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ABSTRACT

Deicing and anti-icing chemicals such as alkaétate and alkali-formate based
formulations are increasingly being used on ailfipevements. Among these new
deicers, potassium acetate-based formulations ardelyw used due to their
environmentally friendly nature and effectivenassrielting and undercutting ice at low
temperatures. Recent research on premature deatesio of airfield pavements due to
alkali-silica reaction (ASR) has indicated thatadiHacetate and alkali-formate deicers
such as potassium acetate and sodium formate may been responsible for the
observed distress. In an effort to develop a dgichemical that is benign to concrete
from an ASR standpoint, a new deicing formulatiasdd on lithium compounds is being
explored.

This research study presents the findings fronbarktory-based investigation on
developing a lithium-acetate based deicing chemaapecifically address ASR concern
in concrete. In these studies, mortar bars andretsm@rism specimens were prepared
with aggregates of known reactivity and exposesaiations of pure lithium acetate and
pure potassium acetate at different concentratidmsaddition, parallel tests were
conducted on mortar bars and concrete prisms ichwast specimens were exposed to
solution blends of lithium acetate and potassiumtate at different Li/K molar ratios
(Li/K molar ratios=0.2, 0.4, 0.6, 0.8). Also, inder to evaluate the effect of these deicing
chemicals on scaling resistance of concrete, metliSTM C 672 tests were conducted.
In order to understand the extent of externallfliegpdamage in concrete, thé Kn and

Li* ion profiles were established using Inductivelyu@led Plasma (ICP) and X-Ray



Fluorescence spectrometer (XRF) techniques. Aksststwere conducted to determine
the effectiveness of lithium nitrate, when applasia pre-treatment before exposing to
potassium acetate to find its effect in mitigathgR.

Results from this study showed that specimens contpreactive aggregates and
soaked in blends of lithium acetate and potassicetate showed little or no expansion
due to alkali-silica reactivity. It is also obsedvéhat potassium acetate deicer at
concentration levels of 3 and 6.4 plays a significale in the expansion of mortar bars
and concrete prisms. No scaling was observed igrete slabs made with both reactive
and non-reactive aggregate exposed to 3 and 6.4rmkOAc solutions. From the
penetration test, the gradient from top to bottdrawged the influence of K in concrete
samples. Mortar bars which were pre-treated witNQ4 showed significantly lesser
expansion compared to bars which were not treaigol) exposure to potassium acetate
deicers. In general, specimens made with high-{atleahent expanded more, compared
to specimen made with low-alkali cement. It is maoeended that lithium blended
deicers with at least Li/K ratio of 0.2 be used faitigating ASR. Also, low-alkali

cements should be preferred when exposure to ddaanticipated.
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CHAPTER ONE

INTRODUCTION

1.1 General

Concrete deterioration due to alkali-silica reatti®SR) is a serious problem
throughout the world. ASR is a deleterious chemieaktion between hydroxide ions in
concrete pore solutions and certain reactive siliseaggregate components, resulting in
the formation of gel. When the alkali-silica gelalbhs moisture, it swells and exerts an
internal pressure on the concrete and if the ialgpnessure exceeds the tensile strength
of concrete it eventually produces cracks in theccete. The most common methods of
minimizing the expansion due to ASR are using nactiee aggregates, limiting the
alkali content of concrete, using supplementary ex@mg materials and using lithium
compounds. Lithium compounds have been found tdhkbemost effective agents to
mitigate expansion due to ASR in both new and adceete structures, when used at
adequate dosage levels.

One of the main components necessary for ASR tarasdhe alkali content. The
main source of alkali in concrete is Portland cetmiéms now suggested that alkalis from
external sources such as deicing salts and sadtr\wptay in marine environments play a
vital role in triggering ASR. In the airfield indug, new generation deicers like
potassium acetate, sodium acetate and sodium feraua replacing the traditional
deicers and are widely used due to their low emwirental impact. Potassium acetate is

being used by major airports and military bases ldvade. Recent premature



deterioration of airfield concrete pavements halcated that these airfield deicers may
be responsible for triggering ASR in concrete.

It is well known that several of the lithium compais like lithium fluoride,
lithium chloride, lithium hydroxide, lithium carbate, etc, when proportioned
appropriately into the fresh concrete, have showtergial to mitigate expansions
induced by ASR in concrete. Topical applicationsations of lithium compounds like
lithium nitrate have also shown promise in thisarelgto mitigate ASR in existing
concrete structures. However, the use of lithiumtate as an ASR-mitigation measure
has not been explored yet. As a new approach réssarch investigates the effects of
lithium acetate compounds as an alternative deiclmgmical and also in combination

with potassium acetate deicing chemicals in mitngpASR.

1.2 Problem Statement

In recent years, potassium acetate-based deiceesga@ned popularity in airfield
concrete pavement deicing operations. Potassiurtatadeased deicers are not only
effective in ice and snow removal at much lower gematures than either sodium
chloride or calcium chloride based deicers, but @s® considered environmentally
benign. However, investigations at selected aigdrave suggested that potassium
acetate-based deicers may have lead to premasitresdi in certain concrete pavements.
In support of this, a preliminary finding from thenovative Pavements Research
Foundation (IPRF) study indicates that the potassauetate deicers have the potential to

induce aggressive alkali-silica reactions in certeoncretes. Since these deicers affect



the durability of concrete pavements, it becameessary to explore the use of deicing
chemicals that are based on lithium compoundstamaltive deicing chemicals and also
in combination with potassium acetate as mitigatrwasure as lithium compounds have

shown potential to mitigate ASR.

1.3 Need for the Research

There has been a tremendous increase in the ysatadsium acetate deicers in
winter operations of airfield concrete pavementdsoA there has been premature
deterioration of several airfield concrete paveraehe to the use of this environmentally
acceptable deiceAs a result of this, there was an urgent neednid &lternative deicing
chemicals and also to find mitigation measuresamlzat ASR induced by potassium
acetate. Since there are no deicers based onntitbampounds to combat ASR, it has
become necessary to determine the effectivenedghafm acetate as an alternative

deicer and also as a combination with potassiurtatee mitigating ASR.

1.4 Research Objectives

The principal objectives of this research studyawver
1. To determine the effectiveness of lithium acetata deicer solution in mitigating
ASR induced by Potassium acetate deicer.
2. To study the effectiveness of lithium acetate iimbmation with potassium
acetate deicer soak solutions with different Li/latios and at different

concentrations in mitigating ASR.



1.5 Scope of the Research

The scope of this research was to study the sffefct
1. Lithium acetate as deicer solution
2. Lithium acetate in combination with potassium atetkeicer.
In this study, five different reactive aggregatésittare different in level of
reactivity and two non-reactive aggregates were.use
Reactive Aggregates:
1. Rhyolite from New Mexico (Las Placitas Gravel Ri#farge Aggregates, NM).
2. Siliceous limestone from Ontario, Canada (Spra&r@uy Ontario, Canada).
3. Quartzite from South Dakota (L.G. Everist Quarigu& Falls, SD).
4. Argillite from North Carolina (Gold Hill Quarry, N
5. Fused Silica
Non-Reactive Aggregates:
1. Ottawa sand from lllinois (ASTM C 778 Standard Sand
2. Dolomite from lllinois (Material Service Corporatiplllinois).
Two types of cements were used to study the inflaest the alkali content of
cement.
1. High-alkali cement (0.83% N®eq).
2. Low-alkali cement (0.29% N®&eq)
Modified ASTM test procedures were adopted whendsed test methods were

not available which is explained in the approprieetion of this dissertation.



The standard and modified ASTM C 1260 tests weredgoted with different
aggregate type to find the reactivity of aggredatenvhich 208 samples were tested.
To determine the length change of concrete dudkadi &ilica reaction, a modified
ASTM C 1293 test was conducted for which 120 sampb¥ere tested. Modified
ASTM C 672 test were conducted to determine thestaasce to scaling of a
horizontal concrete surface when exposed to frgeaimd thawing cycles in the
presence of deicing chemicals for which 18 sampiere tested. Modified ASTM C
227 test were conducted to determine the effeatisgrof lithium nitrate as a pre-
treatment measure before exposing to regular deifmer which 15 samples were

tested.

1.6 Research Approach

The research approach of this dissertation waslkas\s:

1. Evaluate lithium acetate by itself a deicer andhwdifferent combinations with
potassium acetate by running a modified ASTM C 11260 procedure.

2. From ASTM C 1260 test results the effective comtiamain mitigating ASR was
selected to conduct modified ASTM C 1293 test.

3. Determine the physical deterioration caused by ailsicon mortar bars and
concrete prisms by measuring the loss in dynamidulus of elasticity of the

specimens.



4. Conduct pH measurements, scanning electron migpgs¢SEM) and energy
dissipative x-ray analysis (EDX) for mortar bargl@oncrete prisms at the end of
the study.

5. Evaluate the influence of these deicer formulatiams scaling resistance of
concrete by running ASTM C 672 tests.

6. Measure the penetration depth of deicers on thereteslabs by drilling cores of
sample and using ion chromatography.

7. Conduct chemical analyses to understand the mesthaoi these deicers in

mitigating ASR.

1.7 Organization of the Dissertation

The dissertation is comprised of five chapters. g@¥#ral is the introductory
chapter and states the problem statement, neethdéoresearch, research objectives,
scope of the research, research approach, andizaijan of the dissertation. Chapter Il
presents a literature review on ASR and variousgatibpn measures. It provides the
general information on ASR and different deicingiicals based on their properties.
Chapter Il also discusses the deicers which ard aseregular highway pavements and
airfield pavements. As mitigation measures, varililsum compounds being used are
also discussed in detail. Chapter 11l describesntiagerials used in the research and the
test procedures. It also provides a layout of tkeeemental program along with the
mixture designs used in all the tests. Chapter lds@nts the results and discussions of

the various tests. Chapter V presents the sumnfatyeovarious tests and the principal



findings of the research and the conclusions dréwm the findings. Based on the
findings, recommendations are made for the usghofiin blended deicers and the future

research work needed.



CHAPTER TWO

LITERATURE REVIEW

2.1 General
This chapter provides an overview of alkali-silieaction (ASR) and also some
general information on different types of deicifgemicals used for concrete pavements.
It also discusses the mechanism involved in ASR thAedvarious mitigation measures
which are currently used to mitigate expansion tudSR, and also a wide range of
research performed using lithium to combat ASRadidition, a review of literature is

presented as the case of lithium admixture in @itngy ASR expansions.

2.2 Introduction to Alkali Silica Reaction

In the United States during late 1920s to theyed840s there were reported
failures of concrete structures due to the rest@iliowerall cracking throughout the
structure manifested at the surface as extensivp amacking or pattern cracking,
frequently accompanied by gel exuding from the ksaor surface popouts and
spalling[1]. In the early 1940s, Stanton [2] firdéntified the cause in which he revealed
that the deterioration is due to expansions cabgetthe chemical reaction between the
alkalis from the cement and certain reactive foainsilica within the aggregate.

It has been found that various forms of silica haliferent reactivities,

depending on the degree of crystallinity, interpafosity, crystallite size, and internal



crystal strain. Due to this, different aggregatssct at different rates and the damage due
to ASR may not be apparent for many years afténatsire is put into service.

Since this initial discovery, there have been reggbrases throughout the world.
ASR has been implicated in the deterioration ofiotey types of concrete structures,

including dams, pavements, bridges, and othertsires.

2.2.1 Factors Affecting Expansion

Factors that control the ASR expansion are
1. Reactive silica

* Nature of reactive silica.

* Amount of reactive silica.

» Particle size of reactive materials.
2. Amount of available alkali and

3. Amount of available moisture.

Reactive Silica
One of the essential components needed for ASRctmrois the reactive
aggregate. Reactive aggregates are those thatdemeakdown under exposure to the
highly alkaline pore solution in concrete and sujosatly react with the alkali-
hydroxides (sodium and potassium) to form ASR ek important to note that not all

siliceous aggregates are prone to ASR. The inheeativity of aggregates depends on



several factors, including aggregate mineraloggreke of crystallinity, and solubility of

the silica in pore solution.

Sufficient Alkalis

The presence of sufficient alkalies is essentidfigger ASR. The source of alkalies
can be from any of the following:

1. Portland cement.

2. Supplementary cementing materials (fly ash, sldigagsume, etc.).

3. Aggregates.

4. Chemical admixtures.

5. External sources (seawater and deicing salts).

6. Wash water.

Of the above materials, Portland cement is the ncamtributor of alkalies. The
alkalies present in Portland cement are in the fofipotassium oxide (#O) and sodium
oxide (NaO). The quantity of alkalies in Portland cementtypically expressed as
follows:

NaOe = NgO + 0.658K0
Where: NaO, = Total sodium oxide equivalent (or equivalentapdh percent by mass
NaO = sodium oxide content, in percent

KoO = potassium oxide content, in percent

Although laboratory tests shows that keeping thael talkali content below 3.0

kg/m® Na,Oe is an effective method of limiting expansion, dieftructures have exhibited
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damage with even lower alkali loadings, especiallgjen alkalies have also been
contributed by the aggregates in the mixture oextgrnal sources, such as deicing salts.
Thus, when considering imposing a limit on the klk@antent for a given concrete

mixture, consideration should be given to the agate type and reactivity, exposure

conditions, and nature of the structure (i.e., glesife or relative importance).

Sufficient Moisture

Available moisture is important when considering gfotential for ASR-induced
damage in field structures. Concrete mixtures casegrof highly reactive aggregates
and high-alkali cements have shown little or no agion in certain very dry
environments. Likewise, local differences in maistuavailability within the same
structure have resulted in vastly different perfante within that structure. Specifically,
portions of the structure exposed to a constasteady source of moisture (e.g., due to
poor drainage or poor detailing) have exhibitechifigant ASR induced damage, while
other portions of the structure that remain esaytiry have shown little or no damage.
Therefore, in general, the exposure conditions, #mel availability of moisture

specifically, play an important role in the ASR uneéd damage in concrete structures.

2.2.2 Mechanism of ASR

Based on the synthesis a broad range of researételoyuth and Stark [1] they
observed ASR results in the production of two congmt gels — a nonswelling calcium-

alkali-silicate-hydrate [C-N(K)-S-H] and a swellinglkali-silica-hydrate [N(K)-S-H].
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Whenever ASR occurs in concrete, some nonswell@w(K)-S-H] is always formed.

The reaction will be safe if this is the only reantproduct, but unsafe if both gels form.

The overall mechanism of ASR proceeds in the falhgwvay:

1. In the presence of various pore solution ions,réaetive silica in the aggregate
undergoes depolymerization, dissolution and swellin

2. The alkali and calcium ions diffuse into the swollaggregate resulting in the
formation of a nonswelling C-N(K)-S-H gel.

3. The pore solution diffuses through the porous layeC-N(K)-S-H gel to the
silica. If CaO constitutes 53% or more of the C-IN&H on an anhydrous
(without water) weight basis of the gel, only a swelling gel will form.
However, for high alkali concentrations, the sdlityoiof CH is depressed
resulting in the formation of some swelling N(K)Fbgel that contains little or no
calcium. Both nonswelling and swelling gel resuits the formation of a
composite gel with greatly increased viscosity dadreased porosity.

4. The N(K)-S-H gel attracts water due to osmosis,ciwhiesults in an increase in
volume, which ultimately leads to tensile stresapd cracking. The cracks fill
with reaction product, which gradually flows ungeessure from the point of its

initial formation.
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2.2.3 Mitigating ASR

Some of the common methods of mitigating or prewgnASR in new and
existing concrete structures are:
1. Using nonreactive aggregates
2. Limiting the alkali content of the concrete
3. Using supplementary cementitious materials
4. Using lithium compounds
5. Avoiding future use of deicing salts that will iease alkali content within the

structure.

Nonreactive Aggregates

Using nonreactive aggregates is the best methodrefenting ASR induced
damage. The aggregate reactivity is establishecedbamn their performance in
standardized tests such as ASTM C 1260 and ASTN2Y3 1est. Aggregates that were
believed to be nonreactive have caused damagestaludSR expansion in field
structures. In those cases, proper attention shmilgiven to the prior field performance
of structures built with the aggregates and wheossible, additional precautionary
measures should be taken, such as adding suppkyesmenting materials, etc. The
best solution, whenever it is practical, is to avausceptible aggregate based on

aggregate reactivity tests and service records.
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Limiting the Alkali Content of Concrete

Limiting the alkali content of concrete mixtureddwe some threshold value (3.0
kg/m’) is generally effective in preventing ASR, butstlipproach is not always effective
by itself. Since, aggregates that are durablelatively low alkali contents may become
more reactive when exposed to higher alkali costamtder field conditions from
exposure to deicing salts, alkali release from eggtes and other field effects. With
respect to this, there are reported increasedublecalkalis from 1.1 to 3.6 kg/m3 Mae
close to the surface of some highway structures [3]

It is also now recognized that limiting the alkedintent of portland cement is not
an effective way of preventing ASR induced damageesthis does not control the total
alkali content of the concrete mixture. Therefdirajting the maximum alkali content of

concrete is the preferred approach when speciiyfikali levels.

Lithium Compounds
Using lithium compounds is a viable approach intaaling ASR. Since the
scope of this research performed on using lithiwmgounds based deicer to mitigate
ASR, no additional discussion is provided in theston. Detailed review is discussed in

section 2.4 of this chapter.
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Supplementary Cementing Materials
Mineral admixtures like fly ash, ground-granulatddst furnace slag, and silica
fume have been used to reduce the effects of ASR. Qeneficial effects of these
materials are due to:

1. Dilution of the cement due to partial replacemeithwthe mineral admixture

N

. Reduced pH of the pore solution

w

. Increasing solubility of calcium, and

»

Subsequent formation of nonexpanding C-N(K)-S-H melplace of swelling
N(K)-S-H gel.

It has been found that a large quantity of pozzalaslag is needed to successfully
control ASR. Adequate protection is attained bylaeipg 15 to 20 percent of the cement
by Class F fly ash. For Class C fly ash with highe content, a replacement level of 35
to 40 percent is required. This higher level is thuthe greater portion of silica in the fly
ash that is tied up by the lime, lowering the amairsilica available to control the ASR.

Silica fume is highly effective in controlling th&SR due to its high silica content
and high surface area, cement replacement valu#8 tf 15 percent are typical. Slag is
typically used at replacement levels of 35 peroemhore, to mitigate ASR.

It is important to use enough pozzolan, since laardities of added reactive silica

may increase the severity of ASR rather than dearga

15



2.2.4. Test Methods to Evaluate Reactivity of Agates for ASR

Field performance is the best method for evaludtiegpotential reactivity of an
aggregate. When long term data are not availableit $erm laboratory test should be
used to indicate the potential reactivity of anraggte, although the results often do not
predict field behavior accurately.

There are several ASTM test procedures to findréaetivity of aggregates for
ASR. ASTM C 289 is a quick chemical test that measuhe solubility of silica when
powdered aggregate is treated with sodium hydro&IM C 227 involves measuring
the deleterious expansion in a mortar bar at 38°G or 6 months. ASTM C 289 is a
standard test method for potential ASR of aggregate which crushed aggregate is
immersed in 1IN NaOH solution for 24 hours, The Na&#ution is then analyzed for
amount of dissolved silica and alkalinity (Chemidaéthod). ASTM C 295 involves
petrographic examination of aggregates. ASTM C K¥44 mortar bar test, using pyrex
glass as aggregate to evaluate the effectivenaamefal admixtures in controlling ASR.
ASTM C 1260 is a mortar bar test where bars ar&esban 1N NaOH solution for 14
days to assess aggregate reactivity. ASTM 1293 iecammended test in which the
alkali content of the cement is artificially inceeal to 1.25% by weight of cement and the
test is conducted at high humidity (close to 10@0%38°C. The expansion of the concrete
prism is monitored up to a period of 1 year. Thistimod is used to test the effectiveness

of SCMs and lithium compounds, but the test typycalns for 2 years.
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2.3 Introduction to Deicing Chemicals

One of the important factors for ASR to occur ig thlkali in the concrete.
Alkalies can be ingressed into the concrete byxaereal source like deicing chemicals,
which are studied in this research.

Deicing chemicals or “deicers” are chemicals that sprayed on pavements to
melt ice or snow. The chemicals work by dissolveigwly on contact to create brine,
with the heat of solvation helping to melt the azesnow.

Anti-icing chemicals or “ant-icers” are applied pavement surfaces or aircraft
bodies before snowfall to prevent ice or snow fraghering to their surface. This
prevents the formation of a bond between slippeowsand ice and the roadway, thereby
facilitating mechanical removal. Anti-icing alloi@r a very high level of traffic safety at
low cost and significantly reduces the amount aefdrealt used.

In this dissertation, both deicing chemicals andi-iemg chemicals will be

termed as “deicing chemicals” or ‘deicers” for gake of simplicity

2.3.1 Function of Deicing Chemicals

Salts are used as deicers for winter road mainten&#ecause they lower the
freezing point of water. Deicers are incapable eftimg snow and ice in their dry (solid)
state. When they first come into contact with meoist(ice and snow) they form brine
chemical/water solution. Since the solution of desan water has a lower vapor pressure
than the ice the ice changes its phase to liquittrwdhe brine then penetrates down

through the ice and snow until it reaches the pargnOnce on the pavement surface, it
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spreads outwards melting and undercutting the ok smow for mechanical removal,
plowing or shoveling [4]. Pellets are highly efigetat undercutting because they contact
only a small area of ice and bore vertically dowrdyguickly reaching the ice/pavement
interface.

2.3.2 Classification of Deicers

Based on the chemical composition deicers areifibas:

1. Chloride based deicers: These are most widedy aleicers. They are easily
available and at a low price. Sodium chloride aaltiam chloride are some
of the chloride based deicers.

2. Magnesium based deicers: These deicers arehionde based and therefore,
do not pose any problem like corrosion due to détorand they are more
expensive. Calcium magnesium acetate (CMA) is gmasium based deicer.

3. Acetate and formate based deicers: These deieptaced glycol and urea
based deicers and are generally selected for kbhwienvironmental impact,
high performance and corrosion inhibitors. Exampleacetate based deicers
are potassium acetate and sodium acetate and eesarmaplformate based
deicers are sodium formate and potassium formduey &re high in cost.

4. Glycol based deicers: These deicers were usadports before the acetate
and formate based deicers. They are non-chloridedodropylene glycol is
used as aircraft deicer and is the only aircrafteteapproved for purchase for

Air Force activities [5].
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5. Urea: Urea is used as an airfield deicer/amti-io the aviation industry to
avoid aircraft corrosion. However its use is nowscduraged by

Environmental Protection Agency due to environmlectacerns.

2.3.3 Highway Deicing Chemicals

Chloride based deicers like calcium chloride andiwso chloride (rock salt) are
widely used deicers for winter operations for snawd ice removal on concrete
pavements. They are the most cost effective andyeasailable deicers in USA.
Considerable research has been done to underdtenthftuence of these deicers in
initiating ASR in concrete pavement [6-14]. One tbe adverse effects of sodium
chloride deicers is on the corrosion of highwayatures, especially bridge decks.

It was estimated that the cost of corrosion dantagesed by deicing and sea salt
on highway bridges exceeded US$150 billion in tmétédl States [15]. Of an estimated
80,000 bridges in Canada, 50% have an average fagetween 30 and 45 years and
require major rehabilitation or total replacemel@]|

Chloride attack in concrete is not essentially ooty the cement paste but the
reinforcement present in the concrete. A passiMter of ferrous oxide forms on the
steel as soon as the hydration of cement begins. gdssivity layer protects the steel
from any reactions with water and oxygen to frorstridowever, chloride present in the
deicer destroys this passive steel layer and desvine steel to form an anode in these
reactions. Chloride ions combine with ferrous iom$orm ferrous chloride. The ferrous

chloride, in turn, reacts with water to form fersobydroxide and hydrochloric acid.
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Hydrochloric acid in water exists as H+ and CI- 9oMherefore chloride ions are
regenerated, which cause further corrosion of tiael ¢ concrete.

Chloride based deicers also aggravate ASR in ctmdfghen concrete is exposed
to chloride based deicers, they react with the dtyoin products of the concrete causing
the liberation of OH- ions, which causes an incedasthe pH of the pore solution of the
concrete. This high alkaline environment, alonghwite presence of reactive silica from
aggregate and moisture from the surrounding omtire solution, triggers ASR in the
concrete [17].

Calcium magnesium acetate (CMA) is used as annaltiee deicer for chloride
based deicers for concrete pavement because akdisced potential to affect the
environment and it is not as corrosive as salt. él@ax, the use of these deicers as a
general replacement for traditional deicers isrigstd due to their high cost. From the
various researches on CMA the results indicatetldbacrete was attacked by the CMA
solutions through a de-lamination process of thmerdg matrix most likely associated
with leaching of the calcium hydroxide. When theno®te is exposed to freezing and
thawing in the presence of CMA deicing chemicals teads to significant degradation
of the concrete. The attack manifests itself thhodgterioration of the cement matrix and
exposure of the aggregates which results in massdad decrease in the load capacity

(as great as 50%) [18-20].
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2.3.4 Airfield Deicing Chemicals

Deicers are used on airport runways for removaiciag) and prevention (anti-
icing) of frost, ice, or snow accumulation on aaftr airfields, and other base areas.
Deicing and anti-icing are vital to flight safetgdause even small amounts of ice on
airframes and airfoils can degrade aircraft liftipgpperties and control. Since chloride
salts (sodium chloride and calcium chloride) and ACkte the cause of environmental
impacts like groundwater contamination, damageegetation and corrosion they are not
preferred for winter operations for snow and iaaogal on airfield pavements.

Grade B isopropyl alcohdlas been in limited use for deicing and anti-icihugp
to its high volatility and vapors could be carriedide the aircraft creating a fire hazard.
Ethylene glycolhas a high biochemical oxygen demand (BOD), anoxg to aquatic
life and mammals. It is subject to various hazasdsubstance regulations under the
Clean Air Act. BOD is defined as the rate at whilcroorganisms use the oxygen in
water or wastewater while stabilizing decomposabiganic matter under aerobic
conditions. The effect of increased BOD is to depldissolved oxygen levels in the
water and deprive aquatic life of oxygen. Becaustnis, propylene glycols and Type |
glycol are the only glycol based deicing and acitig chemical agents approved for
purchase by airfield activities [21]. Urea has besed in pellet form and has a high
BOD, and is of limited effect at temperatures beRMF.

Due to the negative effects of the glycol basedatsiand urea, the US Air Force
advocates the use of three environmentally acclptiiemical agents such as potassium

acetate, sodium acetate, and sodium formate.
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Sodium acetates a granulated product applied in the same maasierea and is
effective at temperatures as low as 10°F, has arl@®D and is less toxic than urea.
Sodium formateis a granulated product similar to sodium acetate. leffective at
temperatures as low as 5°F, has a low BOD, andahasutral pH, which reduces
corrosion problems. Potassium acetate is standatdiath a minimum concentration of
50% potassium acetate in water, by weight. Potassagetate runway deicers were
introduced in Europe in 1988 [22]. Today, this é@eits being used by over 200 major
airports and military bases worldwidé is effective at temperatures as low as 20°F.
Potassium acetate may be used as a pre-wettingosolwhen applying granulated
sodium formate.

At present, there are several airfield pavementpemgncing premature
deterioration due to the use of environmentallyeatable chemical agents like potassium
acetate, sodium acetate, and sodium formate. Reoeestigations on premature
deterioration of airfield pavement have indicatexicothg chemicals, such as potassium
acetate and others, may be causing ASR distrasmerete. In studying the mechanism,
it has been found that there is an apparent jumpHn(and presumably in OHon
activity) that occurs when potassium acetate swmhsticome in contact with Portland
cement concrete, in particular calcium hydroxidespnt in concrete. The innocuous pH
of the 50% potassium acetate solution itself (pH juinped to a pH level of 15. The

resulting solutions appear to be highly aggressiiie respect to inducing ASR [23-24].
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2.4 Lithium compounds

2.4.1 History and Background

The concept of using lithium salts to inhibit ASipansion was first reported in
1951 by McCoy and Caldwell [25]. In this study, naorbars were produced with Pyrex
glass as the reactive aggregate, and the alkalecbof the cement was raised to 1.15%
NaxOgq by adding NaOH to the mixing water. Additionahliim compounds such as
LiCl, LioCQs, LiF, LiySiOs LINO3, and LpSOs were found to be the most effective
agents to mitigate expansion due to ASR in mort&om these studies, they
recommended that a minimum lithium to alkali (pstas plus sodium) molar ratio
(expressed as [Li]J/[[NatK]) of 0.74 was needed tdicieintly suppress expansion.
Although initial findings were quite promising.was not until the 1990s that interest in

lithium as an admixture for concrete was renewed.

2.4.2 Effects of Lithium Salts on ASR

In 1989, Sakaguchi et al. [26] used Pyrex glasslkammvn reactive sand as the
reactive aggregates. LiOH8, LINOs, and LpCO; were added to the mortar bars. All of
the lithium compounds were effective in reducingaxsion. The results also indicated
that the effect of lithium salts varies with lithiuto alkali molar ratios. The threshold
lithium to alkali molar ratio to completely suppseASR expansion was 0.9. He also
found from expression of pore solutions from mottars made with LiN@that the

concentration of lithium ions decreased with timeilev that of sodium and potassium
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remained nearly constant. This was in contraseststwithout lithium where a decrease
in both the sodium and potassium concentrationolkasrved.

The suppressive effects of lithium fluoride, lithiucarbonate and lithium
hydroxide was also confirmed [27, 28]. Also, insti#int dosage of lithium actually
resulted in an increase in expansion comparedet@ohtrol mortar without lithium; this
is known as the pessimum effect.

Pessimum effect may be caused due to an increabe ialkalinity (OH) of the
pore solution caused by the addition of lithiumpessally LIOH. Most other forms of
lithium also increase the pH of the pore solutibiNO3; however, is unique in that it
does not tend to increase the pH, thereby elintigathe pessimum effect [29]. The
suppressive effects of lithium compounds on ASRaespn depend strongly on the kind
of lithium compounds used, the [Li]/[Na+K] molatti@ and on the nature of the reactive
aggregate [30].

It has also been found that there is a linear icglahip between the effective
dosage of LIN@ in terms of [Li]/[Na+K] molar ratio and the diffence between the
concrete alkali content and the threshold alkaleleof the aggregate (alkali reactivity
level) [32]. LINO; was also effective regardless of whether the @iacprisms were
stored in a moisture room at 38°C or soaked inliak&olutions.

Although both LiOH and LiN@are good inhibitors for suppressing ASR induced
expansion, LINQ@ is a better choice compared to LIOH. LiOH raisee OH ion
concentration of the pore solution, increasingdhallenge for lithium. Furthermore, the

caustic nature of LIOH poses some safety concdims.findings on LINQ indicate that
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it does not introduce more Oldns in the pore solution, it is fully soluble, aafineutral
pH, making it convenient and safe to handle. LiNflso has a benign effect on the
concrete properties of strength, electrical ressa drying shrinkage, and resistance to
freezing and thawing, whereas LIOH can retard thength development [32]. Studies
also show that LiIN@ is compatible with other chemical admixtures [3Bbr these
reasons, LIN@ has become the most promising lithium salt for psagsing ASR

expansion [34].

2.4.3 Summary of Research Findings with Lithium @®oomds

Some general facts regarding the effects of lithimmontrolling ASR expansion:

1. All 11 types of lithium salts studied, includihgf, LiCl, LiBr, LiOH, LIiOH
H20O, LINOs, LINOj, LixCQOs, LipSO4, LioHPO,, and LpSiO;, have shown some
suppressive effects in controlling ASR induced egian in fresh concrete, provided
they are present at appropriate dosages.

2. The efficiency of lithium in suppressing expamsidue to ASR strongly
depends on the nature or reactivity of the aggeegaie form of the lithium, and the
amount of alkalis present.

3. About half the amount of the lithium added tpmess ASR induced expansion
is adsorbed by the hydrating cement, and the upték¢hium by C—-S—H is more than
that of sodium and potassium. Hence, only halfhef lithium added is available for the

suppressive purpose.
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4. The minimum lithium to alkali molar ratio to &fiently inhibit deleterious
ASR expansion is generally in the range of 0.6-1a2 most of the lithium salts studied
and 0.72-0.93 for LIN@

5. Both LiOH and LINQ are more effective in preventing the expansiohighly
reactive aggregates than that of slowly reactigregpte.

6. The benefit of using LiN&Xo inhibit ASR expansion over other lithium sa#is
that LINO; does not increase the Oldn concentration of the pore solution, therefore,
there is no pessimum effect. Its benign effect onceete properties, its neutrality, and
high solubility all provide it with a unique respin controlling ASR expansion.

7. Although autoclaving offers a method for accielg ASR and decreasing the
duration of testing, the results from autoclaveasgion tests involving lithium are not
directly comparable to those from studies at lotgerperatures and pressures.

2.4.4 Mechanism of lithium salts on ASR

Even though lithium-bearing admixtures have showshd an effective method to
mitigate expansion due to ASR, the mechanisms bghnlithium salts inhibit expansion
has not been unequivocally established.

The widely recognized mechanisms by which lithiunoempounds provide
effectiveness include:
1. Effects of lithium on the nature of alkali silicaaction products

2. Effects of lithium on silica dissolution

w

Repolymerization of ASR gel.

»

Colloid and surface chemistry effects
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Effects of Lithium on Alkali Silica Reaction Prodsc

The ability of lithium to change the nature of treaction products was first
proposed by Lawrence and Vivian [35] and is now thest commonly recognized
mechanism regarding the suppressive effect ofulithicompounds. They studied the
reactions of different alkali solutions, includi?dpOH, KOH, LiOH, and a mixture of
those three alkalis, with finely divided, precipgd silica. A gelatinous product was
observed in all of the reaction systems, but tHepgeduct in the presence of lithium ion
was different when only sodium or potassium waseme This suggests that the lithium—
silica complex is less soluble and more stable #émekefore, is capable of protecting
silica from further attack by other alkalis. A slari ASR reaction product was found by
Sakaguchi et al. [28] by observing the interfacéwieen Pyrex glass and hardened
cement paste by means of energy dispersive X-ragtgpnetry. No visible ASR gel at
the interface was found; instead, a form of lithigthcate, which hardly swells and
dissolves, was produced at the surface of aggregates lithium—alkali (and possibly
calcium)-silicate must contain a minimum proportiof lithium to be non-expansive
because of the pessimum effect of lithium dosagesantrolling ASR expansion as
observed by Stark [27].

Chatterji [36] argued that when lithium is presetith sodium and potassium, the
alkalis would compete for adsorption at negativeiarged sites on the silicate surface.
Since adsorption affinity increases with ionic rteg]i the sodium adsorption will be
preferential to lithium adsorption. But ller [37h# already postulated that, of the alkali

metal cations, lithium is unique because it stabdicolloids and prevents gelling, so the
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highly hydrated lithium ions are not adsorbed aarre the silicate surface as a cation

with smaller hydrated radius, such as sodium oagstim.

Effects of Lithium on Silica Dissolution

In examining the effect of various alkali-hydroxéden silica dissolution rate, it

has been found that the dissolution rate increastds order [35]

LiIOH<NaOH<KOH
That is, among LiOH, NaOH, and KOH, the rate oicaildissolution is the slowest for
LiOH and fastest for KOH [35, 38]. The rate ofial dissolution decreased in a similar
order and this rate decreases with increasing bsdireon radius of the alkali metal
cations in solution surrounding a silicate surfi8&j.

Chatterji et al. (1987) [36] proposed that the t¢he hydrated ion radius was
important in determining the extent of chemicalktaan during ASR, supporting research
findings that degree of chemical reaction incredsaa lithium to sodium to potassium.

Recently, research was conducted to examine thetioraof silica gel in
simulated pore solutions with and without lithiuralts in which Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) wsasl to quantitively measure the
ion concentrations of silicon, calcium, lithium,dasodium in the filtrates obtained from
the slurry samples. In the slurries prepared wit@lland LiNGs, the dissolved Si
concentration decreased with increasing lithiumades, again suggesting that lithium
could suppress silica dissolution. However, in shene work with LIOH, in contrast to

the slurries with LiCl and LINg the slurry with LiIOH showed an increase in silica
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dissolution with increasing lithium dosage, implyithat LIOH actually accelerates silica
dissolution [39-41].

Different lithium salts yield different influencesn silica dissolution, thus it is
hard to say that decreasing silica dissolutiomésdnly reason for the suppressive effects

of all lithium salts on ASR expansion.

ASR Gel Repolymerization

Based upon microscopy, elemental analysis, andaairthemistry principles, it
has been suggested that in addition to decreabmgate of silica dissolution, lithium
may limit repolymerization of dissolved silica specinto a gel, effectively reducing the
potential for expansion [40, 41]. Based on the wamkLINO3, LiCl, and LiOH, it was
suggested that the suppressive effect of lithiumA&R expansion should not largely
depend on the quantity of dissolved silica, butusthdoe attributed to the limitation of
ASR gel repolymerization which is supported frone tinvestigations of ASR gel in
simulated pore solutions with and without lithiualts, in which transmission soft X-ray
microscopy was employed to image the changes innmgelostructure. The ASR gel
obtained from an ASR affected structure was expesedaOH alone and NaOH with
LiCl solutions. In the presence of NaOH solutioora, the ASR gel was partially
dissolved and repolymerized as a potentially expangel. While in the presence of
LiCl, a significant dissolution of the original gedarticles was observed, but the

repolymerization into an expansive gel was decikasecompared to the reaction of the
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ASR gel in NaOH solution alone. It was then propogeat lithium might limit the
repolymerization of ASR gel, which can effectivebduce the potential for expansion.

It is noticeable that, in this theory, before addiithium salts, the ASR has
already occurred, and substantial ASR gel existsialy be difficult to apply this theory
to new concrete because according to previousrfgsdj42], no ASR gel is formed when
the lithium dosage is above a certain level. Itusth@lso be noted that these observations
are based on one particular lithium salt. The stnamay be different for other lithium
salts. However, this theory may offer an explamatiegarding the suppressive effect of

lithium on existing concrete structures damage@d8R expansion.

Colloid and Surface Chemistry Effects

Electrical double layer (EDL) theory was used tplain the suppressive effect of
lithium on ASR [43, 44]. Exchange of electrical odi@s occurs whenever two dissimilar
materials are brought in contact. The ASR gel siamd to be negatively charged and
surrounded by positively charged electrical dodblers. These double layers not only
determine the type and concentration of the p@sitms in them, but also affect the ion
transport to the ASR gel. The thickness of thesétiplayers can be calculated from the
ionic strength and hydrated radius of the catiofiseoretically, cations with larger
valence and smaller hydrated ionic radii will résiuh a thinner double layer,
consequently causing a smaller gel expansion. Asvshin Table 2.1, at the same
valence level, the hydrated ionic radius of lan is larger than those of Nand a K+

ion, which means that lithium should produce gneatgansion as compared to sodium
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and potassium. This is contradictory to the resgkserally observed in expansion
testing. Hence, the EDL theory cannot satisfagtogkplain the suppressive effect of
lithium in ASR expansion.

Table 2.1 Chemical information forLiNa’, and K ions

lons | Valence | lonicradius(nm) | Hydrated ionicradius(nm)

Li 1 0.060 0.340
Na 1 0.095 0.276
K 1 0.133 0.232

It was then proposed that the suppressive effastis® of cations depends on the
ionic surface charge density (r) [45]. The lardesx value of r of a cation, the greater its
electron affinity and thus the stronger the bondiegwveen the cation and anions in the
gels, resulting in a more contracted and densBtedcture, which exhibits less tendency
to expand. Therefore, from the information in TaBl&, the effectiveness of cations in
inhibiting ASR expansion followed the order: Li>KaN which coincides with the
expansion testing results. It is also reasonedthi@asuppressive effect of lithium on ASR
expansion is attributed to the reduction in surfelcarge density of the ASR gel, which
may occur in the presence of lithium [40, 41].

It has been suggested to pay attention to theablmlcium in the suppressive
effects of lithium on ASR expansion [46]. In a metetudy, on mortars containing

reactive flint sand and lithium ([Li]/[Na+K]=0.74}he reaction product was observed to

31



contain K, Na, and Si but with little or no calciuthwas hypothesized that lithium might
form a nonswelling lithium—alkali—silica complexsiead of the typical swelling ASR gel
composed of calcium-alkali—silica complex. Sinces tis contrary to the EDL theory,
which predicts that an ASR gel containing largenaamtrations of cations with larger
valences will exhibit less expansion. That is, & \g&h higher ratio of calcium to
monovalent cations (Na+, K+, and Li+) should resualtess expansion. Further study is

necessary to elucidate the role of calcium.

2.4.5 Discussion on Lithium Compounds in Mitigatfh§R

Even though all the mechanisms are reasonable wed&in conditions, there are
some findings from previous work on the influenaafs lithium on ASR that no
mechanism completely explains such as: Why armfitrsalts more effective with highly
reactive aggregates than with slowly reactive agapes and what is the role of calcium
in affecting expansions? However, there are somergéagreements as follows:

1. Lithium salts do react with silica to form lithm containing gel product in the
absence of other alkalis, but this gel does nodyee any expansion in mortar bar or
concrete prism tests;

2. When the lithium is present with other alkatise form of reaction product,
whether crystalline or gelatinous, significantlypdads on the lithium dosage and may

also vary with the location and time.
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2.5 Summary

Based on the above review on lithium compoundss vell understood that
several lithium compounds, when proportioned appatgly into the fresh concrete,
have shown potential to mitigate expansions indumgdSR. Topical applications of
lithium compound solutions like LiNOhave also shown promising results to mitigate
ASR in existing structures. However, the use dfilitn acetate (LigH30,) as ASR
mitigation in the existing concrete has not begpi@ed yet.

In the midst of concrete deterioration caused by fegmulated deicers such as
potassium acetate, sodium acetates and formateis inportant to evaluate the
effectiveness of deicing chemicals that are baseditbium acetate by itself, or by
combination with potassium acetate, which is widebed as airfield deicing solution.
Considering the properties of other alkali-acetdties potassium acetate and sodium

acetate, lithium acetate may have a significanemical as a deicing chemical.
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CHAPTER THREE

MATERIALS AND TEST PROCEDURES

3.1 Materials

In this study, test specimens comprising of motiars, concrete prisms and
concrete slabs were subjected to deicer solutiah eraluated for their potential to
undergo ASR and scaling resistance of concrete.

As part of this study, seven aggregates were selethat differ in their
mineralogy and degree of alkali silica reactivibepending on the specific test method,
different sets of aggregates were employed. Lowalalnd high-alkali Type | Portland
cements were used in this research.

In this study, four different soak solutions wermptoyed to condition the
concrete prisms, mortar bar specimens and the etnstabs. These were potassium
acetate deicer, potassium acetate with varying atsaaf lithium acetate, lithium acetate

solution, and sodium hydroxide solution.

3.1.1. Aggregates

In this research, four natural reactive aggregatas$ two natural non reactive
aggregates with established history with respe®&3&, were selected. Fused silica was
used as a control reactive aggregate in specsis.tdhe properties of these aggregates
are listed in Table 3.1. The reactive aggregated usthis study were:

1. NM Rhyolite — This reactive gravel was obtairfiexin the Las Placitas Gravel Pit from
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the Bernalillo County in New Mexico. This aggregptanarily consists of rhyolite and
has shown very high levels of reactivity [48]

2. Spratt Limestone — This aggregate was obtain@a the Spratt quarry in Ontario,
Canada. It consists primarily of calcite with miremmounts of dolomite, which are not
alkali-reactive, plus about 10% acid insoluble dasi The latter contains the reactive
component, which is reported to consist of 3% to d@Ptmicroscopic chalcedony and
black chert, which is finely dispersed in the mafd9]. This aggregate has an
established history of being alkali-silica reactindield structures and has been used as a
reference aggregate in many ASR studies.

3. NC Argillite — This aggregate is a quarried mialefrom the slate belt of North
Carolina from the Gold Hill Quarry in North CaradinThis aggregate primarily consists
of reactive metatuff/argillite. This aggregate hasestablished history of poor field
performance in several bridge structures in Norho@ina [50].

4. SD Quartzite — This aggregate is obtained frousldng quarried rock from the Sioux
Falls quarry, located in the southeastern Southof2al his aggregate consists of strained
quartz grains that are cemented with interstigalosidary quartz cement. The interstitial
matrix also contains microcrystalline quartz, hateand kaolinite. This aggregate has
an established history of being reactive in comcpatvements in Minnesota and South
Dakota [51]

5. Fused Silica — Graded fused silica obtained fei Minerala, Greenville, TN was
used as a control reactive aggregate in speciis.tdhis aggregate is a commercially

produced material that is of high purity silicadamas been established in previous lab
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studies to be a highly reactive aggregate. Thiseagge was used as a component of a
blended aggregate with non-reactive Ottawa sab&oaby mass.

The non-reactive aggregates used in this study:were

1. Graded Ottawa sand: A non-reactive silica saochfOttawa, Illinois. This graded
Ottawa sand conforms to the ASTM C 778 specificatibhe sand is mainly made of
silicon dioxide (approximately 99.7%) and the maimeral of this aggregate is Quartz.
The sand was procured by the US Silica Company.

2. lllinois, Dolomite: A quarried rock containingoldmite, from Material Service
Corporation, lllinois.

Table 3.1 Properties of aggregates (X- No data)

Aggregate | NM, Spratt, NC, SD, IL, IL,
Property | Rhyolite | Limestone | Argillite | Quartzite | Dolomite | Ottawa

Water 1.09 0.46 0.34 0.42 2.12 0.0
absorption,
%

Bulk 2.60 2.69 2.75 2.51 2.66 2.65
specific
Gravity
(OD)

Bulk 2.63 2.71 2.76 2.52 2.71 2.65
specific
gravity
(SSD)
Dry rodded| 1585 1568 1566 1557 1563 X
Unit
weight,
Kg/m®
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Two different cements having different alkali canttewere used in this research

(Table 3.2):

1. High-alkali cement: A Type | cement having akadilcontent of 0.83% (N&ey was

3.1.2. Cement

used. This cement was obtained from Lehigh, Evilas#.A.

2. Low-alkali cement: A Type | cement having akadil content of 0.29% (N&®eq) was

used. This cement was obtained from Lafarge, Hdily SC.

Table 3.2 Chemical composition of cements

Oxide, % Low alkali cement (LA) | High alkali cement (HA)

SIO, 20.23 20.34
Al,05 4.80 5.09
FeOs 3.26 2.67
CaO 64.45 61.60

MgO 1.17 2.16

SO 2.79 4.25

NaO 0.07 0.27

K0 0.34 0.85
Equivalent alkali 0.29 0.83
Loss on ignition 3.30 2.03
Insoluble residue 0.20 0.25
CsA 7.20 8.97

CsS 63.76 46.06

C.S 9.90 23.57

C/,AF 9.92 8.12
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3.1.3. Deicing Chemicals

Concrete and mortar specimens were exposed tolibe/ing solutions:
1. Potassium Acetate: It is a 50% by weight desmution, available commercially.
This deicer was used in its available form in teigdy; it had molarity of 6.4 and a
specific gravity of 1.265. To find the effectivesesf potassium acetate with a lower
dosage level, a molar concentration of 3.0 was.used
2. Lithium Acetate: The effectiveness of lithiumetate as a deicer solution was studied
in this research. It's a small crystal like substawith a density of 1.3 g/cc at 25°C with
the molecular weight of 102.1. A molar concentnaid 3.04 was used.
3. Potassium Acetate—Lithium Acetate: Lithium ateten different molar ratios with
potassium acetate (Li/K) was used.
4. Sodium Hydroxide: Reagent grade sodium hydropeléets were used in this study to
prepare the soak solution for conducting the stahd&TM C 1260 and ASTM C 1293
tests.
5. Lithium Nitrate: It is a 30% solution of LiNOproduced by FMC chemicals and was
used to understand the pre-treatment effect befgp®sing to deicers. It is a odorless
white to yellow colored solution. The pH of 5% dodn @ 25°C is in between 7 and 9.5.
The specific gravity is 1.2 to 1.3 at 25°C. The acolar weight of LINQis 68.95. The

density of LINQ is 1.2 g/cm.
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3.2 Sample Notation

In this dissertation, the aggregate sources andi¢ieer solutions with different

combination were identified as listed in Table 3.3.

Table 3.3 Notation Table

Aggregates
NM Rhyolite from New Mexico
SP Spratt Limestone from Ontario, Canada
NC Argillite from North Carolina
SD Quartzite from South Dakota

Soak Solutions

6.4K 6.4 molar KAc

6.4K- 6.4 molar KAc-LiAc blended deicer with Li/K ratid 6.2
0.2
3K 3 molar KAc

3K-0.2 | 3 molar KAc-LiAc blended deicer with Li/K tia of 0.2

3K-0.4 | 3 molar KAc-LiAc blended deicer with Li/K tia of 0.4

3K-0.6 | 3 molar KAc-LiAc blended deicer with Li/K tia of 0.6

3K-0.8 | 3 molar KAc-LiAc blended deicer with Li/K tia of 0.8

IN 1IN NaOH

3L 3 molar LiAc
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3.3 Test Procedures

3.3.1 Standard and Modified ASTM C 1260 Test

The standard ASTM C 1260 test known as the “Acedéel Mortar Bar Test” is a
method to assess the reactivity of aggregateshidriest, mortar bars (25 mm x 25 mm x
285 mm) with gage studs at the ends are prepar@avater-to-cement ratio of 0.47. The
aggregate-to-cement ratio, by mass, is maintained2s. After 24 hours of curing in a
moist cabinet, the mortar bars are demolded. Thgambars are then transferred to a
storage container with sufficient water to immeafiehe samples. The sealed container
is placed in an oven at 80°C for 24 hours. Afi#&mhdurs, the mortar bars are removed
from the oven and a zero reading in the length ghamomparator is taken. The mortar
bars are subsequently transferred to a 1N sodiwrokide solution, which is preheated
to 80°C. Length change readings are taken theresfperiodic intervals to determine the
percent expansion. In this research, the lengamgh measurements were taken up to 28
days.

Generally, an expansion of 0.1% or less at 14 dadysnmersion in the sodium
hydroxide solution is considered to indicate theokuous nature of the aggregate.
Expansion greater than 0.2% at 14 days is conslderendicate the potentially reactive
nature of aggregate. Expansions between 0.1% 2846 @quire additional confirmation
by either conducting petrographic examination (ASTM295), concrete prism tests
(ASTM C 1293), or by evaluating the field perforrosarto ascertain the reactivity of the

aggregates.
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Modifications to the standard ASTM C 1260 test wadepted in this research study
to evaluate the ASR mitigation potential of lithilaoetate and combination of LIAc with
KAc. The principal modification to the standard gedure was to use potassium acetate
deicer as a soak solution for mortar bars, insteach 1N NaOH solution. Also,
combination of KAc with LiAc at different Li/K molaratios of 0.2, 0.4, 0.6, and 0.8
were used as soak solutions. In addition, satursdédions of lithium acetate solutions
were employed as soak solutions in some spec#is.te

The procedure to prepare mortar bar specimenshaiddubsequent storage regime
was identical to the procedure described in stah8&TM C 1260 test. In this research,
the mortar bars were stored for 28 days in the soakion, instead of typical 14 days as
required in the standard ASTM C 1260 test proceduiiéhe extended testing was
conducted to assess the effectiveness of mitigatieasures in suppressing the effects of
ASR at later ages. During the course of 28 daygtlechange measurements were taken
at0, 3,7, 11, 14, 21 and 28 days. The resulédl ofie standard and the modified ASTM
C 1260 tests discussed in this research studyasedon an average of readings obtained

from 4 mortar bars.

3.3.2 Modified ASTM C 1293 Test

The standard ASTM C 1293 test known as the “CoadPetsm Test” is a method to
determine the length change of concrete due tdialikaa reaction. This test was used
to detect the potential for aggregate reactivityrbgasuring the length change in the

concrete prism. In this test, a concrete prism®ih¥m x 75 mm x 285 mm with gage
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studs at the ends are prepared using a concreiggre¢ement content of 420 + 10kg/m
and 70 £ 2% of the total volume of the concretenpnsed of coarse aggregates. The
water-to-cement ratio was maintained at 0.43 agh-hikali cement was used in this test
procedure. In this test, including the cement akalhe total alkali content of the
concrete was increased to 1.25% by mass of cembatfine aggregate used was non-
reactive graded Ottawa sand conforming to ASTM 8.77

Modification to the standard ASTM C 1293 test wasdm to evaluate the
performance of deicing chemicals. The prisms weaglenin a similar way as described
in the standard ASTM C 1293 test procedure, budrate-molding, the prisms were
soaked in potassium acetate solution with diffedd@ of 6.4 and 3.0. To study the
mitigation effect of lithium acetate, it was addedpotassium acetate with different MR
of Li/K 0.2, 0.4, 0.6, and 0.8. Four prisms werstda each test in which one prism was
exclusively used for slicing and studying concrgpecimens for SEM-EDX analysis. In
these modified tests, apart from prisms made witbsbed alkali levels using the high-
alkali cement, prisms were also made without bagsthe alkalis and made using low-

alkali cement.

3.3.3 Modified ASTM C 672 Tests

This test was used to determine the resistancealing of a horizontal concrete
surface exposed to freezing and thawing cyclesénpresence of deicing chemicals. In
this test, concrete slabs having a surface are@.@f5nf with 75mm in depth were

prepared using a concrete having a cement confet+ 10kg/ni, with air content of
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6 + 1%. The water-to-cement ratio was maintaine®.48 and low-alkali cement was
used in this test procedure. The fine aggregatd wss non-reactive graded Ottawa sand
conforming to ASTM C 778. After the concrete stegleeding, a mortar dike (25mm
wide and 20mm high along the perimeter) was plamedhe top along the edges. The
specimens were then immediately covered with agtbijene sheet. After 24 hours of
curing, the specimens were de-molded and placenharst storage as prescribed in
ASTM C 511. After the air and moist curing, thet lap surface of the concrete slab was
covered with 6mm of soak solution.

The specimens were placed in a freezing environm@erit8 + 3°C for 16 to 18 hours
and then removed from the freezer and kept inabheshvironment for 6 to 8 hours at 23
+ 2°C, which is one cycle of the experiment. Thst teas continued for 100 cycles. After
every 5 cycles, the solutions were flushed thorbughd filtered for residue to determine
the weight loss and visual examination was condlucdésual rating of the surface was
made after 5, 10, 15, 25 and every 25 cycles mghfollowing scale: O for no scaling, 1
for very slight scaling, 2 slight for moderate seg) 3 for moderate scaling, 4 moderate
to severe scaling and 5 for severe scaling. Atter \tisual examination, the solutions
were replaced and the test was continued. Thrbs slare cast in each test and 6.4 molar
KAc and plain lithium acetate were used as deiterdetermine there effects on the

concrete surface.

3.3.4 Penetration Depth of Deicer Solution in CeteiSlab Tests

A new methodology was developed to determine thaepation of deicer

solution into a concrete specimen. For this, trecspens used in the modified ASTM C
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672 tests were reused. Samples were kept in a 8890 and the top surface of the
concrete slabs were covered with 6mm of soak smluttxpansion readings were noted
each month. After exposing the concrete slabs imedsolution for six months, a core of
concrete 1.5” in diameter and 3” in deep was tdkem each test sample. After the core
was dried, the concrete core was sliced into sxgs of 0.5” in height each. They were
then crushed into fine powder and the potassiumteconwas determined using
Inductively Coupled Plasma (ICP) to establish afifgaf potassium along the depth
from the top. The cross section of core samplealssused for mapping using an X-Ray

Fluorescence spectrometer (XRF) to establish tpéhdef penetration of potassium.

3.3.5 Modified ASTM C 227 Test Method to EvaluaféeEtiveness

of LINOz Pre-treatment

The main objective of this test was to determihe éffectiveness of lithium
nitrate when applied as pre-treatment before exgot regular deicers like potassium
acetate. In this test, mortar bars (25 mm x 25 n28% mm) with gage studs at the ends
were prepared at a water-to-cement ratio of 0.4é. dggregate-to-cement ratio, by mass,
was maintained at 2.25. Fused silica was usedvatdercent by mass of the blended
aggregate with Ottawa sand. A low-alkali cement wasd in preparing the mortar
specimens.

After 24 hours of curing in a moist cabinet, thertapbars were de-molded. The
mortar bars were then dried at ambient temperatntea zero expansion reading was
taken. Lithium nitrate was applied on the surfatthe mortar bars by brushing 1 coat, 3

coats and 5 coats using a paint brush. The mageaample was recorded before and
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after application of LIN@ to ascertain the dosage. Once the lithium nitveds totally
absorbed, the mortar bars were brushed with 3 pma#ssium acetate coats for each test.
The samples were stored in the container as meauion the ASTM C 227 and
maintained at 38°C (100°F). The bars were coagzibgically with potassium acetate at
1, 7, 14, 28, and 56 days after measuring the hengange and dynamic modulus of

elasticity.

3.3.6 Dynamic Modulus of Elasticity

The dynamic modulus of elasticity (DME) of the naorbars was measured at
periodic intervals to quantify the physical disgesccurring in the mortar bars and
concrete prisms subjected to all ASTM C 1260 andlSC 1293 tests. The DME
values were determined using the resonant frequeretigod based on impulse excitation
technique based on ASTM E 1876-01. A GrindoSBhitnstrument was used to
determine the resonant frequencies of the samples.

In this test, the mass and the resonant frequehdyedbar/prism specimen were
determined soon after taking the expansion readifigs samples were supported on two
rubber strips at a distance of 0.224L from the eoidthe bar (as per ASTM C 2215,
where L is the length of the bar). The detectirmm$ducer was then placed at the center
of the vertical face of the sample and the samms struck by an exciter on the top
surface of the bar. The resonant frequencies warerded. Using this frequency, mass

and the dimensions of the specimens, the DME valges calculated.
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E=CMrf

Where

M = mass of specimen, kg,

n = fundamental transverse frequency, Hz,
C = 0.9464 (L3T/bY, N- (kg-nf) for a prism,
L = length of specimen.

t = dimensions of cross section of prism.

T = a correction factor which depends on the ratithe radius of gyration.

3.3.7 pH Measurements

One of the main components necessary for ASR taurote a high pH
environment (high concentration of hydroxyl ionk).the standard ASTM C 1260 test,
1IN NaOH solution provides a highly alkaline enviment. In order to determine the
changes in the hydroxyl ion concentration due ttempiial interaction between deicer
soak solutions and hydration products of cemerd, ghl of the soak solution were
measured at the 3 days, 14 days and 28 days f&SAIM C 1260 tests. In modified
ASTM C 1293 tests, the pH was measured at 3 mo@thmnths and 12 months. The
pH of all the soak solutions was determined usimgakton pH 110 meter with a low

sodium error electrode, calibrated to buffer solsiwith pH 4, 7, 10 and 12.45.

3.3.8 Scanning Electron Microscopy and Energy Dipge X-Ray Analysis

Scanning electron microscopy (SEM), in back-scattenode, and EDX analyses
were conducted on polished sections of mortar fsars selected standard and modified
ASTM C 1260 tests and selected prisms from modid&TM C 1293 tests, using a

Hitachi S3500N electron microscope. The instrum&as operated at an accelerating
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voltage of 20KeV, in a variable pressure mode. S&mples for the investigation were
prepared by slicing the bars in a slow-speed diahsaw. The specimens were then
impregnated with epoxy, vacuumed and cured unéi tiwere set. The specimens were
then polished on a series of diamond embedded (&xs60, No. 140, No. 600 and No.
1200 grit), with a final polish using 3 micron afcb micron diamond suspension on a

cloth.

3.3.9 ICP to Determine the Depth of K and Li Peat&in

An Ultima 2 ICP optical emission spectrometer (Hari Jobin Yvon,

Longjumeau, France) was used for sample analysietermine the concentration of K
and Li of the core samples from the slabs exposedotassium acetate and lithium
acetate. The 3” cores were sliced into 6 piecds®feach. Each piece was then crushed
into a homogeneous fine powder. Approximately dm of powder was accurately
weighed on an analytical balance4alecimal places and placed into the bottom of 30
mL Teflon microwave digestion vessel and toppecdvatsolution made of 10% nitric
acid to dissolve the powder. The vessels were glatehe microwave system with the
caps not fully torqued down. The samples were ldeate80°C for 10 minutes then
cooled and vented. They were filtered and transfieto 50 mL volumetric flasks and
diluted to 50ml with plasma grade water. Digestathgles were transferred to 2 ounce
(60 mL) amber Nalgene bottles that had been rimgddplasma grade water and dried.
Calibration solutions were routinely prepared froagueous multielement
standards. Standards of 20ppm (High Purity StatsjaCharleston, SC) were used to

make stock solutions of 10ppm, 1ppm, 0.10ppm a@dipgpm. Calibration standards were
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run in 3 replicates and plotted as a linear fumcfior each element. After running the
test, the results were compared with the XRF datacbrrelation to understand the

penetration and the reaction mechanism with depth.

3.3.10 XRF to Determine the Depth of Penetration

To evaluate the penetration depth of deicers imacete, X-Ray Fluorescence
(XRF) techniques were adopted for mapping the aiacspecimen using an Eagle 3
XRF with a 30 mm EDAX energy dispersive spectrometer (EDS). The teas
conducted at the National Institute of Standardd @echnology (NIST). Mapping
provides a simple method for visually organizing themical data collected with an
EDS detector. A confocal X-Ray beam is addressexVéry point in a visual field. The
chemical data is stored in a multi-dimensional maivhere the Z-axis is the X-Ray
energy for a specified energy window, which waste&0keV, and the X and Y axes are
simply coordinates of pixels whose relative brigfg® indicate the concentration of a
particular element. Using a graphics processingl developed at the NIST known as
Lispix, the data are then organized to form elenmeaps. These maps are images whose
pixels represent the relative concentration of atigdar element as defined by
integrating the counts in the characteristic X-Reak for said element. In addition,
because the entire X-ray spectrum is recorded el @a&el, unanticipated chemical
features can be recovered [52].

Cores were taken from the concrete slabs that expesed to deicers and they
were cut with a diamond saw. The specimens wera thgregnated with epoxy,

vacuumed and cured until they were set. The spexsmere then polished on a series of
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diamond embedded discs (No. 60, No. 140, No. 6@DNo. 1200 grit), with a final
polish using 3 micron and 0.5 micron diamond susjgenon a cloth. Specimens were

then examined using the XRF method.

3.3.11 Fresh Properties of Concrete

Properties of the fresh concrete were measuredlliftre batches evaluated in this
study. The slump of the concrete was determinedrdotwy to ASTM C 143. The unit
weight and yield were determined in accordance W8TM C 138. The amount of
cement in kilograms was calculated from the actlaisity of the concrete for 1°m

volume of concrete to make sure the cement comtastwithin 420 + 10 Kg/fh

3.3.12 Dry Rodded Unit Weight

Coarse aggregates were sieved and mixed as peratiation requirements of the

standard ASTM C 1293 test procedure. Dry roddetweights of the graded aggregates

were determined according to ASTM C 29.

3.4 Experimental Program and Mixture Designs

This section presents the experimental programsartlire designs of the standard
ASTM C 1260 test and modified ASTM C 1260, ASTM €93, ASTM C 672, and
ASTM C 227 tests. The experimental program for patien depth of deicer solution is

also presented.
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The test matrix of the standard and modified ASTML260 tests is shown in

Table 3.4

3.4.1 Standard and Modified ASTM C 1260 Tests

Table 3.4 Test program for the standard and matA8TM C 1260 tests

Test Molar Soak Cement Aggregates

Method | Concentration | Solution Alkali

of KAc Type NM SP NC SD
Standard -- 1N NaOH HA X X X X
Standard -- 1N NaOH LA X X X X
Modified Li/K=0.0 HA X X X X
Modified Li/K=0.2 HA X X X X
Modified 3.0 Li/K = 0.4 HA X X X X
Modified Li/K = 0.6 HA X X X X
Modified Li/K =0.8 HA X X X X
Modified Li/K =0.0 HA X X X X
Modified 04 LK =02 HA X | X | X | X
Modified Li/K =0.0 LA X X -- --
Modified 30 Li/K = 0.2 LA X X - -
Modified Li/K=0.8 LA X X -- --
Modified Li/K=0.0 LA X X -- --
Modified 04 Li/K = 0.2 LA X | X | - | -
Modified -- LiA HA X X -- --
Modified -- LiA LA X X -- --

Table 3.5 shows the mixture design used for thedstal and modified ASTM C

1260 tests in this study. The mortar mix was propoed as per ASTM C 1260 standard.
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Table 3.5 Mixture design for ASTM C 1260 tests

Material Quantity for 4 mortar bars
Cement 500 grams
Graded fine aggregates 1125 grams
Water 235 grams
WI/C ratio* 0.47
A/C ratio* 2.25
Soak solution 3.312 liters

Note *: W/C means water to cement ratio and A/C msesggregate to cement
ratio
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3.4.2 Modified ASTM C 1293 Tests

The test matrix of the modified ASTM C 1293 testshown in Table 3.6

Table 3.6 Test program for the standard and matA8TM C 1293 tests

Test Molar Soak Cement Aggregates

Method | Concentration | Solution Alkali

of KAc Type NM SP NC SD
Modified -- 1IN NaOH HA* X X -- --
Modified -- 1IN NaOH LA X -- --
Modified Li/K =0.0 HA* X X X X
Modified 3.0 Li/K=0.2 HA* X X X X
Modified Li/K =0.8 HA* X -- -- --
Modified Li/K =0.0 HA* X X X X
Modified 04 IK=02| HA* X X | X
Modified Li/K =0.0 LA X X -- --
Modified 3.0 Li/K = 0.2 LA X [ X | - |-
Modified Li/K =0.8 LA X -- -- --
Modified Li/K =0.0 LA X X -- --
Modified 04 iK=02| LA X | X | - | -

*Note: Alkali content of the HA cement was incredde 1.25% by weight of the

cement.

Tables 3.7 and 3.8 show the mix designs used ®mibdified ASTM C 1293
tests using different aggregates and high and l&aliacements, respectively. The
mixtures were designed as per the requirementsFM\ C 1293 specifications. The
yield for all the mixes was found and the actuahest content in the concrete mix was

calculated based on the actual densities of thereta

52



Table 3.7 Mixture design for ASTM C 1293 tests maaté high-alkali cement per cubic

meter
Materials Aggregates
NM Spratt NC SD
Cement, kg 420 420 420 420
Fine agg, kg 630 678 703 608
Coarse agg, kg 1121 1102 1099 1094
Water, kg 182.7 182.7 182.7 182.7
w/C 0.435 0.435 0.435 0.435
A/IC 4.17 4.24 4.29 4.06
Density, kg/m 2499 2385 2408 2308
Actual density, 2440 2441 2459 2360
kg/m®
Actual cement, 410 429 428 429
kg/m®
Slump, mm 114 69 60 69

Note: 2.33 kg/miof reagent grade sodium hydroxide was added imikes

made using high-alkali cement to raise the totlkalalcontent of the cement to

1.25%.
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Table 3.8 Mixture designs for ASTM C 1293 tests enaith low-alkali cements per

cubic meter.
Materials NM Spratt
Cement, kg 420 420
Fine agg, kg 630 678
Coarse agg, kg 1121 1102
Water, kg 182.7 182.7
w/C 0.435 0.435
A/C 4.17 4.24
Density, kg/m 2499 2385
Actual density, 2470 2343
kg/m®
Actual cement, 415 412
kg/m®
Slump, mm 150 75

3.4.3 Modified ASTM C 672 Tests

The test matrix of the modified ASTM C 672 testsh®wn in Table 3.9

Table 3.9 Test program for the modified ASTM C &&&s

Test Solution | Cement Alkali | NM SP IL
Method Type
Modified KAC LA X X X
Modified LiAc LA X X X
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Table 3.10 shows the mix designs used for the nmemtdASTM C 672 tests using
different aggregates with low-alkali cement. Thextmies were designed as per the
requirements of ASTM C 672 standards. The yieldalbthe mixes was found and the
actual cement content in the concrete mix was t#tled based on the actual densities of

the concrete.

Table 3.10 Mixture design for modified ASTM C 6&3ts made with low alkali cement
per cubic meter.

Materials NM Spratt IL
Cement, kg 420 420 420
Fine agg, kg 630 678 669
Coarse agg, kg 1121 1102 1117
Water, kg 182.7 182.7 182.7
wW/C 0.435 0.435 0.435
A/IC 4.17 4.24 4.25
Density, kg/m 2499 2385 2389
Actual density, 2440 2441 2429
kg/m®
Actual cement, 410 429 426
Kg/m®
Slump, mm 114 69 60
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3.4.4 Modified ASTM C 227 Tests

The test matrix of the modified ASTM C 227 testsh®wn in Table 3.11

Table 3.11 Test program for the modified ASTM C 2&3ts

Test Solution Cement Ottawa
Method Alkali Type | Sand
Modified Water LA X
Modified KAc- 6.4 LA X
Modified | 6.4 (Lithium Nitrate LA X
— 1 coating)

Modified | 6.4 (Lithium Nitrate LA X
— 3 coating)

Modified | 6.4 (Lithium Nitrate LA X
— 5 coating)

Note: Fused Silica was added at 5 percent to shelyeactivity.

Table 3.12 shows the mixture design used for thdiiled ASTM C 227 tests.

Table 3.12 Mixture design for modified ASTM C 2&5ts

Material Quantity for 4 mortar bars
Cement 500 grams
Graded fine aggregates 1068 grams
(Ottawa sand)
Fused silica 56 grams
Water 235 grams
WI/C ratio* 0.47
A/C ratio* 2.25
Soak solution 3.31 liters

Note *: W/C means water to cement ratio and A/C msesggregate to cement ratio.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 General

This chapter presents the results and discusdiaall dests conducted in this
research. Results from the standard and the mddA®TM C 1260 tests, modified
ASTM C 1293 tests, modified ASTM C 672 tests, medifASTM C 227 tests, dynamic
modulus of elasticity, pH measurements, SEM-EDXdigts, ICP and XRF tests to

evaluate penetration depth of deicers are presémtéds chapter.

4.2 Test Results from ASTM C 1260 Tests for New MexYAggregate

Expansion behavior of mortar bars prepared with at\dregate in the standard
and modified ASTM C 1260 tests are presented mgaction. In addition, changes in the
DME of mortar bars subjected to standard and mediifASTM C 1260 tests are

presented.

4.2.1 Length-Change Behavior

Figure 4.1 shows the expansion behavior of mdxdas made with NM aggregate
and high-alkali cement, exposed to 1IN NaOH solyté®d molar and 3 molar KAc
solution and 3 molar LiAc solution. Figure 4.2 shsotle results of mortar bars prepared

with low-alkali cement, containing the same aggte@ad deicers as in Figure 4.1.
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From these figures, it can be seen that NM aggeeigatighly reactive when it is
exposed to all deicers other than LiAc solutiorthvexpansions of more than 1.4% at 14
days. For both cement types, mortar bars prepaitd NM aggregate, showed more
expansion when exposed to 3 molar KAc solution tGahmolar KAc solution or 1N
NaOH solution, at 28 days. Bars exposed to LiAc nlodd show noticeable expansion
even with the highly reactive NM aggregate. Aldaak content of the cement showed a
significant influence in the expansion of the motars as bars made with high-alkali

cement expanded more compared to bars made withllali cement.
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Figure 4.1 Expansion of Mortar Bars in Standard lslodified ASTM C 1260 Test with
NM Aggregate and High-Alkali Cement (See Chapt@rf8r Notation, *Sompura, 2006)
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Figure 4.2 Expansion of Mortar Bars in Standard lsliodified ASTM C 1260 Test with

NM Aggregate and Low-Alkali Cement (See Chapterf@8r2Notation, * Sompura, 2006)
Figures 4.3 and 4.4 show the expansion resultsaofifred ASTM C 1260 tests.
Figure 4.3 shows the expansion behavior of barsemath NM aggregate exposed to 6.4
molar KAc solution and 6.4 molar KAc-LiAc blendedider with Li/K ratio of 0.2 (6.4-
0.2) using high-alkali cement. Figure 4.4 showsrdwilts for mortar bars prepared with
the same aggregate and exposed to the same dembmations as in Figure 4.3 using
low-alkali cement. From these figures, it can bensihat NM aggregate is highly reactive
when exposed to 6.4 molar KAc solution, with expans of more than 1.5% at 28 days.
At 28 days, mortar bars with NM aggregate, showesigaificant reduction (0.65%) in
expansion, when exposed to blended deicer with bi/R.2 (6.4-0.2). The alkali content
of cement did not have any influence in the expgansif mortar bars when exposed to

6.4 molar KAc solution. However, there was sigrafit effect of alkali content when the
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bars exposed to 6.4 molar KAc solution with Li/Kioaof 0.2 as bars with high-alkali

cement showed higher expansions than bars withalealt cement.
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Figure 4.3 Expansion of Mortar Bars in Modified A8TC 1260 Test with 6.4 Molar
KAc Solution and Blended Deicers with NM Aggregatel High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.4 Expansion of Mortar Bars in Modified A8TC 1260 Test with 6.4 Molar
KAc Solution and Blended Deicers with NM Aggregatel Low-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)

Figures 4.5 and 4.6 show the expansion resultheitodified ASTM C 1260
tests. Figure 4.5 shows the expansions of bars m@teNM aggregate exposed to 3
molar KAc solution and 3 molar KAc-LiAc blended der with Li/K ratio of 0.2, 0.4,
0.6, and 0.8 using high-alkali cement. Figure 4h®ves the results of mortar bars
prepared with the same aggregate exposed to 3 délarsolution and 3 molar KAc-
LiAc blended deicer with Li/K ratio of 0.2 and 0u8ing low-alkali cement. From these
results, it is evident that the aggregate is higkbctive when exposed to 3 molar KAc
solution with expansions of more than 2.1% for kadjkali cement and 1.8% for low-
alkali cement at 28 days. When the bars were soakbdlifferent Li/K ratios there was
a significant reduction in expansion and LiAc natigs ASR expansion with increase in

Li/K ratio. A Li/K ratio of 0.8 was found to be weeffective in mitigating the expansion
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due to ASR to less than 0.1% in both high-alkatl low-alkali cement. Statistically, bars
made with high-alkali cement, soaked in the Li/Kiasa of 0.6 and 0.8 showed no
significant difference. Also, bars made with hidkadi cement showed more expansion

compared to bars made with low-alkali cement.
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Figure 4.5 Expansion of Mortar Bars in Modified A8TC 1260 Test with 3 Molar KAc
Solution and Blended Deicers with NM Aggregate bingh-Alkali Cement
(See Chapter 3.2 for Notation)

62



——3K —m—3K-0.2 —4—3K-038

25

NM-LA

Expansion(%)

Age, Days

Figure 4.6 Expansion of Mortar Bars in Modified A8TC 1260 Test with 3 Molar KAc
Solution and Blended Deicers with NM Aggregate bad-Alkali Cement
(See Chapter 3.2 for Notation)

4.2.2 Dynamic Modulus of Elasticity

Figure 4.7 shows changes in dynamic modulus dtielty of NM aggregate
mortar bar specimens exposed to 1N NaOH, 3 moladréash molar KAc solution and 3
molar LiAc solution, and blended deicer solutiombe resonant frequency method was
used to measure the DME of the mortar bars. Froenrésults, it can be seen that
whenever there is drop in DME, a correspondingease in the linear expansion of the
mortar bars was observed in the ASTM C 1260 tédists also evident that the loss in
DME was dependent on the concentration of KAc. Atke addition of LiAc to the KAc
helped in mitigating loss in DME as observed in &&TM C 1260 tests. The cement
alkalinity does not have much influence in the lms®ME. Bars which were exposed to
3 molar KAc-LiAc blended deicer with Li/K ratio di.6 and 0.8 showed no significant

difference in loss of DME.
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Figure 4.7 Change in Dynamic Modulus of Mortar Bauade with NM Aggregate in
Standard and Modified ASTM C 1260 Test
(See Chapter 3.2 for Notation, * Sompura, 2006)
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4.3 Test Results from ASTM C 1260 Tests for Sphatiregate

Expansion behavior of mortar bars prepared wittagdtegate in the standard and
modified ASTM C 1260 tests are presented in thigiee. In addition, changes in the
DME of mortar bars subjected to standard and mediifASTM C 1260 tests are

presented.

4.3.1 Length-Change Behavior

Figures 4.8 and 4.9 show the expansion resulthh@fstandard and modified
ASTM C 1260 tests. Figure 4.8 shows the expansibrizars made with SP aggregate
and high-alkali cements and exposed to 1N NaOHp@lar and 3 molar KAc solution
and 3 molar LiAc solution. Figure 4.9 shows theulssof mortar bars prepared with the
same aggregate and exposed to same deicers ushaikiali cement.

From the figures, it can be seen that SP aggregaighly reactive when exposed
to the deicers other than LiAc. With both high-dilleand low-alkali cements at 28 days,
mortar bars with SP aggregate, when exposed ton6ldar KAc solution, showed more
expansion followed by 1N NaOH. Bars made with dutih-alkali and low-alkali cement
and exposed to 3 molar LiAc solution did not shagnsicant expansion as their
expansion was less than the expansion limit of 0ai%8 days. Statistically, the alkali
content of the cement did have a significant inflteeon expansions of mortar bars. Bars
made with high-alkali cement expanded more compé#veldars made with low-alkali

cement.
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Figure 4.8 Expansion of Mortar Bars in Standard lsliodified ASTM C 1260 Test with
SP Aggregate and High-Alkali Cement (See Chap&f@ Notation, * Sompura, 2006)
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Figure 4.9 Expansion of Mortar Bars in Standard lsliodified ASTM C 1260 Test with
SP Aggregate and Low-Alkali Cement (See Chaptfd@.Notation, * Sompura, 2006)
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Figures 4.10 and 4.11 show the expansion results fnodified ASTM C 1260
tests. Figure 4.10 shows the expansions of bare métth SP aggregate exposed to 6.4
molar KAc solution and 6.4 molar KAc-LiAc blendedider with Li/K ratio of 0.2 (6.4-
0.2) using high-alkali cement. Figure 4.11 shovesrésults of mortar bars prepared with
the same aggregate exposed to the same deicer ratiobs using low-alkali cement.
From these figures, it can be seen that SP aggréegighly reactive when exposed to
6.4 molar KAc solution with an expansion of morarthD.8% at 14 days. At 28 days,
mortar bars with SP aggregate exposed to blendedrds 6.4 molar KAc with Li/K of
0.2 completely mitigated the expansion due to ASEIan expansion of 0.06% with
high-alkali cement and about 0.08% with low-alkakment which is below the

expansion limit of 0.1%.
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Figure 4.10 Expansion of Mortar Bars in Modified A8 C 1260 Test with 6.4 Molar

KAc Solution and Blended Deicers with SP Aggregatd High-Alkali Cement (See
Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.11 Expansion of Mortar Bars in Modified A8 C 1260 Test with 6.4 Molar
KAc Solution and Blended Deicers with SP Aggregatd Low-Alkali Cement (See
Chapter 3.2 for Notation, * Sompura, 2006)

Figures 4.12 and 4.13 show the expansion resuliseomodified ASTM C 1260
tests. Figure 4.12 shows the expansions of bare matth SP aggregate exposed to 3
molar KAc solution and 3 molar KAc-LiAc blended der with Li/K ratio of 0.2, 0.4,
0.6, and 0.8 using high-alkali cement. Figure 4sh®ws the results of mortar bars
prepared with same aggregate exposed to 3 molardoAtion and 3 molar KAc-LIAc
blended deicer with Li/K ratio of 0.2 and 0.8 usilogv-alkali cement. SP aggregate is
reactive when exposed to 3 molar KAc solution vaithexpansion of more than 0.6% for
high-alkali cement at 28 days. LiAc was found toefffective in mitigating ASR with all

Li/K ratios as the expansion for Li/K of 0.2 thrdu@.8 is less than 0.1% in both high-

alkali and low-alkali cement. Statistically, barade with HA cement, soaked in the Li/K
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ratios of 0.4, 0.6 and 0.8 showed no significaffedence in its effect in mitigating the

expansion.
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Figure 4.12 Expansion of Mortar Bars in Modified 8 C 1260 Test with 3 Molar
KAc Solution and Blended Deicers with SP Aggregatd High-Alkali Cement
(See Chapter 3.2 for Notation)
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Figure 4.13 Expansion of Mortar Bars in Modified 8 C 1260 Test with 3 Molar
KAc Solution and Blended Deicers with SP Aggregatd Low-Alkali Cement
(See Chapter 3.2 for Notation)
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4.3.2 Dynamic Modulus of Elasticity

Figure 4.14 shows the changes in dynamic modulusasticity of mortar bar
specimens made with SP aggregate and exposed tdathH, 3 and 6.4 molar KAc
solution and 3 molar LiAc solution, and blended cdeisolutions. There was not
noticeable loss in DME when bars were soaked iroBnLiAc solution as there was no
much expansion observed in expansion tests. Framrebults, it can be seen that
whenever there was drop in DME, a correspondingease in the linear expansion of the
mortar bars was observed in ASTM C 1260 test. Baasle with high-alkali cement,
soaked in the blended deicer of with 3 molar KA¢hwlii/K ratios of 0.4, 0.6 and 0.8
showed no significant drop in DME. Concentrationk&c also influences the drop in
DME as bars exposed to 6.4 molar KAc solution degpmore in DME compare to bars

exposed to 3 molar KAc solution.
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Figure 4.14 Change in Dynamic Modulus of Mortar$8arade with SP Aggregate in
Standard and Modified ASTM C 1260 Test
(See Chapter 3.2 for Notation, * Sompura, 2006)
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4.4 Test Results from ASTM C 1260 Tests for Nortrdlina Aggregate

Expansion behavior of mortar bars prepared with &@regate in the standard
and modified ASTM C 1260 tests are presented mgaction. In addition, changes in the
DME of mortar bars subjected to standard and mediifASTM C 1260 tests are

presented.

4.4.1 Length-Change Behavior

Figure 4.15 shows the expansion results of thedstal and modified ASTM C
1260 tests made with NC aggregate and high-alkatnent, exposed to 1IN NaOH
solution, 6.4 molar and 3 molar KAc solution. Frdoine figure, it can be seen that NC
aggregate is reactive with an expansion of more tha4% at 14 days for 1IN NaOH
solution. Mortar bars prepared with NC aggregdtewsed more expansion (1.0%), when
exposed to 3 molar KAc solution compared to mob@rs exposed to 6.4 molar KAc
solutions (0.6%), at 28 days. As compared to otlegrers, bars which were soaked in 3
molar KAc solution showed low expansion until 14/slaafter which there was a sudden
increase in expansion more than bars soaked in &8H\Nsolution and 6.4 molar KAc

solutions.
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Figure 4.15 Expansion of Mortar Bars in Standardi lsllodified ASTM C 1260 Test with
NC Aggregate and High-Alkali Cement (See Chapt2rf@ Notation, * Sompura, 2006)
Figure 4.16 shows the expansion behavior of bardemaith NC aggregate
exposed to 6.4 molar KAc solution and 6.4 molar KAac blended deicer with Li/K
ratio of 0.2 (6.4-0.2) using high-alkali cementofFrthe figure, it can be seen that the NC
aggregate is highly reactive when exposed to 6.lamtGAc with an expansion of more
than 0.6% at 28 days. At 28 days, bars made withay§regate, when exposed to 6.4
molar KAc-LiAc blended deicer with Li/K ratio of B.(6.4-0.2), showed to be non
reactive with expansion of less than 0.1% with kadali cement showing the

effectiveness of LIAc in mitigating the expansiaredo ASR.
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Figure 4.16 Expansion of Mortar Bars in Modified A8 C 1260 Test with 6.4 Molar
KAc Solution and Blended Deicers with NC Aggregael High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)

Figure 4.17 shows the expansion results of the fieddASTM C 1260 tests.
Figure 4.17 shows the expansions of bars made M@haggregate exposed to 3 molar
KAc solution and 3 molar KAc-LiAc blended deicertiwiLi/K ratio of 0.2, 0.4, 0.6, and
0.8 using high-alkali cement. NC aggregate is hjigkhactive when exposed to 3 molar
KAc solution with an expansion of more than 1.0186 liigh-alkali cement at 28 days.
When the bars were soaked with different Li/K ratas 0.2, 0.4, 0.6, and 0.8 there was a
total mitigation in expansion of less than 0.1%a@th high-alkali and low-alkali cement.
Statistically, bars made with high-alkali cememialsed in the Li/K ratios of 0.2, 0.4, 0.6

and 0.8 showed no significant difference in iteeffin mitigating the expansion due to

ASR.
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Figure 4.17 Expansion of Mortar Bars in Modified A8 C 1260 Test 3 Molar KAc
Solution and Blended Deicers with NC Aggregate igh-Alkali Cement
(See Chapter 3.2 for Notation)

4.4.2 Dynamic Modulus of Elasticity

Figure 4.18 shows the changes in dynamic moduleasticity of mortar bar
specimens made with NC aggregate and exposed MaiNH, 3 molar and 6.4 molar
KAc solution and 3 molar LiAc solution, and blexdddeicer solutions. From the results,
it can be seen that whenever there is drop in DM&grresponding increase in the linear
expansion of the mortar bars was observed in thREMAE 1260 test. It is also evident
that the loss in DME was dependent on the conagmtraf KAc. Bars made with high-
alkali cement, soaked in the blended deicer of &itholar KAc with Li/K ratios of 0.2,

0.4, 0.6 and 0.8 showed no significant drop in DME.
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Figure 4.18 Change in Dynamic Modulus of Mortar$arade with NC Aggregate in
Standard and Modified ASTM C 1260 Test
(See Chapter 3.2 for Notation, * Sompura, 2006)

4.5 Test Results from ASTM C 1260 Tests for Souttkdda Aggregate

Expansion behavior of mortar bars prepared with&§Oregate in the standard
and modified ASTM C 1260 tests are presented mgaction. In addition, changes in the

DME of mortar bars subjected to standard and mediifASTM C 1260 tests are

presented.
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4.5.1 Length-Change Behavior

Figure 4.19 shows the expansion results of thedstal and modified ASTM C
1260 tests made with SD aggregate and high-allaient, exposed to 1N NaOH
solution, 6.4 molar and 3 molar KAc solution. Frone figure, it can be seen that SD
aggregate is reactive when exposed to all deig&rs28 days, SD aggregate, when
exposed to 3 molar KAc solution, showed less expansompared to 1N NaOH and 6.4

molar KAc solution.
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Figure 4.19 Expansion of Mortar Bars in Standardi lsllodified ASTM C 1260 Test with
SD Aggregate and High-Alkali Cement (See Chapi2if@& Notation, * Sompura, 2006)
Figure 4.20 shows the expansion behavior of bardemaith SD aggregate
exposed to 6.4 molar KAc solution and 6.4 molar KA&c blended deicer with Li/K
ratio of 0.2 (6.4-0.2) using high-alkali cement. 2& days, bars made with SD aggregate,

when exposed to 6.4 molar KAc-LIAc blended deicéthw.i/K ratio of 0.2 (6.4-0.2),
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showed to be non-reactive with expansion of less t0.1% with high-alkali cement,
compared to bars exposed to 6.4 molar KAc solutwith an expansion of more than

0.4% showing the effectiveness of LiAc in mitigatithe expansion due to ASR.
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Figure 4.20 Expansion of Mortar Bars in Modified A8 C 1260 Test 6.4 Molar KAc
Solution and Blended Deicers with SD Aggregate High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)

Figure 4.21 shows the expansions of bars made Sittaggregate exposed to 3
molar KAc solution and 3 molar KAc-LiAc blended der with Li/K ratio of 0.2, 0.4,
0.6, and 0.8 using high-alkali cement. SD aggregase reactive when exposed to 3
molar KAc solution with expansion of more than 0.8 high-alkali cement at 28 days.
When the bars were soaked with different Li/K ratad 0.2, 0.4, 0.6, and 0.8, they were
non-reactive as the expansions were less than @vitho high-alkali cement. From

statistical analysis, bars made with high-alkaineat, soaked in the Li/K ratios of 0.2,
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0.4, 0.6 and 0.8 showed significant differencesreffect in mitigating the expansion due

to ASR.
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Figure 4.21 Expansion of Mortar Bars in Modified 8 C 1260 Test with 3 Molar
KAc Solution and Blended Deicers with SD Aggregate High-Alkali Cement
(See Chapter 3.2 for Notation)

4.5.2 Dynamic Modulus of Elasticity

Figure 4.22 shows the changes in dynamic modulusasticity of mortar bar
specimens made with SD aggregate and exposed tdalDH, 3 molar and 6.4 molar
KAc solution, and blended deicer solutions. Frone tlesults, it can be seen that
whenever there was drop in DME, a correspondingease in the linear expansion of the

mortar bars was observed in the ASTM C 1260 teaits Bhade with high-alkali cement,
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soaked in the blended deicer with Li/K ratios d,d.4, 0.6 and 0.8 with 3 molar KAc

solution showed no noticeable drop in DME.
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Figure 4.22 Change in Dynamic Modulus of Mortar$arade with SD Aggregate in
Standard and Modified ASTM C 1260 Test
(See Chapter 3.2 for Notation, * Sompura, 2006)

4.6 Results and Discussion from ASTM C 1260 and DNEts

From the expansion and DME test results from ASTM 260 tests on mortar

bars made with different aggregate, it was fourad the level of distress observed in any
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mortar bars was dependent on the aggregate reégcina deicer used. Mortar bars made
with reactive aggregate exposed to plain potassagsetate with both 6.4 molar KAc
solution and 3 molar KAc solution showed significpotential to cause distress. NM and
NC bars expanded more when exposed to 3 molar Koatisn compared to bars
exposed to 6.4 molar KAc solution. Whereas, moliars made with SP and SD
aggregate showed more expansion when exposed toddat KAc solution compared to
bars exposed to 3 molar KAc solution. Mortar baesimwith NM and NC aggregate and
high-alkali cement when exposed to 3 molar KAc soluexpanded more compared to
bars exposed to 1N NaOH solution. Whereas, NM a@dbdrs exposed to 1N NaOH
solution expanded more than bars exposed to 6.4rnk@\c solution. Bars made with
NM aggregate and low-alkali cement when exposedNoNaOH solution expanded
more than when they were exposed to 3 and 6.4 rKdarsolution. Bars made with SP
and SD aggregate and high-alkali cement expanda@ mben exposed to 1IN NaOH
solution, compared to 3 molar KAc solution. Barshw&P, NC and SD aggregate and
low-alkali cement expanded more when exposed tandkar KAc solution, compared to
bars exposed to 1N NaOH solution.

Mortar bars made with SP, NC and SD aggregate expimsblended deicer of 3
molar KAc solution with Li/K ratio of 0.2, 0.4, 0.8nd 0.8, proved to be effective as
LiAc totally mitigated the expansion due to ASR.r8aade with NM aggregate was
mitigated when exposed to blended deicer of 3 mi$ke solution with Li/K of 0.6 and
0.8. Also, mortar bars made with SP, NC and SDeggge exposed to blended deicer of

6.4 molar KAc solution with Li/K ratio of 0.2 witpbroven to be effective in mitigating
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expansion. Whereas, expansion in mortar bars matle MM aggregate was not

mitigated with Li/K ratio of 0.2 with 6.4 molar KAsolution. For both cement types, bars
made with NM aggregate showed the highest expasistompared to other aggregate
type. In general, the alkali content of the cendidthave a significant influence on the
expansions of mortar bars as bars made with hikgliacement expanded more
compared to bars made with low-alkali cement.

From the DME test results, it can be seen that eventhere was drop in DME, a
corresponding increase in the linear expansioh@htortar bars was observed in ASTM
C 1260 tests. It was also evident that loss in DNV#S dependent on the concentration of
KAc solution. As bars made with NM and NC aggregatected more with 3 molar KAc
solution compared to bars exposed to 6.4 molar E#lation. Whereas, bars made with
SP and SD aggregate reacted more with 6.4 molar E&lation compared to bars
exposed to 3 molar KAc solution, this suggest tresictivity of aggregate is very
important for the distress of the bars. Also, Li#dadition to the KAc helped in mitigating
loss in DME as observed in ASTM C 1260 tests. Fahlzement types, bars made with
NM aggregate showed more loss in DME comparedheraggregate type as observed
in the expansion results.

Figure 4.23 shows graphs of % DME relative to ztayg reading compared to the
% expansion in 1260 tests at similar ages of mdrdas made with different aggregates,
high-alkali cement when exposed to 3 molar KAc sotuand different blended deicer of

3.0 molar KAc with Li/K ratios of 0.2, 0.3, 0.4,@and 0.8. It can be observed that
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whenever there is change in DME, a correspondirg@é in the linear expansion of the

mortar bars was observed in ASTM C 1260 tests.
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Figure 4.23 Percentage DME Relative to Zero Dayditgpand Expansions in C 1260
Tests

4.7 Results and Discussions from pH Measuremengoak Solution in the Modified
ASTM C 1260 Test

Figure 4.24 shows the pH of soak solutions expdsedhortar bars at 80°C
measured at 28 days in the modified ASTM C 126G ties NM, SP, NC and SD made

with HA cement. The pH was also measured beforenbwar bars were exposed to soak
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solution (0 day). From the figure, it can be obsdrthat in all the cases the pH of the
soak solution value increased from 10 to approxaygat3 after being exposed to mortar
bars. Also, it was noticed that the increase invpd$ greater with solutions containing
higher K concentration. Although, increase in gts@ak solution was observed even in
presence of LiAc, significant reduction in mortar® expansions were observed. This
suggests that the ASR gel found in presence of lWwAs not expansive. This mechanism
was observed with all Li/K ratios of 0.2, 0.4. @ued 0.8. The same trend was observed in

all the aggregate types.
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Figure 4.24 pH Values of Soak Solution from Modifi@RSTM C 1260 Tests for all
Aggregate made with High-Alkali Cement
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4.8 Results and Discussion from Visual and SEM-EMlysis on Mortar Bars

Visual and SEM-EDX analyses were conducted on mbides exposed to deicer
solutions to study the reaction products formed tuénteractions between the soak
solutions and mortar bars. SEM-EDX analyses wenglected on mortar bars at the end
of 28 days. SEM and EDX analyses of mortar barsemdith NM and SP aggregate are
discussed in detail as the influence of soak smtutrith aggregate was well observed.

Figure 4.25 shows the visual images of NM-HA sabike3 molar KAc solution
with different Li/K ratios. From the visual imagthe influence of LiAc in mitigating
expansion due to ASR is clearly observed as thhehnighe Li/K ratio, the higher the

mitigation.
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Figure 4.25 Figures shows the visual images of NMeAposed to different Li/K ratio
in Modified ASTM C 1260 Test.
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Figure 4.26 shows the visual images of SP-HA soake®l molar KAc solution
with different Li/K ratios. From the visual imagese influence of LiAc in mitigating
expansion due to ASR is clearly observed as th& ldtio increases the higher

mitigation.
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Soaked in 3 Molar KAc Solution and Blended Deiceith Li/K 0.8

Figure 4.26 Figures shows the visual images of 3Rekposed to different Li/K ratio in
Modified ASTM C 1260 Test.
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Figures 4.27 through 4.29 show the SEM-EDX imagfeNM-LA-3, NM-LA-3-

0.2 and NM-LA-6.4-0.2, respectively. From the figsi it is evident that bars exposed to
KAc show the deterioration of cement paste witmiigant cracking and some cracking
through the aggregate. The EDX spectrum of thesgelounding the aggregate and
through the cement paste shows the presence afsnatain the gel and the formation of
ASR gel.

Figures 4.30 through 4.32 show the SEM-EDX imagfeéSP-HA-3, SP-HA-3-0.2
and SP-HA-3.0-0.8, respectively. From the SEM iesagt is clear that the deterioration
of the bar is influenced by the potassium concéptraLithium acetate was proven to be
effective in mitigating the cracking, and the EDpéstra of the gel shows the presence of
less potassium level in higher Li/K ratios. Simitasults were observed in the expansion
and DME results as higher the Li/K concentratiom ltigher the mitigation.

Figures 4.33 and 4.34 show the SEM-EDX imagesFoH®-6.4 and SP-HA-6.4-
0.2, respectively. In figure 4.33 it can be seeat ttihere is a significant amount of
cracking throughout the bar. Most of the wide ceaake empty, which may be the reason
for the loss in DME. The cracks are found largelythe cement paste rather than in the
aggregate. The EDX spectrum of the gel shows tlesemce of ASR gel made of
potassium, silica and calcium. Figure 4.34 shovesetfiects of LiAc in mitigating ASR
as there were not many cracks and even the EDXrspeof the gel shows mitigation of

expansion due to ASR.
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Figure 4.27 Figures showing SEM-EDX images of NM-BA mortar bars
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Figure 4.28 Figures showing SEM-EDX images of NM-BA.2 mortar bars
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Figure 4.29 Figures showing SEM-EDX images of NM-8A-0.2 mortar bars
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Figure 4.30 Figures showing SEM-EDX images of SP-3{& mortar bars
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Figure 4.31 Figures showing SEM-EDX images of SP-348.2 mortar bars
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Figure 4.32 Figures showing SEM-EDX images of SP-348.8 mortar bars
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Figure 4.33 Figures showing SEM-EDX images of SP-&i4A mortar bars
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Figure 4.34 Figures showing SEM-EDX images of SP-&i4-0.2 mortar bars
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4.9 Statistical Analyses for Modified ASTM C 1266st

Statistical analyses were conducted on the datairsgat from the modified
ASTM C 1260 tests. The objectives of these analyses:
1. To study if there was any significant differencéwmen Li/K ratio and expansion
of mortar bars in modified ASTM C 1260 tests.
2. To study if the expansions of mortar bars made Withcement were higher than
expansions of the corresponding specimens madelittement.
3. To determine the nature of the relationship betwl@ébium content of the soak

solution and the expansion in modified ASTM C 12&6ls.

Results from Statistical Analysis

Hypothesis testing for two or more population meaas conducted using SAS
program, to determine if there was any signifiadifference between various Li/K ratios
in mitigating expansion in modified ASTM C 1260 ttekeast Significant Difference
(LSD) was used to find if there was any significdifference between different Li/K
ratios with respect to expansion. The level of siggmce used for the entire hypothesis
test was 0.05. The null hypothesis (Ho) assumet alhaexpansions of mortar bars in
different soak solutions with different Li/K ratiogere the same. The alternative
hypothesis (H) was that not all dosage levels were equal ingaiithg expansion. If the
p-value from the test was less than the levelgiifcance, the null hypothesis statement

was rejected and if the value was greater, thehypbthesis statement was not rejected.
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The tests were conducted for mortar bars made With SP, NC and SD
aggregate with HA cement exposed to different Li&ios. The test results of the LSD
procedure are presented in Table 4.1. For a giggregate, same letter for different Li/K
ratios indicate that there is no significant diffiece in effectiveness of the different
dosage of lithium. If not, there is a significamfference. From the results, it is seen that
when mortar bars made with NM aggregate, exposétetaled deicer of 3.0 molar KAc
with Li/K ratios of 0.6 and 0.8 are similar as thavere no significant difference in its
effect in mitigating expansion. In SP aggregatélof 0.4, 0.6, and 0.8 are similar. In
NC aggregate, Li/K of 0.2, 0.4, 0.6, and 0.8 amailsrr. In SD aggregate, each Li/K ratio
had a significantly different effect on expansion.

Table 4.1 Comparison of effect of soak solutionhwdifferent Li/K ratio in

mitigating expansion for mortar bars within aggtegsource at modified ASTM C
1260 tests, at 14 days.

Soak Solution NM SP NC SD
Li/K ratio
0 A A A A
0.2 B B B B
0.4 C C C C
0.6 D C C D
0.8 D C C E

Statistical analyses were conducted on all aggeeggies with different soak
solution combinations to find relative levels of tigation offered for different
aggregates, and if a significant difference exibttween the different levels of
mitigation. From the LSD procedure, the test resalte presented in Table 4.2. The

treatments with same letters means that there sigmficant difference between those
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soak solution ratios and the effect of aggreggbe.tfFrom Table 4.2 it is found that Li/K
ratio of 0.8 seems to produce similar results, ndigas of aggregate reactivity.

Table 4.2 Comparison of effect of soak solutionhwdifferent Li/K ratio in

mitigating expansion for mortar bars between agapegources at modified ASTM C
1260 tests, at 14 days.

Soak NM SP NC SD
Solution
Li/K ratio
0 A E D E
0.2 B G G G
0.4 C G G G
0.6 F G G G
0.8 G G G H

Expansions of Low and High Alkali Mortar Bars

Hypothesis testing for two population means wasdaooted using SAS program,
to determine whether expansions of mortar bars wdheenced by alkali content of
cement.

From the hypothesis testing, it was seen thatandwars made with HA cement
showed more expansion than bars made with LA cen@iy one combination showed
an insignificant difference between expansions nveittethese cement types.

The results from the tests are presented in TalBe W the table, for any
aggregate-soak solution combination, HA>LA mearnstiiat particular aggregate-soak
solution combination expansions of HA bars weréhigthan LA bars. HA<LA means
expansions of LA bars were higher than HA bars. HAsmeans expansions were not

significantly different in expansion between barad® with HA cement and bars made

with LA cement.
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Table 4.3 Comparison of expansions in modified ASTM260 tests for mortar
bars made with high-alkali and low-alkali cementétdays (X- No Data)

Soak Solution NM SP
Li/K ratio
0 HA>LA X
0.2 HA>LA HA>LA
0.8 HA>LA HA>LA

Regression Analysis

To study the relationship between lithium acetaidditions in mitigating
expansion in modified ASTM C 1260 tests regressinalysis were conducted. In this
research, mortar bars were prepared with diffeeggregate soaked in different Li/K
ratios prepared with both high and low-alkali ceméero establish the relationship,
regression analysis was carried out by plottingaesppn of C1260 test on Y-axis and the
Li/K ratio in X-axis on a graph.

Comparing the relationship between increase i ltdtio and expansion of
mortar bars it can be said that there is good esmioad relationship in NM aggregate
with both HA and LA cements, when soaked with défe Li/K ratio. Whereas in SP,
NC and SD aggregate the exponential relationshgs amt fit as well compared to bars

with NM aggregate with both cement types.
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Figure 4.35 Expansions in Modified C 1260 testsdatlays made with high-alkali and
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4.10 Results from Modified ASTM C 1293 Tests fonmNiglexico Aggregate

Expansion behavior of concrete prisms prepared WM aggregate in the
modified ASTM C 1293 tests are presented in thigiee. In addition, changes in the

DME of concrete prisms subjected to modified ASTM Z93 tests are presented.

4.10.1 Length-Change Behavior

Figure 4.36 shows the expansion behavior of céagoeisms made with NM
aggregate and high-alkali cement, exposed to 1NHNa@lution, 6.4 molar and 3 molar
KAc solution. Figure 4.37 shows the results of cete prisms prepared with low-alkali
cement, containing same aggregate and containing daicers as in Figure 4.36.

From these figures, it can be seen that NM aggeeigatighly reactive when it is
exposed to NaOH and KAc deicer solutions as thenmiexpanded more than 0.04%
after 30 days when exposed to NaOH solution aret @ftlays when exposed to 3 and 6.4
molar KAc solution. In the presence of 6.4 molardgolution, the NM concrete prisms
prepared with both high-alkali and low-alkali centseshowed severe distress (cracking)
in less than 180 days. In presence of 3 molar Kélat®n, the distress was more

gradual.
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Figure 4.36 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with NM
Aggregate and High-Alkali Cement
See Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.37 Expansion of Concrete Prisms in Modi#&TM C 1293 Test with NM
Aggregate and Low-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.38 shows the expansion behavior of prismsle with NM aggregate
exposed to 6.4 molar KAc solution and 6.4 molar KA&c blended deicer with Li/K
ratio of 0.2 (6.4-0.2) using high-alkali cementgiiie 4.39 shows the results for concrete
prisms prepared with same aggregate and exposednie deicer combinations as in
Figure 4.38 using low-alkali cement.

From these figures, it can be seen that NM aggeeatighly reactive when
exposed to these deicers. Concrete prisms exposelérnded deicer of 6.4 molar KAc
with Li/K ratio of 0.2 expanded to 0.8% at 1 yeathwow-alkali cement and 2.5% at 270
days with high-alkali cement. Statistically, prismade with high-alkali cement showed

more expansion compared to prisms made with lowhatiement.
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Figure 4.38 Expansion of Concrete Prisms in Modi#STM C 1293 Test with 6.4

Molar KAc Solution and Blended Deicers with NM Aggate and High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.39 Expansion of Concrete Prisms in Modi#&TM C 1293 Test with 6.4
Molar KAc Solution and Blended Deicers with NM Aggate and Low-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)

Figures 4.40 and 4.41 show the expansion resultiseomodified ASTM C 1293
tests. Figure 4.40 shows the expansions of higalgtkisms made with NM aggregate
and exposed to 3 molar KAc solution and 3 molar KA&c blended deicer with Li/K
ratio of 0.2 and 0.8 using high-alkali cement. Fegd.41 shows the results of mortar bars
prepared with the same aggregate exposed to the daiver solution using low-alkali
cement.

From these results, it is evident that the NM agate is highly reactive when
exposed to 3 molar KAc solution. When the prismsensoaked in blended deicer of 3
molar KAc solution with Li/K of 0.8, there was aysificant reduction in expansion with
both high-alkali and low-alkali cements. Statisiigaprisms made with low-alkali

cement, showed no significant difference when soakdlended deicer of 3 molar KAc
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solution with Li/K of 0.2 compared to 3 molar KAolstion. However, prisms made with
high-alkali cement showed a significant expansidremnvsoaked in blended deicer of 3

molar KAc solution with Li/K of 0.2 when comparedtiv3 molar KAc solution.
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Figure 4.40 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with 3 Molar
KAc Solution and Blended Deicers with NM Aggregatel High-Alkali Cement
(See Chapter 3.2 for Notation)
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Figure 4.41 Expansion of Concrete Prisms in Modi#&STM C 1260 Test with 3 Molar
KAc Solution and Blended Deicers with NM Aggregatel Low-Alkali Cement
(See Chapter 3.2 for Notation)

4.10.2 Dynamic Modulus of Elasticity

Figure 4.42 shows changes in dynamic modulus ditieiey of NM aggregate
concrete prisms specimens and exposed to 1N NaOmplar and 6.4 molar KAc
solution, and KAc-LiAc blended deicer solutionsoffr the results, it can be seen that
whenever there was drop in DME, a correspondingease in the linear expansion of the
concrete prisms was observed in the ASTM C 1293 lteis also evident that the loss in
DME was dependent on the concentration of KAc. Atke addition of LiAc to the KAc
helped in mitigating loss in DME as observed in &&TM C 1293 tests. In these test
results, concrete prisms showed an increase in BviEhe first two months after which
there was a drop. This initial increase in the DidBHue to the increase in the strength of

the concrete prisms due to continued hydrationr&dfeer, the deterioration weakens the
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matrix and the DME decreases. At the conclusiotheftest at one year, there does not
appear to be a noticeable effect of alkali contdrdement on decrease in DME. Prisms
made with high-alkali cement showed more rapid ri@t&ion than those made with

low-alkali cement.
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Figure 4.42 Change in Dynamic Modulus of Concretsn® made with NM Aggregate in
the Modified ASTM C 1293 Test (See Chapter 3.2Notation, * Sompura, 2006)
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4.11 Results from Modified ASTM C 1293 Tests for&@pAggregate

Expansion behavior of concrete prisms prepared \@Eh aggregate in the
modified ASTM C 1293 tests are presented in thigiee. In addition, changes in the

DME of concrete prisms subjected to modified ASTM Z93 tests are presented.

4.11.1 Length-Change Behavior

Figure 4.43 shows the expansion behavior of mddas made with SP aggregate
and high-alkali cement, exposed to 1IN NaOH solyt®é4 molar and 3 molar KAc
solution. Figure 4.44 shows the results of concpgiesms prepared with low-alkali
cement, containing the same aggregate and congesaime deicers as in Figure 4.43.

From the figures, it can be seen that SP aggregasereactive when exposed to
these deicers. There is a significant effect oélalkontent of the cement and on the level
of concentration of soak solution, as prisms exgdses.4 molar KAc solution expanded
more compared to prisms exposed to 3 molar KActmriuPrisms made with low-alkali
cement expanded more than 0.04% after 90 daysallifoak solution. Whereas, prisms
made with high-alkali cement expanded after 30 d&yatistically, prisms made with
high-alkali cement showed more expansion compacedbars made with low-alkali

cement when they were exposed to KAc solution.
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Figure 4.43 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with SP
Aggregate and High-Alkali Cement (See Chapter 8t Notation, * Sompura, 2006)
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Figure 4.44 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with SP
Aggregate and Low-Alkali Cement (See Chapter 3tNimtation, * Sompura, 2006)
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Figures 4.45 and 4.46 show the expansion resultmadified ASTM C 1293
tests. Figure 4.45 shows the expansions of prisiaxde with SP aggregate exposed to
6.4 molar KAc solution and 6.4 molar KAc-LiAc blesdl deicer with Li/K ratio of 0.2
(6.4-0.2) using high-alkali cement. Figure 4.46whahe results of mortar bars prepared
with the same aggregate exposed to same deicerigatmoins using low-alkali cement.
From these figures, it can be seen that SP aggregaktactive when exposed to 6.4
molar KAc solution with an expansion of more thai@% for high-alkali cement and
0.5% for low-alkali prisms at 360 days. Statistigalprisms made with high-alkali
cement showed more expansion compared to bars widd®w-alkali cement. Concrete
prisms with SP aggregate, showed significant redadn expansion when exposed to
blended deicer of 6.4 molar KAc with Li/K of 0.2ropared to 6.4 molar KAc solution.
However, the level of mitigation was not adequatethis blended deicer to be effective

(i.e., < 0.04% expansion at one year).
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Figure 4.45 Expansion of Concrete Prisms in Modi#STM C 1293 Test with 6.4
Molar KAc Solution and Blended Deicers with SP Agggaite and High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
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Figure 4.46 Expansion of Concrete Prisms in Modi#STM C 1293 Test with 6.4
Molar KAc Solution and Blended Deicers with SP Aggaite and Low-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
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Figures 4.47 and 4.48 show the expansion resuliseomodified ASTM C 1293
tests. Figure 4.47 shows the expansions of prisadenwith SP aggregate exposed to 3
molar KAc solution and 3 molar KAc-LiAc blended der with Li/K ratio of 0.2 using
high-alkali cement. Figure 4.48 shows the resultsiortar bars prepared with the same
aggregate exposed to the same deicer using lovi-etaent. Statistically, prisms made
with high-alkali cement, soaked in blended deidentded deicer of 3 molar KAc with
Li/K of 0.2 showed no significant difference in igdfect in mitigating the expansion,
when compared to 3 molar KAc solution. Howeversims made with low-alkali cement
showed a significant reduction in expansion whemosed to blended deicer of 3 molar
KAc with Li/K of 0.2, when compared to 3 molar KAolution. Prisms made with low-
alkali cement were within the expansion limit 004% until 90 days when exposed to
both solutions. After which, there was an gradumalease in expansion. SP aggregate,
when made with high-alkali cement, was within tix@ansion limit until 30 days after

which there was sudden increase in expansion with $olutions.
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Figure 4.47 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with 3 Molar
KAc Solution and Blended Deicers with SP Aggregatd High-Alkali Cement
(See Chapter 3.2 for Notation)
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Figure 4.48 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with 3 Molar
KAc Solution and Blended Deicers with SP Aggregatd Low-Alkali Cement
(See Chapter 3.2 for Notation)
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4.11.2 Dynamic Modulus of Elasticity

Figure 4.49 shows the changes in dynamic moduludasticity of SP aggregate
concrete prisms specimens exposed to 1N NaOH, armaold 6.4 molar KAc solution,
and blended deicer solutions. From the resulis,avident that whenever there was drop
in DME, a corresponding increase in the linear espm of the concrete prisms was
observed in the ASTM C 1293 test. During the fé8tdays concrete prisms made with
low-alkali cement showed a much higher increas®ME when compared to prisms
made with high-alkali cement. However, the droDIME was similar after 1 year for
concrete prisms exposed to 6.4 molar KAc solutitictv indicates that the concentration

of soak solution influences the changes in DME a#luences the expansion.
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Figure 4.49 Change in Dynamic Modulus of Concreten? made with SP Aggregate in
Modified ASTM C 1293 Test (See Chapter 3.2 forafioin, * Sompura, 2006)
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4.12 Results from Modified ASTM C 1293 Tests forrtiiaCarolina Aggregate

Expansion behavior of concrete prisms prepared W aggregate in the
modified ASTM C 1293 tests are presented in thediee. Also, changes in the DME of
concrete prisms subjected to modified ASTM C 12334 are presented.

4.12.1 Length-Change Behavior

Figure 4.50 shows the expansion behavior of coacpeisms made with NC
aggregate and high-alkali cement, exposed to 1NHNa@lution, 6.4 molar and 3 molar
KAc solution. From this figure, it can be seen tN& aggregate is highly reactive when
it is exposed to the soak solutions, KAc deicersRs started expanding after 60 days
when exposed to all soak solutions. At 360 daysciie prisms exposed to 6.4 molar
KAc solution showed an expansion above 1% and theogmsed to 3 molar KAc

solution, showed an expansion of 0.65%.
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Figure 4.50 Expansion of Concrete Prisms in Stahdad Modified ASTM C 1260 Test
with NC Aggregate and High-Alkali Cement
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(See Chapter 3.2 for Notation, * Sompura, 2006)

Figure 4.51 shows the expansion behavior of priamsle with NC aggregate
exposed to 6.4 molar KAc solution and 6.4 molar KA&c blended deicer with Li/K
ratio of 0.2 (6.4-0.2) using high-alkali cement. N@gregate is highly reactive when
exposed to these deicers, since the expansion aeadde04% after 60 days. From this
figure, it can be seen that there was a suddeeaserin expansion of prisms exposed to
6.4 molar KAc solution after 270 days. Statistigairisms soaked in blended deicer with
Li/K ratio of 0.2 with 6.4 molar KAc-LiAc showed gnificant difference in its effect in

mitigating the expansion compared to prisms soak&X molar KAc.
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Figure 4.51 Expansion of Concrete Prisms in Modi#STM C 1293 Test with 6.4
Molar KAc Solution and Blended Deicers with NC Aggate and High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)

Figure 4.52 shows the expansion behavior of priamsle with NC aggregate

exposed to 3 molar KAc solution and 3 molar KAc-tiBlended deicer with Li/K ratio
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of 0.2 (3-0.2) using high-alkali cement. NC aggtega highly reactive when exposed to
these deicers as the expansion of concrete prisoeeds the expansion limit of 0.04%
after 60 days. After which, there was a sudderem®e in the level of expansion till the
end of the test period. Prisms exposed to bothedeishowed same level of expansion.
Statistically, prisms soaked in blended deicer Witk ratio of 0.2 with 3 molar KAc-

LiAc showed no significant difference in its effantmitigating the expansion compared

to prisms soaked in 3 molar KAc.
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Figure 4.52 Expansion of Concrete Prisms in Modi#&STM C 1260 Test with 3 Molar
KAc Solution and Blended Deicers with NC Aggregael High-Alkali Cement
(See Chapter 3.2 for Notation)
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4.12.2 Dynamic Modulus of Elasticity

Figure 4.53 shows changes in dynamic modulus ditieity of NC aggregate
concrete prisms specimens exposed to 1N NaOH, armaold 6.4 molar KAc solution,
and blended soak solution. From the results, itbmseen that whenever there was drop
in DME, a corresponding increase in the linear espm of the concrete prisms was
observed in the ASTM C 1293 test. It is also evidbat the loss in DME was dependent
on the concentration of KAc. Prisms exposed tonsodar KAc solution showed greater
loss when compared to prisms exposed to 3 molar 8lation. Also, the addition of
LiAc to the KAc did not help in mitigating loss IDME as observed in the ASTM C

1293 tests, with high-alkali cement.
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Figure 4.53 Change in Dynamic Modulus of Concreten? made with NC Aggregate in
Modified ASTM C 1293 Test (See Chapter 3.2 forafion, * Sompura, 2006)

4.13 Results from Modified ASTM C 1293 Tests fouoDakota Aggregate

Expansion behavior of concrete prisms prepared \8Ih aggregate in the
modified ASTM C 1293 tests are presented in thigiee. In addition, changes in the

DME of concrete prisms subjected to modified ASTM Z93 tests are presented.

4.13.1 Length-Change Behavior

Figure 4.54 shows the expansion behavior of coacpeisms made with SD

aggregate and high-alkali cement, exposed to 1NHNa@lution, 6.4 molar and 3 molar
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KAc solution. From this figure, it can be seen t8&t aggregate is reactive when exposed
to all soak solutions. Prisms were within the exgpam limit of 0.04 till 120 days, after
which, there was a gradual increase in expansiomweder, compared to other aggregate
evaluated in this study, SD aggregate was lesgivea@dt 360 days, the expansion of
concrete prisms exposed to these deicers expaadethan 0.17%. The concentration of
KAc solution does not have much effect and thenmsiexpanded to the same level as

prisms exposed to 1N NaOH.
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Figure 4.54 Expansion of Concrete Prisms in Modi#&STM C 1293 Test with SD
Aggregate and High-Alkali Cement (See Chapter 8t Notation, * Sompura, 2006)
Figure 4.55 shows the expansion behavior of prismasle with SD aggregate
exposed to 6.4 molar KAc solution and 6.4 molar KAac blended deicer with Li/K
ratio of 0.2 (6.4-0.2) using high-alkali cementofifr this figure, it can be seen that SD

aggregate is reactive when exposed to these deleassns were within the expansion
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limit of 0.04% till 180 days, after which, there sva gradual increase in expansion.
However, compared to other aggregate evaluatetisnstudy, SD aggregate was less
reactive. Statistically, prisms soaked in blendetter with Li/K ratio of 0.2 with 6.4
molar KAc-LiAc showed no significant difference iits effect in mitigating the

expansion compared to prisms soaked in 6.4 molar. KA
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Figure 4.55 Expansion of Concrete Prisms in Modi#STM C 1293 Test with 6.4
Molar KAc Solution and Blended Deicers with SD Aggate and High-Alkali Cement
(See Chapter 3.2 for Notation, * Sompura, 2006)
Figure 4.56 shows the expansion behavior of prismasle with SD aggregate
exposed to 3 molar KAc solution and 3 molar KAc-tiAlended deicer with Li/K ratio
of 0.2 using high-alkali cement. At 120 days, pssexposed to these soak solution

expanded within the expansion limit of 0.04%, aftévich, there was a gradual increase

in expansion. Statistically, prisms soaked in b&ghdeicer with Li/K ratio of 0.2 with 3
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molar KAc-LiAc showed no significant difference iits effect in mitigating the

expansion compared to prisms soaked in 3 molar KAc.
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Figure 4.56 Expansion of Concrete Prisms in Modi#&TM C 1293 Test with 3 Molar
KAc Solution and Blended Deicers with SD Aggregate High-Alkali Cement
(See Chapter 3.2 for Notation)

4.13.2 Dynamic Modulus of Elasticity
Figure 4.57 shows changes in dynamic modulus ditieity of SD aggregate
concrete prisms specimens exposed to 1N NaOH, armaold 6.4 molar KAc solution,
and blended deicer solutions. From the resultsait be seen that whenever there was
drop in DME, a corresponding increase in the linegoansion of the concrete prisms
was observed in the ASTM C 1293 test. While exparssiof prisms exposed 3 molar

KAc solution showed slightly higher loss in DME nepared to 6.4 molar KAc solution.
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Figure 4.57 Change in Dynamic Modulus of Concreten? made with SD Aggregate in
Modified ASTM C 1293 Test (See Chapter 3.2 fordlioin, * Sompura, 2006)

4.14 Discussion and Results from ASTM C 1293 andEDMsts

From the expansion and DME test results from thefMSC 1293 tests on
concrete prisms made with different aggregate, as viound that the level of distress
observed in any prisms was dependent on the aggreggctivity and deicer used. Prisms
made with NM, SP and NC aggregate expanded mora wkposed to 6.4 molar KAc
solution compared to bars exposed to 3 molar KAatem. Whereas, concrete prisms

made with SD aggregate showed no significant diffee in expansion when exposed to
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6.4 molar KAc solution and 3 molar KAc solution. ri@oete prisms made with NM, SP,
NC and SD aggregate expanded more when exposedntol® and 6.4 molar KAc
solution, compared to prisms exposed to 1N NaOHitswl.

Concrete prisms made with NM, SP, NC and SD agtgegéen exposed to
blended deicer of 3 molar KAc with different Li/latros of 0.2, 0.4, 0.6, and 0.8 were not
effective in mitigating the expansion due to ASRisTmay be due to specimen size as
the penetration of LIAc solution is less in conerptisms when compared to penetration
of LIAc in mortar bars. This aspect will be furthéiscussed in ICP test. Also, prisms
made with NM, SP, NC and SD aggregate when exptsdidended deicer with Li/K
ratio of 0.2 with 6.4 molar KAc solution, were ngffective in mitigating the expansion
due to ASR. However, prisms made with SD aggregapanded less compared to other
aggregate type. For both cement types, prisms naattte NM aggregate showed the
highest expansions compared to other aggregats.tyjpes finding indicate that perhaps
higher Li/K molar ratios should be considered fantlier investigation.

From the DME test results, it can be seen that etenthere was drop in DME, a
corresponding increase in the linear expansiorhefdoncrete prisms was observed in
ASTM C 1293 tests. In general, the alkali conteinthe cement did have a significant
influence on expansions and loss in DME of concpetems, as prisms made with high-
alkali cement showed more loss in DME comparedam@es made with low-alkal
cement. Upon exposure to any given deicer, prisadenwith NM aggregate showed

more loss in DME compared to prisms made with SP aNd SD aggregate.
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Figure 4.58 shows graphs of % DME relative to zbag reading compared to the
expansion in ASTM C1293 tests at similar ages oftanobars made with different
aggregates and high-alkali cement when exposedntol@r KAc solution and different
blended deicer of 3.0 molar KAc with Li/K ratio$.clan be observed that whenever there
was change in DME, a corresponding change in tleali expansion of the mortar bars

was observed in ASTM C 1293 tests.
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Figure 4.58 Percentage DME Relative to Zero Dayditgpand Expansions in ASTM C
1293 Tests
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4.15 Results and Discussion from pH measuremefoak Solution in the
Modified ASTM C 1293 Test

Figure 4.59 shows the pH of soak solutions expdsembncrete prisms at 38 °C
after 12 months in the modified ASTM C 1293 testsNM, SP, NC and SD aggregates
made with high-alkali and low-alkali cement. The ptds measured at the end of 12
months of the test program and compared with th@iptHe soak solution before contact
with prisms at 0 day. From these figures it canobeerved that all the soak solutions
evaluated, showed a significant increase in thelirupon exposure to concrete prisms.
Further, it can also be observed that with an emedan the lithium acetate dosage in the
soak solution, the pH slightly decreased at badlayand 360 days. Although an increase
in pH of soak solution was observed even in presaid.iAc, significant reduction in
concrete prism expansions were observed as ASRgeadl in presence of LIAc was not
expansive. It is likely that the ASR gel produatnied in the presence of lithium bearing
soak solution is not as expansive as that formd@dAa soak solution. The trends in the
pH changes of soak solutions in ASTM C 1293 testeewery similar to those observed

in the ASTM C 1260 tests.
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Figure 4.59 pH Values of Soak Solution from Modifi@RSTM C 1293 Tests for all
Aggregates made with high-alkali and low-alkali &

4.16 Visual and SEM-EDX Analysis on Concrete Prisms

Visual and SEM-EDX analyses were conducted on @egorisms exposed to
deicer solution to study the reaction products fedirdue to interactions between the soak
solutions and concrete prisms. SEM-EDX analyse®wenducted on concrete prisms at
the end of 12 months. SEM and EDX analysis of cetecprisms made with NM and SP

aggregate are discussed in detail.
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Figure 4.60 shows the visual images of NM-HA sohke KAc with different
Li/K ratios. From these visual images, the influeon LiAc in mitigating expansion due
to ASR is clearly observed, with an increase irKLiatio of soak solution, the intensity
of cracking in prisms had reduced for a given laseentration of KAc. However, for a
given Li/K ratio, as the base concentration of KiAcreased, the intensity of cracking
increased. Also, similar effects were observedrisnps made with low-alkali cement.
These results suggest that the level of lithiundedan the blended deicer to control the

deterioration is dependent on both Li/K molar ratma the base concentration of KAc.
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Soaked in 3 Molar KAc Solution

Soaked in 3 Molar KAc Solution and Blended Deicegith Li/K 0.2

Soaked in 3 Molar KAc Solution and Blended Deicegith Li/K 0.8

Soaked in 6.4 Molar KAc Solution and Blended Desceith Li/K 0.2

Figure 4.60 Figures shows the visual images of NMeAposed to different Li/K ratio
in Modified ASTM C 1293 Test.
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Figure 4.61 shows the visual images of SP-HA soakei molar KAc solution,
blended deicer of 3.0 molar KAc with Li/K of 0.2cu6.4 molar KAc with Li/K of 0.2.
Even though, visual images of prisms exposed todlamKAc solution show less
cracking compared to prisms exposed to 3 molar Kélation with Li/K ratio of 0.2, it
was the prisms exposed to 3 molar KAc solution #wgianded more. Similar effects

were seen in mortar bars.

Soaked in 3 Molar KAc Solution

Soaked in 6.4 Molar KAc Solution and Blended Desceith Li/K 0.2

Figure 4.61 Figures shows the visual images of 3Rekposed to different Li/K ratio in
Modified ASTM C 1293 Test.

133



Figure 4.62 shows SEM and EDX images of concreEms NM-HA-6.4-0.2.
From the figure, it is evident that bars expose&Ax show the deterioration of cement
paste with significant cracking and some crackihgpigh the aggregate. The EDX
spectrum of the gel shows the presence of potassiihe gel and the formation of ASR
gel.

Figure 4.63 and Figure 4.64 show the SEM-EDX insagENM-LA-3-0.2 and
NM-LA-3-0.8, respectively. From the SEM imagesijsitclear that the deterioration of
the bar is influenced by the lithium concentratibithium acetate proved to be effective
in mitigating the cracking, as the mitigation ofcks is well observed in Figure 4.64.
Figure 4.65 shows the SEM-EDX images of NM-LA-6.2-0From the Figure, it can be
seen that prisms which were exposed to blendecdideic6.4 molar KAc with Li/K of
0.2 show the deterioration of cement paste witiiigant cracking and some cracking
through the aggregate also in the presence of LiRe EDX spectrum of the gel
surrounding the aggregate and through the cemetg ghows the presence of potassium
in the gel and the formation of ASR gel.

Figure 4.66 and Figure 4.67 show the SEM-EDX insagfeSP-LA-3 and SP-LA-
3-0.2, respectively. From the SEM images, the Li#io of 0.2 is more effective in
mitigating the cracking. In both images, the cragksre observed more around the
aggregate. Similar results were observed in theamsipn and DME results as higher

Li/K concentrations yielded higher mitigation.
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Figure 4.68 shows the SEM-EDX images of SP-LA®2- From the SEM
images it can be seen that there is a gel-likeettre present around the aggregate. EDX
shows the presence of potassium and calcium arbenaggregate.

From these SEM-EDX images, it can be observed ghams exposed to KAc
solution showed more deterioration compared tonwiexposed to blended deicers of 3
molar and 6.4 molar KAc solution with different Kifatio. The reaction product around
the aggregate formed in the presence of LiAc waspesed of calcium, potassium and
silica, similar to the gel product for the prismgesed to plain KAc solution. It is the gel
that is formed in the presence of LiAc which is egpansive in nature which resulted in
lesser expansion compared to the prisms exposadatal 6.4 molar KAc solution. The
effect of this non-expansive product in the present LIAc was well noticed in
expansion and DME tests of concrete prisms, aprisms exposed to blended deicers of
KAc-LiAc solution showed less expansion and losBME compared to prisms exposed

to soak solution without LiAc.
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Figure 4.62 Figures show SEM-EDX images of NM-HA-6.2 prisms
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Figure 4.63 Figures show SEM-EDX images of NM-LA-2-prisms
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Figure 4.64 Figures show SEM-EDX images of NM-LA-B- prisms
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Figure 4.65 Figures show SEM-EDX images of NM-LA-6.2 prisms
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Figure 4.66 Figures show SEM-EDX images of SP-LA{#&isms
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Figure 4.67 Figures show SEM-EDX images of SP-LB-3{risms
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Figure 4.68 Figures show SEM-EDX images of SP-LA&®.2 prisms
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4.17 Statistical Analyses for Modified ASTM 1293ste

Statistical analyses were conducted on the datraat from the modified ASTM C
1293 tests. The objectives of these analyses were:

1. To study if there was any significant influence lofK ratio on expansion of
concrete prisms in modified ASTM C 1293 tests.

2. To study if the expansions of concrete prism spengnmade with high-alkali
cement were higher than expansions of the correlpgrspecimens made with
low-alkali cement.

3. To determine the nature of the relationship betwl@ébium content of the soak

solution and the expansion in modified ASTM C 1288s.

Results from Statistical Analysis

Hypothesis testing for two or more population meaas conducted using the
SAS program to determine if there was any sigmificdifference between various
Li/K ratios in mitigating expansion in modified ASTC 1293 test as explained in
section 4.8.

The tests were conducted for concrete prisms mateNW, SP, NC and SD
aggregate with HA cement exposed to different Li&tios. From the Least
Significant Difference (LSD) procedure, the testulés are presented in Table 4.4.
For a given aggregate, the same Iefberdifferent Li/K ratios indicates that there is
no significant difference in the effectiveness dfedent dosages of lithium. If the

lettersare different then there was a difference in exjgansvith respect to Li/K
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ratio. From these results, it is seen that in NIgragate, soak solutions with different
Li/K ratios had a different effect on the levelnitigation. In case of prisms with SP,
NC and SD aggregates, soak solution with Li/K ratfo0.2 have similar effect as
compared to 3 molar KAc soak solution (i.e., Li/K=0

Table 4.4 Comparison of effect of soak solutionhwdifferent Li/K ratio in

mitigating expansion for concrete prisms within @ggte source at modified ASTM
C 1293 tests, at 12 months (X- no data).

Soak Solution NM SP NC SD
Li/K ratio
0 A A A A
0.2 B A A A
0.8 C X X X

Statistical analyses were conducted on all aggeetgues with different soak
solution combinations to find relative levels of tigation offered for different
aggregates, and if a significant difference existtween the different levels of
mitigation. From the LSD procedure, the test rasale presented in Table 4.5. The
treatments with same letters means that there isigruficant difference between
those soak solution ratios and the effect of aggeetype. From the Table it is found
that Li/K ratio does not seem to produce similasutess between the aggregate
reactivities. This may be due to aggregate mingsalas highly reactive aggregate

responds quickly, compared to slow reactive agdesga
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Table 4.5 Comparison of effect of soak solutiorhvdifferent Li/K ratio in
mitigating expansion for concrete prisms betweegregpte sources at modified

ASTM C 1293 tests, at 12 months (X- no data).

Soak Solution NM SP NC SD
Li/K ratio
0 A E C F
0.2 B E C F
0.8 D X X X

Expansions of low and high-alkali concrete prisms

Hypothesis testing for two population means weradcated using the SAS

program, to determine whether expansions of coagoeisms were influenced by

alkali content of cement. From the hypothesis igstit was seen that concrete prisms

made with high-alkali cement showed more expantian bars made with low-alkali

cement except for the prisms soaked in Li/K rafi®.@ with 3 Molar KAc solution.

The results from the tests are presented in Tablel4e notation used in Table 4.6 is

same as in Table 4.3.

Table 4.6 Comparison of expansions in modified ASTM293 tests for concrete

prisms made with high-alkali and low-alkali cemahf.2 months.

Soak Solution NM
Li/K ratio
0 HA>LA
0.2 HA=LA
0.8 HA>LA
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Regression Analysis

To study the relationship between lithium acetaidditions in mitigating
expansion in modified ASTM C 1293 tests regressinalyses were conducted. In this
research, concrete prisms were prepared with NMeggde soaked in different Li/K
ratios prepared with both high and low-alkali cemefo establish the relationship,
regression analysis was carried out by plottingaa@sppn of ASTM C 1293 test on Y-axis
and the Li/K ratio in X-axis on a graph.

Comparing the relationship between the increada/kratio and the expansion
of concrete prisms, it can be said that there goad exponential relationship in NM
aggregate with high-alkali and low-alkali cementhen soaked with different Li/K ratio.
The results are comparable to mortar bar made Mithaggregate as there is a similar

pattern in both test methods.
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Figure 4.69 Expansions in Modified ASTM C 1293 $emtt 12 months made with high-
alkali and low-alkali cement for Li/K ratio of 0,2 and 0.8 solutions with 3 molar KAc.

146



4.18 Results and Discussion from Modified ASTM @ désts

Figure 4.70 shows the visual images of the con@letes made with NM, SP and
IL aggregate which were exposed to 6.4 molar KAatszn and 3 molar LiAc solution.
From the images, it is seen that no scaling ocduafter 50 cycles. Also, there was no
residue and no expansion in the concrete slabs.viBo@l ratings of the surfaces were
rated as O since no scaling was observed. It veasradticed that LiAc solution freezes at
high temperature as the freezing point is high cameg to KAc solution. The KAc
solution did not freeze and no scaling was obsebeshuse of the freezing temperature

of the solution.
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Figure 4.70 Images showing the scaling resistahcerrete surface in Modified

ASTM C 672 Test
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4.19 Results and Discussion from Modified ASTM @ A2&sts

Figure 4.71 shows the expansion results of the andvars from the modified
ASTM C 227 tests. The mortar bars were made with-neactive Ottawa sand with 5%
fused silica and low-alkali cement. The mortar batich were not pre-treated with
lithium nitrate showed the highest expansion. Mobts with 1(T-1), 3(T-3) and 5(T-5)
with coating of lithium nitrate showed very low kg of expansion, even after exposing
the bars to subsequent coatings of KAc at 3 daydays, 14 days, and 28 days. The
application of lithium nitrate to the mortar baesfdre exposing to KAc can, therefore, be

an better alternative to mitigate the distress edulsy deicer solutions like KAc.
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Figure 4.71 Expansion of Mortar Bars in Modified A8 C 227 Test with pre-treatment
with Lithium Nitrate before exposing to Potassiumefate Deicer Solution with Fused
Silica, Ottawa Sand and Low-Alkali Cement
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Figure 4.72 shows the results of the changes immyn modulus of elasticity of
mortar bar specimens in the modified ASTM C 221. téeom this figure, it can be seen
that mortar bars which were pre-treated with lithinitrate before exposing to coats of
KAc showed little or no loss in DME at all dosagedl. However, mortar bars not pre-
treated with lithium nitrate coats and exposed #ckshowed a major loss in DME

compared to bars which were pre-treated with Iithiutrate.
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Figure 4.72 Change in Dynamic Modulus of Mortar®8arade with Ottawa Sand with
5% Fused Silica by Mass in Modified ASTM C 227 Test
Figure 4.73 shows graphs of % DME relative to zdayg reading compared to the
% expansion in 227 tests at similar ages of mdstas made with Ottawa sand, low-
alkali cement with no treatment and bars which@eetreated with lithium nitrate at 1

coat, 3 coat and 5 coats. It can be observed thahever there is change in DME, a
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corresponding change in the linear expansion ofribgar bars was observed in ASTM

C 227 tests.
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Figure 4.73 Percentage DME Relative to Zero Daydiepand Expansions in C 227
Tests

4.20 Results and Discussion from ICP Tests

This test was conducted to determine the deptpeoietration of deicers into
concrete. The specimens used in this study werentdkom scaling studies. The
concentration of solution used was 6.4 molar KAuton and 3 molar LiIAc solution.
Figure 4.74 shows the results from the ICP testulgch were done on the crushed
powder of the cores of the concrete slabs whiclew&posed to these soak solution. The
X axis shows the depth from the top of the slab twedY axis shows the concentration.

From the figures, both K and Li ion concentrati@tiéases along the depth. From these
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results, it appears that for six month exposuratim, to deicers solution, both K and Li
penetrated to a depth of 1.5 inch to 2 inch intoccete. Since the concentration of KAc
and LiAc is different, no quantitative assessmemild¢ be conducted to compare the

relative penetration of K and Li ions into concrete
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Figure 4.74 Figures shows the profile of K and &netration in the concrete slabs along
the depth
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4.21 Results from XRF Testing

Figures 4.75 through 4.76 show the penetration of & concrete slab made with
SP aggregate and low-alkali cement, exposed to &#wentration. Figure 4.75 shows
the three color overlay image of IL-KAc which shoti® penetration of K along the
depth of the concrete slab. Potassium was foundvalt the cement matrix and around

the aggregate forming the ASR gel around the aggeeg

Figure 4.75 Three color overlay image of SP-KAc maith LA cement. Calcium =
Blue, Silicon = Red, Potassium = Green.
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Figure 4.76 Thermal colorization of SP-KAc madehaliA cement.
Figure 4.77 shows the spectra of the concreteirspas at the top and bottom
location of the slab. In this graph, it can be s K concentration is higher in the top

portion of the concrete when compared to bottontiquar
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Figure 4.77 XRF Spectra of SP-KAc made with LA catne
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Figures 4.78 and 4.79 show the various images tosedderstand the penetration
of K in IL-LA exposed to KAc. The penetrations of Were similar to that of concrete
made with SP aggregate.

Figure 4.78 gives the three color overlay imagellesKAc. This shows the
penetration of K along the depth of the concresd.sPotassium was found all over the
cement matrix and around the aggregate formingAtBR gel around the aggregate as

similar images were also seen in the SEM images.

Figure 4.78 Three color overlay image of IL-KAc reaslith LA cement. Calcium =
Blue, Silicon = Red, Potassium = Green.
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Figure 4.79 Thermal colorization of SP-KAc madehaliA cement.
Figure 4.80 shows the spectra of the concreteirgpes at top, middle and
bottom locations of the slab. In this graph, it t&nseen that K concentration is higher in

the top portion of the concrete and the concewoimadrops with depth.
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CHAPTER FIVE

SUMMARY AND CONCLUSIONS

5.1 Summary
This chapter presents a summary of the principalirigs and the conclusions
from the research study of standard and modifiedME 1260 tests, modified ASTM C
1293 tests, modified ASTM C 672 tests, ICP tesBFXests and modified ASTM C 227
tests, followed by recommendations.

5.1.1 Standard and Modified ASTM C 1260 Tests

The principal findings from the standard and miedifASTM C 1260 tests were:

1. Mortar bars made with reactive aggregate exposquaio potassium acetate at
both 3 and 6.4 molar KAc solution showed significaotential to cause distress.

2. The level of expansion in mortar bars made with il NC aggregate increased
significantly when exposed to KAc with 3 molar KAolution, as compared to
6.4 molar KAc solution. Mortar bars made with SRI 8D aggregate showed
more expansion when exposed to 6.4 molar KAc soiutvhen compared to 3
molar KAc solution.

3. Lithium acetate, when blended with 3 molar andr@ar KAc, was found to be
effective in mitigating ASR expansion associatedthwiSP, NC and SD
aggregates. NM aggregate could only be mitigatetlleyded deicers of 3 molar

KAc with Li/K of 0.6 and 0.8 molar ratios.
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4. The alkali content of the cement had a signifigafiience on the expansions of
the mortar bars. Bars made with high-alkali cenextand more when compared
with bars made with low-alkali cement.

5. The changes in DME of mortar bars upon exposuredifterent deicers
corresponded well with the linear expansions oleskry

6. SEM and EDX analysis of mortar bars showed sewterioration in the
aggregate particles and the cement paste of thentmars when exposed to 3 and
6.4 molar KAc solution. There was a significantueiibn in deterioration when
LiAc was added to KAc. This trend was more appammortar bars exposed to
blended deicers with higher Li/K molar ratios (i.8.6 and 0.8). The gel formed
within a crack, or the residue outside an aggregatek was mainly comprised of

silica, potassium and calcium.

5.1.2 Modified ASTM C 1293 Tests
The principal findings from the modified ASTM C 128sts were:

1. Concrete prisms made with all of the reactive agates showed significant
expansions when exposed to 3 and 6.4 molar KActieakt The level of
expansion of concrete prisms exposed to 6.4 mokc Kolution was greater
when compared to 3 Molar KAc solution.

2. The addition of LiAc to KAc deicer was found to rim# as effective in controlling
expansion of concrete prisms in ASTM C 1293 testsnpared to its effect on

mortar bars in ASTM C 1260 tests.
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. The alkali content of the cement had a signifigafiience on the expansion of
the concrete prisms in the modified ASTM C 1293steBrisms made with high-
alkali cement expanded more when compared with bade with low-alkali
cement.

. Concrete prisms made with NM aggregate were thd aftected by the deicers
used in the study, followed by SP, NC and SD aggeegespectively.

. The dynamic modulus of elasticity (DME) of concrgigsms made with all
aggregates showed a significant drop upon expasue4 molar KAc solution
and 3 Molar KAc solution. The reduction in DME watsserved with the addition
of LiIAc and more in increase of Li/K ratio.

. SEM and EDX analysis of concrete prisms showedrsedeterioration within the
aggregate particles and the cement paste of thereterprisms when exposed to 3
and 6.4 molar KAc solution. This effect was similarthat observed in the mortar
bars. There was a significant reduction in detation when LiAc was added to
KAc solutions. There were fewer cracks observechincrete prisms when soaked
in blended deicers with higher Li/K molar ratio.

5.1.3 Modified ASTM C 672 Tests
The principal findings from the modified ASTM C 6%&5sts were:

. No scaling was observed in concrete slabs made bath reactive and non-
reactive aggregate exposed to 3 and 6.4 molar KAtisns.

. No mass loss or expansion was observed.
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5.1.4 ICP and XRF Tests
The principal findings from ICP and XRF tests were:

. The concentration of K was high in the top surfacd reduces with depth.
. The gradient from top to bottom showed the inflleeaEK in concrete samples.
. The reaction products formed around the aggregat® \mainly comprised of

silica, potassium and calcium.

5.1.5 Modified ASTM C 227 Tests
The principal findings from the modified ASTM C 285ts were:

. Mortar bars that were exposed to KAc and not prated with LINQ showed
higher expansion than those that were pre-treatgdlyiNO3.

. There was a significant drop in dynamic moduluslasticity (DME) in mortar
bars exposed to KAc without pre-treatment, and uah doss was observed bars
pre-treated with lithium nitrate. The loss in DMBEorelated well with

corresponding increase in the expansions of mbetes.
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5.2 Conclusions

The following conclusions can me made from thislgtu
. A saturated solution of LiAc or blends of LiAc-KAat Li/K molar ratio of 0.2

and higher appear to be effective in mitigating A®Rited effects in mortar bars
prepared with 3 out of 4 reactive aggregates. Onlyrtar bars with NM
aggregate, the most reactive of all aggregateddamat be mitigated to below
0.1% at 14 days.

. While blends of LiAc-KAc deicer solutions were falimo reduce expansion in
concrete prisms, the magnitude of reduction wascaotparable to that observed
in mortar bars. Consequently tests on concretengrighowed that blended deicers
at Li/K of 0.2 were not effective in controlling gansion induced by ASR.\

. The use of low-alkali cement significantly redu@egbansion in mortar bars in the
presence of lithium bearing deicing solutions.

. The type of aggregate and the alkali level in tbaccete, both influence the
minimum levels of lithium compounds needed to sesfidly mitigate ASR.

. None of the deicers evaluated in this study (K&¢ and LiAc) caused scaling in
concrete slabs.

. No pessimum effects were observed with lithium aiegtwhen evaluated in
ASTM C 1260 and ASTM C 1293 tests.

. Pre-treatment of mortar bars with Liy®efore exposure to KAc deicer solution
was effective in controlling expansion in mortardado significant expansion or

drop in DME was observed in mortar bars which waeetreated.
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5.3 Recommendations

Based on the research findings, the following rem@mdations are suggested into

two groups:

5.3.1 Recommendations for Practice

1. Using LiAc with KAc is a viable approach to mitiga¢xpansion due to ASR. For
highly reactive aggregate like NM aggregate Li/KOdB with 3 molar KAc can be
used to mitigate the expansion. For moderate neaefjgregate Li/K ratio of 0.4
to 0.6 can be used to mitigate the expansion.

2. It is suggested to use low-alkali cement compacetigh-alkali cement as it is
observed from this research that alkali contergeshent has significant influence
on the expansion due to ASR.

3. Since the gel formed in the presence of LiAc is egpansive in nature which
results in lesser expansion, it is strongly suggk#tat use of LiAc in addition to

KAc should be considered as an alternative to exgigicers like KAc.

5.3.2 Recommendations for Future Research

1. In future studies, it is recommended that quamigathemical analyses on the gel
composition be carried out to ascertain the leviemdigation obtained as a
function of lithium dosage.

2. Even though, the ASTM C 1260 accelerated mortatdsirhelps in assessing the

ability of lithium compounds to reduce expansionedto ASR, lithium
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compounds should be evaluated by conducting ASTNI2@3 tests, to gain a
better understanding of the specimen size effechitigation.

It is established in this study that lithium acetst effective in mitigating ASR. In

future, studies should be carried out to optimiae tomposition of blended
deicers to meet the specification of the EnvirontaleRrotection Agency and

Aerospace Materials Specifications for deicers

. Pre-treatment of mortar bars with LiN®efore exposing to KAc was effective in
all dosage levels. Further research should be dansoncrete prisms to find the

specimen size effect in mitigation and the prettresmt effectiveness.
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Table Al Expansion readings and percentage expasidhe Standard ASTM C 1260 test for New MexXtyolite using
High Alkali cement

Note:

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar2 Bar3 Bar Av
0 0.01 0.2969 0.2752 0.332 0.3206 0 0 0 0 0
3 0.0036 0.3477 0.3264 0.3798 0.3820 0.57p0 0.576@.5420 0.6780 0.5920
7 0.0036 0.3902 0.3705 0.4218 0.4095 0.9970 1.017@.9570 0.9530 0.9810
10 0.0038 0.4128 0.3947 0.443p 0.4311 1.22110 1.2570.1810 1.1670 1.2065
14 0.0036 0.4340 0.4170 0.467[7 0.4521 1.4350 1.4820.4210 1.3790 1.4293

21 0.0033 0.4550 0.4387 0.490P 0.4725 1.6480 1.7020.6560 1.5860 1.6480

28 0.0031 0.4693 0.4532 0.506¢4 0.4865 1.7980 1.8490.8130 1.7280 1.7958

1. % Expansion value of'may =

[(mortar bar reading of‘hday- ref. bar reading of'day) — (mortar bar reading of @ay- ref. bar reading of'tday)] X 100

Original length of the mortar bar



Table A2 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using
High Alkali cement and 3 MC of Potassium Acetati&ele

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar2 Bar3 Bars Avg
0 0.0050 0.3056 0.3174 0.2875 0.3141 0.00p0 0.000@.0000 0.0000 0.0000]
3 0.0059 0.4497 0.4511 0.4245 0.4507 1.43p0 1.3280.3610 1.3570 1.3695
7 0.0064 0.5098 0.5058 0.4798 0.5020 2.0280 1.8700.9040 1.8650 1.9168
11 0.0058 0.5280 0.5224 0.4979 0.5164 2.2160 2.042@2.0960 2.0150 2.0923

14 0.0056 0.5334 0.5280 0.5031L 0.5219 2.2720 2.100@.1500 2.0720 2.1485

21 0.0064 0.5384 0.5332 0.508p 2.3140 2.1440 12.19 2.2163

28 0.0072 0.5405 0.5352 0.510p 2.3270 2.1560 5R.20 2.2293

Table A3 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using
High Alkali cement and 6.4 MC of Potassium Acet@eeer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar2 Bar3 Barg Avg
0 0.01 0.3017 0.3135 0.325 0.3132 0 0 0 0 0
3 0.0036 0.4212 0.4293 0.4441 0.4299 1.2500 1.2220.2550 1.2310 1.2418
7 0.0036 0.4519 0.4594 0.474y 0.4614 1.56p60 1.5230.5610 1.5460 1.5490
10 0.0038 0.4533 0.46085 0.476D 0.4629 1.5780 1.5820.5720 1.5590 1.5603
14 0.0036 0.4539 0.4612 0.476p 0.463 1.5410 1.5790 1.5670] 1.5623
21 0.0033 0.4541 0.4618 0.4770 0.4639 1.59110 1.5500.5870 1.5740 1.5755
28 0.0031 0.4554 0.4628 0.478[ 0.4652 1.6060 1.5620.6000 1.5890 1.5893
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Table A4 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using

High Alkali cement and Lithium Acetate deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0093 0.3143 0.3141 0.3132 0 0 0 0
3 0.0097 0.314 0.3145 0.313 -0.007 0 -0.006 -0.0043
7 0.0094 0.3143 0.314 0.313y -0.001 -0.002 0.0p4 0003
11 0.0096 0.315 0.3152 0.315 0.00¢4 0.008 0.0L5 90.0Q
14 0.0095 0.3158 0.3154 0.314B 0.013 0.011 0.014 012aG.
21 0.0102 0.3153 0.314 0.3139 0.001 -0.d1 -0.002 .003¥
28 0.0103 0.3161 0.3154 0.313p 0.008 0.007 -0.006 .0030

Table A5 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using

High Alkali cement and Li/K 3-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bar4 Avg
0 0.005 0.3071 0.2618 0.2809 0.2914 0 0 0 0 0
3 0.0059 0.3656 0.3202 0.3363 0.3439 0.576 0.575 5450.| 0.516 0.5530
7 0.0064 0.4111 0.3636 0.3791 0.38b 1.026 1.004 680.9 0.922 0.9800
11 0.0058 0.426 0.3783 0.393 0.3966 1.181 1167 1311 1.044 1.1238
14 0.0056 0.4303 0.3823 0.397p 0.4003 1.226 1199 .16 1| 1.083 1.1670

21 0.0064 0.4353 0.3807 0.402 1.268 1.175 1.197 1.2133
28 0.0066 0.4372 0.388 0.403b 1.285 1.246 1.21 1.2470




Table A6 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using

High Alkali cement and Li/K 3-0.4 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0064 0.366 0.3992 0.3899 0.4311 0 0 0 0 0
3 0.0056 0.3862 0.4198 0.4168 0.4564 0.2 0.214 770.2 0.261 0.2405
7 0.0057 0.3912 0.4249 0.4119 0.4621 0.2%9 0.264 2270.| 0.317 0.2668
11 0.0057 0.3962 0.4306 0.4268 0.4682 0.309 0.321 .3760 | 0.378 0.3460
14 0.0058 0.3971 0.4318 0.4278 0.4702 0.317 0.332 .3850 | 0.397 0.3578

21 0.0067 0.399 0.4331 0.4299 0.327 0.336 0.397 0.3533
28 0.0059 | 0.3985] 0.4329  0.4294 0.33 0.342 04 3573

LT

Table A7 Expansion readings and percentage expaneidhe Modified ASTM C 1260 test for New MexiRhyolite using
High Alkali cement and Li/K 3-0.6 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bard Avg
0 0.0064 0.3738 0.4108 0.4939 0.3736 0 0 0 0 0
3 0.0056 0.3799 0.4177 0.4971 0.3761 0.069 0.077 04 0| 0.033 0.0548
7 0.0057 0.3809 0.4189 0.498 0.37712 0.078 0.088 480.0 0.043 0.0643
11 0.0057 0.3819 0.42 0.4989 0.3785 0.088 0.099 570.0 0.056 0.0750
14 0.0058 0.3825 0.4206 0.4998 0.3786 0.093 0.104 .06 0| 0.056 0.0783
21 0.0067 0.384 0.4224 0.501 0.099 0.113 0.068 0.0933
28 0.0059 0.3834 0.4218 0.5008 0.101 0.115 0.069 0.0950




[LT

Table A8 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using
High Alkali cement and Li/K 3-0.8 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0064 0.428 0.3908 0.4994 0.4569 0 0 0 0 0
3 0.0056 0.4305 0.3935 0.5026 0.4583 0.033 0.035 04 0 0.022 0.0325
7 0.0057 0.431 0.3942 0.5034 0.4597 0.037 0.041 470.0 0.035 0.0400
11 0.0057 0.4321 0.3949 0.5048 0.4611 0.048 0.048 .0560 | 0.049 0.0503
14 0.0058 0.4329 0.3956 0.5048 0.4615 0.0%5 0.054 .06 0| 0.052 0.0553
21 0.0067 0.4343 0.3969 0.506b 0.06 0.0%8 0.068 0.0620
28 0.0059 0.4335 0.3963 0.505) 0.06 0.06 0.068 0.0627

Table A9 Expansion readings and percentage expasidhe Modified ASTM C 1260 test for New MexiBbyolite using
High Alkali cement and Li/K 6.4-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bar4 Avg
0 0.0051 0.2909 0.3036 0.2819 0.2912 0 0 0 0 0
3 0.0051 0.3354 0.3464 0.3268 0.3346 0.445 0.428 4490.| 0.434 0.4390
7 0.0054 0.3765 0.3885 0.369H 0.3746 0.853 0.846 8730.| 0.831 0.8508
11 0.0059 0.389 0.4018 0.3838 0.3874 0.973 0.974 0111.| 0.954 0.9780
14 0.005 0.3907 0.4036 0.3849 0.3889 0.999 1.001 0311.] 0.978 1.0023
21 0.0058 0.3933 0.4026 0.387P 1.017 0.983 1.053 1.0177
28 0.006 0.3944 0.407 0.388y7 1.026 1.025 1.0p9 1.0367




Table A10 Expansion readings and percentage exganei the Standard ASTM C 1260 test for New MeXtyolite using

Low Alkali cement

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl BarZ Bar3 Bad Avg
0 0.01 0.2926 | 0.3225 | 0.3191 0.318 0 0 0 0 0

3 0.0036 | 0.3405 0.37 0.3665 | 0.3661 0.543 0.539 0.538 0.545 0.5413
7 0.0036 0.384 0.4126 | 0.4121 | 0.4094 0.978 0.965 0.994 0.978 0.9788
10 0.0038 | 0.4062 | 0.4353 | 0.4364 | 0.4323 1.198 1.19 1.235 1.205 1.2070
14 0.0036 | 0.4269 | 0.4575 | 0.4583 | 0.4535 1.407 1414 1.456 1.419 1.4240
21 0.0033 | 0.4476 0.48 0.4796 | 0.4734 1.617 1.642 1.672 1.621 1.6380
28 0.0031 | 0.4621 | 0.4948 | 0.4942 | 0.4878 1.764 1.792 1.82 1.767 1.7858

Table A1l Expansion readings and percentage exgansi the Modified ASTM C 1260 test for New MexiRbyolite using
Low Alkali cement and 3 MC of Potassium Acetatecdei

,\:, Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Ba3 Avg
0 0.0093 0.3065 0.3429 02989 0O 0 0 0
3 0.0096 0.3715 0.4173 0.3742 0.647 0.741 0.75 0.7127
7 0.0098 | 0.3926 | 0.4417 | 0.3784 0.856 0.983 0.79 0.8763
11 0.01 0.451 0.4937 1.438 1.501 1.4695
14 0.0095 0.4608 0.5027 1.541 1.596 1.5685
21 0.0102 0.4719 0.5126 1.645 1.688 1.6665
28 0.0103 0.481 0.52 1.735 1.761 1.7480
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Table A12 Expansion readings and percentage exgansi the Modified ASTM C 1260 test for New MexiRbyolite using
Low Alkali cement and 6.4 MC of Potassium Acetadecdr

Comparator readings

Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl BarZ Bar3 Bad Avg
0 0.01 0.2805 | 0.2997 | 0.2892 | 0.3093 0 0 0 0 0
3 0.0036 | 0.3955 | 0.4146 | 0.4071 | 0.4236 1.214 1.213 1.243 1.207 1.2193
7 0.0036 | 0.4277 | 0.4444 | 0.4411 | 0.4547 1.536 1.511 1.583 1.518 1.5370
10 0.0038 | 0.4294 | 0.4454 | 0.4424 | 0.4562 1.551 1.519 1.594 1.531 1.5488
14 0.0036 | 0.4296 0.446 0.4428 | 0.4565 1.555 1.527 1.6 1.536 1.5545
21 0.0033 | 0.4301 | 0.4466 | 0.4436 0.457 1.563 1.536 1.611 1.544 1.5635
28 0.0031 | 0.4313 | 0.4476 | 0.4446 | 0.4581 1.577 1.548 1.623 1.557 1.5763

Table A13 Expansion readings and percentage exqganef the Modified ASTM C 1260 test for New MexiRbyolite using

Low Alkali cement and Lithium Acetate deicer

Comparator readings

Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3  Avg

0 0.0093 0.3317 0.2232 0.315¢ 0 0 0 0

3 0.01 0.332 0.2236 0.316| -0.004 | -0.003 | -0.003 | -0.0033
7 0.0093 | 0.332 | 0.2238 | 0.3163 0.003 0.006 0.007 0.0053
11 0.0096 0.333 0.2259 0.3177 0.01 0.024 0.018 0.0173
14 0.0095 0.3333 0.2259 0.3174 0.014 0.025 0.016 0.0183
21 0.01 0.3326 0.2245 0.3164 0.002 0.006 0.003 0.0037
28 0.0103 0.3337 0.2259 0.3171 0.01 0.017 0.005 0.0107




Table A14 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for New Mexico Rhyolite using Low Alkakment and Li/K 3-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0093 0.2845 0.3434 0.2952 0 0 0 0

3 0.0096 0.3018 0.3564 0.3136 0.17 0.127 0.181 0.1593
7 0.0098 | 0.3191 | 0.3737 | 0.3341 0.341 0.298 0.384 0.3410
11 0.01 0.3495 0.4091 0.372] 0.643 0.65 0.761 0.6847
14 0.0095 0.3535 0.416 0.3767 0.688 0.724 0.813 0.7417
21 0.0102 0.3549 0.4189 0.3794 0.695 0.746 0.833 0.7580
28 0.0103 0.3563 0.4214 0.3806 0.708 0.77 0.844 0.7740

Table A15 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for New Mexico Rhyolite using Low Alkakment and Li/K 3-0.8 deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0093 0.2782 0.3268 0.286 0 0 0 0
3 0.0102 0.2807 0.328 0.2882 0.016 0.003 0.013 0.0107
7 0.0094 | 0.2809 | 0.3292 | 0.2879 0.026 0.023 0.018 0.0223
11 0.0098 0.2822 0.3306 0.2893 0.035 0.033 0.028 0.0320
14 0.0095 0.2824 0.3303 0.2892 0.04 0.033 0.03 0.0343
21 0.0102 0.2808 0.329 0.288| 0.017 0.013 0.011 0.0137
28 0.0103 0.2826 0.3309 0.29| 0.034 0.031 0.03 0.0317

Table A16 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for New Mexico Rhyolite using Low Alkakment and Li/K 6.4-0.2 deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0093 0.3207 0.3158 0.3062 O 0 0 0
3 0.01 0.3362 0.3609 0.3468 0.148 0.444 0.399 0.3303
7 0.0094 | 0.3731 | 0.3683 | 0.3624 0.523 0.524 0.561 0.5360
11 0.0096 0.3864 0.3806 0.3757 0.654 0.645 0.692 0.6637
14 0.0095 0.387 0.381 0.3763 0.661 0.65 0.699 0.6700
21 0.0102 0.3875 0.3807 0.3765 0.659 0.64 0.694 0.6643
28 0.0103 0.3887 0.3824 0.3781 0.67 0.656 0.709 0.6783

174




Table A17 Changes in DME in standard ASTM C 126&@stesing NM aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.82 3.73 4.00 3.86 3.85 100.00
3 2.35 2.36 2.52 2.40 241 62.52
28 1.51 1.37 1.31 1.35 1.38 35.94

Table A18 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.25 4.17 4.44 4.41 4.32 100.00
3 0.87 0.87 0.92 0.90 0.89 20.61
28 1.86 1.68 1.88 1.90 1.83 42.41

Table A19 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.12 4.14 4.11 4.03 4.10 100.00
3 0.93 1.01 0.98 0.97 0.97 23.69
14 1.30 1.39 1.54 1.33 1.39 33.92
28 1.55 1.72 1.63 1.63 39.85

Table A20 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and LiAc

Dynamic Young's Modulus, (E) * 10”6 | % Change

Days Barl Bar2 Bar3 Avg | inDME
0 2.27 2.47 2.46 2.40 100.00
3 2.46 2.69 2.54 2.56 106.77
14 2.38 2.68 2.53 2.53 105.51
28 2.73 2.84 3.04 2.87 119.57
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Table A21 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.09 4.12 4.05 4.36 4.16 100.00
3 2.01 1.84 2.00 2.28 2.03 48.89
14 1.28 1.35 1.40 1.77 1.45 34.91
28 1.41 1.28 1.66 1.45 34.95

Table A22 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.10 4.13 4.36 4.25 4.21 100.00
3 0.86 0.94 1.05 1.12 0.99 23.59
14 0.66 0.69 0.88 0.78 0.75 17.87
28 0.60 0.58 0.68 0.62 14.69

Table A23 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and Li/K 3-0.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.00 3.98 3.90 3.87 3.94 100.00
3 2.24 2.06 1.35 1.45 1.77 45.06
14 2.66 2.73 1.98 1.89 2.31 58.79
28 2.25 2.89 2.05 2.39 60.82

Table A24 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and Li/K 3-0.6

Dynamic Young's Modulus, (E) * 1076 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.98 4.07 4.02 4.00 4.02 100.00
3 3.49 3.33 3.83 3.89 3.63 90.36
14 3.95 3.90 4.19 4.17 4.05 100.80
28 3.98 3.95 4.27 4.07 101.17
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Table A25 Changes in DME in modified ASTM C 1266tseusing NM aggregate, high
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.08 4.02 3.99 4.07 4.04 100.00
3 4.10 3.95 3.94 4.01 4.00 99.02
14 4.27 4.24 4.17 4.31 4.25 105.10
28 4.28 4.22 4.18 4.23 104.60

Table A26 Changes in DME in standard ASTM C 12&@steising NM aggregate, low
alkali cement

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.79 3.97 3.85 3.75 3.84 100.00
3 2.43 2.55 2.44 2.34 2.44 63.51
28 1.42 1.54 141 151 1.47 38.33

Table A27 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.28 4.14 4.20 4.28 4.23 100.00
3 0.92 0.98 0.84 0.91 0.91 21.59
28 1.69 1.68 1.57 1.75 1.68 39.66

Table A28 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 4.87 4.79 4.50 4.72 100.00
3 1.39 1.22 1.04 1.22 25.78
14 1.37 1.24 1.31 27.64
28 1.28 1.20 1.24 26.29
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Table A29 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and LiAc

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 4.67 4.57 4.40 4.55 100.00
3 491 4.81 4.52 4.75 104.33
14 4.63 4.49 4.24 4.45 97.85
28 4.08 4.39 3.73 4.07 89.35

Table A30 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 4.38 4.33 4.90 4.54 100.00
3 2.03 1.91 1.96 1.97 43.36
14 1.54 1.39 1.61 1.52 33.37
28 1.52 1.49 1.48 1.50 33.00

Table A31 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E) * 10”6 | % Change

Days Barl Bar2 Bar3 Avg | inDME
0 4.99 4.57 5.00 4.85 100.00
3 2.68 3.21 2.71 2.87 59.09
14 1.34 1.22 0.90 1.15 23.80
28 1.29 0.75 1.18 1.07 22.12

Table A32 Changes in DME in modified ASTM C 1266tseusing NM aggregate, low
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 5.09 4.19 4.13 4.47 100.00
3 4.99 4.17 411 4.42 98.84
14 5.08 3.60 4.14 4.27 95.52
28 4.16 4.25 4.15 4.19 93.58
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Table A33 Expansion readings and percentage exgansi the Standard ASTM C 1260 test for Sprattdstane using High

Alkali cement

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.151 0.4668 0.4857 0.445y 0.455 0 0 0 0 0
2 0.1513 0.4737 0.4922 0.452 0.4612 0.066 0.062 6 0.0 0.059 0.0618
4 0.1512 0.4816 0.4995 0.4592 0.4683 0.146 0.136 1330.| 0.131 0.1365
6 0.1503 0.4861 0.5038 0.4634 0.4721 0.2 0.188 40.18 0.178 0.1875
8 0.1499 0.4892 0.5069 0.4661 0.4751 0.235 0.223 2150.| 0.212 0.2213
10 0.1507 0.4938 0.5114 0.4706 0.4792 0.273 0.26 2520.| 0.245 0.2575
12 0.1501 0.4977 0.5152 0.474p 0.4829 0.318 0.304 .2940 | 0.288 0.3010
14 0.151 0.5037 0.5206 0.4798 0.4881 0.369 0.349 3360.| 0.331 0.3463
16 0.1511 0.5088 0.5257 0.484p 0.4934 0.419 0.399 .3870 | 0.383 0.3970
20 0.1511 0.5203 0.5302 0.494p 0.5038 0.534 0.444 4910 | 0.487 0.4890
24 0.151 0.5333 tall 0.508 0.517p 0.66b 0.623 2®.6) 0.6367
= 28 0.1499 tall tall 0.5203 0.529¢4 0.75¢ 0.76 7585
o 32 0.1501 tall tall 0.5321 tall 0.873 0.873(

Table A34 Expansion readings and percentage exganef the Modified ASTM C 1260 test for Spratt leistone using High

Alkali cement and 3 MC of Potassium Acetate deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bard Avg
0 0.005 0.3357 0.3083 0.3213 0.2784 0 0 0 0 0
3 0.0059 0.3397 0.3127 0.3254 0.2825 0.031 0.035 0320.| 0.032 0.0325
7 0.0064 0.3438 0.3173 0.3293 0.2866 0.067 0.076 0660.| 0.068 0.0693
11 0.0058 0.3488 0.3221 0.334 0.2917 0.123 0.13 690.1 0.125 0.1368
14 0.0056 0.3523 0.3257 0.335)7 0.2949 0.16 0.168 1380.| 0.159 0.1563
21 0.0064 0.3761 0.3496 0.360) 0.39 0.399 0.38 0.3897
28 0.0066 0.4033 0.3764 0.3878 0.66 0.665 0.644 0.6563
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Table A35 Expansion readings and percentage exganef the Modified ASTM C 1260 test for Spratt lestone using High
Alkali cement and 6.4 MC of Potassium Acetate deice

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.1504 0.4791 0.4699 0.4537 0 0 0 0
1 0.1503 0.4795 0.4701 0.454 0.00p 0.004 0.0p4 43.00
3 0.1504 0.4857 0.4766 0.4606 0.066 0.068 0.069 670.0
5 0.1503 0.5024 0.4936 0.4777 0.234 0.239 0.241 380.2
7 0.1498 0.5147 0.5065 0.4908 0.362 0.373 0.377 700.3
9 0.15 0.5261 0.5178 0.502 0.474 0.484 0.487 0.481L7
11 0.149 0.5331 0.5269 0.5114 0.554 0.585 0.591 76@.5
13 0.149 0.5353 0.5217 0.669 0.694 0.6815
15 0.1513 0.5351 0.805 0.805(
19 0.1513
24 0.1528
30 0.1527

Table A36 Expansion readings and percentage exganef the Modified ASTM C 1260 test for Spratt leistone using High
Alkali cement and Lithium Acetate deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Barn3 Avd
0 0.0099 0.3072 0.2335 0.321 0 0 0 0
3 0.0093 0.3067 0.2329 0.3209 0.001 -2.776E-16  50/000.0020
7 0.0097 0.3074 0.2329 0.3221  0.004 -0.004 0.0130043.
11 0.0098 0.3088 0.2344 0.323p 0.017 0.011 0.0230170.
14 0.0095 0.3089 0.2349 0.3234  0.0p1 0.018 0.0280223.
21 0.0085 0.3086 0.234 0.3215  0.0p8 0.019 0.019 220.Q
28 0.0097 0.3093 0.2354 0.322p  0.0p3 0.022 0.0210220.




Table A37 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for Spratt leistone using High

Alkali cement and Li/K 3-0.2 deicer

Comparator readings

Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl BarZ Bar3 Bar4d Avg
0 0.005 0.3127 0.3187 0.3064 0.2824 0 0 0 0 0
3 0.0059 0.3156 0.3216 0.3098 0.2853 0.0p 0.02 0.p2 0.02 0.0200
7 0.0064 0.3174 0.3234 0.311 0.2869 0.033 0.083 320.0 0.031 0.0323
11 0.0058 0.3176 0.3237 0.311p 0.2872 0.041 0.042 .04 0] 0.04 0.0408
14 0.0056 0.318 0.324 0.3118 0.2875 0.047 0.047 480.0 0.045 0.0468
21 0.0064 0.3191 0.3252 0.3128 0.0% 0.051 0.05 0.0503
28 0.0066 0.32 0.3265 0.3138 0.05)7 0.062 0.058 0.0590

Table A38 Expansion readings and percentage exqanef the Modified ASTM C 1260 test for Spratt leistone using High

Alkali cement and Li/K 3-0.4 deicer

Comparator readings

Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bard Avg
0 0.0064 0.3137 0.3768 0.29 0.3221 0 0 0 0 0
3 0.0056 0.3143 0.3772 0.2906 0.3226 0.014 0.012 0140.| 0.013 0.0133
7 0.0057 0.3152 0.378 0.2915 0.3235 0.022 0.019 220.0 0.021 0.0210
11 0.0057 0.3156 0.37885 0.292 0.3239 0.026 0.024 0270.| 0.025 0.0255
14 0.006 0.3163 0.3792 0.2925 0.3246 0.08 0.0p8 290.0 0.029 0.0290
21 0.0067 0.3172 0.3803 0.293p 0.032 0.082 0.032 0.0320
28 0.0058 0.3164 0.3795 0.2928 0.033 0.083 0.034 0.0333




Table A39 Expansion readings and percentage exganei the Modified ASTM C 1260 test for Spratt lestone using High
Alkali cement and Li/K 3-0.6 deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0064 0.2783 0.3234 0.2914 0.3114 0 0 0 0 0
3 0.0056 0.2795 0.325 0.2927 0.3125 0.0p 0.0p4 10.02 0.019 0.0210
7 0.0057 0.28 0.3256 0.2931 0.3131 0.024 0.0pP9 40.02 0.024 0.0253
11 0.0057 0.2804 0.326 0.2938 0.3136 0.028 0.033 0260.| 0.029 0.0290
14 0.006 0.2812 0.3266 0.294 0.314 0.033 0.086 0.03 0.03 0.0323
21 0.0067 0.282 0.3276 0.295] 0.034 0.039 0.034 0.0357
28 0.0058 0.2815 0.3267 0.294p 0.038 0.089 0.037 0.0380

5 Table_ A40 Expansio_n readings _and percentage exgansi the Modified ASTM C 1260 test for Spratt leistone using High
N Alkali cement and Li/K 3-0.8 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bard Avg
0 0.0064 0.4082 0.3934 0.2939 0.3072 0 0 0 0 0
3 0.0056 0.4092 0.3944 0.2949 0.3081 0.018 0.018 0180.| 0.017 0.0178
7 0.0057 0.4096 0.3949 0.2953 0.3088 0.021 0.022 0210.| 0.023 0.0218
11 0.0057 0.4098 0.3951 0.295p 0.3092 0.023 0.024 .0240 | 0.027 0.0245
14 0.006 0.4109 0.396 0.2964 0.3098 0.031 0.03 90.02 0.03 0.0300
21 0.0067 0.4119 0.3969 0.297p 0.034 0.082 0.03 0.0320
28 0.0058 0.4113 0.3962 0.296p 0.037 0.034 0.032 0.0343




Table A41 Expansion readings and percentage exganei the Modified ASTM C 1260 test for Spratt leistone using High
Alkali cement and Li/K 6.4-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0051 0.3077 0.2884 0.3194 0.2561 0 0 0 0 0
3 0.0044 0.3085 0.2893 0.3209 0.2575 0.015 0.016 0220.| 0.021 0.0185
7 0.0054 0.3113 0.2923 0.3232 0.2597 0.033 0.036 0350.| 0.033 0.0342
11 0.0059 0.3138 0.2947 0.3254 0.2618 0.053 0.055 .0520 | 0.049 0.0522
14 0.005 0.3131 0.2942 0.3246 0.2612 0.0%5 0.059 0530.| 0.052 0.0547
21 0.0058 0.3155 0.2967 0.327p 0.071 0.076 0.071 0.0727
28 0.006 0.3164 0.2973 0.327y 0.078 0.08 0.074 0.0773

Table A42 Expansion readings and percentage exgansi the Standard ASTM C 1260 test for Sprattdstane using Low

- ;
& Alkali cement
Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Bar4 Barl BarZ Bar3 Bad  Avg
0 0.1506 | 0.4539 | 0.4608 | 0.4529 | 0.4609 0 0 0 0 0
3 0.1512 | 0.4627 | 0.4704 | 0.4626 | 0.4701 0.082 0.09 0.091 0.086 0.0873
5 0.1503 | 0.4713 | 0.4797 | 0.4716 | 0.4778 0.177 0.192 0.19 0.172 0.1828
7 0.1499 | 0.4769 | 0.4857 | 0.4773 0.483 0.237 0.256 0.251 0.228 0.2430
9 0.1507 | 0.4818 | 0.4907 | 0.4824 | 0.4875 0.278 0.298 0.294 0.265 0.2838
11 0.1501 | 0.4855 | 0.4944 | 0.4861 | 0.4912 0.321 0.341 0.337 0.308 0.3268
13 0.151 0.4901 | 0.4989 | 0.4901 | 0.4959 0.358 0.377 0.368 0.346 0.3623
15 0.1511 | 0.4944 | 0.5032 | 0.4953 | 0.5001 0.4 0.419 0.419 0.387 0.4063
19 0.1512 | 0.5036 | 0.5117 | 0.5047 | 0.5089 0.491 0.503 0.512 0.474 0.4950
23 0.151 0.5143 | 0.5213 | 0.5156 | 0.5189 0.6 0.601 0.623 0.576 0.6000

27 0.1499 | 0.5249 | 0.5311 | 0.5278 | 0.5296 0.717 0.71 0.756 0.694 0.7193




Table A43 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for Spratt Limestone using Low Alkali arhand 6.4 MC of Potassium
Acetate deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg

0 0.1504 | 0.4812 | 0.4415 | 0.4481 0 0 0 0

1 0.1503 | 0.4815 | 0.4418 | 0.4486 0.004 0.004 0.006 0.0047

3 0.1504 | 0.4838 | 0.4443 | 0.4511 0.026 0.028 0.03 0.0280

5 0.1503 | 0.4974 | 0.4577 | 0.4638 0.163 0.163 0.158 0.1613

7 0.1498 | 0.5101 | 0.4706 | 0.4769 0.295 0.297 0.294 0.2953

9 0.15 0.5193 0.48 0.4854 0.385 0.389 0.377 0.3837
11 0.149 0.5249 | 0.4855 | 0.4907 0.451 0.454 0.44 0.4483
13 0.149 0.5303 0.491 0.4965 0.505 0.509 0.498 0.5040
15 0.1513 | 0.5354 | 0.4965 0.502 0.533 0.541 0.53 0.5347
19 0.1513 0.54 0.504 0.5084 0.579 0.616 0.594 0.5963
24 0.1528 0.5147 | 0.5186 0.75 0.64 0.6950
30 0.1527 0.5244 | 0.5292 0.806 0.788 0.7970

Table A44 Expansion readings and percentage exqansi the Modified ASTM C
1260 test for Spratt Limestone using Low Alkali @rhand Lithium Acetate deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg

0 0.0099 0.3441 0.3542 0.292Y O 0 0 0

3 0.0093 0.3428 0.352 0.2919 -0.007 -0.016 -0.002 | -0.0083
7 0.0095 | 0.3442 | 0.35269 | 0.2924 | 0.005 | -0.0111 | 0.001 | -0.0017
11 0.0098 0.3449 0.3536 0.2934 0.009 -0.005 0.008 0.0040
14 0.0095 0.3451 0.354 0.293 0.014 0.002 0.007 0.0077
21 0.0089 0.3438 0.3532 0.2918 0.007 0 0.001 0.0027
28 0.0097 0.3434 0.3543 0.294 -0.005 0.003 0.015 0.0043

Table A45 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for Spratt Limestone using Low Alkali @arhand Li/K 3-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0099 0.2115 0.323 0.2894 0 0 0 0

3 0.0099 0.2116 0.3224 0.289] 0.001 | -0.002 -0.004 -0.0017
7 0.0093 | 0.2122 0.324 0.2905 | 0.013 0.016 0.017 0.0153
11 0.0098 0.2133 0.325 0.2911 0.019 0.021 0.018 0.0193
14 0.0095 0.214 0.3254 0.2914 0.029 0.028 0.024 0.0270
21 0.0087 0.2133 0.324¢4 0.2914 0.03 0.028 0.032 0.0300
28 0.0103 0.2147 0.3264 0.293| 0.028 0.03 0.032 0.0300
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Table A46 Expansion readings and percentage exgasi the Modified ASTM C
1260 test for Spratt Limestone using Low Alkali @arhand Li/K 3-0.8 deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0099 0.3343 0.3309 0.3152 0 0 0 0
3 0.0099 0.3349 0.3315 0.3156 0.006 0.006 0.004 0.0053
7 0.0095 | 0.3354 | 0.3316 | 0.3152 0.015 0.011 0.004 0.0100
11 0.0098 0.336 0.3375 0.3168 0.018 0.067 0.017 0.0340
14 0.0095 0.336 0.3324 0.3166 0.021 0.019 0.018 0.0193
21 0.0087 0.335 0.3308 0.3154 0.019 0.011 0.014 0.0147
28 0.0097 0.3363 0.332 0.3175 0.022 0.013 0.025 0.0200

Table A47 Expansion readings and percentage exgansi the Modified ASTM C
1260 test for Spratt Limestone using Low Alkali @rhand Li/K 6.4-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0099 0.3443 0.2584 0.3446 0 0 0 0

3 0.0099 0.3447 0.2595 0.3461 0.004 0.011 0.015 0.0100
7 0.0095 | 0.3456 | 0.2597 | 0.3464 0.017 0.017 0.022 0.0187
11 0.0098 0.3481 0.2615 0.3488 0.039 0.032 0.043 0.0380
14 0.0095 0.3488 0.2617 0.3498 0.049 0.037 0.056 0.0473
21 0.0089 0.348 0.2618 0.349] 0.047 0.044 0.054 0.0483
28 0.0103 0.3495 0.264 0.3509 0.048 0.052 0.059 0.0530

Table A48 Changes in DME in standard ASTM C 126&@steising Spratt aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.84 3.91 3.97 3.74 3.87 100.00
13 3.82 3.90 3.93 3.72 3.84 99.42
21 3.22 3.35 3.38 3.16 3.28 84.79
28 2.56 2.73 2.70 2.50 2.62 67.81
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Table A49 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,
high alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.19 4.09 4.09 4.03 4.10 100.00
13 2.71 2.39 2.58 2.42 2.53 61.61
21 1.58 1.49 1.54 1.47 1.52 37.08
28 0.92 0.89 0.91 0.89 0.90 22.07

Table A50 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,
high alkali cement and KAc 3.0

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.01 4.03 4.20 4.08 4.08 100.00
3 4.08 4.08 4.27 4.23 4.16 102.09
14 3.87 3.84 4.10 4.03 3.96 97.02
28 2.56 2.58 2.79 2.64 64.78

Table A51 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,
high alkali cement and LiAc

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 3.97 4.28 3.93 4.06 100.00
3 4.32 4.57 4.22 4.37 107.48
14 4.16 4.45 4.09 4.24 104.20
28 4.11 4.06 3.91 4.03 99.09

Table A52 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,

high alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E) * 10"6 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.33 4.46 3.98 4.21 4.24 100.00
3 4.52 4.54 4.08 4.34 4.37 103.01
14 4.63 4.56 4.27 4.48 4.49 105.73
28 471 4.61 4.39 4.57 107.65
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Table A53 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,

high alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.24 4.27 4.19 3.98 4.17 100.00
3 4.34 4.35 4.30 4.15 4.28 102.70
14 4.49 4.50 4.44 4.28 4.43 106.09
28 4.49 4.41 4.37 4.42 106.08

Table A54 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,

high alkali cement and Li/K 3-0.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.65 4.04 3.83 3.82 3.84 100.00
3 3.79 4.17 3.85 3.95 3.94 102.72
14 3.95 4.25 3.68 4.09 3.99 104.12
28 4.00 4.28 4.06 0.00 4.11 107.24

Table A55 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,

high alkali cement and Li/K 3-0.6

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 3.92 3.77 3.51 3.89 3.77 100.00
3 3.99 3.82 3.64 4.10 3.89 102.95
14 4.12 3.97 3.76 4.16 4.00 106.07
28 4.12 3.95 3.74 3.94 104.36

Table A56 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate,

high alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E) * 1076 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.72 3.92 3.65 3.76 3.76 100.00
3 3.84 4.00 3.74 3.83 3.85 102.40
14 4.05 4.14 3.84 4.04 4.02 106.78
28 3.98 4.15 3.86 3.99 106.15

187



Table A57 Changes in DME in standard ASTM C 12&@steising Spratt aggregate, low

alkali cement

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.29 4.31 4.17 421 4.24 100.00
13 4.21 4.22 4.12 4.12 4.17 98.16
21 3.85 3.80 3.72 3.74 3.78 89.06
28 3.26 3.21 3.12 2.97 3.14 73.96

Table A58 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate, low
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 3.90 4.10 4.04 4.08 4.03 100.00
13 2.32 2.67 2.60 2.54 2.53 62.81
21 2.15 2.42 2.19 2.23 2.25 55.72
28 2.01 2.27 2.19 2.12 2.15 53.35

Table A59 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate, low
alkali cement and LiAc

Dynamic Young's Modulus, (E) * 10”6 | % Change

Days Barl Bar2 Bar3 Avg | inDME
0 4.13 4.23 4.35 4.24 100.00
3 4.36 4.51 4.52 4.46 105.39
14 4.31 4.43 4.39 4.38 103.32
28 4.04 4.28 4.19 4.17 98.39

Table A60 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate, low
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 4.56 4.63 4.39 4.53 100.00
3 4.76 4.80 4.51 4.69 103.67
14 4.79 4,71 4.53 4.68 103.35
28 4.61 4.45 4.36 4.47 98.87
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Table A61 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate, low alkali cement af€i3-0.2

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | in DME
0 4.46 3.65 4.03 4.05 100.00
3 4.63 4.45 4.26 4.44 109.80
14 4.69 4.46 4.31 4.49 110.84
28 4.49 4.26 4.24 4.33 106.92

Table A62 Changes in DME in modified ASTM C 1266tseusing Spratt aggregate, low alkali cement afi<l2-0.8

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Bar3 Avg | inDME
0 4.45 4.25 4.35 4.35 100.00
. 3 4.62 4.33 4.44 4.46 102.55
@® 14 4.64 4.43 4.49 4.52 103.82
28 4.17 4.13 4.23 4.17 95.92

Table A63 Expansion readings and percentage exqganef the Standard ASTM C 1260 test for NC aggeegsaing High
Alkali cement

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 | Bar4 Barl] Bar2 Bar3 Band Avg
0 0.14 0.3767 0.4485 0.4548 0.4315 0 0 0 0 0
3 0.1401 0.3892 0.4614 0.4675 0.4446 0.124 0.128 1260. 0.13 0.1270
7 0.1403 0.4105 0.4831 0.4899 0.4675 0.385 0.343 3480. 0.357 0.3458
10 0.1403 0.4189 0.4915 0.498p 0.475%7 0.419 0.427 .4310 0.439 0.4290
14 0.1402 0.4273 0.5007 0.507p 0.4847 0.5p4 0.515 .5220 0.53 0.5178

21 0.1406 0.4402 0.5108 TALL 0.4975 0.62P 0.617 TAL| 0.654 0.6333

28 0.011 0.3215 0.3942 0.403{L 0.3801 | 0.738 0.747 0.773 0.776 0.7585
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Table A64 Expansion readings and percentage exqanei the Modified ASTM C 1260 test for NC aggregasing High

Alkali cement and 3 MC of Potassium Acetate deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.005 0.3091 0.3285 0.2873 0.3186 0 0 0 0 0
3 0.0059 0.3131 0.3316 0.2902 0.3175 0.031 0.022 02 0/ -0.02 0.0132
7 0.0064 0.3171 0.3362 0.294y 0.3218 0.066 0.063 06 0 0.018 0.0517
11 0.0058 0.3281 0.3488 0.306P 0.3329 0.182 0.195 .1880 | 0.135 0.1750
14 0.0056 0.3377 0.359 0.3168 0.3422 0.28 0.299 890.2 0.23 0.2745
21 0.0064 0.3894 0.4117 0.3678 0.789 0.818 0.791 0.7993

28 0.0066 0.4246 0.4476 0.402y7 1.139 1.1Y5 1.138 1.1507

Table A65 Expansion readings and percentage exqanef the Modified ASTM C 1260 test for NC aggregasing High

Alkali cement and 6.4 MC of Potassium Acetate deice

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.14 0.447 0.4478 0.412 0.4209 0 0 0 0 0
3 0.1401 0.4516 0.4523 0.4162 0.4254 0.045 0.044 0410.| 0.044 0.0435
7 0.1403 0.4847 0.4879 0.45 0.4591 0.374 0.3P8 70.37 0.379 0.3820
10 0.1403 0.5032 0.5027 0.4634 0.4727 0.5%9 0.546 .5110 | 0.515 0.5328
14 0.1402 0.5062 0.5061 0.466p6 0.4761 0.59 0.581 5440. 0.55 0.5663
21 0.1406 0.5091 0.5093 0.469p 0.4788 0.615 0.609 .5660 | 0.573 0.5908
28 0.011 0.3813 0.3817 0.3416 0.3511 0.633 0.629 5860.| 0.592 0.6100
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Table A66 Expansion readings and percentage exqanei the Modified ASTM C 1260 test for NC aggregasing High
Alkali cement and Li/K 3-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.005 0.3262 0.3203 0.285 0.2905 0 0 0 0 0
3 0.0059 0.3291 0.3231 0.2879 0.2934 0.0p 0.019 20.p 0.02 0.0198
7 0.0064 0.3305 0.3247 0.289H 0.29p 0.029 0.03 10.03 0.031 0.0303
11 0.0058 0.3309 0.3249 0.2896 0.295 0.039 0.038 0380.| 0.037 0.0380
14 0.0056 0.3312 0.3253 0.29 0.2953 0.044 0.044 440.0 0.042 0.0435
21 0.0064 0.332 0.3264 0.2911 0.044 0.047 0.047 0.0460
28 0.0066 0.333 0.3273 0.2919 0.052 0.054 0.053 0.0530

Table A67 Expansion readings and percentage exqanei the Modified ASTM C 1260 test for NC aggregasing High
Alkali cement and Li/K 3-0.4 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bar4 Avg
0 0.0064 0.2679 0.3193 0.315 0.2984 0 0 0 0 0
3 0.0056 0.2673 0.3191 0.3144 0.2977 0.002 0.006 0020.| 0.001 0.0028
7 0.0059 0.269 0.3207 0.3159 0.2997 0.016 0.019 140.0 0.018 0.0168
11 0.006 0.2696 0.3212 0.3165H 0.3 0.021 0.023 0.0190.02 0.0208
14 0.006 0.2697 0.3213 0.316H 0.3001 0.022 0.024 0190.| 0.021 0.0215
21 0.0067 0.2706 0.3223 0.317p 0.024 0.027 0.022 0.0243
28 0.0057 0.2697 0.3215 0.3168 0.025 0.029 0.025 0.0263
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Table A68 Expansion readings and percentage exqanei the Modified ASTM C 1260 test for NC aggregasing High

Alkali cement and Li/K 3-0.6 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0064 0.2991 0.3039 0.273y7 0.3067 0 0 0 0 0
3 0.0056 0.2991 0.3038 0.273y7 0.3065 0.008 0.007 0080.| 0.006 0.0073
7 0.0059 0.3006 0.3054 0.2758 0.3082 0.0p 0.02 10.02 0.02 0.0203
11 0.006 0.301 0.3057 0.2755 0.3083 0.023 0.0p2 220.0 0.02 0.0218
14 0.006 0.301 0.3058 0.2757 0.3083 0.023 0.0P3 240.0 0.02 0.0225
21 0.0067 0.3018 0.3066 0.276p 0.024 0.024 0.026 0.0247
28 0.0057 0.3011 0.3058 0.275p 0.027 0.026 0.029 0.0273

Table A69 Expansion readings and percentage exqanef the Modified ASTM C 1260 test for NC aggregasing High

Alkali cement and Li/K 3-0.8 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bard Avg
0 0.0064 0.3454 0.309 0.2874 0.3184 0 0 0 0 0
3 0.0056 0.3459 0.3094 0.2878 0.3188 0.013 0.012 0120.| 0.012 0.0123
7 0.0059 0.3474 0.3111 0.2895 0.3199 0.025 0.026 0260. 0.02 0.0243
11 0.006 0.3478 0.3113 0.2896 0.3208 0.028 0.027 0260.| 0.028 0.0273
14 0.006 0.3479 0.3113 0.2896 0.3208 0.029 0.027 0260.| 0.028 0.0275
21 0.0067 0.3488 0.3122 0.290b 0.031 0.029 0.028 0.0293
28 0.0057 0.3477 0.3113 0.289p 0.03 0.08 0.0R9 0.0297




Table A70 Expansion readings and percentage exqanei the Modified ASTM C 1260 test for NC aggregasing High
Alkali cement and Li/K 6.4-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bard Avg
0 0.0051 0.3097 0.3211 0.2821 0.2941 0 0 0 0 0
3 0.0044 0.3119 0.3232 0.2842 0.2962 0.029 0.028 0280.| 0.028 0.0282
7 0.0047 0.3135 0.3252 0.2862 0.298 0.042 0.045 450.0 0.043 0.0438
11 0.0059 0.3156 0.3267 0.287p 0.2998 0.051 0.048 .0470 | 0.049 0.0487
14 0.005 0.315 0.3259 0.2871 0.2991 0.054 0.049 510.0 0.051 0.0513
21 0.0058 0.3161 0.3275 0.288L 0.057 0.057 0.053 0.0557
28 0.006 0.3166 0.3279 0.2884 0.06 0.0%9 0.054 0.0577

Table A71 Changes in DME in standard ASTM C 126&@stesing NC aggregate, high alkali cement

'5 Dynamic Young's Modulus, (E) * 106 % Change

o Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.39 4.19 4.15 4.16 4.22 100.00
3 3.76 3.57 3.50 3.53 3.59 84.97
7 3.33 3.24 3.17 3.17 3.23 76.39
14 3.07 2.97 2.90 2.89 2.96 70.01
21 2.81 2.76 2.68 2.66 2.73 64.56
28 2.63 2.59 2.51 2.50 2.56 60.49




Table A72 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change
Days Barl Bar2 Bar3 Bar4 Avg| inDME

0 3.80 4.19 4.30 4.23 4.13 100.00
3 3.77 4.19 4.28 4.18 4.11 99.42
7 2.15 2.37 2.55 2.37 2.36 57.12
14 2.13 2.19 2.46 2.35 2.28 55.27
21 2.12 2.31 2.50 2.25 2.30 55.65
28 2.14 2.31 2.60 2.34 2.35 56.88

Table A73 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.31 4.13 4.26 4.23 4.23 100.00
3 4.41 4.22 4.32 4.32 4.32 102.05
14 3.11 2.89 2.96 3.04 3.00 70.90
28 1.89 1.76 1.89 1.85 43.66

Table A74 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and Li/K 6.4-0.2

6.4-0.2 Dynamic Young's Modulus, (E) * 106 % Change
Days Barl Bar2 Bar3 Bar4 Avg| in DME

0 4.23 4.23 4.26 4.32 4.26 100.00

3 4.29 4.25 4.29 4.45 4.32 101.38

14 4.47 4.33 4.53 4.60 4.48 105.18

28 4.59 4,51 4.58 4.56 106.95

Table A75 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.43 4.27 4.31 4.21 4.30 100.00
3 4.46 4.41 4.47 4.32 4.41 102.54
14 4.66 4.55 4.62 4.53 4.59 106.60
28 4.56 4.48 4.53 4.52 105.13
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Table A76 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and Li/K 3-0.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.38 4.44 4.44 4.33 4.40 100.00
3 4.41 4.49 4.43 4.32 4.41 100.38
14 4.60 4.63 4.67 4.58 4.62 105.07
28 4.68 4.72 4.68 0.00 4.69 106.67

Table A77 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and Li/K 3-0.6

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.53 4.50 4.43 4.59 4,51 100.00
3 4.53 4.49 4.48 4.61 4.53 100.38
14 4.82 4.76 4,74 4.84 4.79 106.21
28 4.85 4.75 4,74 4.78 106.03

Table A78 Changes in DME in modified ASTM C 1266tseusing NC aggregate, high
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.41 4.55 4.69 4.33 4.49 100.00
3 4.38 4.59 4.65 4.36 4.49 100.03
14 4.64 4.82 4.95 4.55 4.74 105.51
28 4.61 4.82 4.87 4.77 106.07
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Table A79 Expansion readings and percentage exgranef the Standard ASTM C 1260 test for SD agdeegsing High

Alkali cement

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.1402 0.454 0.4434 0.424 0.4514 0 0 0 0 0
3 0.14 0.4578 0.4472 0.4279 0.4553 0.04 0.04 0.0410.041 0.0405
7 0.1404 0.4659 0.4553 0.4356 0.4683 0.117 0.117 140.1 0.114 0.1155
10 0.1406 0.4717 0.4611 0.4400 0.4684 0.173 0.2473 .1650 | 0.166 0.1693
14 0.141 0.4773 0.4677 0.4472 0.4748 0.225 0.235 2240.| 0.226 0.2275
21 0.0754 0.4222 0.4128 0.3914 0.4193 0.33 0.342 3220.| 0.327 0.3303
28 0.0118 0.3668 0.3577 0.336(1 0.3639 0.412 0.427 .4050 | 0.409 0.4133

Table A80 Expansion readings and percentage exqanef the Modified ASTM C 1260 test for SD aggtegasing High

Alkali cement and 3 MC of Potassium Acetate deicer

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bard Avg
0 0.0054 0.2916 0.3108 0.2877 0.3008 0 0 0 0 0
3 0.0059 0.2943 0.3133 0.2903 0.3032 0.022 0.02 210.0 0.019 0.0205
7 0.0064 0.2984 0.3175 0.2945 0.3076 0.058 0.087 0.058 0.058 0.0577
11 0.0058 0.3016 0.3207 0.298p 0.3108 0.096 0.095 .1010 | 0.096 0.0970
14 0.0056 0.3038 0.3228 0.300b 0.3129 0.12 0.118 1260.| 0.119 0.1208
21 0.0064 0.3118 0.3311 0.309p 0.192 0.193 0.205 0.1967
28 0.0067 0.32 0.3399 0.3185 0.271 0.278 0.295 0.2813




Table A81 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for SD aggtegasing High
Alkali cement and 6.4 MC of Potassium Acetate deice

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.1402 0.4261 0.415 0.44 0.4288 0 0 0 0 0
3 0.14 0.4298 0.4186 0.4438 0.4326 0.039 0.088 0.04 0.04 0.0392
7 0.1404 0.4444 0.4327 0.457H 0.4469 0.181 0.175 1730.| 0.179 0.1770
10 0.1406 0.4563 0.445 0.4708 0.4593 0.298 0.296 3040.| 0.301 0.2998
14 0.141 0.4645 0.4536 0.4802 0.4687 0.376 0.378 3940.| 0.391 0.3848
21 0.0754 0.4025 0.3919 0.418p 0.4069 0.412 0.417 .4370 | 0.429 0.4238
28 0.0118 0.3408 0.3301 0.3578 0.3452 0.431 0.435 .4570 | 0.448 0.4428

Table A82 Expansion readings and percentage exganef the Modified ASTM C 1260 test for SD aggtegasing High
Alkali cement and Li/K 3-0.2 deicer

H
©
~! Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Bar4 Barl BarZ Bar3 Bar4d Avg
0 0.0054 0.2747 0.3068 0.307 0.2918 0 0 0 0 0
3 0.0059 0.2784 0.3102 0.3108 0.2954 0.032 0.029 0280.| 0.031 0.0300
7 0.0064 0.2794 0.3113 0.3116 0.2964 0.03y 0.035 0.036 0.036 0.0360
11 0.0058 0.2797 0.3115 0.3118 0.2962 0.046 0.043 .0440 0.04 0.0433
14 0.0056 0.2804 0.3119 0.3124 0.2968 0.055 0.049 .0520 | 0.048 0.0510
21 0.0064 0.281 0.3127 0.3133 0.053 0.049 0.053 0.0517
28 0.0066 0.2819 0.3138 0.314 0.06 0.058 0.058 0.0587




Table A83 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for SD aggtegasing High

Alkali cement and Li/K 3-0.4 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar? BarB Bar4 Avg
0 0.0064 0.4726 0.2911 0.323b 0.3121 0 0 0 0 0
3 0.0056 0.4729 0.2909 0.323 0.3122 0.011 0.006 030.0 0.009 0.0073
7 0.0059 0.4734 0.2914 0.323b 0.3132 0.013 0.008 0050.| 0.016 0.0105
11 0.006 0.4749 0.2929 0.325 0.3144 0.027 0.0Pp2 190.0 0.027 0.0238
14 0.006 0.475 0.293 0.325 0.3144 0.028 0.023 0.0190.027 0.0243
21 0.0067 0.4756 0.2938 0.325p 0.027 0.024 0.021 0.0240
28 0.0058 0.4746 0.293 0.325 0.026 0.025 0.0p1 0.0240

Table A84 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for SD aggtegasing High

Alkali cement and Li/K 3-0.6 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bar4 Avg
0 0.0064 0.423 0.3789 0.3243 0.3075 0 0 0 0 0
3 0.0056 0.4238 0.3796 0.3251 0.3082 0.016 0.015 0160.| 0.015 0.0155
7 0.0059 0.4243 0.3802 0.325y7 0.3091 0.018 0.018 0190.| 0.021 0.0190
11 0.006 0.4256 0.3816 0.3278 0.31 0.08 0.081 0.0340.029 0.0310
14 0.006 0.4256 0.3812 0.3271 0.3101 0.08 0.0p7 320.0 0.03 0.0298
21 0.0067 0.4263 0.3824 0.329 0.03 0.032 0.034 0.0320
28 0.0058 0.4254 0.3815 0.329 0.03 0.032 0.043 0.0350
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Table A85 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for SD aggtegasing High
Alkali cement and Li/K 3-0.8 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl] Bar2 BarB Bar4 Avg
0 0.0064 0.2197 0.307 0.3128 0.30589 0 0 0 0 0
3 0.0051 0.2188 0.3059 0.3119 0.3042 0.004 0.002 0040.| -0.004 0.0015
7 0.0059 0.2196 0.307 0.3128 0.3058 0.004 0.005 050.0 0.004 0.0045
11 0.006 0.2207 0.3077 0.313y 0.3064 0.014 0.011 0130. 0.009 0.0117
14 0.006 0.2204 0.3076 0.3138 0.3065 0.011 0.01 140.0 0.01 0.0113
21 0.0067 0.2215 0.3087 0.314p 0.015 0.014 0.015 0.0147
28 0.0058 0.2208 0.3079 0.3138 0.017 0.015 0.016 0.0160

Table A86 Expansion readings and percentage exqganei the Modified ASTM C 1260 test for SD aggtegasing High
Alkali cement and Li/K 6.4-0.2 deicer

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Bar4 Barl Bar?Z BarB Bar4 Avg
0 0.0051 0.3092 0.2761 0.2995 0.28715 0 0 0 0 0
3 0.0044 0.3101 0.277 0.3005 0.2885 0.016 0.006 170.0 0.017 0.0165
7 0.0054 0.3116 0.2788 0.3028 0.2905 0.021 0.024 0250.| 0.027 0.0242
11 0.0059 0.313 0.2801 0.3039 0.2921 0.08 0.082 360.0 0.038 0.0340
14 0.005 0.312 0.2794 0.3028 0.2912 0.029 0.0B4 340.0 0.038 0.0338
21 0.0058 0.3138 0.2808 0.304p 0.039 0.04 0.04 0.0397
28 0.006 0.3136 0.2809 0.3045 0.035 0.039 0.041 0.0383




Table A87 Changes in DME in standard ASTM C 126&@steising SD aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.04 4.42 4.28 4.32 4.26 100.00
3 3.44 3.79 3.68 3.73 3.66 85.80
14 2.83 3.09 2.99 2.95 2.96 69.46
21 2.72 2.95 2.90 2.96 2.88 67.58
28 2.65 2.89 2.87 2.84 2.81 65.91

Table A88 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.37 4.38 4.57 4.23 4.39 100.00
3 4.13 4.19 4.39 4.08 4.20 95.65
14 2.97 3.09 3.17 3.02 3.06 69.79
21 3.26 3.30 3.32 3.21 3.27 74.57
28 3.34 3.46 3.49 3.36 3.41 77.82

Table A89 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and KAc 3.0

3 Dynamic Young's Modulus, (E) * 106 % Change
Days Barl Bar2 Bar3 Bar4 Avg| in DME

0 4.18 4.57 4.50 4.16 4.35 100.00

3 4.36 4.64 4.61 4.31 4.48 102.95

14 4.01 4.25 4.19 3.87 4.08 93.78

28 3.57 3.84 3.82 3.74 86.04

Table A90 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.75 4.49 4.31 4.48 4.50 100.00
3 4.75 4.45 4.28 4.47 4.49 99.66
14 5.05 4.77 4.60 4.77 4.80 106.54
28 5.08 4.84 4.61 4.84 107.53
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Table A91 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.61 3.98 4.54 4.20 4.33 100.00
3 4.54 4.04 4.55 4.23 4.34 100.15
28 4.66 4.13 4.36 4.38 101.19

Table A92 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and Li/K 3-0.4

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| inDME
0 4.56 4.51 4.30 4.49 4.46 100.00
3 4.51 4.29 4.37 4.55 4.43 99.21
14 4.76 4.60 4.47 4.69 4.63 103.76
28 4.86 4.72 4.52 0.00 4.70 105.19

Table A93 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and Li/K 3-0.6

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.67 4.47 4.47 4.48 4.52 100.00
3 4.51 4.51 4.43 4.42 4.46 98.75
14 4.74 4.74 4,72 4.64 471 104.23
28 4.75 4.74 4,74 4.74 104.88

Table A94 Changes in DME in modified ASTM C 1266tseusing SD aggregate, high
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E) * 106 % Change

Days Barl Bar2 Bar3 Bar4 Avg| in DME
0 4.50 4.48 4.56 4.48 4.50 100.00
3 4.50 4.48 4.56 4.48 4.50 100.00
14 4.83 4.73 4.83 4.71 4.77 106.01
28 4.80 4.74 4.82 4.79 106.34
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Table A95 pH Changes in soak solution in ModifieBT C 1260 tests at 0 day

Soak NM SP NC SD

Solution | PH Temp,° C PH Temp,° C PH Temp,° C RH Temp,°|C
3-0 10.19 23.2 10 23.1 10.05 23.1 9.98 23.3
3-0.2 9.27 23.2 9.3 23.2 8.49 23.1 91 23.2
3-0.4 8.39 23.7 8.45 23.8 8.4b 23.8 8.39 23.7
3-0.6 8.43 23.8 8.44 23.8 8.44 23.8 843 23.8
3-0.8 8.5 23.9 8.51 23.8 8.51 23.8 8!5 23.9

Table A96 pH Changes in soak solution in ModifieBTM C 1260 tests at 28 days

Soak NM SP NC SD

Solution | PH Temp,° C PH Temp,° C PH Temp,° C PH Temp,q C
3-0 13.55 21.3 13.64 21.6 13.63 21.4 13{59 21.8
3-0.2 13.29 21.7 13.37 21.7 13.44 21.5 13,38 21.8
3-0.4 13.07 21.4 13.1] 21.1 13.03 21.3 13{12 21.3
3-0.6 13.01 21.3 13.01 21 12.98 21.2 13 21.3
3-0.8 12.87 21.2 12.92 21.1 12.89 21.3 12|93 21.3

Table A97 Expansion readings and percentage exqgansi the Modified ASTM C
1293 tests of concrete prisms made with NM aggesdagh alkali cement and soaked in
1N NaOH solution

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0019 | 0.3723 | 0.3444 | 0.3478 0 0 0 0
7 0.0006 | 0.3724 | 0.3441 | 0.3475 0.014 0.01 0.01 0.0113
28 0.0038 | 0.3803 | 0.3518 | 0.3547 0.061 0.055 0.05 0.0553
90 0.0015 | 0.3869 0.36 0.3605 0.15 0.16 0.131 0.1470
120 0.0151 | 0.4037 | 0.3776 | 0.3767 0.182 0.2 0.157 0.1797

150 0.0045 | 0.3943 0.368 0.3672 0.194 0.21 0.168 0.1907

180 0.0056 | 0.3978 | 0.3731 | 0.3706 0.218 0.25 0.191 0.2197

270 0.0055 0.402 0.3773 | 0.3742 0.261 0.293 0.228 0.2607

360 0.0058 | 0.4073 | 0.3838 | 0.3784 0.311 0.355 0.267 0.3110
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Table A98 Expansion readings and percentage exgasi the Modified ASTM C

1293 tests of concrete prisms made with NM aggesdagh alkali cement and soaked in
3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar2 Bar3 Avg
0 0.0052 0.2193 0.3584 L 0 0 0
7 0.0052 0.2216 0.3602 P 3 0.018 0.021 200.0

28 0.0051 0.2346 0.3763 0 4 0.18 0.169 670.1
56 0.0051 0.2545 0.3944 7 B 0.365 0.3Y7 3650.
90 0.0055 0.2702 0.412 ] 0.533 0.596 50.54

120 0.0061 0.2867 0.4283 7 b 0.69 0.6Y7 677G

180 0.0094 0.3212 0.4601 4 7 0.975 0.961 .9710

270 0.0097 0.3676 0.5043 3 1.414 1.384 3958

360 0.0093 0.4105 0.5466 L 1.841 1.718 810D.

Table A99 Expansion readings and percentage exgasi the Modified ASTM C

1293 tests of concrete prisms made with NM aggesdagh alkali cement and soaked in
6.4 MC of KAc solution

Comparator readings

Expansion, %

Days Ref bar Barl Bar2 Bar2 Bar3 Avg
0 0.0019 0.344 0.3194 v 0 0 0
7 0.0006 0.3444 0.3197 P r 0.016 0.008 133.0
28 0.0038 0.361 0.3363 P | 0.1% 0.146 90.14
90 0.0015 0.4144 0.3966 0 3 0.776 0.726  7360.

120 0.0151 0.5147 0.495] 6 b 1.625 1.347 5157

150 badly cracked, cant take readings

180

270

360




Table A100 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with NM aggesdagh alkali cement and soaked in
6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Date Ref bar Barl Bar2 Bar3 Barl Bar2? Bar3 Avg

0 0.0052 0.2372 0.3265 0.3069 0 0 0 0

7 0.0052 0.2388 0.3267 0.304 0.016 0.002 0.011 97.00
28 0.0051 0.2507 0.3367 0.3184 0.136 0.098 0.116 116G.

56 0.0051 0.2713 0.3564 0.338p 0.342 0.3 0.314 807.31
90 0.0057 0.2888 0.3729 0.356p 0.511 0.459 0.495 4883
120 0.0061 0.3099 0.3944 0.3819 0.718 0.675 0.741 .711G3
180 0.0094 0.3889 0.4737 1.475 1.43 1.452b
270 0.0097 0.4881 0.5711 2.464 2.401 2.4326
360 badly cracked, cant take readings

Table A101 Expansion readings and percentage exensf the Modified ASTM C
1293 tests of concrete prisms made with NM aggeedmagh alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0052 0.2921 0.3239 0.2268 0 0 0 0
7 0.0052 0.2939 0.3245 0.2279 0.018 0.006 0.016 133.0

28 0.0051 0.3054 0.3279 0.2398 0.134 0.041 0.181 1020.
56 0.0051 0.3258 0.3494 0.257B 0.338 0.256 0.316 303G
90 0.0057 0.341 0.3675 0.274 0.484 0.431 0.472 23.46

120 0.0061 0.3565 0.3844 0.2883 0.63p 0.597 0.611 .6143

180 0.0094 0.3874 0.417" 0.321 0.911 0.894 0.945 916G.

270 0.0097 0.4224 0.4544§ 0.365¢ 1.258 1.264 1.346 .289B

360 0.0093 0.4518 0.4854 0.3937 1.556 1.575 1.683 .5880D
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Table A102 Expansion readings and percentage eixpansf the Modified ASTM C
1293 tests of concrete prisms made with NM aggesdagh alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.8

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0052 0.4314 0.2867 0.2998 0 0 0 0
7 0.0052 0.432 0.2873 0.3009 0.006 0.006 0.011 70.00

28 0.0051 0.4384 0.295 0.314 0.071 0.084 0.143 93.09
56 0.0051 0.4556 0.3087 0.327p 0.2438 0.216 0.2Y9  2460.
90 0.0057 0.4656 0.3166 0.336[L 0.337 0.294 0.3568 3290.

120 0.0061 0.47 0.3209 0.3406 0.377 0.333 0.399 690.3

180 0.0094 0.4775 0.3282 0.3484 0.41D 0.373 0.444 4120

270 0.0097 0.4807 0.3313 0.3518 0.448 0.401 0.4y5 .4418

360 0.0093 0.489 0.3521 0.359 0.535 0.613 0.491 463.5

Table A103 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with NM aggegdetv alkali cement and soaked in

1N NaOH solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 BarB Avg
0 0.002 0.2679 0.3378 0.26238 0 0 0 0
7 0.0016 0.2676 0.3373 0.262 0.001 -0.001 0.0p1 003.0

28 0.003 0.2667 0.3365 0.2618 -0.022 -0.023 -0.02 0.0247
56 0.0027 0.2689 0.3388 0.263f 0.003 0.003 0.007 0048,
90 0.002 0.2696 0.3397 0.2648 0.017 0.019 0.02 87.01

120 0.0207 0.2891 0.3597 0.284 0.02% 0.028 0.03 270.0

150 0.0061 0.2757 0.3461 0.2708 0.037 0.042 0.044 .0410

180 0.0059 0.2774 0.3485 0.2729 0.056 0.068 0.067 .0630

270 0.0055 0.2832 0.356 0.280¢ 0.118 0.147 0.149 1380.

360 0.0051 0.2918 0.3631 0.2887 0.20$ 0.222 0.233 .2210
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Table A104 Expansion readings and percentage eixpensf the Modified ASTM C

1293 tests of concrete prisms made with NM aggegdetv alkali cement and soaked in
3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0049 0.2333 0.1743 0.3026 0 0 0 0
7 0.0051 0.2326 0.1735 0.3028 -0.00P -0.01 -0.005 0.0080
28 0.0051 0.2331 0.1737 0.302p -0.004 -0.008 -0.002 -0.0047

56 0.0096 0.2418 0.182 0.3106 0.038 0.03 0.033 30.03
90 0.0098 0.2486 0.1943 0.318B 0.104 0.151 0.113 1220.

180 0.01 0.2834 0.2383 0.3518 0.45 0.589 0.436 10.49

270 0.0093 0.3113 0.2724 0.3753 0.736 0.937 0.683 .785G

360 0.0091 0.339 0.2961 0.394 1.01% 1.176 0.872 210.0

Table A105 Expansion readings and percentage exensf the Modified ASTM C

1293 tests of concrete prisms made with NM aggegdeatv alkali cement and soaked in
6.4 MC of KAc solution

Comparator readings Expansion, %
Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.002 0.3411 0.3588 0.3694 0 0 0 0
7 0.0016 0.3417 0.3591] 0.369b 0.01 0.007 0.005 73.00
28 0.003 0.3521 0.3635 0.3744 0.1 0.03f7 0.0¢ 0.0590
56 0.0027 0.3803 0.3854 0.398]L 0.385 0.263 0.28 093.3
90 0.002 0.423 0.4219 0.434 0.81¢ 0.63[ 0.646 7J.698
150 0.0061 0.502 0.493 0.514 1.568 1.301 1.405 47.42
180 0.0059 0.5303 1.853 1.8530
270
360

Table A106 Expansion readings and percentage expensf the Modified ASTM C

1293 tests of concrete prisms made with NM aggegdeatv alkali cement and soaked in
6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Date Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0049 0.3347 0.3323 0.221b 0 0 0 0
7 0.0051 0.3362 0.3331] 0.2219 0.013 0.006 0.002 070.0
28 0.0051 0.3367 0.3336 0.221p 0.018 0.013 0.002 0110.
56 0.0096 0.3424 0.3407 0.227p 0.03 0.039 0.013 273.0
90 0.0098 0.354 0.3475 0.2379 0.144 0.1% 0.115 63.13

180 0.01 0.3909 0.3878 0.273 0.511 0.553 0.464 93.50

270 0.0093 0.4133 0.4177 0.2941 0.74p 0.857 0.682 .7608

360 0.0091 0.4201 0.423¢4 0.3001 0.81p 0.915 0.744 .8230
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Table A107 Expansion readings and percentage eixpensf the Modified ASTM C
1293 tests of concrete prisms made with NM aggegdetv alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg

0 0.0049 0.2426 0.2268 0.372p 0 0 0 0

7 0.0051 0.2411 0.2283 0.371p -0.01y 0.013 -0.016 0.0067
28 0.0051 0.2413 0.228 0.3714 -0.015 0.0 -0.014 .006B

56 0.0096 0.2467 0.2334 0.378p -0.006 0.023 0.013 .0100

90 0.0098 0.255 0.2416 0.3926 0.074 0.099 0.151 083.1
180 0.01 0.2977 0.2834 0.4555 0.5 0.515 0.778 g.597
270 0.0093 0.3306 0.3297 0.5036 0.836 0.985 1.266 .0290
360 0.0091 0.3593 0.3617 0.5352 1.125 1.307 1.584 .338%

Table A108 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with NM aggegdetv alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.8

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0049 0.3434 0.364 0.3327 0 0 0 0
7 0.0051 0.3444 0.3642 0.3338 0.008 5.551E-16 0.004€.0040
28 0.0051 0.3443 0.3639 0.333p 0.007 -0.004 0.003 .0020
56 0.0096 0.3495 0.368 0.3381 0.014 -0.007 0.007 0047.
90 0.0098 0.3512 0.3683 0.339p 0.029 -0.006 0.02 0143

180 0.01 0.3517 0.3694 0.341p 0.032 0.003 0.034 230.0

270 0.0093 0.3602 0.3764 0.3452 0.124 0.084 0.081.0963

360 0.0091 0.3629 0.379¢ 0.3489 0.153 0.116 012 1297.

Table A109 Changes in DME in standard ASTM C 12%3g using NM aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 10"6 | % Change in

Days Barl Bar2 Bar3 Avg DME

0 5.75 5.72 5.65 5.71 100.00
28 7.09 6.68 7.13 6.96 121.99
120 6.35 6.16 5.53 6.01 105.33
150 5.13 5.50 5.46 5.36 93.96
270 4.76 4.44 4.59 4.60 80.50
360 4.89 4.69 4.84 4.81 84.23
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Table A110 Changes in DME in modified ASTM C 1288ts using NM aggregate, high
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 10"6 | % Change in

Days Barl Bar2 Bar3 Avg DME

0 5.64 5.59 5.65 5.63 100.00
28 5.03 5.25 5.22 5.17 91.83
120 0.58 0.58 0.59 0.58 10.35
150
270
360

Table A111 Changes in DME in modified ASTM C 1288ts using NM aggregate, high
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.91 3.90 3.91 3.91 100.00

7 5.93 5.58 5.77 5.76 147.37
28 4.84 472 4.37 4.64 118.73
56 3.93 3.73 3.86 3.84 98.29
90 3.15 3.01 3.17 3.11 79.62
120 251 2.57 2.84 2.64 67.60
150 2.14 2.24 2.67 2.35 60.11
180 1.72 1.95 2.18 1.95 49.93
270 1.20 1.33 1.63 1.39 35.51
360 0.80 0.87 1.27 0.98 25.09

Table A112 Changes in DME in modified ASTM C 1288ts using NM aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.98 3.95 3.92 3.95 100.00

7 5.77 5.86 5.77 5.80 146.84
28 4.86 4.86 4.94 4.89 123.74
56 3.29 3.20 3.36 3.28 83.08
90 2.55 2.39 2.60 2.51 63.61
120 1.96 1.70 1.99 1.88 47.70
150 1.34 1.01 1.34 1.23 31.16
180 0.89 0.43 0.76 0.70 17.61
270 0.18 0.28 0.23 5.89
360
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Table A113 Changes in DME in modified ASTM C 1288ts using NM aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 4.01 3.93 3.86 3.93 100.00

7 5.83 5.93 5.65 5.80 147.61
28 4.69 4.81 4.60 4.70 119.50
56 3.39 3.51 3.60 3.50 88.98
90 2.88 2.93 3.04 2.95 75.00
120 2.39 2.43 2.61 2.48 62.98
150 1.96 2.07 1.98 2.01 51.05
180 1.67 1.74 1.70 1.70 43.33
270 1.12 1.12 0.94 1.06 26.93
360 0.58 0.80 0.63 0.67 17.04

Table A114 Changes in DME in modified ASTM C 1288ts using NM aggregate, high
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.84 3.97 3.92 3.91 100.00

7 5.79 5.93 5.80 5.84 149.23
28 5.30 5.25 4.20 4.91 125.61
56 3.24 3.75 3.13 3.37 86.21
90 2.47 2.70 2.70 2.63 67.09
120 2.16 2.07 2.38 2.20 56.35
150 2.31 2.98 2.58 2.63 67.09
180 2.31 2.64 2.53 2.49 63.71
270 2.67 3.18 2.56 2.81 71.73
360 2.70 3.15 2.60 2.82 71.98

Table A115 Changes in DME in standard ASTM C 12334 using NM aggregate, low
alkali cement

Dynamic Young's Modulus, (E) * 10”6 | % Change in

Days barl bar2 bar3 avg DME

0 5.30 5.13 5.13 5.18 100.00
28 7.23 6.96 7.00 7.06 136.22
56 7.54 7.56 7.67 7.59 146.42
90 7.13 6.64 7.47 7.08 136.57
120 6.77 6.49 6.63 6.63 127.85
150 6.54 6.30 6.39 6.41 123.62
270 4.44 5.39 5.56 5.13 98.92
360 5.28 4.94 5.04 5.09 98.08
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Table A116 Changes in DME in modified ASTM C 1283ts using NM aggregate, low
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 10"6 | % Change in
Days barl bar2 bar3 avg DME
0 5.15 5.02 5.04 5.07 100.00
28 5.42 5.97 6.24 5.87 115.84
56 8.67 8.21 6.27 7.71 152.12
90 2.88 2.63 2.43 2.65 52.19
120 0.94 1.60 1.27 1.27 25.02
150 0.51 0.49 0.58 0.53 10.41
270
360

Table A117 Changes in DME in modified ASTM C 1288ts using NM aggregate, low
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 4.02 3.72 4.00 3.91 100.00

7 6.21 6.21 6.34 6.26 159.94
28 6.38 6.22 6.35 6.32 161.45
56 5.83 5.56 6.01 5.80 148.22
90 4.67 4.73 4.85 4.75 121.35
180 3.00 2.49 2.85 2.78 71.07
270 1.88 1.27 2.00 1.72 43.90
360 1.26 0.98 1.53 1.26 32.21

Table A118 Changes in DME in modified ASTM C 1288ts using NM aggregate, low
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6

% Change in

Days Barl Bar2 Bar3 Avg DME
0 3.85 4.22 3.52 3.86 100.00
7 5.81 6.16 5.81 5.92 153.27
28 6.12 6.40 6.11 6.21 160.72
56 6.16 6.42 5.93 6.17 159.73
90 5.04 5.73 4.51 5.10 131.86
180 1.70 2.18 1.74 1.87 48.45
270 0.87 1.06 0.88 0.94 24.20
360 0.75 1.03 0.89 0.89 23.07
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Table A119 Changes in DME in modified ASTM C 1283ts using NM aggregate, low
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.99 3.79 3.73 3.84 100.00

7 6.04 5.89 5.93 5.96 155.21
28 6.41 6.17 6.12 6.23 162.42
56 6.42 6.12 6.15 6.23 162.46
90 5.70 5.98 4.15 5.27 137.44
180 2.23 2.37 1.18 1.93 50.19
270 1.22 1.07 0.68 0.99 25.79
360 0.86 0.70 0.53 0.70 18.17

Table A120 Changes in DME in modified ASTM C 1288tt using NM aggregate, low
alkali cement and Li/K 3-0.8

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.95 3.85 3.69 3.83 100.00

7 6.11 5.97 5.81 5.96 155.71
28 6.29 6.28 5.88 6.15 160.57
56 6.43 6.28 6.17 6.30 164.37
90 6.53 6.40 6.24 6.39 166.80
180 6.44 6.50 6.00 6.31 164.76
270 4.16 4.05 4.99 4.40 114.92
360 4.46 4.26 4.54 4.42 115.39
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Table A121 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked
in 1N NaOH solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0024 0.2986 0.3619 0.3456 0 0 0 0
7 0.002 0.2983 0.3612 0.3453 0.001L -0.008 0.0p1  00aB
28 0.0016 0.2988 0.3617 0.3458 0.01 0.006 0.01 87.00
56 0.0029 0.3031 0.3664 0.350p 0.04 0.044 0.041 413.0
90 0.0024 0.306 0.3699 0.3532 0.074 0.08 0.0[76 60.07

120 0.0216 0.3273 0.3914 0.3748 0.095 0.1083 01 993.0

150 0.0045 0.3118 0.3754 0.3595 0.111 0.119 0.118 .1160

180 0.0059 0.3147 0.3787% 0.3622 0.126 0.133 0.131 .1300

270 0.0054 0.3165 0.381 0.364]L 0.149 0.161 0.155 1550.

360 0.0038 0.3171 0.3819 0.3648 0.171 0.18p 0.178 .1780

Table A122 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked
in 3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0058 0.3407 0.335]] 0.295y 0 0 0 0
7 0.0064 0.3413 0.3353 0.296} 0 -0.004 0.004 0.0000

28 0.0064 0.3419 0.3354 0.2964 0.00p -0.003 0.0p1 .0013
56 0.0055 0.3465 0.3403 0.3018 0.061 0.055 0.0p9 058G.
90 0.0053 0.353 0.3466 0.3079 0.128 0.12 0.127 50.12

120 0.006 0.3602 0.3537 0.314B 0.198 0.184 0.189 188&3.

150 0.0052 0.3662 0.3584 0.320b 0.26[1 0.23p 0.264 .251G3

180 0.0057 0.3713 0.3627 0.3257 0.307 0.27y7 0.301 .2950

210 0.0061 0.3753 0.3663 0.3298 0.343 0.309 0.338 .3300

240 0.0044 0.3771 0.368 0.331p 0.37B 0.348 0.3f3 364G.

270 0.0098 0.3856 0.3754 0.34 0.409 0.364 0.4p3  920.3

360 0.0098 0.3869 0.3766 0.3436 0.42p 0.376 0.439 .4120
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Table A123 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked
in 6.4 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0024 0.3648 0.373 0.3437 0 0 0 0
7 0.002 0.3644 0.3725 0.3432 0 -0.004 -0.001 -(0.00(
28 0.0016 0.3643 0.3724 0.343p 0.003 0.002 0.006  0030.
56 0.0029 0.3676 0.3761 0.3471L 0.023 0.026 0.029 0260.
90 0.0024 0.3718 0.3809 0.3578 0.07 0.079 0.136 950.0

120 0.0216 0.3966 0.406 0.3771L 0.126 0.138 0.142 1358

150 0.0045 0.3845 0.394¢ 0.366]1 0.176 0.195 0.203 .191G

180 0.0059 0.3908 0.4023 0.3731 0.225 0.258 0.259 .247G

270 0.0054 0.4084 0.4236 0.394 0.406 0.476 0.473  4510.

360 0.0038 0.4262 0.4474 0.4229 0.6 0.73 0.7718 20.70

Table A124 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked

in 6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Date Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0058 0.3559 0.3358 0.3329 0 0 0 0
7 0.006 0.356 0.3361 0.3336 -0.001 0.001 0.005 10.00
28 0.0064 0.3563 0.3366 0.334p -0.002 0.002 0.0p7 .0023
56 0.0055 0.3576 0.3387 0.3364 0.02 0.032 0.088 3000
90 0.0053 0.3608 0.343 0.3401 0.054 0.077 0.07 6930

120 0.006 0.366 0.3475 0.3454 0.099 0.115 0.123 126.1

150 0.0052 0.3705 0.3521 0.3498 0.152 0.169 0.175 .1658

180 0.0057 0.3762 0.3577 0.3545 0.204 0.2p 0.2l7 213G.

210 0.0061 0.3823 0.3636 0.359%¢ 0.261 0.275 0.262 .2660

240 0.0044 0.3873 0.3671 0.362¢4 0.32§ 0.327 0.309 .321G

270 0.0098 0.3961 0.3764 0.3724 0.367 0.371 0.365 .3620

360 0.0098 0.4022 0.3837 0.3778 0.423 0.434 0.409 .4220
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Table A125 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked
in 3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0058 0.3454| 0.2063 0.337)7 0 0 0 0
7 0.0062 0.3463| 0.2063 0.338p 0.00p -0.004 0.0p2 001
28 0.0064 0.3474)| 0.206¢ 0.3384 0.014 -0.003 0.0p1 .0040

56 0.0055 0.3524| 0.2114 0.344R2 0.078 0.056 0.0p8 065G.
90 0.0053 0.359 0.2199 0.350[7 0.141 0.141 0.135  390.1

120 0.006 0.3672| 0.2271 0.358 0.216 0.206 0.2p1  070.2

150 0.0052 0.3734] 0.2342 0.3634 0.286 0.28p 0.263 .2780

180 0.0057 0.3784| 0.2403 0.368 0.331L 0.341 0.3p4 3253

210 0.0061 0.3836] 0.2449 0.3721 0.379 0.38B 0.341 .3670

240 0.0044 0.3865] 0.2473  0.3738 0.425 0.424 0.375 .4080

270 0.0098 0.3934| 0.2551  0.3829 0.44 0.448 0.412 433

360 0.0098 0.3961 0.258 0.3855 0.46)7 0.47y 0.438 4600.

Table A126 Expansion readings and percentage eixansf the Modified ASTM C
1293 tests of concrete prisms made with Sprattemgge, low alkali cement and soaked
in 1N NaOH solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg

0 0.0016 0.358 0.4304 0.3659 0 0 0 0

7 0.0017 0.3581 0.4307 0.3662 0 0.002 0.002 0.001

28 0.0012 0.358 0.4307 0.3663 0.004 0.007 0.008 063.0

56 0.0027 0.36 0.4324 0.3681 0.009 0.009 0.011 97.00

90 0.0021 0.3612 0.433 0.3691 0.027 0.021 0.027 250.0
120 0.0215 0.3823 0.4541 0.3896 0.044 0.038 0.087 .0390
150 0.0062 0.3681 0.4407 0.3754 0.05h 0.052 0.049 .0520
180 0.006 0.3706 0.4428 0.3794 0.082 0.08 0.091 843.0
270 0.0054 0.3735 0.4464 0.3808 0.11y 0.127 0.111 .1183
360 0.0043 0.3768 0.4509 0.384 0.161 0.177 0.154 1640.
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Table A127 Expansion readings and percentage exensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteggge, low alkali cement and soaked
in 3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl BarZ Bar3 Avg
0 0.0049 0.3017 0.3213 0.371y 0 0 0 0
7 0.0052 0.3034 0.3233 0.3668 0.014 0.017 -0.052 .0070®
28 0.0051 0.3036 0.3237 0.366p 0.01)7 0.017 -0.053 0.0063

56 0.0096 0.3092 0.328 0.372 0.028 0.02 -0.044 13.00
90 0.0098 0.3095 0.3294 0.377 0.02p 0.036 -0.086  0090.

180 0.01 0.3252 0.3435 0.386] 0.184 0.171 0.093 493.1

270 0.0093 0.3359 0.3525 0.39¢ 0.298 0.268 0.199 2550.

360 0.0091 0.3409 0.3574 0.4017 0.3% 0.32 0.258 093.3

Table A128 Expansion readings and percentage eixpensf the Modified ASTM C
1293 tests of concrete prisms made with Sprattemgge, low alkali cement and soaked
in 6.4 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar Bar3 Avg
0 0.0016 0.4179 0.3523 0.3528 0 0 0 0
7 0.0017 0.4181 0.3525 0.3519 0.001 0.001 -0.01 00AT.
28 0.0012 0.418 0.3524 0.3518 0.00p 0.005 -0.006 0013

56 0.0027 0.4198 0.3541 0.353B 0.008 0.007 -0.006 .0030
90 0.0021 0.4213 0.3556 0.354B 0.029 0.028 0.015  0240.

120 0.0215 0.4448 0.378¢ 0.3791 0.07 0.064 0.064  0660.

150 0.0062 0.4354 0.3697 0.3702 0.129 0.128 0.128 .1283

180 0.006 0.4434 0.3821 0.377p 0.211 0.2%4 0.207  2240.

270 0.0054 0.4595 0.3977 0.3938 0.378 0.411 0.372 .3870

360 0.0043 0.4754 0.4113 0.4078 0.548 0.563 0.523 .544@
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Table A129 Expansion readings and percentage exensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteggge, low alkali cement and soaked

in 6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Date Ref bar Barl Bar2 Bar3 Barl BarZ Bar3 Avg
0 0.0049 0.3319 0.2527 0.2225 0 0 0 0
7 0.0051 0.3359 0.2545 0.2226 0.038 0.016 -0.001 0170
28 0.0051 0.3356 0.2549 0.224p 0.03b 0.0p 0.022 250.0
56 0.0096 0.3407 0.26 0.228§ 0.041 0.026 0.008 0.02
90 0.0098 0.3414 0.2603 0.229p 0.046 0.027 0.021 0318

180 0.01 0.3454 0.266 0.2326 0.084 0.082 0.0% 0.07

270 0.0093 0.3487 0.269 0.235) 0.124 0.119 0.088 110G

360 0.0091 0.3515 0.272 0.2391L 0.154 0.151 0.124  1430.

Table A130 Expansion readings and percentage eixpensf the Modified ASTM C
1293 tests of concrete prisms made with Spratteagge, high alkali cement and soaked
in 3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0049 0.2866 0.2784 0.318b 0 0 0 0
7 0.0052 0.2891 0.2797 0.322b 0.022 0.01 0.037 30.02
28 0.0051 0.2889 0.2794 0.3201L 0.021 0.008 0.014 014G
56 0.0096 0.294 0.2847 0.3258 0.027 0.016 0.021 2138.0
90 0.0098 0.2949 0.2847 0.325p 0.034 0.014 0.025 024G.

180 0.01 0.3016 0.2917 0.333y 0.099 0.082 0.101 940.0

270 0.0093 0.308 0.2975 0.3398 0.17 0.147 0.164 603.1

360 0.0091 0.312 0.3027 0.347 0.212 0.196 0.203 030.2
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Table A131 Changes in DME in standard ASTM C 1233« using SP aggregate, high

alkali cement

Dynamic Young's Modulus, (E) * 10"6 | % Change in
Days Barl Bar2 Bar3 Avg DME
0 5.54 5.54 5.58 5.55 100.00
28 6.97 7.09 6.98 7.01 126.29
56 7.01 7.31 7.35 7.22 130.08
90 6.43 6.45 6.50 6.46 116.29
120 6.29 6.38 6.39 6.35 114.43
150 6.14 6.27 6.24 6.22 111.95
270 5.01 6.31 6.23 5.85 105.35
360 6.11 6.25 6.23 6.19 111.54

Table A132 Changes in DME in modified ASTM C 1288ts using SP aggregate, high

alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 10"6

% Change in

Days Barl Bar2 Bar3 Avg DME
0 5.51 551 5.50 5.50 100.00
28 6.69 6.76 6.83 6.76 122.81
a0 6.57 6.55 6.62 6.58 119.56
120 6.22 6.24 6.24 6.23 113.29
150 5.97 6.03 5.20 5.74 104.23
270 4.75 4.77 4.24 4.59 83.40
360 3.92 3.49 3.34 3.58 65.15

Table A133 Changes in DME in modified ASTM C 1288ts using SP aggregate, high

alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6

% Change in

Days Barl Bar2 Bar3 Avg DME
0 6.02 6.05 5.93 6.00 100.00
7 6.86 6.92 6.72 6.83 113.80
28 7.02 7.06 6.89 6.99 116.46
56 6.64 6.65 6.47 6.58 109.69
90 6.32 6.21 5.75 6.09 101.53
120 5.78 5.81 5.63 574 95.65
150 5.46 5.52 5.11 5.36 89.36
180 5.30 5.40 5.32 5.34 88.96
210 5.22 5.33 4.97 5.17 86.19
240 5.18 5.27 4.84 5.09 84.86
270 5.15 5.25 5.09 5.16 86.04
300 5.14 5.22 5.09 5.15 85.76
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| 360 | 546 | 537 | 48| 523 87.15 |
Table A134 Changes in DME in modified ASTM C 1288ts using SP aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in
Days Barl Bar2 Bar3 Avg DME
0 6.02 6.09 6.01 6.04 100.00
7 6.83 6.98 6.78 6.86 113.53
28 6.96 6.98 6.99 6.98 115.47
56 6.87 6.99 6.89 6.92 114.49
90 6.65 6.79 6.63 6.69 110.72
120 6.36 6.51 6.40 6.43 106.34
150 6.02 6.26 5.99 6.09 100.76
180 5.50 5.93 5.63 5.69 94.10
210 5.10 5.56 5.22 5.29 87.58
240 4.45 5.32 4.82 4.86 80.48
270 4.02 5.03 4.37 4.47 73.99
300 3.79 4.62 3.98 4.13 68.40
360 3.31 3.91 3.29 3.50 57.98

Table A135 Changes in DME in modified ASTM C 1288ts using SP aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in
Days Barl Bar2 Bar3 Avg DME
0 5.79 5.92 5.87 5.86 100.00
7 6.60 6.74 6.73 6.69 114.11
28 6.78 6.95 6.93 6.89 117.48
56 6.35 6.54 6.54 6.48 110.44
90 5.75 5.93 6.05 5.91 100.80
120 5.36 5.37 5.56 5.43 92.59
150 5.05 5.03 5.22 5.10 86.95
180 4.81 4.88 5.09 4.92 84.00
210 4.71 4.79 4.88 4.79 81.75
240 4.67 4.74 4.79 4,73 80.73
270 4.60 4.65 4.64 4.63 78.95
300 4.59 4.64 4.64 4.62 78.85
360 4.68 4.71 4.70 4.70 80.13

218



Table A136 Changes in DME in standard ASTM C 12334 using SP aggregate, low
alkali cement

Dynamic Young's Modulus, (E) * 10”6 | % Change in

Days Barl Bar2 Bar3 Avg DME

0 5.27 5.49 5.30 5.35 100
28 7.12 7.31 7.19 7.21 134.66
56 6.77 7.64 7.60 7.34 137.10
90 6.95 7.37 7.00 7.11 132.75
120 6.81 7.13 6.85 6.93 129.44
150 6.65 6.96 6.96 6.86 128.17
270 6.28 6.43 6.28 6.33 118.25
360 6.03 6.20 6.05 6.09 113.85

Table A137 Changes in DME in modified ASTM C 1288tt using SP aggregate, low
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106

% Change in

Days Barl Bar2 Bar3 Avg DME
0 5.58 5.34 5.30 5.40 100
28 7.02 6.84 6.75 6.87 127.06
56 7.09 7.56 7.98 7.54 139.59
90 7.43 7.65 6.93 7.34 135.72
120 6.76 6.66 6.61 6.68 123.56
150 6.66 6.22 6.58 6.49 120.05
270 4.23 4.58 4.50 4.44 82.07
360 3.46 3.80 3.15 3.47 64.23

Table A138 Changes in DME in modified ASTM C 1288ts using SP aggregate, low
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.43 3.32 3.48 3.41 100

7 6.16 6.17 6.13 6.15 180.66
28 6.52 6.48 6.57 6.52 191.45
56 6.53 6.63 6.64 6.60 193.69
90 6.49 6.51 6.49 6.50 190.69
180 5.31 5.10 5.36 5.26 154.30
270 4.95 4.76 5.02 4.91 144.02
360 5.01 4.89 5.20 5.03 147.76
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Table A139 Changes in DME in modified ASTM C 1288tt using SP aggregate, low
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.58 3.53 3.29 3.47 100

7 5.74 5.73 5.59 5.69 164.08
28 6.23 6.18 6.04 6.15 177.34
56 6.38 6.33 6.16 6.29 181.33
90 6.45 6.35 6.26 6.35 183.23
180 5.94 5.53 5.32 5.60 161.47
270 5.44 5.08 4.29 4.94 142.44
360 5.26 4.75 4.20 4.74 136.65

Table A140 Changes in DME in modified ASTM C 1288tt using SP aggregate, low
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 3.40 3.48 3.61 3.50 100

7 6.07 6.04 6.30 6.14 175.44
28 6.42 6.39 6.65 6.49 185.37
56 6.55 6.51 6.76 6.60 188.77
90 6.59 6.57 6.82 6.66 190.29
180 5.81 5.93 5.93 5.89 168.27
270 5.13 5.28 5.32 5.24 149.80
360 4.93 4.98 4.57 4.83 137.92
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Table A141 Expansion readings and percentage eixpensf the Modified ASTM C
1293 tests of concrete prisms made with NC aggeetagh alkali cement and soaked in

1N NaOH solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar?Z Bar3 Avg
0 0.0017 0.3048 0.3422 0.3108 0 0 0 0
7 0.0019 0.3049 0.3427 0.3108 -0.001 0.003 -0.002 .000D
28 0.003 0.3066 0.3445 0.3126 0.005 0.0 0.005 60.00
56 0.0023 0.3092 0.3487 0.314 0.034 0.054 0.036 420.0

90 0.0021 0.3134 0.352§ 0.3191L 0.082 0.102 0.079 0870.

120 0.0055 0.3202 0.3599 0.3263 0.116 0.139 0.117 .1240

150 0.0065 0.3231 0.362¢ 0.3296 0.135 0.158 0.14 1443

180 0.0063 0.3239 0.363¢ 0.3308 0.145 0.168 0.1%4 .1550

270 0.0048 0.3248 0.3643 0.3324 0.169 0.19 0.185 181G

360 0.0055 0.3282 0.3673 0.3364 0.196 0.213 0.214 2070.

Table A142 Expansion readings and percentage exensf the Modified ASTM C
1293 tests of concrete prisms made with NC aggeeagh alkali cement and soaked in
3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 BarB Avg
0 0.0058 0.343 0.3322 0.2689 0 0 0 0
7 0.0067 0.3433 0.3325 0.2699 -0.006 -0.006 0.001 0.0037
28 0.0055 0.3425 0.3317 0.269p -0.00p -0.002 0.006 0.0007
56 0.0055 0.3466 0.3341 0.273% 0.039 0.022 0.048 0368.
90 0.006 0.3603 0.3429 0.286P 0.171 0.10b 0.171 4901

120 0.0052 0.3713 0.3514 0.2977 0.289 0.202 0.294 .2610

150 0.0057 0.38 0.3591] 0.3063 0.371 0.27 0.3/75 807.33

180 0.0061 0.3875 0.3654 0.3084 0.442 0.329 0.392 .3870

210 0.0044 0.3922 0.3693 0.317 0.506 0.385 0.495 4620.

240 0.0098 0.4025 0.3784 0.3267 0.555 0.423 0.538 .5053

270 0.0098 0.4026 0.3829 0.3286 0.556 0.466 0.556 .5260

360 0.009 0.4196 0.3936 0.342B 0.734 0.582 0.707 674G
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Table A143 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with NC aggeetagh alkali cement and soaked in
6.4 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0017 0.3572 0.3287 0.3548 0 0 0 0
7 0.0019 0.3575 0.3294 0.3541L 0.001 0.005 -0.004  0003.
28 0.003 0.3588 0.3304 0.3554 0.008 0.004 -0.002  001@.

56 0.0023 0.3604 0.3324 0.3571L 0.02b 0.031 0.022  0268.
90 0.0021 0.3671 0.3384 0.362) 0.095 0.097 0.08 900.0

120 0.0055 0.3784 0.3494 0.3735 0.174 0.169 0.134 .1650

150 0.0065 0.3881 0.359 0.3824 0.261 0.255 0.233  2490.

180 0.0063 0.397 0.3685 0.390p 0.35P 0.352 0.32 413.3

270 0.0048 0.4247 0.3961 0.4178 0.644 0.643 0.604 .6303

360 0.0055 0.4649 0.44 0.4555 1.039 1.075 0.974 298.0

Table A144 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with NC aggeeagh alkali cement and soaked in
6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Date Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0058 0.3489 0.3466 0.2328 0 0 0 0
7 0.0067 0.3496 0.3468 0.2329 -0.00p -0.007 -0.0p3 -0.0040

28 0.0055 0.3491 0.346 0.233p 0.00% -0.003 0.012 0047.
56 0.0055 0.3506 0.3477 0.233p 0.02 0.014 0.015 163.0
90 0.006 0.3589 0.3562 0.246b 0.098 0.094 0.14 07.11

120 0.0052 0.3676 0.3654 0.250¢4 0.193 0.198 0.187 .1920¢

150 0.0057 0.3777 0.3769 0.2606 0.289 0.303 0.284 .2920

180 0.0061 0.387 0.3874 0.269¢ 0.378 0.405 0.368 3830.

210 0.0044 0.3921 0.3944 0.2716 0.446 0.496 0.4p7 .4490

240 0.0098 0.4044 0.4071 0.2879 0.515 0.565 0.516 .5320

270 0.0098 0.4108 0.4127 0.2957 0.579 0.621 0.594 .5980

360 0.009 0.4135 0.4364 0.322B 0.614 0.867 0.8Y3 7840.
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Table A145 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with NC aggeetagh alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0058 0.3458 0.3601 0.254y 0 0 0 0
7 0.0067 0.3448 0.3602 0.250p -0.01P -0.008 -0.0p4 -0.0270
28 0.0055 0.3437 0.3585 0.2494 -0.018 -0.013 -0.05 -0.0270
56 0.0055 0.3467 0.3625 0.257 0.012 0.027 -0.0p4 005D
90 0.006 0.3596 0.3746 0.2643 0.136 0.143 0.094 243.1

120 0.0052 0.3714 0.3854 0.276 0.262 0.259 0.219 2460.

150 0.0057 0.38 0.3946 0.285p 0.343 0.346 0.306 310.3

180 0.0061 0.3868 0.4014 0.2927 0.40y 0.41 0.3y7 3980.

210 0.0044 0.391 0.4057 0.297)7 0.466 0.4Y 0.444 600.4

240 0.0098 0.4015 0.4164 0.307b 0.51y 0.522 0.488 .5090

270 0.0098 0.4068 0.4215 0.314p2 0.57 0.574 0.555 5668,

360 0.009 0.4163 0.4325 0.3243 0.673 0.692 0.664 6768

Table A146 Changes in DME in standard ASTM C 1233« using NC aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 10"6 | % Change in

Days Barl Bar2 Bar3 Avg DME

0 6.04 5.87 5.90 5.94 100.00

28 7.33 7.29 7.25 7.29 122.78

56 8.19 6.94 8.67 7.93 133.65
90 6.51 6.48 6.56 6.52 109.79
120 6.29 6.22 7.44 6.65 111.99
150 6.14 6.07 6.11 6.10 102.82
270 5.91 5.85 5.89 5.88 99.09
360 5.85 5.77 5.77 5.80 97.67
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Table A147 Changes in DME in modified ASTM C 1288ts using NC aggregate, high

alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 10"6

% Change in

Days Barl Bar2 Bar3 Avg DME
0 5.96 5.96 6.09 6.00 100.00
28 8.23 7.21 7.84 7.76 129.33
56 8.52 7.72 8.33 8.19 136.41
90 6.54 6.64 6.45 6.54 109.03
120 6.68 6.27 6.16 6.37 106.08
150 5.49 5.66 5.59 5.58 92.95
270 3.83 3.82 3.76 3.80 63.30
360 2.25 2.18 2.29 2.24 37.32

Table A148 Changes in DME in modified ASTM C 1288ts using NC aggregate, high

alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 5.93 5.87 5.83 5.88 100.00

7 7.17 7.08 7.13 7.13 121.25
28 7.39 7.32 7.36 7.36 125.19
56 6.99 7.06 6.86 6.97 118.54
90 5.88 6.17 5.70 5.92 100.63
120 5.18 5.39 4.95 5.18 88.05
150 4.58 4.97 4.69 4.75 80.72
180 4.48 4.90 4.61 4.66 79.31
210 4.30 4.66 4.56 4.51 76.66
240 4.28 4.64 4.45 4.46 75.86
270 4.16 4.54 4.36 4.35 74.08
360 4.11 4.34 4.36 4.27 72.68

224



Table A149 Changes in DME in modified ASTM C 1288ts using NC aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 5.90 5.66 6.03 5.86 100.00

7 7.09 6.93 7.34 7.12 121.45
28 7.16 7.09 7.55 7.27 123.92
56 7.06 6.99 7.38 7.14 121.82
90 6.43 6.34 6.61 6.46 110.23
120 5.54 5.14 5.43 5.37 91.60
150 4.72 3.95 4.01 4.23 72.09
180 4.02 3.56 3.87 3.82 65.08
210 3.71 3.10 3.31 3.37 57.51
240 3.41 2.76 3.09 3.09 52.63
270 3.04 2.44 3.11 2.86 48.80
360 2.00 1.53 1.55 1.69 28.83

Table A150 Changes in DME in modified ASTM C 1288ts using NC aggregate, high
alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 6.04 6.07 5.85 5.99 100.00

7 7.33 7.23 7.13 7.23 120.83
28 7.56 7.45 7.34 7.45 124.47
56 7.17 7.21 7.04 7.14 119.31
90 5.78 6.12 5.74 5.88 98.21
120 4.71 3.58 4.69 4.33 72.33
150 4.37 4.59 4.47 4.48 74.80
180 4.22 4.50 4.05 4.26 71.10
210 4.00 4.23 3.78 4.00 66.89
240 3.82 4.03 3.67 3.84 64.17
270 3.71 3.82 3.40 3.64 60.84
360 3.36 3.37 3.39 3.38 56.39
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Table A151 Expansion readings and percentage eixpensf the Modified ASTM C
1293 tests of concrete prisms made with SD aggeebaih alkali cement and soaked in

1N NaOH solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0008 0.3469 0.3428 0.3374 0 0 0 0
7 0.0019 0.3481 0.3436 0.338[L 0.001 -0.003 -0.004 0.0020

28 0.0027 0.3499 0.3453 0.340p 0.011 0.006 0.012  0097.
56 0.0024 0.3503 0.346 0.3411 0.018 0.016 0.021 183.0
90 0.0021 0.3516 0.347 0.3428 0.034 0.029 0.036 330.0
120 0.0058 0.3563 0.3521 0.3474 0.044 0.043 0.05 045G.
150 0.0064 0.358 0.3536 0.348p 0.055 0.052 0.0%59  0558.

180 0.0055 0.3582 0.3534 0.3493 0.066 0.064 0.0Y2 .067G

270 0.0048 0.359 0.3544 0.3501 0.081 0.08 0.087 820.0

360 0.006 0.3621 0.3577 0.3531L 0.1 0.09y 0.105 03.10

Table A152 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with SD aggeebagh alkali cement and soaked in
3 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0056 0.3305 0.2793 0.337 0 0 0 0
7 0.0064 0.331 0.2797 0.3349 -0.003 -0.004 -0.029 0.0120
28 0.0064 0.3311 0.2806 0.334 -0.00R 0.005 -0.0B31 -0.0093
56 0.0055 0.3304 0.2794 0.333B 0 0.00p -0.081 97.00
90 0.0053 0.3321 0.279 0.333p 0.019 0 -0.031 -@00

120 0.006 0.3333 0.2804 0.335]L 0.024 0.008 -0.023 .003D

150 0.0052 0.3343 0.2809 0.3371 0.04p 0.019 0.0p5 .0220

180 0.0057 0.3358 0.2824 0.3379 0.05p 0.031 0.0p8 .0308

210 0.0061 0.3371 0.2842 0.339%% 0.061 0.044 0.019 .041G

240 0.0044 0.3376 0.2843 0.3409 0.083 0.062 0.0p1 .065G

270 0.0098 0.3445 0.2911 0.3469 0.098 0.08 0.067 0783

360 0.0098 0.3466 0.2941 0.3495 0.119 0.106 0.083 .1020
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Table A153 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with SD aggeebaih alkali cement and soaked in
6.4 MC of KAc solution

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0008 0.2956 0.3498 0.453p 0 0 0 0
7 0.0019 0.2963 0.35 0.4541 -0.004 -0.009 -0.002  .008D
28 0.0027 0.2978 0.3514 0.455p 0.003 -0.001 0.0p5 .0023
56 0.0024 0.2979 0.3517 0.455)7 0.007 0.003 0.009 0063.

90 0.0021 0.2981 0.3514 0.456 0.012 0.007 0.015 113.0

120 0.0058 0.3022 0.356 0.4601L 0.016 0.012 0.019 01450.

150 0.0064 0.3033 0.3572 0.4614 0.021 0.018 0.0p6 .021@

180 0.0055 0.3037 0.3577 0.4616 0.034 0.032 0.087 .034G6

270 0.0048 0.3064 0.3602 0.46"1 0.068 0.064 0.0y8 0700.

360 0.006 0.3157 0.3696 0.474 0.149 0.146 0.166 530.1

Table A154 Expansion readings and percentage eixensf the Modified ASTM C
1293 tests of concrete prisms made with SD aggeebaih alkali cement and soaked in
6.4 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %
Date Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0056 0.3126 0.2525 0.2408 0 0 0 0
7 0.0064 0.3128 0.254 0.2408 -0.006 0.007 -0.008 .00ZB
28 0.0064 0.3129 0.254 0.241p -0.005 0.007 -0.004 0.0007
56 0.0055 0.3124 0.2533 0.240p -0.001L 0.009 -0.0p1 0.0023
90 0.0053 0.3119 0.2535 0.240p -0.00¢4 0.013 -0.0p3 0.0020
120 0.006 0.3122 0.2547 0.241p -0.008 0.013 0.003 .0020
150 0.0052 0.3131 0.2544 0.2413 0.009 0.023 0.009 .013@
180 0.0057 0.3141 0.2554 0.2426 0.014 0.083 0.017 .021G8
210 0.0061 0.3154 0.257 0.243) 0.023 0.04 0.024 290.0
240 0.0044 0.3153 0.257¢ 0.2434 0.039 0.065 0.088 .0476
270 0.0098 0.3221 0.2644 0.2512 0.058 0.082 0.062 .0650
360 0.0098 0.324 0.2674 0.257 0.072 0.109 0.08 70.08

227




Table A155 Expansion readings and percentage expensf the Modified ASTM C
1293 tests of concrete prisms made with SD aggeebaih alkali cement and soaked in
3 MC of KAc solution with Li/K ratio of 0.2

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl Bar2 Bar3 Avg
0 0.0056 0.1685 0.3373 0.3444 0 0 0 0
7 0.0064 0.1678 0.3373 0.3447 -0.01p -0.008 -0.00§ -0.0093

28 0.0064 0.1679 0.337 0.345 -0.014 -0.011 -0.002 0.0090
56 0.0055 0.1664 0.3357, 0.3447 -0.04 -0.015 0.004| 0.0103
90 0.0053 0.167 0.3363 0.344 -0.01p -0.0Q7 -0.003 0.0067
120 0.006 0.168 0.3378 0.3452 -0.00p 0.001 0.004 .0013
150 0.0052 0.1688 0.3378 0.3459 0.00y 0.009 0.019 .0110
180 0.0057 0.1703 0.3393 0.3481 0.01y 0.019 0.036 .0240

210 0.0061 0.1718 0.341 0.3501 0.028 0.032 0.052 0373.

240 0.0044 0.172 0.3415 0.350% 0.04Y 0.054 0.073 0580.

270 0.0098 0.1786 0.3487 0.3588 0.059 0.072 0.0977 .0760

360 0.0098 0.1811 0.3509 0.3602 0.084 0.094 0.116 .0980

Table A156 Changes in DME in standard ASTM C 12334 using SD aggregate, high
alkali cement

Dynamic Young's Modulus, (E) * 10"6 % Change in
days barl bar2 bar3 avg DME
0 5.91 6.16 6.02 6.03 100.00
28 7.33 7.44 7.37 7.38 122.32
56 7.13 7.12 7.13 7.13 118.16
120 6.06 5.91 6.10 6.02 99.89
150 5.96 6.20 5.96 6.04 100.11
270 5.15 5.07 4.82 5.02 83.16
360 4.75 4.74 4.73 4.74 78.56

Table A157 Changes in DME in modified ASTM C 1288ts using SD aggregate, high
alkali cement and KAc 6.4

Dynamic Young's Modulus, (E) * 106 % Change in
days barl bar2 bar3 avg DME
0 6.07 6.09 6.06 6.07 100.00
28 7.28 7.26 7.52 7.36 121.13
56 7.29 7.34 7.45 7.36 121.17
120 7.26 7.28 7.29 7.28 119.80
150 7.26 7.28 7.25 7.26 119.60
270 6.92 6.98 6.99 6.96 114.66
360 6.51 6.44 6.51 6.48 106.78
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Table A158 Changes in DME in modified ASTM C 1288ts using SD aggregate, high
alkali cement and KAc 3.0

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 6.06 6.35 6.21 6.20 100.00

7 7.04 7.33 7.20 7.19 115.92
28 7.13 7.38 7.27 7.26 116.99
56 7.12 7.38 7.29 7.26 117.08
90 7.02 7.32 7.28 7.21 116.16
120 7.02 7.26 7.22 7.17 115.51
150 6.81 7.09 6.89 6.93 111.69
180 6.73 6.97 6.69 6.80 109.52
210 6.43 6.66 6.35 6.48 104.45
240 6.20 6.40 6.19 6.26 100.93
270 5.97 6.13 5.88 5.99 96.57
300 5.67 5.74 5.57 5.66 91.26
360 5.18 5.15 4.90 5.08 81.84

Table A159 Changes in DME in modified ASTM C 1288ts using SD aggregate, high
alkali cement and Li/K 6.4-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 6.31 6.22 6.17 6.23 100.00

7 7.15 7.11 7.03 7.10 113.92
28 7.22 7.10 7.14 7.16 114.84
56 7.27 7.24 7.23 7.25 116.31
90 7.36 7.24 7.36 7.32 117.45
120 7.37 7.28 7.28 7.31 117.31
150 7.37 7.29 7.29 7.32 117.39
180 7.37 7.29 7.29 7.31 117.35
210 7.24 7.16 7.25 7.21 115.78
240 7.23 7.06 7.19 7.16 114.91
270 7.14 6.86 7.02 7.01 112.48
300 7.06 6.72 6.89 6.89 110.62
360 6.65 5.97 6.45 6.36 102.04
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Table A160 Changes in DME in modified ASTM C 1288ts using SD aggregate, high

alkali cement and Li/K 3-0.2

Dynamic Young's Modulus, (E)*10"6 % Change in

Days Barl Bar2 Bar3 Avg DME

0 6.36 6.25 6.14 6.25 100.00

7 7.36 7.19 7.05 7.20 115.21
28 7.44 7.23 7.11 7.26 116.14
56 7.47 7.28 7.14 7.30 116.69
90 7.44 7.24 7.12 7.26 116.19
120 7.28 7.14 7.04 7.15 114.39
150 7.02 6.98 6.83 6.94 111.08
180 6.97 6.91 6.65 6.84 109.44
210 6.66 6.64 6.46 6.59 105.33
240 6.50 6.51 6.25 6.42 102.68
270 6.34 6.33 6.08 6.25 99.95
300 6.09 6.11 5.76 5.99 95.73
360 5.79 5.76 5.39 5.65 90.31

Table A161 pH Changes in soak solution in Modi#esITM C 1293 tests for high alkali
cement at 0 day

C

Soak NM SP NC SD
Solution | PH Temp,° C PH Temp,° C PH Temp,° G RH Temp,°
3-0 9.92 21.6 10 24.1 10 24.1 10.04 24.3
3-0.2 9.58 22.3 9.68 24.2 9.68 24.2 9.64 24.3

3-0.8 8.47 22.1 X X X X X X

Table A162 pH Changes in soak solution in Modi#esITM C 1293 tests for high alkali
cement at 12 months

C

Soak NM SP NC SD
Solution | PH Temp,° C PH Temp,° C PH Temp,° C RH Temp,°
0 12.6 20.5 12.7 21.9 12.06 30 12.9 24.5
0.2 12.7 20.5 12.6 23 12.57 25 12.5 25.3
0.8 12.36 20.8 X X X X X X

Table A163 pH Changes in soak solution in Modi#fesITM C 1293 tests for low alkali
cement at 0 day

Soak NM SP
Solution | PH Temp,° C PH Temp,° C
0 9.92 21.6 10 24.1
0.2 9.58 22.3 9.68 24.2

0.8 8.47 22.1 X X
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Table A164 pH Changes in soak solution in Modi#fe&siTM C 1293 tests for low alkali
cement at 12 months

Soak NM SP
Solution | PH Temp,° C PH Temp,° C
0 12.96 24.3 11.97 23.3
0.2 12.3 23.6 10.03 24.5
0.8 11.27 24.5 X X

Table A165 Expansion readings and percentage expensf the Modified ASTM C
227 tests of mortar bars made with Ottawa sandusel silica, low alkali cement and
exposed to water with no pre treatment

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Barl Bar2 Avg

0 0.0092 0.2634 0.2834 0 0 0

3 0.0094 0.2635 0.2832 -0.001 -0.004 -0.0025
11 0.0096 0.2666 0.2864 0.028 0.02/7 0.0275
14 0.0099 0.2664 0.2863 0.023 0.022 0.0225
21 0.01 0.2674 0.2865 0.037 0.028 0.0275
28 0.0104 0.2696 0.288 0.05 0.034 0.042
56 0.0088 0.2814 0.3013 0.185% 0.187 0.186

Table A166 Expansion readings and percentage expensf the Modified ASTM C
227 tests of mortar bars made with Ottawa sandusel silica, low alkali cement and
exposed to KAc with no pre treated

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Barl Bar2 Avg

0 0.0092 0.2996 0.2927 0 0 0

3 0.01 0.3035 0.2964 0.031 0.029 0.03

7 0.0085 0.3065 0.3004 0.074 0.084 0.08
21 0.0088 0.3288 0.3213 0.296 0.29 0.293
28 0.0096 0.3462 0.3384 0.462 0.453 0.4575
56 0.0092 0.3935 0.3821 0.908 0.865 0.8865
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Table A167 Expansion readings and percentage eixansf the Modified ASTM C
227 tests of mortar bars made with Ottawa sandwusedl silica, low alkali cement and
exposed to KAc and pre treated with Lip@r 1 coat

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Barl Bar2 Avg

0 0.0092 0.3156 0.2538 0 0 0

3 0.01 0.3208 0.2579 0.044 0.038 0.0385

7 0.0085 0.3175 0.2567 0.026 0.036 0.031
21 0.0088 0.3188 0.2573 0.036 0.039 0.0375
28 0.0096 0.32 0.2583 0.04 0.041 0.0405
56 0.0092 0.3197 0.258 -0.003 0.009 0.008

Table A168 Expansion readings and percentage exensf the Modified ASTM C
227 tests of mortar bars made with Ottawa sandusedl silica, low alkali cement and
exposed to KAc and pre treated with Liplfor 3 coat

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Bar3 Barl] Bar2 BarB Avg

0 0.0092 0.2931 0.3002 0.2743 0 0 0 0

3 0.01 0.2961 0.303 0.2773 0.022 0.02 0.022 0.02333

7 0.0085 0.2954 0.3027 0.2771 0.08 0.082 0.035 23333
21 0.0088 0.2959 0.3036 0.2776 0.032 0.038 0.0370358667
28 0.0096 0.297 0.304 0.2784 0.035 0.084 0.037 53333
56 0.0092 0.2969 0.3042 0.2784  0.016 0.02 0.019 1833883

Table A169 Expansion readings and percentage eixeansf the Modified ASTM C
227 tests of mortar bars made with Ottawa sandwset! silica, low alkali cement and
exposed to KAc and pre treated with Lipl@r 5 coat

Comparator readings Expansion, %

Days Ref bar Barl Bar2 Barl Bar2 Avg

0 0.0092 0.277 0.318 0 0 0

3 0.01 0.2805 0.3211 0.027 0.028 0.025

7 0.0085 0.2793 0.3207 0.03 0.034 0.032
21 0.0088 0.28 0.3213 0.034 0.03y 0.03556
28 0.0096 0.2808 0.3219 0.034 0.035 0.0345
56 0.0092 0.2807 0.322 0.01 0.01y 0.0135
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Table A170 Changes in DME in modified ASTM C 223tseof mortar bars made with
Ottawa sand and fused silica, low alkali cementexmbsed to water with no pre
treatment

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Avg in DME
0 2.23 2.19 2.21 100.00
3 3.63 3.46 3.54 160.51
14 4.06 3.98 4.02 181.85
28 3.93 3.79 3.86 174.81
56 2.88 2.65 2.76 125.18

Table A171 Changes in DME in modified ASTM C 223tseof mortar bars made with
Ottawa sand and fused silica, low alkali cementexmbsed to KAc with no pre treated

Dynamic Young's Modulus, (E) * 10"6 | % Change

Days Barl Bar2 Avg in DME
0 2.65 2.62 2.64 100.00
3 3.79 4.04 3.92 148.58
7 4.11 3.97 4.04 153.32
28 3.03 2.93 2.98 113.09
56 1.43 1.44 1.44 54.46

Table A172 Changes in DME in modified ASTM C 223tseof mortar bars made with
Ottawa sand and fused silica, low alkali cementexmbsed to KAc and pre treated with
LiNO3 for 1 coat

T-1 Dynamic Young's Modulus, (E) * 10"6 % Change
Days Barl Bar2 Avg in DME
0 2.62 2.75 2.69 100.00
3 3.10 4.58 3.84 143.02
7 5.12 5.27 5.20 193.48
28 5.44 5.13 5.29 196.83
56 5.45 5.62 5.54 206.15
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Table A173 Changes in DME in modified ASTM C 223tseof mortar bars made with
Ottawa sand and fused silica, low alkali cementexmbsed to KAc and pre treated with
LiNO3 for 3 coat

T-3 Dynamic Young's Modulus, (E) * 106 % Change
Days Barl Bar2 Bar3 Avg | in DME
0 2.89 2.77 2.53 2.73 100.00
3 4.55 4.52 4.22 4.43 162.27
7 4.86 4.64 4.42 4.64 169.96
28 5.36 5.10 4.82 5.09 186.57
56 5.41 5.08 4.86 5.12 187.42

Table A174 Changes in DME in modified ASTM C 223tseof mortar bars made with
Ottawa sand and fused silica, low alkali cementexmbsed to KAc and pre treated with
LiNO3 for 5 coat

T-5 Dynamic Young's Modulus, (E) * 10"6 % Change
Days Barl Bar2 Avg in DME
0 2.76 2.54 2.65 100.00
3 4.77 4.47 4.62 174.34
14 4.94 4.93 4.94 186.23
28 5.21 5.23 5.22 196.98
56 5.28 5.28 5.28 199.25

Table A175 Concentration of K and Li with depthrfréop in Spratt, NM and IL
aggregate

Concentration (mg/l) ppm
Aggregate 0.5” 1" 15" 2" 2.5"
K 13.54 7.59 2.03 1.12 0.97
SP Li 2.27 0.66 0.42 -0.05 -0.05
K 22.45 12.43 7.24 2.72 1.45
NM Li 3.42 0.8 0.44 -0.05 -0.05
K 15.09 12.92 4.59 0.77 0.59
IL Li 1.84 0.66 0.4 -0.05 -0.05
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