockpile? We
need relatively fresh materials.

3. Do you make finished RCA with recommended grad&tion

4. What is the possibility that you can remove a aoméid ASR affected slab
(partially) and crush using your onsite crusher togh donate us the crushed
material for our research. We are willing to plag shipping charge.

5. Whether ASR concentrates only in top 2-3 inchesrastiof the concrete looks
good?

6. Whether you are doing only patch work (removalopf ASR affected layer) or
full depth repair (in case the whole slab is ASfeetkd)

7. Whether ASR-RCA in your facility is an accumulatiohcrushing slabs or
foundation / base or combination of both?

8. If the material is not available at this time, go& planning to remove any alkali-
silica reacted (ASR) slabs and make RCA withinrteet 4-8 weeks?

9. Do you have HMA mixtures in service that contain/R&s aggregates -
specifically RCA that was crushed from PCC that affscted by ASR?

Historical information

10.What type and dosage oéicer that was applied, if any?

11.Do you think that the use of deicer triggered tI&RA?

12.Can RCA from areas with and without deicer appiocabe selected?

13.What is the type of reactive aggregate(s) in ASiReatd concrete? Whether
both coarse and fine aggregates are reactive gproo@ is reactive?

14. Availability of info pertaining to mix design (witand without SCMs, w/cm,
etc.)?

15. Any information pertaining to climatic parametetgls as temperature cycles,
wet-dry cycles, moisture, rainfall, external souot@lkalis and sulfates (if any)

16.How old is the pavement?

17.1s there any other visible or suspected distresg, (eeeze/thaw, DEF, sulfate
attack, corrosion problem etc.) other than ASR?

Level of ASR distress:
18.What is thdevel of ASR-distresge.g., low, medium, and high)? If information
is available then following criteria can be appliectategorize the distress level
as low, medium and high
a) Upheaved shoulders, buckled pavements, closingsimajoints, damaged
utility trenches, significant map-cracking, presewnt white gel products
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along the map cracks — symptoms of significant oetecexpansionHigh
ASR distress

b) presence of poor ASR related map-cracking and &B& symptoms Low
distress

Can you send us some pictures or reports to gekeanabout the level of ASR
distress visually?

19. Confirmation of ASR by petrography - Can you seagdomepetrographic
report (if available)? Otherwise, do you have any cores ylou may have taken
earlier to verify ASR inside the pavement or anyeotpurpose? Can you donate
us those cores for assessment?
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AIR

Source POC Material Petrographic Nature of Deicer Pavement Type of Top Part
Availability Report Damage Application Age Reactive or
Aggregate Whole
Depth
Dover Earl Unable to Map-cracks E-36, full Various ages | Old river It seems
AFB Waller provide No observed at strength, from 10-60 run — ASR is
ASR-RCA petrography places, deicer years, Asphalt| possibly not a big
samples Only UFAM Concrete with | possibly overlay, reactive; issue
granite triggered sample will Later on here
aggregate ASR be Granite
looks ok; contaminated | aggregate
Little ASR by AC possibly not
with concrete reactive
with river run
aggregates
Holloman John Materials No such good | all levels of No deicer, Stockpiles ~ 8| Natural Top 2-3
AFB, NM Hamann, received petrography ASR, Trench | mild dry months old, sand?? No inches,
from top 2-3 | report drain damage,| climate early 1990s, such other | patch
inches Cracking 13-17 years distress work is
without although going on
significant SG; in soil
expansion; high,
Pictures cement
shows map- content was
cracks; high
No other
distresses (?);
Seymour Darlene ASR-RCA No Medium ASR | No deicer; 1959 Not sure Probably|
Johnson Varani received petrography, distress, 1.5 Hot and full
AFB, ASR exp. Joint humid depth??
North confirmed closed by 2 climate and
Carolina based on years and’4 | periodic
personal joint reduced | hurricane and
experience to 1/ by 5-10 | tropical
and visual yrs, asphalt storm
distresses shoulder
heaving;
pictures show
map-cracks
but not
prominent,
Other
distresses -
unknown
Grand Ed stores | March-April No use of Whole
Junction, / Jason (stockpiles) deicer depth
CO, AFB Virzy, or
phone 30 inch dia
cores any
time
Ft. David Not Exp. Joint Li
Campbell Kiefer / available, closed in a application
AFB, Roy they have no matter of
Kentucky Tyler, plan to months,
phone remove any expansion
ASR with
affected negligible
slabs in near cracking
future
Edwards Ken Presence of Map cracking | Dry climate 1950s, 40+ Little rock Looks
AFB Crawford ASR was observed but | (desert), ASR| years no such| wash — like ASR
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confirmed in not solely not problem alluvial in deeper
Lab in 1995, significant responsible deposits of | portion
In 2004 report | (1995 report); | for more granitic and | but no
the presence map-cracking | crack volcanic such
of ASR gel more severe | development (rhyolite, solid
was confirmed | at the in recent andesite proof;
on aggregate | runways and | years; and basalt), | Full
surface, taxiways carbonation, chert etc.; depth
around intersections; | drying slowly along the
aggregates and ASR not been| shrinkage, reactive joints
in cracks identified as a| ASR due to aggregates;
problem or wet/dry 0.4 wlc, 3
concern, no cycles with inch max.
spalling, high T inside, size
shallow traffic loads aggregate,
superficial 2.5-5.5 air,
cracks; ASR no SCMs, 6
is growing sacks
cement
Omabha, David Do not have
NE Airport | Roth, e- ASR
mail effected
concrete
stock piles,
don’t know
whether they
are going to
do any repair
work in near
future
Navy Greg NO response
Cline, e- yet
mail
Atlanta Quintin ASR-RCA
AFB Watkins not
available,
rubbles from
slated
pavements
available but
they need
further
crushing
NM DOT Bryce No RCA, No Severe ASR both with and | 2000’s and From Rio
Simons they don’t petrography damage, All without older Grande
deal with available for level of deicer drainage
RCA, the present distresses, application, basin —
However locations, North Mexico | sand with salt gravel (?)
they can Pictures and — severe
remove slabs| reports — not freeze/thaw
crushed by easily and cycles; sulfate
the private quickly present in
industry. available soils; other
Available, distresses are
locations not confused
need to be with ASR

selected
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APPENDIX C

TEST PROTOCOL FOR DETERMINATION OF ALKALI-SILICA
REACTIVITY OF AGGREGATE, MORTAR, AND CONCRETE USING
DILATOMETER

Scope

This test method covers the determination of frdleame expansion of aggregates (both
coarse and fine aggregate) alone due to alkatiasikaction (ASR) as a function of time.
Dilatometer test is also used to determine the Agpansion of mortar and concrete
specimens.

Referenced Documents

1 Mukhopadhyay A.K., Shon Chang-Seon, and Zolling&s. “Activation Energy of
Alkali-Silica Reaction and Dilatometer Method”, Tisportation Research Record,
Journal of the Transportation Research Board, R@91concrete materials 2006.

2 Shon Chang-Seon, Mukhopadhyay A.K, Zollinger [2G07), “Evaluation of Alkali -
Silica Reactivity Potential of Aggregate and Cortetgy Using the Dilatometer
Method: Performance Based Approach”, Journal oh3partation Research
Record, Concrete Materials 2007, No. 2020, pp.96vtas nominated for the
best practice-ready paper awardoy the Design and Construction Group of the
Transportation Research Board of the National Acadg Washington D.C in the
area of design and construction.

3 S.L. Sarkar, Dan G. Zollinger, Anal K Mukhopadiy&andbook for Identification
of Alkali-Silica Reactivity in Airfield Pavement’Advisory circular, AC No:
150/5380-8, 2004, U.S. Department of Transportatederal Aviation
Administration. —The dilatometer test method is discussed as a apid test
method that could be routinely applied during comgtion.

4. Chang-Seon Shon, Shondeep L. Sarkar, and Da&tollihger, A New Rapid Test
Method to Predict LINO3 dosage for Controlling A&RpansionProceeding of
7th



146

CANMET/ACI International Conference on Superplastics and Other Chemical
Admixtures in Concret&erlin, SP-217, pp.423-436, October 2003.

5 Shon Chang-Seon, Mukhopadhyay A.K, Zollinger D*&valuation of Alkali-silica
Reaction Potential of Aggregate Using Dilatometativbd”, Proceedings of
Transportation & Development Institute (T&DI) ofettAmerican Society of Civil
Engineer’s Airfield and Highway Pavement Speci&@tnference, April 30 — May
3, 2006, Atlanta, USA.

6 Verbeck, George J., “Dilatometer Method for Detigration of Thermal Efficient of
Expansion of Fine and Coarse Aggregate,” Highwaselech Board, Proceedings
of the Thirtieth Annual Meeting, Jan. 9-12, 1951.

Apparatus

The device proposed to measure the free volumensigra of aggregate (both coarse
and fine aggregates), mortar and concrete is cdileel dilatometer”. The detailed
drawings of the dilatometer are shown in the figbetow. In short, it consists of a
stainless steel cylinder, a Teflon-coated brassdidtainless steel hollow tower and a
steel float. At the top of the tower, a casinq&alled to ensure proper alignment of the
LVDT and the float. To ensure that air bubbles bareasily removed, the inner surface
of the lid is designed at a specific angle upwakdsthe stainless steel rod moves inside
the LVDT, electrical signals are generated. Theeefithe physical phenomenon (i.e.
movement of the rod) is converted into a measursilgleal. This provides a sufficiently
high accuracy in the measurement of a certain velehange in the small area of the
NaOH solution surface in the tower. A thermocouplenmersed in the NaOH solution
to monitor the temperature inside the containee TWDT signal and temperature are

recorded simultaneously by a data acquisition —der system.

Preparation of Alkalinity Solution
The 1 N, 0.5N and 0.25N NaOH solutions are prepésediluting 40, 20 and 10g of

sodium hydroxide crystals into 0.9 Liter of disdl water. Then water is added to raise
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the total volume of solution to 1 liter. Ca(QH}p separately added to the prepared

NaOH solutions till the solutions become saturatéti respect to Ca(OH)

Aggregate Preparation
Use the 80% of aggregate out of 100% total volufriykindrical container.

1. The weight of the oven dried aggregate is measaretl then placed in the
dilatometer

2. The aggregates are soaked for 15-16 hours (ovéjnighn alkaline solution at
room temperature.

3. The dilatometer is subjected to 3 hrs vacuumingftlewing day to remove
entrapped air.

4. The dilatometer is then placed in a water bathaiser the temperature to the
target temperature.

5. A second round of vacuuming at target temperatutiean applied for 1 hr.

6. The stainless steel float is inserted into the toased the casing is securely
placed at the top of the tower. An airtight sitaatis ensured through the use of
O-rings in all the three junctions (lid-tower, taweasing, casing-LVDT
housing etc.) in the dilatometer system

7. The dilatometer is then placed in the oven. It $ad®und 4-5 hrs for the alkaline
solution to be equilibrated with the temperaturéhef oven.

8. LVD movement after the stabilizing period represeotvement due to ASR

9. LVDT movement and temperature are continuously neexb through data
acquisition system till 75-100 hours with 1 houtaditerval

A summary of the above steps is presented in thle teelow. Furthermore, concrete /
mortar specimens of specific dimensions are alstedeusing dilatometer at different
levels of soak solution alkalinities by followiniget above steps. In general, it takes

around 7-8 days for mortar testing and 15-20 dagsdncrete testing.



LVDT

Chassis

1. Tower
» Na(QOH solution surface

lid
i

Proposed Sample Preparation of Aggre
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LabVIEW

Workstation

Container

Dilatometer Setup

gate

- Aggrepates (mortar / concrete)

Step Time Temp. Purpose/ Process
Aggregate Saturation 12 hrs. Room Saturation
\Vacuuming (Agg. + sol.) 2 hrs. Room
|[Preheating dilatometer 2 hrs. Room to Target|Remove entrapped
\VVacuuming (Agg. + sol.) 45 min. Target
[Dilatometer stabilization 5 hrs. Target Set LVDT
ASR Measurement 150-170 hrs. Target Measure ASR e

Calibration Procedure

A calibration procedure is developed in order ttedaine the net LVDT displacement

due to ASR. The steps of the calibration procedueedescribed below
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Three dilatometer tests, i.e., two with aggregaleton and one with aggregate-
water are conducted at the same temperature anel il an aggregate.
Permissible COV% based on two replicas of aggregaiigtion tests will serve

as a verification of repeatability within the labtory. It is to be noted that the
COV% can be more in case of highly heterogeneougeggtes because of
variability in two different dilatometer samples.

The data are recorded and monitored for at ledstyd

Once the test is stopped, the LVDT movement (irgetg) temperature are plotted
as a function of time (hours) for both aggregateismn and aggregate-water
tests.

A reference time on the LVDT movement (y-axis) mei (x-axis) plot is then

chosen based on the time when the dilatometer texrtyse reaches the target
temperature (temperature-time plot) and becomalizedb (approximately after

4-5 hours from the beginning of the test at oven).

All LVDT readings after the reference time (itembare subtracted from the
LVDT reading at reference time to obtain the LVDIsglacement due to

aggregate-solution and aggregate-water interaction.

A downward LVDT movement for aggregate-water testsbvious because of
permanent pressure build up situation created bygptete air-right situation

inside dilatometer and incomplete aggregate satur&f any).

The rate of downward movement of aggregate-solutests should be lower
than that at aggregate-water test as it is a fettedf downward movement due
to pressure build up and incomplete saturation @maard movement due to
ASR

The difference in the magnitude between the LVDTvements of aggregate-
solution and aggregate-water test represents tH&TLdisplacement due to ASR

The percent LVDT displacement due to ASR is thelcutated based on the

following procedure.
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Calculation Procedure for Percent Displacement
The percent LVDT displacement is calculated basethe following mathematical

relation:

E (%)= AVisr 100
Vaggregate

E.(%) = Percent Expansion at n hours
Where:V, = Initial Volume of Aggregate

aggregate™

AV, = Volume change of Aggregate at n hc

Target

hz //\ Temperature

AVpr=h—h

hl' w ‘ Target

Temperature (T

AVThermaI: Il_ l’b

f‘b w o Room

Temperature

d=1.25 inct

A schematic volume change due to ASR expansion

The above analysis is conducted for all the teatggegates. An upward net ASR
movement is observed for all the tests. Therefomn be postulated that dilatometer

measures free volume expansion due to ASR.

Determination of the Characteristic Parameters of AR

The measured expansion — time relationship is timedleled using the following
mathematical relationship in order to calculate theémate ASR expansioned) of
aggregates, the theoretical initial time of ASRangion (§), and the rate constarfi)(
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_( P \B
(t_t )
— 0
E —go.e

where:

&, = ASR Ultimate Expansion

[ = Slope of the logarithmic rate of exp&swith respect to time
t, = Initial time of ASR Expansion (hr)

p = Time corresponding to an expansiap (€ / )

Actually, the model is used to predict expansionaaBinction of time. The above
parameters are determined using a new proceduesl caystem identification Method
(SID) at the best match between predicted and me@asxpansion. The calculation to
determine the four parameters is based on itergtiooess and a computer program in
MATLAB is developed for this purpose. The expansfon%) and time (in hrs) are the
necessary input for the MATLAB software and thénuidtte expansion, the rate constant,
and the ASR theoretical time are the relevant dstpu

The COV% based on 2 rate constants from two agtgegplution tests needs to

be within 15% in order to satisfy the repeatabitéguirements.
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