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CHAPTER 1

INTRODUCTION

1.1. Motivation

Cementitious materials are currently beusgd and investigated for usenaglear waste forms

or as barriers for nuclear waste in applications including-teghl waste disposal, lovevel

waste disposal, reactor entombment, and dry cask stofidgese materials are subjected to
numerous environmental attack scenafeg., sulfate attack, chloride attack, carbonation, and
oxidation)which could impact their longerm durability and performance. Specifically, the
ingress of reactive gases(i.carbon dioxide and oxygeis)akey concerrbecause of thability

of carbon dioxide and oxygea react with the cementitious materials and waste féorohange

thar physical and chemical properties-urthermore, carbon dioxide and oxygen are kméav

be present in thatmosphere and other medrecluding soil or watethat may be in contact with

the cementitious waste forms or barrieféie reaction of carbon dioxide (i.e., carbonation)
reduces the pH of the materiahanges the mineralogy oftimaterial, and changes the physical
microstructure of the material which may impact the release of constituents of potential concern
(COPG) from cementitious waste formén addition, aeduction in pH camesult in

depassivation of steel reinforcemantd eventually lead to crackiimgcementitious barriersin

cast stone or salt stone, a cementitious waste form, the reaction of oxygen (i.e., oxidation) affects
the solubility of redox sensitive COPCs, notably the technetiur®g)drom the salt wast®rm
contained in the cast stone. Therefdres important to understartieimpact ofcarbonation

and oxidation reactionsn cementitious materiaigs orderto predict material performance and

durability of these materialndto helpmitigate the potetial for environmental contamination.

Evaluatingthe impact of reactive gasses on cementitiwaste forms and barrieadso requires
consideration of the addition of supplertedrcementitious materials (SG)M defined as mineral
admixtures that repladbe Portland cement (PC). Fly ash and ground granulated blast furnace
slag (GGBFS) are two commonly used S€iMnuclear waste disposal applications because

they reduce the required amount of PC, improve the mechanical strength of the material, and in



cag stone materials increase the reductive capacity of the material compared to plain PC
mixtures. However, the complexity of cementitious materials alongdiffrent chemistries of
thecomponents that comprise the material presents significant challengearacterize the
ingress and reaction of carbon dioxide and oxygen and the resulting behavior of COPCs over
extended periods of time. Furthermore, the variability among components depending on their
source creates additional uncertainty to how tineserials will behave. Therefore, stalso
important to investigateomponents from many different sources that chemical compoaitn

to determinehow this variation impacts the carbonation and oxidation reaction within the

cementitious matrix.

Theaim of thisdissertation igo investigate the impact of aging in the presence of gaseous
carbon dioxide and oxygemthe physical and chemical microstructure of cementitious waste
forms and barriers and to evaluate the changes in constituent soluidlityesssransfer release
for COPCsacross different types of cementitious waste forms and barfi@rs.specific
materials were investigated: 1. Microconcrete materials which serve as surrogates for
commercial concretes and 2. Cast stone materials whedbeing used and investigated as a
waste form for low activitywuclearwaste disposalThe effects of carbonian in microconcrete
materialswere investigated and the effectfcoupled carbonation and oxidation on cast stone
materials were investigatedin both material sets, different types of fly ashes were prepared to
determine the impact of fly asippeon these reaitins. Specifically, the impact carbonation
and oxidation on thehemicalphysical microstructure, solubility @OPCs, and redoxebavior
underagingscenarios were characterized using a vaoégxperimental techniqueginally,

the experimptal data collected for the microconcretess used to perforgeochemical
speciatiormodelingwith reactive transporhiorder to better uratstand and predict the leaching

performance of cementitious materials after aging aarbonating environment

1.2. Objectives and Approach

The overall objective of this research is to investigate and characterizehééor of

cementitious waste forms usidnuclear waste applications and cement materials in the



presence of reactive gases, specifically oxygen and carbon dioxide, in order to supgternfong

performance assessment of these materials. The specific objectives of this research are to:

1. To asess the impaatf materialalkalinity on the changes in the chemical
microstructure, constituent solubility, and extent of reaction as a result of carbonation in
microconcrete materials with varying fly ash replacentgms

2. To assess thienpact of fly aé replacementype on the changes in the physical
microstructure of microconcrete materialghin thebulk and interécial transition zone
as a result of carbonation

3. To assess the impact aging in the presence of oxygen and davkiole on the changes
in the leaching behavior andthin the physical and chemicalicrogructure for a cast
stone cementitious waste form

4. To aalibrate and verify geochemical speciation with reactive transport models to support

long-term assessment for microconcrete materiatgrbonating environments.

1.3. Structure of the Dissertation

This dissertation is organized irgix chaptersin Chapter 2the impact of alkalinity on
the carbonation reaction in microconcrete mortars was assessed by evaluating the changes in the
microstrudure, solubility, and migration of major constituents (i.e., calcium, aluminum, and
silicon), for cases of partial peacement of the P@ith different fly ashes having varying
alkalinity. Several experimental techniques (seanning electron microscopyth energy
dispersivex-ray spectroscopyU.S. EPA Method 1313, total inorganic carbon analysis, and
thermogravimetric analysisvere used and compared as tools to characterize chdungés the
carbonation reactiorin Chapter 3backscatteredcanningelectron microscopy was used to
evaluate the porosity patterns found in microconcrete materials to better understand the gaseous
diffusion pathways and reaction of €®@ithin the bulk cement paste anderfacial transition
zoneof microconcrete materiatontaining different fly ash replacement types. Image
segmentation was applied to evaluate the porosity as a function of distance from an exposed
surface in the bulk cement paste and from aggregate boundaries in the ITZ in both carbonated
and noncarbona@d microconcrete material€hapter 4discusseshe mineralogy,

microstructural characteristics, and leaching behavior of a cementitious waste form for low



activity nuclear waste aged in an inert unsaturateit@ment and in a reactive unsaturated
environment containing oxygen and carbon dioxi@dapter 5 discusses the results from the
geochemical speciation with reactive transport modeling performed fecarbonated and
carbonated microconcrete materipigpared with different fly ash type&inally, Chapter 6

provides a summary of this dissertation and provides recommendations for future work.



CHAPTER 2

IMPACT OF CARBONATION ON THE MICROSTRUCTURE AND SOLUBILITY OF
MAJOR CONSTITUENTS IN MICROCONCRTE MATERIALS WITH VARYING
ALKALINITIES DUE TO FLY ASH REPLACEMENT OF ORDINARY PORTLAND

CEMENT!

2.1.Abstract

The impact of alkalinity on the carbonation reaction in microconcrete mortars was
assessed by evaluating the changes in the microstructure, salapititynigration of major
constituents (i.e., calcium, aluminum, and silicon), for cases of partial replacement of the
Portland cement with different fly ashes having varying alkalinity. Several experimental
techniques (i.e., SENEDS, U.S. EPA Method 1313]C, and TGA) were used and compared as
tools to characterize changes due to the carbonation reaction. The rate and extent of carbonation
was inversely related to the alkalinity of the material as evident by the increase in carbonation
depth, reduction ahe natural pH of the material, extent of the changes in the microstructure,
and extent of reaction. Calcium migrated to the carbonated region while conversely silicon
migrated from the carbonated region in response to relative solubility and theréérentd

diffusivity in the carbonated and uncarbonated regions for each constituent.

2.2.Introduction

The service life of cemeiitased materials is a critical parameter for management of
virgin and secondary materials in the cement and concrete applicaBtmstural degradation is
especially important for cementitious materials in nuclear waste applications due to the potential
for release of radioactive constituents which could adversely affect human health and the

environment. Cementitious materiatgs huclear waste management include binding matrices

! This chapter was reproduced with permission from: J.L.Branch, D.S. Kosson, A.C. Garrabrants, and P.J. He, The
impact of carbonation on the microstructure and solubility of major constituents in microconcrete materials with
varying alkalinities de to fly ash replacement of ordinary Portland cement, Cement and Concrete Research 89
(2016) 297309. Copyright 2016, Elsevier.



for low-activity waste forms and physical barriers such as grouts for waste tank capping,
concrete vaults for waste containment, and mass pours for reactor entonfdine®@tten these
materials contaisupplemental cementitious materials (SCMs) designed to modify material
performance. In these applications, it is desirable that cementitious materials maintain structural,
hydraulic and chemical performance to the extent possible for lifetimes up tarnleus years.
Although many of the mix designs for nuclear waste applications rely on coarse aggregate, the
study of chemical performance and degradation often focus on the reactions and structure of the
cement paste or of cement mortars. With regafeaching and degradation of commercial
concretes, microconcretes (i.e., mortars with high levels of fine aggregate that mimic concrete
rheology) have been shown effective as surrogates for concretes containing coarse dggregate
3]

Much of the physical and chemical durability of cementitious materials has been attributed to the
formation of a highlybuffered alkaline matrix consisting mainly of calciusilicatehydrates (€

S-H) and portlandite [Ca(OH]) However, a key mechanism for degradation of cementitious
matrices is reaction of the alkaline matrix with atmospheric orgsalcarbon dioxide (CGQ

alo known as carbonation. Over the extended material performance intervals for nuclear waste
applications, degradation due to carbonation can potentially lead to the release of radionuclides
[4]. Atmospheric or soifjas CQ reacts with dissolved minerals in the cement pore water
resulting in (i) depletion of matrix alkalinity which neutralizes pore water and affects the
solubility of pHdependentanstituents and (ii) precipitation of relative insoluble carbonate
phases which alters the pore structure of the matrix. In extreme cases, carbonation may lead to
depassivation of reinforcing steel, physical degradation of the cementitious materiaksaafl |
strength due to cracking in both nuclear and-noalear applications. Therefore, considerable
effort has been placed on characterizing the primary degradation mechanisms of cementitious

materials including the penetration of £&hd reaction ratef carbonatiorj5-8].

Microstructural analysis is key to understanding the overall behavior of the material, especially
under conditions where changes in the pstiucture and porosity occur due to the formation of
carbonated producf9]. Analysis of the microstructure can ididy the composition,

morphology and spatial distribution of phases present in the system providing useful information

on the mechanisms of hydration or degradaftid@lj. Characterization of the cement



microstructure and redistribution of elements as a result of carbonation may lead to a better

understanding of the macroscopic deterioration that occurs in concrete over extended periods.

This stug evaluates the impact of material alkalinity on the carbonation process for three
microconcrete materials with different alkalinities by assessing the changes in solubility of the
major constituents (i.e., calcium, aluminum, and silicon), microstruaigteibution of

elemental constituents across a reacted carbonated front, extent of reaction, and reaction
capacity. The results of this study are intended as input to a framework to predict material
durability in commercial and nuclear applications drelrhigration/release of heavy metals and

radionuclides from cementitious materials used in nuclear waste applications.

2.3.Carbonation in cementitious media

The penetration C£gas from air or soil media into a porous cement material results in
subsequent redon of agueous C&with hydration minerals including portlandite;&H, and
ettringite [CaAl2(SQy)3(OH)12-26H0] to form carbonated produdttl, 12]. In particular, the
reaction of CQwith portlandite is of interest because of its abundance in the material and its
responsibility for decreasing the pH of the material. Papadakis[&} edpresented the overall
reaction between portlandite and £43 two steps: the dissolution of the portlandte.{) and

the overall carbonation reactiod.2, which is comprised of ber elementary steps.

Ca(OH)Y( s ) 2Yaq)cr&20H(aq) Eqg.1
Caf*(aq) + 20H(ag)+ CO(g) Y CaCQ(s) + HO EQ.2

These steps are cyclic in that the consumption of free hydroxide ions in the pore solution (Eq. 2)
results in further dissolution of portlandite leading to depletion and reduced pH in carbonated
materials. Localized depletion of portlandite results in subsequent decalcificatie® df[C,

13] according td=q. 3:

xCa0-SiQ-nH20 +yH,0  Yx-y)CaO-SiQ-nH:0 +yCa(OH) Eg. 3

Since portlandite is more solubles@& 5.5x10° at 25° C) than CaC{{Ks=4.7x10° at 25° C)
[14] and there is a shift in the pH of the material, the concentration dfitc@ms ions in the pore

solution is expected to be different in the carbonated region of the material compared to the
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uncarbonated region. Studies of the changes in the leaching behavior upon carbonation of
cementitious materials indicate that the défezes in the pore solution concentrations of the

major constituent ions (i.e., calcium, aluminum, and silicon) will significantly impact the time
dependent leaching of these constituents from concrete maf@ridfs17]. Therefore, leaching

tests intended to characterize the ligsadid partitioning of calcium, aluminum, and silicon in

solid materials can besad to identify changes in constituent solubility and concentration of
constituents in the pore water solution due to the phase changes associated with the carbonation

reactions.

The carbonation of cementitious materials is a complex process that is tamigicated by the
addition of SCMs which may be used as replacement for a portion of the Portland cement
component in blended cementitious materials. Replacement of a fraction of the Portland cement
with SCMs often improves the mechanical performaridbese systems and reduces the need

for virgin cement. For example, the addition of coal combustion fly ash promotes the conversion
of portlandite to €S-H during hydration and, hence, refines the microstructure of the concrete
which ultimately affectshte transport properties of the matrix which controls the diffusivity of
C0O:[18, 19]. Previous studies sugst that the presence of fly ash increases the rate of
carbonation because of a change in material alkalinity and the availability of port[d&Ji26-

22]. Models have been designed to predict the penetration depth of the carbonation reaction
front in concrete materials with fly ash replacem@3f 24], yet more effort is needed to
characterize the evolution of the microstructure coupled with the elemental distribution for these
materials. However, since the amount of alkalinity providedyoggh can vary significantly

based on coal source and combustion configuraf@Bjsthe uncertainty about prediction of the

carbonation rate and extentrafcrostructural effects increased.

2.4.Materials and methods

2.4.1.Microconcretes

Microconcrete mortars with different levels of total alkalinity were prepared by mixing Type /1l
ordinary Portland cement (OPC), fly ash (FAO2 or FA39), river sand (fine aggregate)ater

according to the mix designs shownTiable2.1[26]. FAO2 is a low calcium (1.9% by mass)



Class F fly ash from the combustion of bituminous coal and FA39 is a high calcium (17.1% by
mass) Class C fly ash from the combustion oflsiaminous coal. The microconcretesluue

a control material with no fly ash (@0), a blended microconcrete with 45% of the OPC fraction
replaced by FA02 (M)2), and a blended microconcrete with 45% replacement of OPC with
FA39 (M-39). A sieve analysis was performed on the fine aggré@atde A.1, Appendix A

The material source details and characteristic leaching data for these materials have been
reported elsewhel@]; however, the naming scheme for the microconcretes has been simplified

to improve the presentation clarity of this study.

Table2.1. Microconcrete formwtions

Control Blend Control Blend
Nominal Mix (kg/n?) 514 514
Fly ash replacement (%) - 45

Composition (Wt%)  Composition (kg/m)

Portland Cement 22.2 12.2 301 165
Fly ash - 10 - 136
Water 9.9 10.1 135 136
Fine Aggregate 67.9 67.7 940 920

For each microconcrete, ten cylindrical monoliths (6.5 cm diameter x 9.0 cm height) were cast
and cured for 6 months at 100% relative humidity (RH) in a sealed 19 liter bucket maintained at
ambient temperature (21 +2 °C). After thenénth curethree of the monoliths for each
microconcrete were carbonated for an additional 6 months in a Thermo Scientific 3531
environmental chamber (Thermo Fisher Scientific, Inc., Waltham, MA) maintained at 5% CO
65% RH, and ambient temperature. These carbomasterials are denoted as samples-00C

MC-02, and MG39. In parallel, three monoliths for each microconcrete, label®d MA02

and M39, remained in the sealed buckets for an additional 6 months of curing without exposure
to CQ. Four monoliths foeach microconcrete were collected after the initaldth cure and
crushed using a parallel plate grinder until at least 85 percent by mass (wt%) of the material was

less than 2 mm in diameter. Half of this granular material was placed in the sanmatianbo
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chamber with the monolith samples for 6 months and the remaining half was returned to the
sealed bucket for additional 6 months of curing. For the purposes of these experiments, particle
size reduction was intended to maximize the extent of catiboraer 6 months by increasing

the surface area exposed toLL@n addition, United States Environmental Protection Agency
(U.S. EPA) Method 1313, thermogravimetric analysis (TGA), and total inorganic carbon (TIC)
used to characterize the carbonaticact®n require a size reduced material and therefore the
crushed microconcretes were used in these test methods. A summary of the microconcretes
curing, crushing, carbonation conditions, and test method for each material is summarized in
Table2.2.

Table2.2. Microconcrete coding scheme

Material Code Cured Crushed Carbonated Test Method
M-00, M-02, M-39 12 months  No No Phenolphthalein, SENEDS
MC-00, MG02, MG39 6 months No 6 months  Phenolphthalein, SENEDS
M-00, M-02, M-39 12 months  Yes No Method 1313, TGA, TIC

MC-00, MC-02, MG39 6 months Yes 6 months Method 1313, TGA, TIC

2.4.2.Major constituent solubility as a function of pH

The liquidsolid partitioning of calcium, aluminurand silicon between the solid material and a
contacting aqueous phase as a function of pH was determined using U.S EPA Method 1313 [28].
This method also provides the atidse titration curve used to estimate total and carbonate
alkalinities. Method 13 is a standard, pldependence leaching method consisting of parallel
batch extractions of a solid material under various pH conditions and at atbegotid ratio

(L/S) of 10 mL/gdry. Details on the procedure and application of this method can ibé fou
elsewherg¢27-29]. For each carbonated and rearbonated microconcrete and their

components (i.e., OPC, FA02, and FA39), the test was conducted icadeplFor each
microconcrete, the calcium, aluminum, and silicon concentrations in the eluate were determined
by inductively couple plasmaptical emission spectrometry (IGPES) following U.S. EPA

Method 6010¢30]. The titration curve for each material was derived based on the amount of
acid added (mal/kg-dry) and the resulting engoint pH for each extraction using a best fit

10
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2.4.3. Thermogravimetric analysis

A TA Instruments Q600 SDT analyzer (New Castle, Delaware, USA) was used to estimate the
mass fraction of €5-H, portlandie and their respective carbonation products in granular
subsamples of the carbonated and-carbonated microconcretes and the mass fraction of
carbonate present in the fly ashes and OPC. TGA is an accepted method that has been used in
many studies to qumify the mass fraction of these mineral phases in cement materials,
especially portlandite, because there is little or no interference with other phases in cementitious
materials in the portlandite decomposition temperature rE8#584]. For each material, TGA

was conducted on duplicate subsamples of approximately 40 mg to determine the mean mass
fractions of GS-H, portlandite, calcite [CaC{]) and vaterit§also CaC®@but of a less stable

form). The uncertainty associated with the reported mass fractions was estimated according to
the mean CV across all the materials for each phase. Each TGA run was initially equilibrated at
a temperature of 50° C prior keeating to 900° C at a rate of 10.0° C/min. The chamber was
continuously flushed with nitrogen throughout the heating process with a flow rE afL

min?t,

Literature values for the specific temperature ranges associated with mass loss frons mineral
phase vary slightly. For example, the temperature for decomposition of portlandite to lime and
water is reported between 400° and 5509(34-36]; however, the peaks associated with mass
loss from portlandite decomposition were observed in the temperature range of 400° to 500° C.
For the decomposition of-G-H, the approach of Jain and Neithalg&f] was adopted where the
C-S-H fraction measured by mass loss in the temperature range from 150° to 400° C was
adjuged by dividing the measured mass loss by 2.1 to account for hydrated water lossSrom C
H occurring below 150° C. Decalcification during carbonation alters the stoichiometr$-of C

H. However, since the exact stoichiometry is not well agreed upotaraartount of decalcified
C-S-H in the materials relative to the amount eS¢ is not known, the same stoichiometry to
estimate €S-H in the carbonated and nearbonated materials was used. Therefor&;HCin

the carbonated materials is only an esteradtthe CS-H.

CaCQ s identified by the mass loss in the temperature range between 500° and 1000° C
according to the varying lower and upper temperature boundaries identified by many different

literature sources which is compared and discussed in lab¢88]. CaCQ decomposition
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over this temperature range is from three different polymorphs that forngdarbonation:
aragonite, vaterite, and calc[t&9]. Calcite forms directly during carbonation, but vaterite and
aragonite form during the carbonization 6534 and eventually transform into calcite under
extended periods of tin{@5] or when heating at approximately 450° C, as what occurs during
TGA [40]. The calcite originating from aragonite and vaterite decomposes at a slightly lower
temperature range compared to the calcite formed during carboptjorBased on work done
by Villain et al. and the peaks observed in this study, the temperature range of 520°Go 650°
was used to identify the amount of calcite originating from vatg88e Vaterite is expected to
dominate in wekhydrated cements and therefore aragonite composition was not considered
further in this study42]. The emperature range of 650° to 750° C was used to determine the
amount of calcite formed directly during carbonation. Higher temperature ranges associated
with the decomposition of calcite originating from aggregg@dswere not evaluated.

The amount of calcium carbonate in fly ash components and OPC sample were determined from
the mass loss between 520° and 750° C. This temperature range was basedvatiats of

mass loss peaks for the FA0O2 and FA39 materials and is consistent with the temperature ranges
for determination of vaterite and calcite in the microconcretes as well as the calcium carbonate

content in other studies on fly ash materjdl3 44].

In addition, results from TGA were used to assess extent of reaction in each material by
evaluating the rab of calcium that reacted during carbonation compared to the theoretical
amount of available calcium that could react (i.e., reaction capacity). Cméiegial) was

derived from the stoichiometry of each phase. The relationship used to determixtenhefe

reaction is showm Eq. 4.

Extent of Katgritetr CCBealcitdarb, rorfarfl (C& @+ + Caportianditgnoncar] X 100% EQ.4

Wh e r e vagpd+ Ca@aicitdcarb,norcarbiS the difference in the total amountaaficium in the
vaterite phase (Gaerit9 and total amount of calcium in the calcite phased&e between the
carbonated and nerarbonated material, Ca+ is the total amount of calcium contained in the
C-S-H phase of the nenarbonated materiadnd CaortianditelS the total amount of calcium
contained in the portlandite phase of the-sarbonated material.
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2.4.4.Total inorganic carbon

A Shimadzu model TO& CPH/CPN combined with a SSBDO00A unit (Shimadzu Scientific
Instruments, Columbia, MA, USAjor solid samples was used to estimate the TIC in each
microconcrete and component on a mass of approximately 25 mg per material. A volume of 500
ML of concentrated phosphoric acid (85% assay) was added to each standard and sample to release
CQOu. The funace was set to 200°C and zero air at 150 mL/min was used as the carrier gas. Four
point calibration curves using a sodium bicarbonate standard for TIC were generated for an
analytical mass range between 10 mg and 75 mg and were accepted with a cooeddficient

of at least 0.995. The uncertainty associated with this method was estimated according to the mean

CV across all the materials.

2.4.5.Scanning electron microscoyergy dispersive-say spectrometry

Scanning electron microscopy (SEM) is a commuocrostructural and elemental analysis tool

for concrete and cement reseaftf, 45]. The microstructure of microconcrete materials was
characterized by a combination of backscattered SEM and energy dispersive spectroscopy (EDS)
to assess changes in the microstructure and redistribution of species within the material as a
result of carbort@gon. Two interior sections from the top exposed surface of the monolith (2 cm
exposed surface x 1 cm depth) were cut for each material to minimize edge effect while retaining
the exposed surface. One section was sprayed with 1% solution of phenoiplithetieanol

for an initial screening assessment to locate the approximate depth of that carbonation front to
compare to the SEM analysis. The other section was exchanged with ethanol to remove any
remaining pore water, embedded in epoxy, and polishiéidsamooth and flat using a series of

specialized polishing clothgith an alcohobased lubricant Table A.2, Appendix A

Backscattered electron SEM images (0.25 um/pixel) and EDS data (1 pm/pixel, 500 frames per
site) were collected for the carbonated and-carbonated microconcretes in environmental

SEM mode at 130 Pa, 10 keV accelerating voltage, a working distance of 10.0 mm, and a spot
size of 3.0 using an FEI Quanta 650 field emission electron microscope (Hillsboro, Oregon)
equipped with an Oxford struments 50 mAsilicon drift EDS detector (Abingdon,

Oxfordshire, UK). A large area scan (approximately 0.9 mm along the expose carbonation edge

by 2.5 mm into the matrix) was comprised of multiple smaller sites with a horizontal field width
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of 256 um orresponding to a magnification of 496x. In addition, the microstructure was
evaluated at a higher magnification of 1500x corresponding to aru@6lrizontal field width

for five randomly selected areas for each the carbonated anchrfoonated micramncrete.

The tement o i mage components (e.g., -filedy ash p
pores) were segregated from the cement region in the large area EDE abéa#\.3,

Appendix A and the remaining cement region was homogenized tovemmse in the data due

to the presence of different hydration products and to better represent the changes in the

chemical speciation of the cement due to degradation. Homogenization using an elemental

moving average value was calculated for each mik#éie EDS map using the mean value of all

pixels in a 35 x 35 pixel box centered at the pixel. A heat map indicating the ratio of calcium to
aluminum+silicon (C/AS) was produced for each large area. The ratio of these elements was
evaluated to normaliztae EDS data between different phases. The C/AS was plotted as a

function of the distance from the exposed surface using a 10% locally weighted scatterplot

smoothing factor to reduce the noise of the plot.

2.5.Results

2.5.1.Material properties

Analysis of total, gdroxide, and carbonateased alkalinity data from the titration curvésilfle

2.3) revealed differences in the alkalinity between the component materials and also between
microconcretes. Of the component materials, OPC had h graater total alkalinity than either
of the fly ashes which is attributed to the large hydroxide alkalinity of the OPC. FA02 had very
little hydroxide, carbonate, and total alkalinity. FA39 had an intermediate hydroxide and total
alkalinity compared t®PC and FA39. However, the true inflection point could not be
determined for FA39 and therefore its location was estimated according to the position of the
complex root located near the phenolphthalein alkalinity in thdetivative of the polynomial.
Therefore, the distribution of hydroxide and carbonated in FA39 may not reflect the true
distribution of these alkalinities. In the nroarbonated microconcretes, the material made
without fly ash replacement (@0) had the highest alkalinity mostlyrdtuted to the hydroxide
alkalinity and the material created with the lowest alkalinity fly ask0@ythad the

corresponding lowest hydroxide and total alkalinity. These results are consistent with the
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alkalinity measurements in the component materiadstla@ calcium loading in the

microconcrete based on the calcium in the OPC, FA39 and FA02. Upon carbonation, the
hydroxide alkalinity in the microconcretes was significantly reduced and the carbonate alkalinity
increased for all microconcretes. The cadted microconcrete material made without fly ash
replacement (M&O0) had the highest hydroxide and total alkalinity compared to the carbonated
materials made with fly ash. Correspondingly, the carbonated microconcrete made with the
lowest alkalinity flyash (MG02) had the smallest total alkalinity and hydroxide alkalinity was
completely eliminated. These results are consistent with the original alkalinity measurements in

their respective nenarbonated microconcretes.

Table2.3. pH and hydroxide, carbonate, and total alkalinity of the components and
microconcretes (x mean CV) determined from titrating with 4 N HNO3 from natural pH to a pH
of 4.5. Alkalinity measurements are expressed as mg CaCO3dpgiogsolid material

Natural pH Hydroxide Carbonate Total Alkalinity

(+ 1%) (£6%)  (+23%) (£ 5%)
OPC 12.7 19.2 1.0 20.2
FA39* 12.1 7.7 3.0 10.6
FA02 10.1 0.1 0.1 0.3
M-00 12.7 3.2 0.6 3.8
M-39 12.9 2.4 0.7 3.1
M-02 12.8 2.1 0.3 2.3
MC-00 121 0.9 2.5 3.4
MC-39  11.4 0.1 2.7 2.8
MC-02  10.3 - 2.1 2.1

*No true inflection point determined from the FA39 titration curve

TGA (Figure2.2) showed characteristic mass loss peaks in three general temperature regions
corresponding tane temperature ranges described previously. The resigure2.2 also

include a peak at approximately 105° C associated with the loss of evaporable water. The first
region of interest is the slow mass loss in the temperatumge from 150° to 400° C and peaks
near 400° C for MDO and MGOO which are attributed to the decomposition eé58. A sharp

16



peak in the temperature range of 400° to 500° C, associated with the decomposition of
portlandite, is evident for all necartobnated microconcretes (i.e.,-80, M-02, M-39) and also

for the MGOO carbonated material. However, no peak was observed in this temperature range
for either of the carbonated materials containing fly ash (i.e-01@nd MCG39) and, therefore,
portlandie content is not reported for either M2 or MG39. The final region of interest

contains the peaks associated with carbonated phases starting at a temperature of 520° C,
progressing to a sharp peak beginning around 650° C, and ending around 750feCnaEhe

slight variation in the beginning and ending temperatures of the carbonate peaks for the three
carbonated microconcrete materials. The slow rise in the carbonate peak, which is
indistinguishable itself as a separate peak in the carbonated tsataeg be attributed to
decomposition of calcite formed from the heating of vaterite, whereas the beginning of the sharp
peak may be attributed to the loss of @@m the dissociation of calcite formed directly during

carbonation.
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Figure2.2. TGA results plotted as the derivative of the mass and temperature versus the
temperature for one replication of the A) rcarbonated microconcretes and the B) carbonated
microconcretes

The mass % of each phaseided from the mass loss associated with the described temperature
ranges is summarized Trable2.4. In addition, the last column in the table compares the
percentage of reacted calcium (% Ca Reacted) that was determined frafatikie changes in

each of these phases between thecabonated and carbonated material. The extent of

reaction was inversely related to the alkalinity of the original material.
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Table2.4. Mass % (+ meakV) of C-S-H, portlandite, vaterite (associated with carbonation of
C-S-H), and calcite according to the weight loss of the DTG curve in the respected temperature
ranges

C-S-H Portlandite  Vaterite Calcite % CaReacted
Material  (x 3%) (+ 6%) (£ 10%) (x9%) (£ 14%)

M-00 15.2 6.3 1.7 2.3 N/A
M-39 14.6 2.1 1.8 1.1 N/A
M-02 12.8 1.9 1.6 14 N/A
MC-00 12.0 2.7 3.4 6.5 26
MC-39 13.0 - 4.0 7.9 54
MC-02 9.3 - 4.0 7.8 58

A comparison of the total wt% of inorganic carbon in carbonate form in eagbooemt and the
materials as determined from the Method 1313 leaching test titration (i.e., extractions), TIC (i.e.,
digestion), and TGA (i.e., solid) methods was calculated for comparison purposes and to assess
the differences in these techniques to cherae the difference in the uptake of £during
carbonation across materials with different alkalinitiesb{e2.5). As expected, the wt%

inorganic C determined from all three methods was higher in each carbonated micreconcret
compared to their respective noarbonated microconcrete. The inorganic C increased by
approximately 1 wt% according to the alkalinity and TGA data and by approximately 2 wt%
according to the TIC data from the Roarbonated to the carbonated materidtsgeneral, the

wt% inorganic C in the carbonated microconcretes increased as the alkalinity of the materials
decreased according to TGA and TIC analysis. No trend between the alkalinity and the wt%
inorganic C in the carbonated materials could berobsgen the alkalinity data. In addition there
was no trend in the wt% inorganic C in the components especially since the true inflection point
could not be determined for FA39 in the titration curve. Therefore, the reported wt% inorganic

C of FA39 may noreflect the actual amount of carbon contained in the material.
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Table2.5. Comparison of measured inorganic carbon (wt% = mean CV) determined from
alkalinity, TIC, and TGA in the microconcretes and their porents

Alkalinity (+ 23%) TIC (+ 15%) TGA (x 12%)

Material (Titration) (Digestion) (Solid)
OPC 0.6 0.1 0.1
FA39 1.8* 0.1 <0.1
FAO02 0.1 0.1 0.2
M-00 0.4 0.2 0.5
M-39 0.4 0.2 0.3
M-02 0.2 0.5 0.4
MC-00 1.5 2.1 1.2
MC-39 1.6 2.4 14
MC-02 1.3 2.9 1.4

*No true inflection point determined from the FA39 titration curve

2.5.2.Carbonation depth by pH using phenolphthalein indicator

The carbonation depth was initially estimated by determining the change in color of a 1%

solution of phenolphthalein sprayed a crosssection of each carbonated microconcrete. In

each sample, the top exposed layer remained colorless, indicating a pH less than 10 due to
carbonation while the interior portion of the sample turned bright pink, indicating the pH

remained greateh&n 10 which corresponds to an uncarbonated region. The depth of the
colorless layer varied across the surface for each microconcrete, especially near aggregates, with
MC-02 showing the greatest mean depth of carbonation at 1.2 mm aiid) lglibwing the

smallest mean depth of carbonation at 0.4 mm. -88had a mean carbonation depth at 0.7 mm
which is intermediate of the indicated carbonation depths foiO1@nd MCOO.

2.5.3.Liquid-solid portioning of major constituents as a function of pH

Comparison of the calum, aluminum, and silicon solubility curves plotted as a function of pH

from Method 1313 showed the shift in ypl¢pendent concentration between carbonated and non
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carbonated sampleBi@ure2.3). For all materials, the measuneatural pH decreased in

carbonated samples relative to rrarbonated sample$dble2.6) and the order of decrease was

inversely proportional to the alkalinity in each sample (i.e.;00had the highest natural pH
and MGO02 hadthe lowest natural pH). The result of the shift ingépendent behavior and the

decrease in natural pH is that the solubility of calcium at the natural pH for each microconcrete

also decreased for the carbonated materials compared to tcanhomatednaterials.

Conversely, the solubility of silicon increased in the carbonated materials compared to-the non

carbonated materials. There was no significant trend observed for the changes in the aluminum

solubility curves between the carbonated andcemwonated materials. Portions of the data

relative to the calcium solubility in materials MID and MCG02 has previously been reported
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Table2.6. Mean solubility (mg/L) of calcium, aluminum, and silicon (+ mean CV) and
corresponding natur al pH (N 1 paoetelmaterialfion f or
EPA Method 1313

Natural pH Ca Solubility Al Solubility  Si Solubility

Material (x1%) (x 5%) (x 16%) (= 10%)
M-00 12.7 902.6 0.2 0.2
M-39 12.9 426.7 15 0.7
M-02 12.8 11195 2.4 0.8

MC-00 12.1 156.2 1.5 8.1

MC-39 11.4 52.4 2.0 13.5

MC-02 10.3 117.3 0.1 22.6

2.5.4.Microstructural analysis

Backscattered electron images at 1500x and EDS maps for each microconcrete in the carbonated
and norcarbonated materials revealed different elemental composition and microstructure
between these tw@gions (representative imagegure2.4.A-C). Additionally, the

microstructure and composition was different between the three material types. A uniform
carbonated phase was observed in-BC The bulk concentration of the banated region

(excluding the aggregate located at the upper left hand region deiguie2.4.A) was

increased in calcium and decreased in aluminum and silicon content compared to the bulk of the
nontcarbonated material@ble2.7). Other differences in compositidor the remaining

elements infable2.7 were observed between the carbonated anecadronated regions.
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A) MC-00
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Figure2.4. A-C: 1500x backscattered electron images and C/AS heat maps of the uncarbonated
and carbonated regions of A) MID, B) MG39, and C) M@02
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The heat maps of C/AS ratios for MI2 & MC-39 shown irFigure2.4.B & C indicate two

distinct phases in the carbonated region: a region where carbonated phases (e.g., calcium
carbonate) dominate (Region Rigure2.4.B & C) and a region where decalcifiedSH phase

is present (Region Brigure2.4.B & C). The presence of minor and trace constituents (i.e., Na,
Mg, Al, P, S, and K) from EDS data in these regions indicate that other carbonated or-calcium
silicate bearing phases exist to some degree in these two regions although the calmmate

and decalcified €5-H dominate in their respective regions. These two regions are distinguished
by the higher calcium and lower silicon in Region A containing carbonated phases relative to
Region B containing decalcified&H. In addition, thearbonate phases in Region A show
decreases in the sodium, aluminum, and potassiai€2.7). Between the two microconcretes
containing fly ash, the two separate phases were less pronounced3f.Me decalcification

of C-S-H during carbonation conditions has been weltumented9, 46] and observed in
backscattered electromageq10] as a darker and more heterogeneous regions than the lighter
more homogeneous carbonate phase. In the uncarbonated region, the teagtsslattron

images showed the presence of both portlandite and nor&al Ghases.

Table2.7. Elemental distribution (mass wt%) showing species migration between the carbonated
and uncarbonated regions a&hé decalcification of the-S-H gel in carbonated region in the
presence of carbonated portlandite ar8-B. The remaining mass percentag@ssumed to be
hydrogen, due to the presence of hydrated phases

Material Region C O Na Mg Al Si S K Ca Fe C/AS
M-00  Uncarbonated 7.6 46.7 0.1 09 16 83 11 04 262 21 27
MC-00 Carbonated 9.1 46.3 0.2 10 14 56 09 08 264 18 3.8

82 490 16 08 20 39 - 14 284 14 48

MC-39
B 76 488 26 10 43 117 0.2 3.2 144 28 09
MC.02 A 6.9 477 02 0.7 20 75 06 04 247 21 26
B 88 478 04 0.7 31 154 09 20 122 24 0.7

Large area maps created using the 496x magnification scans revealed the formationzof CaCO
either in the form or calcite or vaterite at the exposed surface of eachamn@&igure2.5.A-C)
and the formation of these phases was supported by TGATddike2.4). In the large area

maps, the carbonation depth was defined as the depth where the lighter grey carbonated produ
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could no longer be observed in the backscattered electron image and is marked by a white line
across the backscattered and C/AS maps. The smallest depth of carbonation was observed for
the OPCbased microconcrete (MOO0) whileincreasing carbonatioregths were noted for
microconcretes containing fly ash (e.g., @ and MCG02). The MG02 sample had the largest
carbonation depth. Measurements taken across the exposed Stafde@.8) showed that
significant variation intie carbonation depth was observed in-Band MCG39. Conversely,

MC-00 had consistent depth of carbonation across the surface area; however, a smaller area of
carbonation not connected to the bulk carbonation front was observed at a deeper level in the
material and between two large aggregates. This remote carbonation zone may have been the

result of a preferential diffusion pathway through the material pore structure during carbonation.
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Figure2.5. A-C: Backscattered electron image and C/AS heat map with the corresponding C/AS
as a function of distance from the exposed surface for AORIMB) MG39, and C) ME02.

Dark blue areas indicate aggregates that were excluded from the heat map aadctiléuso

darker red region and C/AS peak highlighted is due to a small carbonated region not connected
to the bulk carbonation front.
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Table2.8. Carbonation depth (mm) according to backscattered electromnignag

Mean Min Max
MC-00 0.5 0.5 0.5
MC-39 0.8 0.5 1.0
MC-02 1.8 15 2.2

For each material, the highest C/AS were observed in the carbonated regions and the lowest
ratios were observed in the uncarbonated regions according to the C/AS as a furtiitamoé

from the exposed surface ploiadure2.5.A-C). In MC00, the C/AS heat map revealed a

significant decrease in the C/AS at the interface of where the calcium carbonate could no longer
be observed. The C/AS below tim$erface was slightly higher, but less than that observed in

the carbonated region. The large area maps corresponding to the C/AS showed a decrease in the
C/AS as the distance from the exposed surface increased. F8DM#@tios were not evaluated

below a depth of 1.6 mm because an aggregate comprised the entire image area below that depth.

For each microconcrete, the approximate calcium, silicon, and aluminum wt% in the carbonated
and uncarbonated regions (excluding the aggregate and large fly aslegamrtvealed an

increase in the calcium content, a decrease in the silicon content, and a slight decrease in the
aluminum content in the carbonated region compared to the uncarbonated region for each
material Table2.9). Thiscorresponds to the increase in the C/AS observed in the carbonated
region. Higher C/AS in the MO0 were observed in all regions of the sample compared to MC
02 and MG39 because the material has a higher concentration of calcium in the mixture. A
lower C/AS was observed in all regions of the M€ material compared to M89 because of

the lower calcium content in the fly ash.
Table2.9. Mean composition (mass wt%) of cement paste excluding aggregateyg asl fl

Uncarbonated Region Carbonated Region

Ca Si Al C/IAS Ca Si Al C/IAS
MC-00 239 87 14 24 249 7.7 14 2.7
MC-39 180 79 33 16 212 76 29 2.0
MC-02 17.1 99 3.0 13 200 92 238 1.7
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2.6.Discussion

This study presents that results of sevdifférent, but complimentary, evaluations of

carbonation in cementitious material pastes. These results serve as lines of evidence that support
improved knowledge of the carbonation process including the role of matrix alkalinity in

resisting the carbonian reaction and the depth of carbonate penetration, the distribution of

calcium between carbonated and uncarbonated phases, and the impact of fine aggregates on the

penetration of a carbonation front.

2.6.1.The role of alkalinity in carbonation

Several observanns in this study support that the carbonation reaction is strongly influenced by
the alkalinity of the microconcrete. Specifically, the differences in the carbonation depth and
microstructure determined from SEEDS, measured pH determined from U.S. B®éthod

1313, and extent of reaction determined from alkalinity, TIC, and TGA measurements reveal
variations between the materials and impact of material alkalinity on the carbaeaitition.

The relationship between these observations and theiahat&alinity is summarized iffable

2.10and are disussed further in this section.
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Table2.10. Relationship of alkalinity and carbonation

Property Relationship Note
OPC > FA39 > FA02
Total Alkalinity M-00 > M-39 > M-02
MC-00 > MG39 > MG02
Carbonation Depth MC-02>MG39>MG0O0 Car bonati on dep

Component alkalinity is related tc

alkalinity of resultant material

Microstructural Extent of microstructural changes
MC-02 > MG39 > MC-00 . .

Changes y as al kalinity

Extent of Reaction MC-02>MGCG39>MC00 Ext ent of react

Reaction Capacity M-00 > M-39 > M-02 Reaction capaci
OPC > FA39 > FA02

Natural pH M-0O0O &89M&H2 M NaturalpHy as al kal

MC-00 > MG39 > MCG02

2.6.2.Carbonation depth

Estimates of depth of the carbonation reaction front from backscattered electron imaging
revealed that the depth of carbonation is inversely related to the alkalirtity wii¢croconcrete.
The mix design with the highest initial alkalinity ¢{@D) resulted in a carbonated material with
the smallest depth of carbonation (MQ). Conversely, the greatest penetration depth-(2)C

was observed for the mix design that provittesleast initial alkalinity (M02).

The differences in the hydroxide alkalinity in the rearbonated microconcretes support that
different reactive capacities exist across the different materials to react with calcium aasl CO
in Eq. 2.The hydroxidealkalinity was significantly reduced in the carbonated microconcretes
because of the consumption of hydroxide in this reaction. It is evident based on the increased
carbonation depth and smaller hydroxide alkalinity of-B@and MCG39 that there is less

capacity to react with diffused G@nd therefore unreacted €€an proceed to the interior of

the sample to consume hydroxide in deeper portions of the sample. In contrast, the large
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hydroxide alkalinity of MGOO suggests that larger amounts of2€@n ke consumed by the

carbonation reaction in the material resulting in a smaller carbonation depth.

The intermediate penetration depth observed irn33ds an important finding because this case
eliminates the possibility that the differences in the carbonatepth were due solely to the fly
ash altering to pore structure of the material and therefore changing theodifftperties.
Although, the addition of fly ash most certainly can reduce the diffusion eir@®@the matrix

by refining the pore striigre and can change thete of ingressf carbonation as observed in
prior studieq18, 19, 47, 48], the relationship between carbonation depth and alkalinity of the
three microconcretes and their components supports the conclusion that alkalinity plays an

important role in controlling the depth of the carbonation front.

Thus, hydroxide alkalinity can be considered to provide a reactive capacity to the material that
resists penetration of the carbonation front into the matrix. On a local level, the reapticéyc

limits the transport of unreacted g@ntil the alkalinity is consumed. The microconcretes with

fly ash replacement had less initial hydroxide alkalinity (i.e., portlandite); therefore, the
carbonation front penetrated further into the materaah ih the case of carbonation of the OPC
microconcrete. This observation is consistent with the suggestions at that SCMs may lead to an

increase in the carbonatiorgressrate[22].

The depth measured by backscattered imagirg wlightly larger in each microconcrete than

the depths measured by phenolphthalein indicating that carbonation occurring near the boundary
of the carbonated and uncarbonated region had not yet consumed enough free hydroxide to lower
the pH below the tishold required for the color change in phenolphthalein. This suggests that

backscattered imaging is a more robust and powerful tool to evaluate the depth of carbonation.

2.6.3.Microstructure

The alkalinity affects the extent of the microstructural changes\adaséen the carbonated
materials predominantly due to the decalcification of tH& € gel and formation of CaG{n

the form of calcite and vaterite according to TGA results. The lower alkalinitgantionated
materials (M02 and M39) showed the formiain of the decalcified &-H phase and a CaGO

in their respective carbonated materials IZand MCG39). Because there was less hydroxide
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to react with CQ@ a higher extent of reaction occurred in the-Bcompared to the M39. In
addition, these twmaterials also had a higher extent of reaction compared t001AQVIG00

only showed the formation of Ca@G@nd there was no observable decalcificatie®-B because

much more hydroxide from the portlandite is available to dissolve and react with didsed

MC-39 has an intermediate hydroxide alkalinity so there was less decalcification and reaction of
the GS-H phase compared to M@, but this decalcification and reaction was still observed to
some extent. This observation is consistent with a stadhpleted by Borges et 1] which
concluded that smaller initial amountspafrtlandite (and, therefore, less alkalinity) in cement
materials due to the addition of blast furnace slag increased the extent of carbonation$f the C

H phase. In addition, regions located near the surface e®@®1&hd MC39 had a much higher
extentof carbonation because the carbonation front had passed those regions and was continuing
to react at further distances in the sample. Therefore, the formation of the two distinct phases of
the decalcified €5-H and the carbonated phase could be attribitedgreater extemtf reaction

in those regions.

2.6.4.Extentof reaction

The differences in the alkalinities correlated to the extent of reaction and reaction capacity of
hydroxide determined from TGA &ble2.4). M-00 had a signifiantly larger amount of

portlandite and a slightly larger amount ofStH due to its larger calcium concentration

compared to the M2 and M39, indicating a higher capacity of hydroxide and calcium to react

with diffused CQ. This observation confirmseéh mat er i al 6s hi gher al kal/i
directly related to the calcium concentration-SEi and portlandite decreased and vaterite and

calcite increased in all of the carbonated materials compared to ttearmmmated materials.
Portlanditewas completely eliminated in the M@ and MCG39 materials, whereas some

portlandite remained in the MQD. Therefore, the extent of reaction accordinBqo4was

highest for the M@2 and lowest for the MOO. This supports that the extent of reactiothe

microconcrete materials is a function of the original alkalinity of the material.

Differences in the wt% inorganic C values derived from alkalinity, TIC, and TGA measurements
for each component and microconcrete are a result of the differentilbmstaissociated with

each method to determine the exact wt% inorganic C. In the titration curve, silicates and
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phosphates provide additional buffering capacity which is captured as carbonate alkalinity by

this method. Therefore, the measured amountrbbcate determined from the titration curve

may be larger than what is in the system. In addition, titration data represents the buffering
capacity of the soluble phases in the material and therefore may not reflect the composition of
entire material. Aimitation of TGA to determine wt% inorganic C is that only vaterite and

calcite were calculated based on the stoichiometry of their decomposition over the specified
temperature. Other minor carbonated phases such as magnesium carbonate are notycaptured b
this method because 1) these phases may decompose over a different temperature range than the
vaterite and calcite 2) the wt% inorganic C was derived based on the stoichiometry of the vaterite
and calcite which may not capture other phases decomposnghevsame temperature range.
Conversely, TIC captures the inorganic carbon from all carbonated species digested during the
procedure. This is reflected by the slightly larger wt% inorganic C values measured by TIC
compared to TGA for the carbonated eratls. Despite these limitations, the wt% inorganic C
reported was relatively consistent for all three of the methods. The only major variability
between the three methods occurs in the wt% inorganic C determined from titration of FA39.
This may due tehe lack of a true inflection point in the titration curve.

2.6.5.pH

The alkalinity of the material affected the reduction of the natural pH under carbonating
conditions. MCG02 and MG39, had further reduction in the natural pH for the carbonated
microconcrete compared to the respective rrarbonated microconcretes {02 and M39) as
determined by Method 1313 than what was observed for the high alkalinity control
microconcrete, ME&0. The mean carbonation depth of 1.2 mm determined by the
phenolphthalein té$or MC-02 indicates a 2 mm granular material would be fully carbonated
assuming C@diffused radially inward from all exposed surfaces of the granular material. A
mean carbonation depth of 0.7 mm for M@ would not fully penetrate the material, therefo
only a portion of the sample was carbonated and the natural pH indicated by Method 1313 does
not represent the entire carbonated region. A mean carbonation depth of 0.4 mm@dr MC
indicates the majority of the material was not carbonated, thereity@ @ery slight reduction

in pH was observed. Therefore, in addition to the influence of the alkalinity, these penetration
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depths may also be responsible for the differences in the decrease of the natural pH in the

crushed carbonated microconcrete mater

The differences that alkalinities and the influence of alkalinity in these microconcrete materials

on the carbonation reaction suggest that the total alkalinity of the material could be used to
determine the relative rates of carbonation depth ataheaf reaction between different

materials. The alkalinities of the components used in the mixtures were related to the alkalinities
of the microconcretes and therefore predicting the carbonation reaction between different
materials could be determinedsed on alkalinities of the componenitéoreover, the

alkalinities measurements approximated the amount of portlandite and carbonate in each system.
However, characterizing the carbonation reaction as a function of alkalinity may only apply for
materiak with similar porosities, densities, tortuosities, relative saturations, and external CO
concentrations. These are additional factors that may need to be considered when estimating the

overall impact of carbonation in materials with varying alkalinities

2.6.6.Solubility of major constituents in carbonated matrices

Coupling the results of the liquiblid portioning test as a function of pHigure2.3) with the
increase in concentration of calcium in the carbonated regions obsefBbimeasurements
(Table2.9) suggest that calcium ions in the pore solution from the dissolution of the more
soluble portlandite phase in the uncarbonated region diffuse to the carbonated region of the
material where the lesslable CaCQ phase has formed. This results in a slight decalcification

of the uncarbonated region and a deposition of calcium in the carbonated region as observed in
the EDS heat maps for each material.

The corresponding increase in the solubility 6€sn in carbonated materials and the decrease

in silicon in the carbonated region also adds further evidence that the dissolutk&@Hbf C

occurs, as discussed in terms of the influence of the alkalinity on the carbonation reaction. While
calcium ions a consumed in the carbonation reaction, silicon remains in the pore solution and
re-establishes equilibrium by diffusing to thess soluble uncarbonated region where it can react
with calcium ions that are in greater concentration in the pore solutpmtdatially reform CS-

H. The formation of calcite and vaterite in these regions is supported by TGA which indicates a
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reduction of portlandite and-&H and an increase of the vaterite (from carbonation-6fH)

and calcite phases in the carbonated $esngpmpared to the nararbonated samples.

Since no significant trends in the aluminum solubility were observed it is unclear whether or not
the differences in the aluminum content were a result of differences in the aluminum solubility of
carbonated andoncarbonated materials. However, the presence of other cadticate

bearing phases such as calcium aluminosilicate hydrate that are expected in cementitious
materialg49] indicate that similar migration patterns could be observed if solubility is a
contributing factor. Evaluation of this phase and addl calciumssilicate phases was outside

the scope of this work.

2.6.7.Aggregates

The amount and orientation of aggregates may be responsible for significant variation in the
observed carbonation depth across the same microconcrete. The interfacial traovsgtiin2)

may create a preferential diffusion pathway foro-€@mpared to the bulk paste as shown by the
variation of the carbonation depth around the aggregates and the localized pocket in the ITZ
between aggregateshigure2.5.A. This could be explained by the increase in porosity that is
expected in the ITZ50]. However, aggregates may also inhibitz@@fusion in localized

regions because the aggregates themselves are less permeable to gas diffusion compared to the
cement paste. Therefore, the aggregates reduce the effectiveantissal area for CO

diffusion and may inhibit the penetration of a carbonation front into the matrix. For example, the
heat map for ME&O0 (Figure2.5.A) showsbottleneck region formed between two aggregates
where significant decalcification of-6H was observed which suggests a localized reaction and
limited transport of C@ Furthermore, aggregates composed of GaGah as limestone, could
significantly aler the localized equilibrium conditions of the pore solution and influence the

availability of calcium to react with GO

Although the microconcretes studied here are composed of solely of fine aggregate and not a
combination of fine and coarse aggregatesse observation are likely transferrable to concretes
because the fraction of aggregates is designed to approximate the same interfacial area of
concrete materiald1l]. Therefore, robust efforts to model carbonation in concrete matrices

should consider the amount, morphology and composition of aggregates to account for the

35



effects of preferential pathways and effectividusive areas. These ideas necessitate further
experimental verification and complex modeling techniques which could account for the

variability seen in the carbonation depth.

2.7.Conclusions

The purpose of this study was to characterize the impact ofratikalerived from the titration

curve of the material on the carbonation reaction in microconcrete materials with varying
alkalinities due to the partial replacement of the Portland cement with fly ash utilizing a variety
of experimental techniques to tertunderstand and predict the letegm performance of

cementitious materials containing SCMs. The main conclusions from this study are:

1. Material alkalinity derived from the titration curve of microconcrete is inversely related to the
rate of carbonatio and the chemical and microstructural alteration in the matrix as shown by
multiple experimental characterizations. Therefore, alkalinity derived from thdasel

titration curve of the solid material and their components may provide an estimate of the
potential extent of the carbonation reaction and the potential chemical and microstructural
changes for other cementitious materials.

2. A powerful and robust characterization of the chemical and microstructural changes in
cementitious materials due to canation is the result of a combination of different, but
complementary analysis. SEEDS provides additional detailed information regarding the
spatial distribution of elements and microstructural changes, and variability of the carbonation
depth.

3. Differences in the solubility of phases formed during carbonation cause the migration and re
precipitation of solubilitysensitive species including calcium and silicon.

4. The quantity and orientation of aggregates can create preferential diffusion pathwa@s for C
gas in some regions of the material or inhibit2@@s diffusion in others because of increased
CQO, diffusion at the aggregateaste interface which is a consideration for complex carbonation
modeling. Work to further characterize the impact of aggtegan the preferential diffusion of

CQOu is ongoing.
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CHAPTER 3

IMPACT OF CARBONATION ON BULK AND ITZ POROSITY
IN MICROCONCRETE MATERIALS

3.1. Abstract

Scanning electron microscopy was used to evaluate the porosity patterns found in microconcrete
materials to better understand tlasegous diffusion pathways and reaction ok @@hin the

bulk cement paste and interfacial transition zone (ITZ) of microconcrete materials containing
different fly ash replacement types. Image segmentation was applied to evaluate the porosity as a
function of distance from an exposed surface in the bulk cement paste and from aggregate
boundaries in the ITZ in both carbonated and-carbonated microconcrete materials. The ITZ
region remained more porous compared to the bulk cement paste for all miceteoyes

after carbonation despite a change in the porosity profile across the ITZ region. Results indicate
that both the carbonation reaction capacity and porosity before carbonation impact the decrease

in porosity observed as a result of carbonatiaiménlTZ and bulk cement paste regions.

3.2.Introduction

This study aims to apply established pore and aggregate segmentation ted2ichi}so

detect the pore space and calculate the porosity gradient-dinvemsional spacewhere

porosity isdefined as the total measured void area divided by the representative areai élement
carbonated microconcrete materials without and with two different coal combustion fly ash
replacement types (i.e., control with no fly ash, low Ca fly ash replaceamehhigh Ca fly ash
replacement). Microconcretes, mortars that lack coarse aggregates but with increased fine
aggregates to maintain the same aggregaste interfacial area, have been used as surrogates
for concretes containing coarse aggregates fordauy testing because they are easier to
handle in experiments such as equilibribased leaching tedt8, 3]. Results from this study

provide quantitative information on the combined effects of carbonation and fly ash replacement

3 This chapter was reproduced with permission from: J.L.Branch, R. Epps, and D.S. Kosson., The impact of
carbonation on bulk and ITZ porosity in microconcrete materials, Cement and Concrete Research 103 (2018) 170
178. Copyright 2018, Elsevier.
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type on porosity specifically within the bulk cement paste as a function of distance from an
exposed surface and within the irfiéeial transition region (ITZ) regions for carbonated
microconcrete materials using backscattered scanning electron (BSE) pore segmentation. While
it is well known that carbonation in cementitious materials results in a reduction of the total
porosity[7, 54, 55 and fly ash replacement influences the bulk auelrfacial porosity in
cementbased materialb6], results from this study provide a more detailed description of the
changes in the porosity caused by botibgaation and fly ash replacement for microconcrete
materials. In addition, application of BSE pore segmentation methods that have been previously
applied to detect porosity gradients in the interfacial transition zone fecarbonated concrete
matriceg 57, 58] are applied to both necarbonated and carbonated microconcretes in this

study. These results prioe a more detailed analysis of the impact of carbonation within the

ITZ region and the porosity gradient across the exposed surface in the bulk for three
microconcretes with different fly ash replacement. This information may be applied to other
work sut as characterization of the mdsansfer release of constituents from a carbonated
mortar[15, 16, 59-62] or estimating the gaseous transport properties from the pore stijig3ure
before and after carbonation. Additionally, this study demonstrates the capabilities of BSE
segmentation in comparing the porosity gradients in microconcretes containing fly ash

replacement and a degraded front due to carbonation.

3.2.1.Backsattered scanning electron microscopy to detect pore space

A variety of porosity analysis techniques may be applied to cementitious materials; however,
most have their own limitations in both sample preservation and accuracy. Mercury intrusion
porosimetry MIP) is one of the most common methods of pore space analysis, but studies have
shown that the conditions required for accurate pore space estimates with MIP are not present in
cementitious materials, resulting in lower pore diameter estimates than doteskpalue§o4,

65]. Liquid saturation techniques have also been often explored with a reasonable tlegree o
succes$66]. However, liquid saturation techniques cannot detect differences in porosity in
different regions of a material and their porosity measurements depend on a variety of factors

including adequate penetration of trergs[67].
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Due to the limitations of these techniques, pore spaceasin from scanning electron

microscopy (SEM) is desirable because of its ability to spatially characterize the porosity and
determine the pore size distribution across-tivoensional sample crosgctions. SEM has

been used extensively to charactetiz microstructure in cemebtased materialg!s).

Specifically, segmentation of the concrete and cement phases on polished saBSIE

imaging has been a frequent topic of study. Through a variety of image manipulation techniques,
including gray scale value thresholding and object detection and fill methods, sufficient
segmentation of aggregates, various hydration products,cradgpace in cement paste, mortar,

and concrete samples has been achigy2db8-70]. Segmentation of ceméinbus materials

provides the theoretical guidelines for BSE analysis techniques, which have now been applied to
more complicated concrete and mortar systems. In addressing phase complexity, the introduction
of energy dispersive spectroscopy (EDS) datplempentary to the BSE image enables a
verification of the detected phase identities, which may result in more consistent segmentation of
the sample image. Efforts towards implementing EDS data and reducing signal static have
included advanced data clusteyimethod$71] and binary separation of EDS data for individual
elementg453]. However, one limitation of determining porosity with BSE imaging and EDS is

that pore segmentation can only detect features larger than the dimensions of a sindég] pixel
While there are many factors that impact the spatial resolution of BSE imaging and EDS (e.g.,
electron beam energy and atomic number), the pixel size used to acquire BSE images and EDS
mustconsider the desired spatial resolution and expected pore size distribution. In addition,
imaging with polished concrete samples may only be observed indinvemsional plane,

which will likely result in skewed size representation of4spherical samnip feature§45]. The

large sample collection time, image processing time, and equipment costs of SEM data
processing also makeamethod less accessible than many other testing methods.

3.2.2.Carbonation and the interfacial transition zone

As a naturally occurring chemical process, carbonation presents a significant limitation to the
long-term durability of concrete structures, espdgial the context of nuclear waste

applications and buried structures. Prolonged exposure i@k&os the microstructure of

cement pastes and can eventually lead to corrosion of steel reinforcement, which may incur

notable changes to the macroscale plafroperties of both cemebased materials and the
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reinforcing structurepr2, 73]. More efficiently and déctively understanding the extent and
distribution of carbonation from gaseous Liiffusion on the microscale in cementitious
materials would enable an improved means of understanding concrete structures on the
macroscale. One of the widely observeduess of carbonation is a reduction of the total
porosity in cement pas{&5, 74]. This change in porosity impi the ingress of C{and can
therefore impact the future rate of carbonation. Porosity is a sensitive parameter in reactive
transport models for carbonation rate and constituent relégs& herefore, quantitative

estimates of the porosity gradients across exposed microconcrete surfaces obtainedidty this st
can be used in reactive transport modeling to provide an initial estimate of porosity before
carbonation, the changes in porosity that occur after a known carbonation exposure condition,

and an initial carbonation rate constant for three differentamicrcrete materials.

Additional variations in the porosity occur in the ITZ region which is known to have a higher
porosity than the bulk cement paste due to a higher local-teatement ratio and difficulty
bonding to the aggregates. This relationgi@jween aggregates and cement paste has been
shown to have an effect on the durability and transport properties of concrete matériélt.
However,some studies have concluded that when compared to cement mortars without
aggregate, the ITZ region may have limited impact on the total diffusivity because aggregates
increase the tortuosity and decrease the total pol@$80]. Regardless, the ITZ region may
provide a pathway for increased gaseous diffusion within the matrix compared to the
surrounding cement paste in unsaturated materials. Estimates for [fZinvancrete

materials range from 10 to 50 um extending from an aggregate s[8fdcelherefore, in

addition to analyzing the porosity gradients associated with carbonation, this study seeks to
guantify the impact of carbonation on the ITZ porosity and to quantify the porosity in the ITZ as
a functionof distance from aggregate boundariesarbonated and uncarbonated regions of

carbonated microconcretes and in +oambonated microconcretes using BSE imaging and EDS.

3.2.3.Impact of fly ash on the microstructure

In efforts to improve waste management techeg] reduce the need for virgin cement, and
improve the performance properties of concrete materials, fly ash has been widely used in many

concrete mixtures as a supplemental cementitious mdt@ridlhe presence of fly ash alters the
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concrete microstructure, which typically results in a change to the total porosity depending on
the chenistry and physical properties of the fly ash. For example, fly ash fineness has been
shown to impact the total porosity in cement mort88. In addition, the impact of calcium
concentration in fly ash used to replace Portland cement investigatapadakishowed

mortars prepared with high calcium fly ash reduced the porosity of the material compared to the
control mortars without fly asWwhile mortars prepared with low calcium fly ash increased the
porosity of the material compared to the confdal 83]. Therefore, the methods in this study

for detecting pore space differences in carbonated and uncarbonated regions in carbonated
microconcretes and in nararbonated microconcretes are applied to a microconcrete without fly

ash and microawretes with fly ash replacement using two different fly ash types.

3.3. Materials and methods

3.3.1.Microconcrete properties

Using mix designs anchaterial properties presented in Kosson et al., 2213] andalso
summarized in supplemental TablesB.B, Appendix Ba microconcrete control group and

two sets of differing coal combustion fly ash types were prepardondinary Portland cement
and fine aggregatessing a wateto-binder ratio of 0.45.These materials were designated as M
00 (i.e., control with no fly ash), M9 (i.e., 45% cement replacement with high calcium fly ash),
and M02 (i.e., 45% cement reglament with low calcium fly ash) respectively. Each set of
microconcrete mixtures was divided into a carbonation treatment group and a secondary control
group. Both groups were cured for an initial six months at 100% relative humidity (RH) in
sealed bucke s . The c oecnatrrbooln a(tie. ded0)M-3§orvicoRnhprese cOréd an
additional six months in the sealed buckets, while the carbonated gkéGp30, MC-39, MG

02) were agedbr an additional six months at 65% RH in a 5%>@@ncentration envdnment.

A RH of 65% was chosen because results from relative saturation testing at 65% RH indicate
unsaturated conditions for all threecroconcretesTable B.4, Appendix Bwhich facilitates
gaseous transport. A concentration of 5% @@s chosen beaae it is within the expected

range of soil gas C{xoncentration$84, 85]. The use of higher C@oncentations in

carbonation experiments compared to ambient agd@@centration becomes especially

important when evaluating the lotgrm performance of nuclear waste forms and barriers which
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are disposed of in the vadose z§8€@, as well as for other buried structures. In addition, a 5%

CO: concentration represents accelerated aging conditions compared to anlaigimgai

conditions (i.e., ~0.04% C{that allows for measureable carbonation depths within reasonable
amounts of time. Previously, studies suciMasandeauThiéry, andDangla, 20149] used a

concentrationof 10% Cbh ecause they deter mi naanotexpecttece nt r at |
to result in significantly different microstructures when compared to natural carbonation based

on previous observatiof87-90].

After curing and carbonation treatment, the samples were extracted from their molds and cut so
that a crossectional area running perpendicular to the carbonated surface could be evaluated.
The samples were then pottedeipoxy resin, polished, and mounted for SEM analysis. Further
details of the SEM sample preparation can be found in Branch et al.[2)1énd ae also
presented in supplementidble B.5, Appendix B

3.3.2.SEM scanning conditions

SEM samples wercollected with an FEI Quanta 650 Scanning Electron Microggdifigboro,
Oregon United Statesand &ford Instruments AZte€Abingdon Oxfordshire United

Kingdom) SEM processing software. All scans were collected in environmental SEM mode at
130 Pa, 0keV, and a spot size of 3.5. EDS data was collegittdla map resolution of 1.0
um?/pixel with 300 frames per acquisition area and with a process time of 5. BSE data was
collected with an image resolution of 0.06253pixel. The EDS mapesolution waseduced
relative to the BSE image resolution in order to shorten the combined scan time without
compromising BSE image quality. Four areas parallel the sample boundary by fourteen areas
parallel to the onglimensional diffusion pathway were collected focleaample at with a 10%
overlap area at a 496x magnification and a horizontal field width of 256 um. All 56 sites
comprised an area of approximately 1 x 3 mm and were montaged to form a single large area for
image processing. For each set of sample aginditions, two sample scans were collected at

discrete positions along the epesgmple interface.
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3.3.3.SEM data processing scripts
3.3.3.1.EDS segmentation

EDS and BSE data were imported and processed using MATLAB (V&S8dh532 The

MathWorks, Inc., Natick, MA, @14). EDS segmentation based on carbon and silicon threshold
values was applied to the image area in order to isolate the bulk cement paste from the epoxy
used for sample preparatiand from the aggregatdsigure3.1). Carbonwas used to segment

the epoxy region because the concentration of carbon is much greater in the epoxy relative to the
sample. Silicon was used to segment aggregates because the aggregates used in the mixture
contain a much greater concentration of silioelative to the bulk cement paste. Threshold

values for carbon and silicon were determined from the probability distribution function of the
EDS counts of each element across the image. The carbon threshold value was applied to the
image and coupled wWitobject detection and fill methods to detect and remove the epoxy region.
Similarly, the silicon threshold value was applied to the image and coupled with object detection
and fill methods to detect and remove aggregate regions. In addition, detertghtgregions

with an area <625 pfwere removed from the collection of detected aggregates because there is
a potential for high concentrations of silicon in small localized regions of the bulk cement paste
which could be artificially detected as aggaegspace. Analysis of the aggregate particle size
distribution indicates that <1% of the total aggregate volume is attributed to aggregates smaller
than this area, assuming particles are relatively similar in density regardless of diameter
according tolte aggregate sieve analysis in Branch §94].andTable B.2, Appendix B In the

event of incompletely segmented sample aggregates, a supplementary manual segmentation was
performed. Manual segmentation was only required for aggregatekighthluminum content

and therefore did not meet the silicon threshold criteria. Manual segmentation was also
performed to remove large air voids > 50 um in diameter (i.e., air voids with diameters > 5% of
the sample image width) because they dispropmatedy affect the bulk porosity estimates in the
relatively smal|l scan areas used. A new BSE
with the aggregates, epoxy boundary, and large air voids removed. Estimated threshold values
for the silicon (mean= 34, s=9 %) and carbon (mean= 16 %, s=4%) showed consistency among

all the samples.
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Detected Aggregate

Removed Air Void

Detected Epoxy- _______
Sample Interface

Figure3.1. M-00 example for A) initial BSE image and B) bulk cement paste region (white)
isolated from aggregates, epoxgdaair voids (black) using carbon and silicon EDS data and
manual segmentation

3.3.3.2.Pore space detection

Pore space detection was performed using the segmented BSE image and the overflow method
discussed in Wong, Head, and Buenfé&d. The overflow method calculates the threshold for
pore space based on the intersection of the tangent lines of the two linear portions in the
cumulative BSE image curve. The threshold value for pore space deisdtien considered to

be 90% of that value because the original threshold may overestimate the true overflow point.
Any scaled signal intensity value below the calculated threshold was then considered to be pore
space in the segmented BSE imadéo, Wong, and Buenfelthave previouslynvestigated the
accuracy of the overflow method using 3D Monte Carlo simulation of BSE inodgese and

calcium silicate hydratéC-S-H) boundaries. The authors reported that the overflow method

resultsin errors ~1%fo pores O1 Om at 10 kd9]. in ideal i ma
3.3.3.3.Interfacial transition zone evaluation

While estimates of ITZ width range from 10 to 50 [8d], the complexity of the concrete
system and close proximity of fine aggregates inhibits the observation of trends occurring over a

larger range. Based on the detectable observations in the ITZ, its widtiallyiestimated at
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the minimum literature value of 10 um when segmenting the region from the bulk cement paste

in the following evaluations. Using MATLAB object detection on the EDS segmented

aggregates, the aggregate borders were determined for tle¢yeoitthe sample image, and the

ITZ was considered to be the 10 um distance directly surrounding these detected borders. Any

pixel in the BSE image located at a Eucliddan st ance O10 Om from any pi
aggregate was incorporated into the ITZ region. Further analysis included ITZ porosity

measurements from a varied width of an assumed ITZ from 10 pm to 40pum. From each point in

the determined borders, an estiethITZ was expanded radially into the bulk cement paste. The

mean porosity as a function of Euclidehm st ance from all the aggregse

calculated and plotted in increments of 0.25 um for both uncarbonated and carbonated regions.
3.3.3.4.0verall porespace estimates

The mean porosity of the carbonated region, uncarbonated region, andrhonated

microconcretes was also evaluated for each microconcrete to compare the relative differences in
both the bulk cement paste porosity and ITZ porosity oftinegions.The bulk cement paste

porosity which excludes aggregates and the ITZ region is hereinafter defined as the total
measured area of pores within the bulk cement paste region divided by the total area of the bulk
cement paste region. The ITZ pdtgss hereinafter defined as the total measured area of pores
within the ITZ region divided by the total area of the ITZ region. The mean porosity of the bulk
cement paste was calculated across the entire scan area of the segmented BSE image for the each
noncarbonated sampldn addition, the mean porosity in all ITZ regions was calculated across

the entire scan area of the segmented BSE image for eadfarmmmated samples. In the
carbonated samples, the approximate location of the carbematadbmated interface was

defined based on visual inspection of microstructural changes (i.e., formation of calcium
carbonate) observed in the BSE image. The mean porosity of the bulk cement paste excluding
the ITZ and the mean porosity in all ITZ regions weaieulated separately for the carbonated

region and for the uncarbonated region based on the defined location of the carbonated

uncarbonated interface in each microconcrete.
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3.3.3.5.Pore space heat mapping of the bulk paste

Using a spatial averaging of approximgté.56 unt (i.e., 2.75 x 2.75 um) on the estimated

binary pore space matrices in the bulk paste including therébfynal pore space frequency

mapping( r ef erred to as Oheat maps6) of the relati
heat mapping squt selects a pixel location and then counts the number of registered pores

within the spatial averaging field centered on that pixel and assigns the sum value to the same

pixel location in a new integer matrix. The field is shifted until each pixel haseweduated and
assigned a value in the new matrix. MATLABOS
the values are scaled to a fraction of the occupied moving field so that higher porosity regions

are shown as red and lower porosity regions laoga as blue.
3.3.3.6.Porosity as a function of distance from the carbonation front

The crosssectional interface between the microconcrete sample and epoxy backfill was
designated as the origin of the diffusion front and this position was set to 0 caxiwe Xhe

porosity was then calculated for each unit of distance along#xesxy taking the percentage

of pore space along the identified bulk cement paste region excluding the ITZ region for each
column of pixels parallel to the origin of the diffusionrito The ITZ region was excluded from

the pore space mapping to reduce variability in the porosity due to heterogeneity in size and
location of aggregates in the matrix. In addition, a 100 column (i.e., 25 pm) moving mean of the
porosity was calculated.his measurement of porosity as a function of distance from the
carbonation front assumes that bulk gaseous diffusion occurs uniformly irdthextion as a

bulk approximation of likely preferential pathways along the ITZ.

3.4.Results

3.4.1.0verall bulk and ITZ parsity in nonrcarbonated and carbonated microconcretes

The porosity of the bulk cement paste and ITZ of eachoaobonated microconcrete, the
uncarbonated region of each carbonated microconcrete, and the carbonated region of each

carbonated miaconcrete wre comparedli@able3.1).
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Table3.1. Measured mean bulk cement paste porosity and measured mean ITZ porosity (1
pooled standard deviation, sp=0.02) of the-narbonated (NC) microcaretes and the
uncarbonated region (UC) and carbonated region (C) in the carbonated concretes. Emneeliffer
in porosity between the UC and C and the bulk cement paste to the ITZ are reported as an

absolute difference and as a percent difference.

MeanPorosity (+ 0.02) Difference
NC ucC C UCto C
00- Bulk 0.07 0.06 0.03 o
' : : (-50%)
-0.02
00-1TZ 0.12 0.12 0.10 (-17%)
00- Bulkto ITZ +0.05 +0.06 +0.07
Difference (+71%) | (+100%) | (+233%0)
-0.05
39 Bulk 0.06 0.06 0.01 (-83%)
-0.06
39-1TZ 0.08 0.08 0.02 (-75%)
39-Bulkto ITZ +0.02 +0.02 +0.01
Difference (+33%) | (+33%) (+100%)
02- Bulk 0.12 0.10 0.10 2
: . . (0%)
-0.01
02-1TZ 0.19 0.15 0.14 (-7%)
02- Bulk to ITZ +0.07 +0.05 +0.04
Diff erence (+58%) | (+50%) (+40%)

The microconcrete prepared with high calcium fly asir3®had the lowest bulk and ITZ
porosities and the microconcrete prepared with low calcium fly agb NMad the highest bulk
and ITZ porosities. Tik relationship was also observed in the uncarbonated and carbonated
regions of the respective carbonated microconcretes, with the exception that equivalent bulk
porosities were obtained in the uncarbonated regions feOMénd MCG39. The measured bulk
porosity for the norcarbonated microconcretes was slightly higher 8®0and M02 compared

to the respective bulk porosity in the uncarbonated regions e0®&and MC02.
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Carbonation resulted in a decrease in the measured mean bulkypanosiTZ porogy for each
microconcrete type in the carbonated region compared to the respective uncarbonated region and
compared to the respective roarbonated microconcrete with the exception that equivalent

bulk porosity measurements were obtained for the uncaidsbaad carbonated region of MC

02. MC-39 had the greatest percent difference and0®ad the least percent difference in the
measured porosity between the uncarbonated and carbonated regions for both the bulk and ITZ

regions.

The measured mean ITZ paity was greater compared to the measured mean bulk porosity in
all regions and for all microconcrete types-0Bl and MGOO had the greatest percent difference
in the measured porosity between the bulk and ITZ regions. The concept of higher porosity
occuring in the ITZ of the sample is further supported through visual inspection of the heat
mapsdirectly surrounding the aggregates as shown for an example aggrefgaiere8.2. The

red regions directlgurrounding sample aggrega suggest that the porosity in the ITZ is notably

higher than the porosity occurring in the bulk cement paste.

0.1

0.0

Porosity

100 pm

Figure3.2. Heat mapping of pore distribution near the boundary of an aggregate in sarfple M
Note that in order to show the contrast between the detected pore space of the aggregate and that
of the ITZ, the central aggregate has not been segmented in this image
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3.4.2.Porosity gradient in carbonated samples

When moving from the carbonated regiorthie uncarbonated region in each carbonated
microconcrete, an increase in the porosity at the carbonatstbonatethterface was observed

in the heat mapping on the segmented BSE images and in the measured mean column porosity
gradient plot Figure3.3Figure3.5). The transition, defined as the location where the moving
mean column porosity begins an initial and sustained increase, occurred at a mean@&pth of
mm, 0.9 mm, 4 mmfor MC-00, MCG-39, andMC-02, respectively. These measurements are
comparable to the depth of carbonation determined by phenolphthalein previously reported as
0.4 mm, 0.7 mm, and 1.2 mm for M@, MC-39, and MG02, respectivelyf91]. In contrast, the
noncarbonated maroconcretes initially have a higher porosity at the exposed surface and do not
express the two distinct porosity regions in interior regions of the sample, but do show variation
in the measured porosity across the exposed surface that correspond wothreig

proportions of aggregate.
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Figure3.3. X-axis bulk cement paste porosity gradients (red) with acbb@nmn moving mean
(blue) overlaid onto the respective BSE images for A}cembonated MDO sanple and C)
carbonated M@0 sample and the corresponding hegbsnat the detected pore space
distribution including the bulk cement paste and ITZ for the B}carbonated M)O sample and
D) carbonated M@0 sample. Black areas in the heat maps reprédsedetected epoxy,
aggregates, and large pores that were excluded in the pore space gradients.
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Figure3.4. X-axis bulk cement paste porosity gradients (red) with acbb@nmn moving mean
(blue) overlaid ato the respective BSE images for A) rrarbonated M39 sample and C)
carbonated M9 sample and the corresponding heat maps of the detected pore space
distribution including the bulk cement paste and ITZ for the B}carbonated B9 sample and
D) cartobnated MG39 sample. Black areas in the heat maps represent the detected epoxy,
aggregates, and large pores that were excluded in the pore space gradients.
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(blue) overlaid onto the respective BSE images for A)}cembonated MD2 sample and C)
carbonated M2 sample and the corresponding hegbsnat the detected pore space
distribution including the bulk cement pasand ITZ forthe B) norcarbonated M)2 sample and
D) carbonated M@?2 sample.Black areas in the heat magpresent the detected epoxy,
aggregates, and large pores that were excluded in the pore space gradients.

3.4.3.Interfacial transition zone porosity gdient

The mean porosity as a function of distance from all the aggregates showed an initial increase in
porosity as the distance from the aggregate increased in the first fr@mrhe aggregate

boundary followed by a gradual decrease in porosity agistence from the aggregate increased

in both the uncarbonated and carbonated regiéigsie3.6). The ITZ porosity in the

carbonated region approached the bulk porosity at smaller distances from the aggregates for all

carbonatd microconcretes compared to the respective ITZ porosity in the uncarbonated region.
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Figure3.6. Calculated ITZ porosity as a function of the assumed ITZ width for all aggregates in
the uncarbonated regi@md for all aggregates in the carbonated region for each carbonated
microconcrete (one replicate per microcoretgpe shown). The verticaldek line indicates
the1l0um ITZ width assumed in this study.

3.5.Discussion

3.5.1.Impact of fly ash addition on bulk pusity

The measured porosity value was smallest for microconcrete prepared with high calcium fly ash
replacement (i.e., N89) and largest for the microconcrete prepared with low calcium fly ash
replacement (i.e., N02) in both the bulk and ITZ regions. Toentrol microconcrete without

fly ash (i.e., MOO) had an intermediate measured porosity. The porosity values obtained in this
study coupled with previous observations in Papaddkis83] confirm that the calcium
concentration of fly ash used to prepare cementitious materials can provide an indication of the
expected relative differences in porosity efrentitious materials. Moreover, the increase in
porosity for cementitious materials prepared with low calcium fly ash, as observeed@irv

this study, suggest increased potential for gaseousdCdiffuse into interior regions based on

work by Houstand Whittmanrj93] that previously related effective G@iffusivity as a function

of porosity.

3.5.2.Non-carbonatedand uncarbonated porosity comparison

Slightly differentbulk cement paste and ITZ porosities were obtained between the respective
non-carbonated and uncarbonated regions across the samples. Bulk cement paste porosity was

elevated in approximately the firs00-400 microns of the exposed surface in the-carbonated
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microconcretesHigure3.3-Figure3.5). This elevated porosity inflates theean bulk cement

paste porosity obtained for th-00 and M02 non-carbonated microconcretes compared to the
mean porosity values in the budkthe uncarbonated regidor the respective microconcretes.

This suggests that cutting the microconcretes after demolding and before treatment creates an
artificially elevatedporosity at the exposed surface. As a result; B8y diffuse more rapidly at

the exposed surface of microconcrete materials which may increase the initial rate and extent of
reaction in microconcrete materials. An initially elevated porosity was set'edd at the

exposed surface in carbonated microconcretes possibly because after the carbonation exposure
time, the impact of carbonation on porosity dominates over the initial effects observed from
cutting. This suggests the diffusion and subsequantiom of CQ may progress more slowly

after the initial carbonated layer is formed due to a reduction in porosity at the exposed surface

relative to a norcarbonated microconcrete.

Other reasons for the differences in porosity obtained in theadronatd microconcretes

compared to the uncarbonated region of the carbonated microconcretes may be a result of
different saturation levels within the materials. Carbonation is a water generating reaction which
may elevate the saturation level in carbonatedonancretes. In addition, carbonation reduces

the porosity at the exposed surface which may limit the exchange of water with the surrounding
environment. Therefore, the porosity may evolve differently over the 6 month aging conditions
in 65% RH becausd the different saturation levels in the roarbonated microconcretes

compared to the carbonated microconcretes.

3.5.3.Carbonation in the bulk cement paste

The carbonatedncarbonated interface determined from the transition in the bulk cement paste
porosity ocurred at slightly larger depths compared to the depth of carbonation determined by
phenolphthalein. This indicates that a measurable reduction in porosity magftecemough
available hydroxide in the pore solution has been consumed to reduce beéopHhe
phenolphthalein indicator colon accurate measurement of the carbonation depth after an
initial exposure time is important when predicting carbonation depths after longer exposure

times. For RH above 50%, the relationship between carbordsjath,co (mm), and the
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carbonation rate proportionality constaiticm/day’?), as a function of carbonation exposure

time, 0 (days), has been simplified by Papadakis and Fardis, [1983:
w Ouo Eq.5

Thereforew identified by the change in porosity rather thgrphenolphthaleimay be more
appropriate to estimatein Eq. 5 Under this assumption, the esditedo is 0.037, 0.067, and
0.104mm/day"2 for MC-00, MC-39, and MG02, respectively, for the conditions used in this
study (i.e., 65% RH, 5% CQand 180 day carbonation exposure time).

Previously, Branch et dl91] reported decreasing alkaiiies with corresponding decreases in

the carbonation reaction capacities foiOB, M-39, and M02, respectively. Greater

microstructural changes after carbonation were observed 39%4&hd MCO2 relative to MG

00. However, these changes in the mictastire did not translate to significant differences in

the measured porosity between the uncarbonated and carbonated region®2f Wids may be

due to the small reaction capacity in this microconcrete and therefore a reduced potential to react
with CO, to form carbonated products that decrease the porosity despite the consumption of all
available calcium hydroxide. Therefore, microconcretes with lower alkalinities (i.e., reduced
reaction capacity) and higher porosities may continue to experienc€Gigtiffusion rates

because the pore structure at the exposed surface does not undergo significant changes during

carbonation.

In contrast, M39 has a smaller reaction capacity compared-@0Mnd a larger reaction
capacity compared to 442, yet there waa greater difference between the uncarbonated and
carbonated porosities in the M8 compared to M@0 and MG02. However, ME39 has a
lower porosity compared to both M@ and MGO02 which indicates that changes in the porosity
as a result of carbonatias a property of both theaction capacity and initial porosity. The
smaller porosity in ME9 may result from a decrease in the pore size distribution due to
refinement of the microstructure incited by high calcium fly ash. The impact of pore stz on

carbonation reaction is further described in the next section.
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3.5.4.Interfacial transition zone porosity

Several studies have previously shown that a region of higher porosity exists in the ITZ and that
the porosity in this region is a function of distafrcen the aggregate boundary in Ron

carbonated mortaf&8, 94-96]. Results fronTable3.1 andFigure3.6 show that these effects

are observed in both nararbonated microconcretes and in uncarbonated and carbonated regions

of carbonated microconcretes for all microconcrete types.

The percent difference tveeen the bulk cement paste porosity and ITZ porosity was greatest for
control microconcrete without fly ash in the roarbonated sample (i.e.,-00) compared to the

two noncarbonated microconcretes with fly ash (i.e-3Mand M02). In addition, the grcent
difference between the bulk cement paste porosity and ITZ porosity was greatest in the
uncarbonated and carbonated regions of®0CGompared to the respective regions in-BEC

and MGO02. This is consistent with prior observations that the addfidly ash refines the

ITZ region in cementitious materigl87-99]. Moreover, the percent difference between the bulk
cement paste and the ITZ porosity in taebonated region is especially exaggerated in0aC
compared to ME9 and MC02. Therefore, the ITZ region in microconcretes without fly ash
may have a greater impact on £diffusion compared to microconcretes with fly ash.

In Figure3.6, the porosity initially increases across the first ~2 um of the ITZ in all regions
before decreasing after ~2 prfihis may be due to the spatial resolution of 2jpixel in the

EDS map used to segment the aggregates which may limit the acotithe measured 1TZ
porosity in the first ~1 um due to a potential overlap of the aggregate and ITZ region in the first
pixel identified as ITZ region surrounding the aggregatadditionally, an increased deposition

of calcium hydroxide and-S-H mayincrease the porosity in the first ~2 um because aggregate
surfaces may serve as a nucleation site for these plad#s880. At distances > pm from the

aggregate boundary, the porosity decreases and approaches the porosity of the bulk cement paste.

The ITZ porosity in the carbonated region porosity approaches the porosity of the bulk cement
paste at smhdr distances compared to the uncarbonated regions in all microconcretes which
suggests that carbonation reduces the width of the ITZ region possibly by reacting with the thin
film of calcium hydroxide or €5-H at the aggregate surface and at the outéomeyf the ITZ.

The reaction at the outer region of the ITZ region may be explained by the elevated porosity in
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the ITZ region which suggests a larger pore size distribution in the ITZ compared to the bulk
cement paste. Larger pores are expected tosbenatetfilled in unsaturated conditions due to
capillary action and therefore contain larger amounts of gaseogs@¥3pite an increased
availability of gaseous CQless dissolved calcium is available in the pores to react with the CO
in the ITZ regon. This effect is further exaggerated since the carbonation reaction produces
water and therefore less water will be produced in this region to createfiledegpores to

further dissolve calcium hydroxide andSH. Therefore, the preferential reaxtimay occur at

the ITZbulk interface where there is more dissolved calcium to react with diffused T
indicates the ITZ region may remain the preferred diffusional pathway for gaseelie€aDse

they may remain less watélied due to higher parsities compared to the bulk cement paste.

The assumed 10 pm width in this study may yield artificially low mean ITZ porosities in
carbonated regions because it incorporates some of the bulk cement paste and in parallel may
yield artificially high mean ITZorosities in uncarbonated regions because lower porosity

regions at further distances from the aggregate in the ITZ region are not incorporated in the mean
measurements. However, varying the ITZ width for each aggregate and region was outside the
scopeof this work because the development of the ITZ region is also a function of the size and
chemistry of the aggregaf#01] and aggregates used to preparentieroconcretes are

heterogeneous in both size and composition. Moreover, the ITZ width may vary depending on

the extent of carbonation at different depths in the carbonated layer baSedi@3.6.

3.5.5.Application of BSE segmentaii to carbonated microconcretes with fly ash

Several observations in this study indicate that the overflow method of pore space detection
proposed inNVong, Head, & Buenfel§b2] with modificaions made in this study can be

effectively applied to carbonated microconcretes containing aggregates and fly ash to determine
the depth of carbonation, the impact of carbonation on the porosity as a function of depth from
the exposed surface, the diffeces in ITZ region porosity and the bulk cement paste porosity,

and the porosity as a function of distance from aggregate boundaries. The supporting
observations include: i) visual inspection of the isolated bulk cement paste region from fine
aggregatesHigure3.1), ii) the measured porosity values for the ITZ region in all samples were

larger compared to the bulk cement paste regidabklé3.1) which agrees with prior
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experimental knowledge for nararlonated cementitious materig&sg|, iii) a notable increase

in the measured porosity when moving from a carbonated to an uncarbonated region in all
carbonated microconcretes was obseifegure3.3Figure3.5), iv) carbonation depths

identified by porosity changes are similar to the carbonation depth determined from
phenolphthaleif91], and v) consistent porosity values were measured in thearbonated
microconcretes at all exposure depths and variation was duaéased presence of aggregates
(Figure3.3Figure3.5). Therefore, application of this method may be appropriate to further
characteize the pore structure changes due to carbonation in microconcrete materials with fly
ash and aggregatén addition, the relative differences in porosity measurements obtained from
the modified BSE pore segmentation method, possibly in combinatiomtligh porosity
characterization methods account for the resolution limits of BS&n be appropriately

applied to future work using reactiansport modeling to predict the mdasansfer release of

constituents from carbonated microconcretes.

3.6.Conclusions

The overflow method applied to BSE imaging coupled with EDS segmentation to characterize
the porosity gradient across the exposed surface and in the ITZ regions in microconcretes was
successfully applied to nesarbonated and carbonated microconcrefés and without fly ash
replacement. Differences in the measured porosity in theadionated microconcretes indicate
that the calcium concentration in fly ash used to prepare the microconcretes may provide an
indication of microconcrete porosity. Hoores measured by BSE imaging, carbonation was
observed to decrease the porosity in both the bulk and the ITZ region of all carbonated
microconcretes. Differences in the measured porosity changes across each micraaibeicrete
carbonatiorsuggest that kb the reaction capacity and pore size distribution determine the
extent of microstructural changdslevated measured porosities in the ITZ region compared to
the bulk cement paste was observed before and after carbcaradidinis effect was especially
exaggerated for the microconcrete containing no fly ash after carbondimmrall

microconcrete types, the measured ITZ porosity was found to be a function of distance from the
aggregate boundary in both uncarbonated and carbonated regions and carlvedated the

width of the ITZ.
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CHAPTER 4

MICROSTRUCTURAL CHARACTERISTICS AND LEACHING
BEHAVIOR OF AGED CAST STONE CEMETITIOUS WASTE FORM

4.1. Abstract

The mineralogy, microstructural characteristics, and leaching behavior of a cementitious waste
form for low activity nuclear wastaged in an inert unsaturated enviromtngnd in a reactive
unsaturated environment containing oxygen and carbon dioxide was investigated. Greater
amounts of aragonite, calci@ndvaterite were formed for the material aged in the reactive
environment due to theaction of alite, beliteépbermorite, and Ng&SOs/NaSQs. A greater

amount of gypsum was also observed for the material aged in the reactive envirdiketgnt

due to arincreased availability d8Qu? from the oxidation of S€¥ and from carbonation

reactions that favor more disstibn of SQ% in to the pore water solutionFor the material aged
under the reactive scenario, the sodium and sulfur concentration was reduced in the carbonated
region with a corresponding increase in sodium and sulfur concentration observed in the
uncabonated regioms a result of aettingdrying frontthat may have beareated by the
carbonation reactiom anunsaturated aging environment. Carbonation appears to increase the
porosity of the material as supported by several porosity measurententtexs and the mass
trangort (dissolution and diffusion) controlledleaseof potassium, lithium, and sodiym
possiblybothas a result of increasedacking andan overall decrease in molar volume.
Differences in the mass trggt controlledreleaseof otherconstituents for the two aging
scenariosre attributed talifferences irelementsolubility, material pH, and porosity of the two

materials.

4 .2.Introduction

Approximately 100million gallons of high level waste (HLW) waenerated in the United
Staks fromnuclear weapongroduction duringthé 94 06s to early 19900s.

4 The results from this chapter are being incorporated in to two manuscripts: 1) J.L.Branch, D.S. Kosson, and A.C.
Garrabrants. Microstructural characteristics of an aged cementitious wast&xpeuted submission February
2018 2) J.L.Branch, D.S. Kosspand A.C. Garrabrants. Leaching behavior of an aged cementitious waste form.
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stored in underground tanks at the Hanford Site, Savannah River Site (SRS), Idaho National
Engineering Laboratory, and West Valley 3it62104]. Ongoing remediation efforts by the

U.S. Department of Energy at these sites mandates that the HLW in the tanks must be retrieved,
treated, and properly disposefl.cementitious wastform known as cast stone, is being
investigatedas atreatment method prior to neanrfacedisposafor a portion of the lowactivity
waste(LAW) and secondary wastgenerated from the treatment of HL\05. A similar

treatment process also beingisedfor LAW a t  S3uBstorse Disposal Facility in the form of
saltstone (analogous to cast stone but of slightly different blast furnace slag and Portland cement

compositions¥ollowed by bulk disposal in large concrete va(iteq.

A key performance concern for cast stone is thatititegrity ofmaterialcould be compromised

in the presences of reactive gases, namely oxygen and carbon dioxide, which can alter the
chemicaland physicatharacteristics of the mataki Changes in the chemical and physical
microstructure mayltimately lead to release of radio&et constituents and other constituents of
potential concern. For example, gaseous oxygen can react with redox sensitive species in the
waste to change thregolubility [107]. Additionally, a significant amount of work has been done

to study the impact of carbonation on cementitious materials. These studies have shown that
gaseous carbon dioxide can react with dissolved itoests in the pore solution to change the
mat erial 6s mineralogy, pH duld165,55%da8t i on of
However, unlke traditional cementitious materials, cementitious materials for LAW or
secondary waste disposal do not contain aggregates and contain very little ordinary Portland
cement (OPC). In additiorheé complexity of thevaste streamand the presence wnglived
radioactive isotopes, such ashnetiur99 and iodinel29, present significant challenges to
protect human health and the environment under the extended time period required for safe
disposal scenarios using cast stomberefore, it is expected thidte chemical and physical
characteristicef these materials will differ considerably from more typical cementitious
materials and the materials may behave differentieuaging conditions than performance
predicted based on initially cured materialowvéver, studies evaluating the effects of aging
conditions on cementitious waste forms such asstase and saltstone have been very limited
and the impacts of combined carbonation and oxidation on the properties of this class of

materials is unclear.
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Theobjecive of this study was to characterize théneralogy, microstructure, and leaching
propertiedn cast stone after aging in an inertvironmentnd reactive environmenbntaining
oxygen and carbon dioxide better understand the inghaf agingon the chemicalphysical,

and leaching propertied cast stone. Evaluating the mineralogy and microstructure provides a
basis for evaluating the impact of aging on the physical and chemical integrity of cast stone
materials. In parallel, evaluating tleaching properties including constituent solubility and
diffusivity after aging may help predict the lotgym potentiaperformancédor disposal methods
using cast stone. Furthermore, characterizing the impact of aging in cast stone may provide
additional insightson the longterm integrity for otherelatedcementitious materialwaste forms

such as saltstone.

4.3. Materials and methods

4.3.1.Cementitious waste form preparation and aging

The general appraé in this study was to prepare a reducing cementitioggawarm reflective
of the family of cementitious waste materials that is culydaeing consideretbr useat the
Hanford Site in Richland, WA and the SRS in Aiken, SC thieth to age themander non
reactive and reactive (i.e., presence of gaseaa@CO,) environments.The prepared
reducing cementitious waste form evaluated in this study hereirsafederred to as cast stone.
The oide composition of the dry ingredient portion of the cast stone used in thisxssdy
comparedo other reducing eeentitious waste forms that are being evaldatethe Hanford
Site and SRS gwesented in Table C.1, Appendix The specific steps for preparing and aging
the cast stone materials used in this study are presarttezifollowing sections Portions of
these steps have previously been described in BrancH 80gl. Additiond aging scenarios
and reducing cementitious waste form compositions were also evaluated as a part of this
dissertation work. However, inclusion of this data was outside the scope of this particular
chapter. Therefore, the preparation steps and leachtagptitained from these additional

materials and aging scenarios is presented as supplementary material in Appendix C.
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4.3.2.Dry ingredients

Cast stone samples were prepared using an 8:45:47 weight ratio of a T@#ed/Tlass Fcoal
combustion fly ashandgrade 10@yround granulated blast furnace sI&GBFS), respectively.
The OPC was sourced from a local cotetgatch plant facility. The fly askas obtained from
Savannah River National Laboratq§RNL) and is representative of the fly aslrrentlybeing
used in their saltstone mixtures. TB&BFS was obtained from the Pacific Northwest National
Laboratory(PNNL) and is representative of tk&&GBFS currently being considered in Hanford
Siteds cast st oxdecoimpositiomf €aahtryirgmredientTable4l) was
determined from xay fluorescencéXRF) using an S4 Explorer-Xay Spectrometer (Bruker
AXS, Germany). Table4.1 also includeshe oxidecomposition from the resultant casbne

mixture prepared with salt waste simulgsee sectiod.3.3 after 28 days of curing.

Table4.1. Oxide composition (wt.%) from XRF of the dry ingredients and resultanstass
mixture prepared with salt waste simulant after 28 days of curing

Element OPC Fly Ash  GGBFS Cdif/S
Al203 5.67 34.60 14.40 18.00
CaO 61.20 1.19 40.20 27.30
Cr0s3 ND? ND ND 0.32
FeOs 3.59 6.48 0.63 4.97
K20 0.45 2.53 0.53 1.49
MgO 3.18 1.35 4.57 2.10
MnO 0.11 ND 0.21 0.13
NaO 0.50 0.44 ND 7.47
P20s 0.16 0.30 ND 0.34
SIO 20.00 51.60 32.40 34.30
SO 4.78 ND 6.33 2.22
TiO2 0.28 1.19 0.39 0.97

IND=Non-detect, where the detection limit is 0.1%
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4.3.3.Salt waste simulant preparation

A significant amount of work has been completed by previous groups to develop a salt waste
simulant that is representative of the anticipated LAW stream from the waste treatment plant to
be solidified and disposed of in the form of cast stone or pld€5111]. The Hanford Tank

Waste Operations Simulator (HTWOS) simulant from these studies was selected to be used in
this work. The specific HTWS simulant selected was the HTWOS overall average final LAW
simulant after charge balancing with reduced fluoride and phosphate to prevent precipitation in
the simulant as was observed in prior stufild$®) 111]. However, radionuclides, RCRA metals,
andotherunderlying hazardous constituetypically present at very low to trace concentrations
were not considered in this study ahdrefore were not added to the simulant. High purity
chemical regents, as listed in Branch et al., 7009, were added to achieve the desired

molarity for each was constituent listed ifiable 4.2.

Table4.2. HTWOS overall final LAW simulant concentration

Waste Constituent '\(/lrﬁg;:f)y
Na* 5.0
K* 0.035
Al®* 0.305
Cr 0.04
F 0.03
SO 0.085
PQ* 0.05
NO2 0.565
NOs 1.62
COs* 0.275
TOC Total 0.075
Free OH 1.56

Chromium, in the form of sodium chromate, was added in the amount necessary to achieve a 0.1
wt.% loaling in the final cast stone mixture. Chromium was used as a redox indicator species

for technetium. Technetium is a key radionuclide of concern in the waste stream because of its
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potential increased wat&orne mobility (e.g., in the vadose zone andugdwater) after

oxidation due to interaction with environmg¢at2]. Therefore, specificgl analyzing the

behavior of chromium in this work provides additional data that can be used to better understand
the changes in the waste form performance under aging conditions where chromium is a useful

indicator species sensitive to changing redox it and carbonation effects.

4.3.4.Cast stone mixing

The dry ingredients (i.e., OPC, fly gsdnd GGBFS) were handixed until homogenized.
Simulant was added to the dry ingredients in the amount necessary to achievete-liatir
(w/b) ratio of 0.48. Te dry ingredients and simulant were mixed with a stand mixer using the
mixing times specified by the ASTM Standard C38H113.

The cast stone mixture was poured in to 2.54glimdrical diameter molds filled to a height of
approximately 7 cm. The molds were capped and placed in a 100% rfiitegen

environmental chamber maintained at 100% relative humidity (RH) for 3 days. Samples were
then demolded and placed back in to the environmental chamber for a total of 100 daysy

in 100% N and 100% RH.

4.3.5.Aging conditions

Following the 10@eday curing period, samples were divided in to two treatment groups: 4) non
reactive aging scenario in an inert nitrogen environment and 2) reactive aging scenario in an
environment with gygen and carbon dioxide. Within each treatment growp physical forms

of the materials were prepared: ipIdiffusion monolithic form(prepared cylindersgnd 2)
granular material. The monolith forms were prepared by epoxying the cast stone sytinder
plastic molds. The top surface was removed by dry sawing to create a flatfieggoryposure
surface for 1D diffusion. The granular materials were prepadrgarushinghe cast stone
cylinders(after 100 days of curinghrough a parallel plate igder until 85 wt.% of the material
was < 2mm in diameter. Materials were handled in nitrofjdad glove bags to the extent
possible throughout the physical preparation stepsitonize exposure to oxygen arm@rbon

dioxide.
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The monolithic and granulanaterials were aged in parallel for 60 days. Theneaktive aging
group (CSN) wasaged in an environmental chamber maintained at 10908m8165% RH. The
reactive aging group (GOC) wasaged in an aifilled environmental chamber maintained at
65% RH. CO» gas was injected in to the chamber to maintain a 5%ed@ronment throughout
the reactive aging scenario. The 5%x@0Oncentration represents conditions that may be
expected for soil gas concentrations in the vadose [8#n85] where cast stonmay be
ultimately bedisposed of in concrete vaults or a lined land#IRH of 65% was selected
becaus it has previously been shown that the carbonaéitsnin cementitious materials reaches

a maximum at intermediate RH lev§ldl4, 115.

4.3.6.X-ray diffraction

Themineralogy ofCSN and CSOC wasdetermined from sxay diffraction (XRD)usingthe
PANalytical Alphal instrument (Malvern Panalytical, The Netherlgndgh a 0.0162 d st e p
size with 0.9 seconds pstep from 10to 751 for a total scan time of approximatéd@ minutes.
Samples were crushed to a fine powideat nitrogerfilled glove bagprior to analysis and dried

in a vacuum until constant mass. An internal standard, high purity, msiteaddedh 1:10 mass
rutile/mass material to the powdered cast stofiee Rietveld method was performed for each
scan. Crystalline mineralselected in the Rietveld method were based on previous literature
results for similar cementitious waste forf@46-118 and probable phases identified by the
XO0Pert Hi ghSc ¢li% THe tryswl steuciures wsadringhe Rietveld analysis were
obtained from the American Mineralogist crystal structure datdi2ékand the

Crystallography Open Databdde?]].

4.3.7.Thermogravimetric analysis

Thermogravimetric analysis (TGAg ausefultechnique to dBnate the mass fraction of phases
includingcalcium silicate hydrated:S-H), portlandite, and calcite in cementitious materiak

34, 91]. However, cast stone contawery little OPC catent with high quantities of fly asind

GGBFS. Therefore, cementitious materials such as portlandite may not form in the hydrated cast
stone. In this study, TGA was us® help validate the presence of mineral phases identified

from XRD and was not used as a quantitative method.
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TGA was performed on the granular-GlSand CSOC materials using @A Instruments Q600
SDT analyzer (New Castle, Delaware, USAach sample &s run in duplicatasing

approximately 40 mg of granular material per analysis. A heating rate of 10.0°vdsunsed
to heat the sample from approximately 50 t0o°900 Nitrogen gas was continuously flushed

through the chamber at a flow rate of 100 min* during the analysis.

4.3.8.Total carbon analysis

The total carboroncentration in C3l and CSOC wasmeasured using a Shimadzu model
TOC-V CPH/CPN combined with a SSBED0O0A unit (Shimadzu Scientific Instruments,
Columbia, MA, USA). A volume of 500 pL afoncentrated phosphoric acid (85% assay) was
added to approximately 25 mg of solid material in order to release Tt furnace was set to
200°C and zero afcarbon dioxide freegat 150 mL/min was used #%e carrier gasDuplicate

analysis wa perfomed for each cast stone material.

4.3.9.Total porosity

The total porositydex), defined as the ratio of the volume of pores, @¥) to the total volume

of the material (¥, cn?), of CSN and CSOC was obtained usingraodified water exchange
method Eg. 6 and Eq. Ahat was previously developed to measure the total porosigsit
stone[122). The modified water exchange method is a gravimetric measuremiuichaerived

from ASTM C642[123. However, the modified water exchange method obtains the saturated
weight of the sample by equilibrating the sample in a 100% RH environment rather than
immersing the sample in a liquid because of the presence of highly soluble saltsaldthe

matrix. Immersing the sample in water could artificially inflate the measured porosity due to the
dissolution of the matrix. The modified water exchange method assumes thalidiraatrix

will reach near 100% saturation in a 100% RH environment bechbygroscopidehavior.

2 cm thick disks were cut from the top exposed surface eéll@8d CSOC and equilibrated in

100 % RH until a constant masss observedmsa, g). The samfes were briefly submerged in
water and the submerged weight was measfiimed, g). The samples were oven dried at®5

until equilibrated to a constant massigg). The presence of dissolved constituents in the pore

water necessitates the use of a correction factey ¢A/g) to account for the density of the pore
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wate solution and concentration of salts in the pore water. The density of the pore water
s o | u tso, gocn) andjconcentration of saltss§€ gsai/CPso) in CSN and CSOC were
obtained by a batch leaching extraction using the granuldd @%d CSOC forms at a low
liquid-to-solid ratio of 1.0 mL/g according to U.S. ERfethod1316[124].

- - — 270 Eq.6

4.3.10.MicroCT imaging

In addition to measuring thettl porosity, is desirable to analyze the porosity as a function of
distance from the exposed surface. Therefore, microCT imaging was performed Sisamga
Medical AG pCT 50 Brttisellen, Switzerlandp evaluate the-B porosity gradient across the
exposed surfacef theCS-N and CSOC monoliths 1200 slices were collected on

approximately the tog mm of each sample with an energy of 70 kV, an intensity of 200 pA and
2000 projections per rotation. Each slice had a diameter of 35.2 mm, a vexaf 4i3 um, and

an integration tira of 2.4 seconds. The porositlict, was determined for each slice by
calculatingthe number ofoxelsbelow a threshold grayscale value in the dl@ative to the

total number of voxels in the slice. Tmyscalghresholdvaluewas first estimated based on

the histogram of representative slices and then adjusted using user judgment to eliminate noise
and improve segmentation. Only the inner 21 mm diameter of each slice was analyzed in order
to eliminate the impaaif beam hardening in the porosity analysis. A moving average of the
porosity for each slice was calculated by averaging the porosity of the current slice and the
porosities of the 19 slices proceeding inward into the sample. Samples used for microCT
andysis were not perfectly level at the micron scale and therefore some of the initial top slices
were not completely occupied by sample space. Therefore, the 0 mm position of the exposed
surface was determined from visual analysised owhen the entirdéield of view was

competely occupied by the sample.
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4.3.11.Microstructural analysis

Scanning electron microscop$EM) with energy disperse xray spectroscopy (EDH

another technique that can analyze the porosity as a function of distance from the exposed
surface. SEMEDS analyzes the pore structure in essentiallyspace, but it can provide a

much greater resolution compared to microCT imaging and can also provide chemical analysis
of the microstructure. Therefore, SHMDS was used to evaluate the pdasoas a function of

distance from the exposed surface and the elemental distribution in the aged monoliths.

Two monolithic forms from each aging scenasiere cut perpendicular to the exposed surface to
obtain a crossectional area for analysis and drieé vacuum chambeihe cut samples were
mounted in a low viscosity epoxy and allowed to cure for 48 hours. After the epoxy had cured,
the top 40 mm of the exposed sample was cut from the entire epoxied sample. A sample
geometry of 40 mm in length wabkosen because it represents a sample size that is manageable
for SEM-EDS analysis. This length is also large enough to incorporate the carbonated area
which reaches a depth of approximately 25 mm previously measured by phenolplftgein

and several mm of uncarbonated area in the carbonated material.

Samples were polished ugia series of finer grit sand paper and diamond polishing clothes.
Formula B Lube (Electron Microscopy Sciences, Hatfield, PA, UB&g used as the polishing
lubricant in order to minimize the dissolution of soluble constituents in cast stone during the

polishing procedure.

Polished cast stensamples were analyzed usingE Quanta 650 field emission electron
microscopgHillsboro, Oregon, USAgquipped with a®xford Instruments 50 mhsilicon drift

EDS detector (Abingdon, Oxfordshire, UK). All scansrevperformed ienvironmental SEM

mode maintained at a pressure of 130 Pa using an accelerating voltage of 10 keV, spot size of
3.5, and a working distance of 10.00 millimsteA horizontal field width of 256 pum

corresponding to a magnification of 49%=as used for each scan area.

SEM-EDS data was collected in the Aztec software of the Oxford Software Suite (Oxford
Instruments, Abingdon, Oxfordshire, UK). Prior to collection of SEBIS data, a beam
optimization within Aztec was performed on a titaniuanslard. Backscattered scanning
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electron (BSE) images were collected using a pixel resolution ofX.023(i.e.,0.25

pm/pixel). EDS area maps were collected using a pixel resolution of 256 x 224 (i.e., 1
pm/pixel) with 300 EDS frames per site, a 18)pixel dwell time, and processing time of 5.

The montage feature within Aztec was used to collect several scan areas across the exposed
surfaces of C\ and CSOC. A total of 1 mm of the exposed surface area x 30 mm in depth
from the exposed surfacesarwere analyzed for both @&band CSOC. Quantitative analysis

was performed for each EDS area map.

The total porosity, defined as the area of measured pores divided by the total scan area, as a
function of distance from the exposed surface using BSHinmgddsse), was measuredsing the
approachn Branch, Epps, and Kosson, 20188 for CS'N and CSOC. However,

segmentation of aggregat@as not rquired in this study because cast stoneddelggregate.

A mean porosity value from the BSE imaging was also calculated for-dhen@terial and

within the carbonated region of the {C& material over an area of approximatel/3 mmfor

each material.

Heat maps of the chemical composition were also generated for a large area m&gixel, ~

mm) collected over the transition region (i.e., carbonated to uncarbonated region) ir@i& CS
sample to better understand the behavior of constituents aaasgsoaated front. A moving

average of the chemical composition was also plotted with the heat maps to better represent the

chemical composition profiles moving across the transition region.

From the large area scans, representative scans of thea@@the carbonated region near the
exposed surface in GSC were further evaluated. EDS heatmaps of the measured
concentrations in the representative areas were generated for constituents measured above
detection limit in the EDS.

4.3.12.Leaching tests

U.S. EPA Metlod 1313[125, a liquid-solid partitioning as a function of extract pH using a

parallel batch extraction procedure at a ligtaesolid ratio of 10 mL/edry, was used to

characterize the pidependent leaching properties of thel€&nd CSOC granular materials.

The milli-q (MQ) water used in the test was bubbled with nitrogen gas, referred to hereinafter as
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fideo X y g e n a [teddoxygéhate the water in ordergoevent oxidation occurring during

the leaching test. Thie-oxygenatedMQ along with nitric acidbr potassium hydroxide were

added to the granular material in the amounts necessary to achieve the target pH points specified
while maintaining a liquigto-solid ratio of 10 mL/gdry. However, due to the limited buffering
capacity of the material, espalty in the neutral pH region for G&C, some of the specified pH

points in the test were difficult to obtain. Therefore, the tolerance level for the pH target points
specified by the test was relaxed. Inductively coupled plasma optical emission spagtrom
(ICP-OES)and inductively coupled plasma mass spectron{é@y-MS) were used to evaluate

the concentration of constituents in the eluate at each pH pomthromatography (IC) could

not be used to measure ttencentration ofinionsof interest(e.g., NQ’, NOs', SO?) because

NOs” was present in such large concentrations in the eluate at all batch extraction points.

The hydroxide and carbonate alkalinity for-8iSand CSOC were calculated from the acid/base
neutralizing capacity (ANC/BNC) obtad in Method 1313 using Standard 2320 from the
Standard Methods for the Examination of Water and Wastey&dfer A titration curve wa fit

to the ANC/BNC data points using a best fit fourth degree polynomial for each material. From
the calculated titration curve, the amount of acid required to reach the phenolphthalein end point
of 8.3 was used to determine the hydroxide alkalinityl ¢gmikgsoiid) of each material. The

amount of acid required to lower the pH from the phenolphthalein end point to the total alkalinity

end point of 4.5 was used to calculate the carbonate alkglmitli+/kgsoid) of each material.

U.S. EPA Method 131[(L26], a masgdransfer test, was performed on the monolithieNC&nd

CSOC materials. However, the 63 day cumulative leaching time specified in the method was
extended using additional tweeek exchange intervals for a total cumulative leaghime of

133 days. The extended leaching time provides a better description of therlorigaching
behaviorin cast stonand allows more time for the leaching front to move through the large
carbonation front (~25mm) in the &3C. A chemical resistnt Tygon tubing was sealed around

the top portion of the exposed surface to hold the eluate and was capped with a rubber stopper.
Therefore, only the top surfaces exposed during in the aging conditions were exposed to the
eluate. This experimental appih allows for a-D liquid diffusional front across the aged

surface to occur during the test. 50 ml of deeoxygenatedQ was used as the exchange

volume for an approximately liquith-surface area of 10 mé?. For each exchange interval,
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the pH ofthe eluate was measured and the concentration of constituents in the eluate was
measured usintCP-OES, ICRMS, and IC.

4.4.Results and discussion

4.4.1.Cast stone composition and mineralogy after aging

The mean total measured carbon was 0.8 wt. % feN@8d 3.3 w. % for CSOC. ltis
assumed the higher carbon concentration in th€©CSs from an increase of inorganic carbon

due to the uptake and reaction of CO

Analysis of the peaks obtained in XR&@r the CSN and CSOC (Figure4.1) using the Rietveld
Methodand known rutile standard concentrat{@able4.1) showed significantly larger amounts
of the calcium carbonate phases (i.e., aragonite, calcite, and vaterite) and gypsum #®the CS
materialcompared tdhe CSN material. 1A tobermorite, a crystalline fon of G-S-H, and

belite, a norreacted cement clinker phase, were only found in thél@&terial. Due to peak
overlap and potential for other forms of tobermorite to form in the system, Ahémorite
identified fromthe peaksinC8 i s hereinafter gener &ltd,y refer.|
another type of neneacted cement clinker phase, was significantly depleted in the@sS
material compared to the @& material. Mullite was present the form ofAl28S:.209 6

according to the closest identified crystal structure. Less mullite of this stoichiometry was
measured in the GOC compared to G8l. More potassium nitrate was measured in the CS
OC compared to G8l. Nitratine and quartz @re detected in both @$ and CSOC but the
differences in concentrations betweeniand CSOC were relatively small. The amorphous

content was smaller in the &3C material compared to the @Smaterial.
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Figure4.1. XRD peaks of CN (bottom) and CSC (top, offset by +3000 counts) where
Al=Alite, Ar=Aragonite, B=Belite, C=Calcite, G=Gypsum, M=Mullite, N=Nitratine,
P=Potassium Nitrat&®=Rutile (standardQ=Quartz, T=Dbermorite, V=Vaterite

Table4.3. Quantitative XRD results (wt.%)Compositions reported account for the known rutile
standard concentration added.

Mineral/Phase CSN CS-OC Difference @) % Change()
Alite 15 0.6 -0.9 -60
Aragonite 0.1 2.9 +2.8 +2800
Belite 0.7 0.0 -0.7 -100
Calcite 1.1 4.3 +3.2 +290
Gypsum 14 3.0 +1.6 +110
Mullite 4.2 3.4 -0.8 -19
Nitratine 2.2 2.4 +0.2 +9
Potassium Nitrate 0.3 0.8 +0.5 +170
Quartz 2.6 2.8 +0.2 +8
Tobermorite 1.3 0.0 -1.3 -100
Vaterite 1.5 4.6 +3.1 +207
Amorphous 83.0 75.2 -7.8 -9

The reduced concentrations of alite and belite observed in #@C@aterial compared to the

CSN material are likely associated with increase in aragonite, calcite, and vaterite observed in
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CS-OC due to the carbation reaction. The carbonation of alite and belite form calcium

carbonate according t6g. 8 and Eq. Qespectivel\127].
o 00 0 OYR 0 WOU 000 WO WAYQWOUL 0 WO WW Eq.8
¢ ¢O 0 OYR ¢ WOU 000 WO WAYQWOUL ¢ WO WW Eq.9

Other carbonation reactions also likely contribute to the higher concentrations of the calcium
carbonate polymorphs. For example, the under prolonged periods of carbonibh, C

eventually forms calcium carbonate and silica gel aslgietbEqg. 10[12§.

6 Y 'O 00°06w® YO OO0 Eq.10

The resultant type of calcium carbonate polymorph is dependentaupomber of factors

including CQ concentration and exposure tif@]. The carbonation of alite and beliteq; 8

and Eqg. 9 also forms additional G-H that can react to form additional calcium carbonate. The
lower concentration in the amorphous content in th&dCTScompared to the GIS material may

be due to thearbonation of amorphous&H phases and other amorphous phases that are

reactive withCO, but could not be identified by XRD analysis.

The increase in gypsum observedCS-OC may originate frontheincreased availability of
SQ in the pore water solion that can react with calcium to form gypsasia result of both
oxidation and carbonatién The ingress and reaction of €anreactwith available SG@ to

form moreavailableSQ:> in the pore water solutioriThe ingress and reaction of ¢@ay aler
the pore water compositighat also favoran increase in the availability of $O For example,
analysis of the chemical microstructure suggests the presenceSiDiNeSO; precipitate in
CSN that forms either in the pore water solution of theéemal or during the drying process as
discussed further in sectid@4.3 During the carbonation, sodium can react with @Jorm
sodium carbonate. Therefore, less sodium is available to fos8ar NaSQs which shifts
the equilibrium resulting in an increased the amount of freg /&% in the pore water

5The original wet cast stone mixture contains 0.24%?SQ his percentage assumes that only the HTWOS
simulant contributes to the $Oconcentration in the cast stone mixture and is based on the amounfqfr&®to
any redox interactions with OPC, fly ash, or GGBFS

75



solution. Therefore, the increased amount of sulfur species can oxidize and react with calcium in
the pore water solution to form gypsutdowever, calcium may absreact during carbonation to

form calcium carbonate which decreases its availability to react witht®8@rm gypsum. To
determine whether gypsum formation was limited by availablg $0calcium an analysis of

the percentage of sulfur containedtire gypsum for th€S-OC material compared to the ©8&

was conducted. Using the quantitative XRD results for gypsum and the total sulfur content from
XRF, the percentage of sulfur bound in gypsuas calculated at 47% for @$and ~100% for

CSOC. Thissuggests the formation of gypsum during carbonation was limited by the

availability of SQ? rather than calcium.

Similar to the increase of gypsum observed for@S the increase of potassium nitraieCS
OC compared to G8l suggests an increased aaaility of NOs™ in the pore water solution that
may be due to the reaction of N@ith oxygen to form more N§or a shift in the pore water

chemistry during carbonation to favor an increased availability of NO

The presence of nitratine detected BgXanalysis in this study was also previously observed in
Snyder and Stutzman, 2013 in the prepared saltstone[@d&it Snyder and Stutzman
concluded that nitratine was a result of sample drying and it was not present in thexplet sa
The precipitation of nitratine during the drying processes indicates dissolved sodium and NO
are originally present in the pore water solution ofNC8nd CSOC. A slightly greater amount

of nitratine in the CSOC may indicate increased availatyilof NOs™ in the pore water solution

as previously discussed.

Most of the mullite in CSN and CSOC originates from the fly ash used in the iyredients to
prepare the castone. The reduced mullite concentration in theGXSmaterial compared to
the CSN material is likely due to the increased reaction of mullite in th®©CSnaterial due to
a shift in pore water chemistry and material pH.

It should be noted that no ettringite was observed in thél@8d CSOC material which differs
from observatins for the prepared cast stane€Chung et al., 201p117]. Both this study and

6 The original wet cast stone mixture contains 0.77% of I@d 1.69% N@. This percentage assumes that only
the HTWOS simulant contributes to the M@nd %NQ" concentrations and is based on the amount of B
%NGO;s - prior to any potential redox interaction with the OPC, fly ash, or GGBFS.
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Chung et al., 2012 prepared cast stone with 8:45:47 ratios of Type I/I|@Q&%3, F fly ash, and

grade 100 GGBFS. However, the Class F fly used in this study had a significantly lower calcium
concentration compared to the Class F fly as used in Chung et al, 2012. Therefore, the resultant
CSN and CSOC materials have significdptiess calcium in the mixture which may create a

pore water chemistry that does not favor the formation of ettringite. In addition, {NeaG&

CSOC materials were cured and aged for a total of 160 days compared to a cure time of 28 days
used for theamples in Chung et al., 2012. It is possible that some ettringite formed early in the
hydration process in the @$and CSOC of this study, but the ettringite reacted to form other
minerals at the later stages of the hydration process. The lackrajiegtin hydrated

cementitious waste forms was also reported in Snyder and Stutzmarn1281f@r saltstme

grouts In Snyder and Stutzman, 2013, the saltstone grouts contained similar calcium
concentrations to the GI$ and CSOC materials(Figure C.1, Appendix Axnd no ettringite was

observed in XRD analysis.

According to the TGA resultsHjgure4.2) greater mass loss occurreéd CSN compared to CS
OC over the terperature range of ~50 to 200°C possiiilye to the decomposition of
tobermorite amorphous €5-H phasesand moisture lossA small peak in the derivative of the
mass and temperatucarve occurs at approximately@& in the CSN material possibly due to
the decomposition of amorphous aluminbyaroxidegel which has previously been noted to
lose its water around 2709€29. However,in addition to tobermorite, amdnpus GS-H, and
amorphous aluminum hydroxididgwe decomposition of several phastso identified by XRD
(Table4.1) may occur at temperates below 250°C. For examptiehydration of gypsum also
occus at temperatures below 28D[129. The decomposition of tobermorite may also occur
over a wide temperature range of 50 to 60FZd]. After examining the TGA results, evolved
gas analysis (data not shown) was conducted to assist with deconvolution of the peaks: For CS
N, the majority of tle water loss occurs from approximately 50 toi4f)Gvhich supports the
decomposition of €5-H, gypsum, and amorphous aluminum hydroxide in this temperature
region. For CSOC, the majority of the water loss occurs until abouti 20@hich islikely

associated with dehydration of thgpsum.
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Figure4.2. TGA results of CN and CSOC

In the temperature range from 200 to 0more mass loss occurred in the-O8 compared to
the CSN. From the evolved gas analysis, a sharp rise ingv@lved gas is detesd beginning
around 200C with the peak ranging from 200 to 6@and anothe€O;, peak appears from
about 650 to 700°C in CR and CSO. However, the C&peaks are largen the CSOC.

It is known from prior studies that liberation of €fdom the calciuntarbonate polymorphs

(i.e., aragonite, vaterite, and calcite) is expected to occur over the range of 52000 750
Aragonite and vaterite recrystallize to form calcite without mass change during the heating
process in TGA at ~460°C for aragonite and leetw~350 to 400°C for vaterit@3d. The
decomposition of calcite originating from the recrystallization of vaterite and aragonite
decomposes at a slightly lower temperature range of 520 to 650°C and the more stable calcite
formed directly during carbonation decomposes at a higher tetaperange of 650 to 720°C

[39]. Therefore, the C£and mass loss pk occurring from 650 to 700°C is likely associated
with the decomposition of calcite formed during carbonation. The peak occurring from 200 to
600°Cthat is mostly attributed to GQossis likely associated with the decomposition of vaterite
and aragorte as well as other carbonated phases that are potentially in the system including
magnesium carbonate which decomposes between 500 and[8@%F Other less stable

carbonate phases that decompose at lower temperature ranges could account for the liberation of
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COz beginning at a temperature of ~200°C. Additionallyring carbonationCO, gascan
adsorb between the layerstbé silica gel which is then releaksat temperatures belo400°C
[39]. Thus, theCO; gas detected at temperatures below 400°C may be duepmetence of
silicagel formed during carbonation.

4.4.2.1mpact of aging on the physical microstructure

According to the total porosity measurements obtained from the modified exchaihgel ntie¢
porosity in CSOC (dex=0.42) was greater than the porosity inl8$dex=0.34). Previously, the
porosity was characterized using the modified water exchange method for three cast stone
materials that were not intentionally aged under carbonatindittons[122]. From these three
materials, the measured porosity material with tlestrsimilar composition was 36which
compares reasonably well the porosity obtained foNC3 he porosity for the other two CSMs

were reported as 38.6 and 53.3.

To compare the different porosity measurement resbtmnedrom the three methods, the

porosity as a function of distance from the exposed surface obfeanedhe modified water

exchange method, BSE imaging, and microCT imagiag plottedn Figure4.3 for CSN and

CSOC. The porosity obtained from the modifieciter exchange method was plotted at a

constant value for the two materials because no spatial information about the porosity can be
derivedacross thsample size usedn both BSE and microCT imaging, the {C& material

had a higher porosity than the G&after excluding the initially elevated porosity region at the

sur face. These fAbasel i kiguedd Barosity indaguremeats ues ar
obtained from the BSE imaging and microCT imaging do not contain thie pare size

distribution of the CAN and CSOC. The effective minimum pore size detection by these

methods are dependent upon the selected pixel or voxel size used in the imaging as well as a
number of factors such as the beam interaction volume inilB&ging or the spot size of the x

ray source in microCT imaging. Therefore, these limitation must be considered when comparing
the three porosity methods used in this study. In general, the pore diameter sizes represented in
the porosity measurement®ar on t h e o pni(ieer imamé pixel @solditiord) or &

i magi ng paniid., v&el $oze)3or microCT imaging.
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Figure4.3. Porosity measurements obtained from the modified water exchamngemo d ( de x ) ,

BSE i maging (dBSE), and mi-blen)@id CB@dggeenhng ( dOCT
materials as a function of distance from the exposed surface.

According to BSE imaging, the exposed surface has a slightly elevated porosity in Hgth CS
and GG-OC. This effect was only observed in-GBiSrom the microCT imaging results. The
elevated porositin both materialsiear the surfacis most likelya combination of drying that
occurs during aging at 65% RH adde tosurface disruption of the samplbsit occurred when
cutting the top surface ofie sample prior to agingn addition, the elevated porosity in &&at
the surface may also be attributed to a small layer of carborthibformeddespite limited
exposure to air during material prepasatand handling. This is likely because of the limited

hydroxide buffering capacity of the material as discussed in setdoh

The lower baseline porosity values reported in BSE and microCT imegmpgaed to the
modifiedwater exchange method are most likehgsult of thedetected pore sizesolution of
the two methods. For GBS, the baseline porosity valsiebtained from the BSE imagirand
microcT imaging ar&0%and 28%, respectivelpf the porosity value obtaindtbm the
modified water exchange method. For-O8, the baseline porosity vakebtained from the
BSE imagingand microCT imaging arél%and 32%, respectivelpf the value obtained from
the nodified water exchange method. These differences arasimithe 1530% difference
observed between porosity valuesadbed from BSE imaging and ovelnying technique for

cement pastes and mortars evaluated in Lange, Jennings, and Shdth31094
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In the BSE imaging, the relative differences in the baseline porosity values betwdearcS
CSOC were similar to the relative differences ob¢girirom the modified water exchange
method. This suggests that some of the porosity INGBd CSOC is from pore€0.25umin
diametey but the reaction that occurs in & may not significantly affeqioresO0.25um in

diameter

Higher porosity measurements were obtained for the BSE imaging compared to the microCT
imaging. In addition, the relative differencegurosity between the C8 and CSOC were

greater in the BSE imaging compared to the microCT imaging. This suggests that a significant
fracti on qrdiameteraeepresent ih G and CSOC. When combined with the
differences between BSE imagi and the modified water exchange method, this data also
suggest that the reaction that occurs in@S significantlyeffects pores with diameteirs the
range of O0.25430m O pore size O

BSE imaging was also used to evaluate the porosity at goegitrsin the samplen order to
capture the porosity change moviingm the carbonated to the uncarbonated refjien ~25
mm asidentified by the phenolphthalein tegt) CS-OC andalso at the same depth for G5
(Figure4.4). The porosity results obtained near the surface that were shdwguire4.3 were
also included for reference Figure4.4 and overlaid on the BSE imagRelatively constant
porosity measurements beten a depth of ~5 and 21 mm were obtained rNG#Bid in CSOC.
Therefore, the porosity measurements as a function of depth fro2il5mon are not shown in
Figure4.4in order to increaselarity of the porosity plots.
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Figure4.4. Porosity(red) and a moving average porosity (blue) obtained as a function of depth
from the exposed surface (left) and at the interior region of the materials (right)-fér(GS)
and CSOC (bottom)overlaid on the corresponding BSEdararea maps.

As discussed previously, the exposed surface eNGAd CSOC is initially elevated in porosity
due to material preparati@nd drying effectsin the CSN material, a relatively constant
porosity is oberved (after the initial drop due to surface effects) throughout the entire 25 mm
depth of the scan. For &3C, the porosity decreases significantly when moving from the
carbonated and uncarbonated region at a depth of approximately 23 mm which igcowsist

the 25 mm depth of carbonation measured by the phenolphthalein test.

The higher porosity obtained in the carbonated region eDCompared to porosity

throughout CSN suggests that carbonation increases the porosity in cast stone mateigls. Th
observation is different from whhas beembserved in other cementitious materials with large
amounts of portlandite and&H. Carbonation of portlandifg] and GS-H [7, 137 increase

the mola volume which decreases the porosity. However, in cast stone with no portlandite and
very little G-S-H, the increase in porosity suggests that on average the phasa® tteaned

during carbonation have a smalleolar volume than the phases reacfiogned A decrease in

the molar volume after carbonation in other cementitious materials such as those that contain
large amounts of ettringit®ould also occur The carbonation of ettringite forms calcite, gypsum,
amorphous aluminum hydroxidd33. Based on the differences in the molar volume of these

phases, a decrease in molar volume would be expeltedidition, significant cracking was
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observed in the G®C mondiths and throughout the BSE imaging in-O& which likely

contributes to the increased measured porosity HOCS

4.4.3.Elemental distribution in the microstructure after aging

The microstructure and elemental compositi@re evaluated in more detail for @&and in the
carlonated region of G®C. A representative areiCS-N and a representative area witthe
carbonated region of GOC are showin Figure4.5 andFigure4.6, respectively.As discussed
in section 3.2, the top exposed321m was not representative of the microstructure ¥NCS
and CSOC, and therefore the representative are&sgare4.5 andFigure4.6 are from more

interior regions ofhe samples.

The appearance of sodium and sulfur rich regions ~100 pum in length (Region A) relative to the
rest of material (Region B) were observed in theNC@aterialat depths > 2mmThe absence

of the sodium and sulfur rich regions in the first <2 wf the CSN suggests that a small layer

of carbonation may have formed in the-8%s previously noted in sectidm.2 The

elemental composition measured byEfor Region A and B ifrigure4.5 is reported imMable

4.4. In Region A, the relative amounts of sodium, sulfur, and oxygen after subtracting the oxide
contribution from other elements in Region A (i.e., Al, C, Ca,Ret K, Mg, and Si) suggests
precipitation ofNaSQu, possibly in combination with N8Qs. The sodium and sulfur rich

regions observed in CS were not observed in GSC across the entire carbonated region.
However, in the uncarbonated region of-OS (i.e., depths > 28im), the appearance of the
sodium and sulfur rich regions were observed. The disappearanceN&b8@/NapSQy

precipitatein the carbonated region of &3C is possible due to the change in the pore water
chemistry and redox effects that favor the formatioles$ solublesodium @arbonate and

gypsum as discussed4md.1 The drying process required for SHMDS analysis may also have
facilitated an increased precipitation of2S&:/NaSQsin the pores that previously contained
dissolvedNa" and S@*/SQs? in the pore water solution. However, it assumed for the remainder
of this discussion that the precipitationNdeSOs/Na,SOs 0ccurs to some degree within the
material prior to drying and therefore the measiNatland SQ*/SQ:* are in the fom of
NapSOs/NaeSQ.
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Figure4.5. Representative SEMDS elemental heat maps (wt.%) and BSE image eNCS
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Figure4.6. Representative SEMDS elemental heaaps (wt.%) and BSE image of €3C
within the carbonated region.

The elemental concentrations moving from the carbonated to uncarbonaedoeGSOC
wereplotted as function of deptlrigure4.7) to better understand the elental profiles that
occur across the transition region (i.e., region within the material where the carbonation front
ends and the uncarbonated region begimbe mean elemental concentration within the
carbonated region identified Figure4.7 and within the mean elemental concentration of the
uncarbonated region identified ligure4.7 are reported iTfable4.4. The transition region
identified through inspection of the B&aage is marketdy the two dashed vertical linasd
this region wasot included in the calculations. When compared to the mean elemental
concentration of C8I (Column 3,Table4.4) the sodium and sulfur concentrations measured
carbonated regionear the transition region wel@ver. Alternatively, the sodium ahsulfur
concentrations measuten theuncarbonatedegion near the transition region were higher

compared to C8l. Figure4.7 shows thencrease in concentration of these two species across
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the transition region whenawing from the carbonad to the nortarbonated region. The
increase in sodium and sulfur concentration corresponds with the appearance of the sodium

sulfur rich regions thatnly occur in theincarbonated region of @SC.

The depletion of sodium and sulfibservedn the carbonatkregion and the increase of sodium
and sulfurobservedn the uncarbonated region at the interface of the carbonatatbonated
region of CSOC relative to concentrations in @$is potentially due to a wettirgrying front
that occurs during the aging of €XCin an unsaturated environmenfhe carbonation reaction
produces water which in turn creates a wetting front that allows for increasetLition of
NaSOs/NaSQs which can accumulatat the front. Bcause the samplesesstored in 65% RH
environmenta drying front competes with tiveetting front induced from the carbonation. As
this wetting-drying front proceeds inwargthe dissolvedons from NaSOy/NaSOs may be
pushed inwards in to the materiddowever, reation products containing sodium and sulfur,
such as gypsum, also compete with this movement of ionsefoheisome of the sodium and
sulfuris expected to remain the carlbonated region in reactgzhasegormed during

carbonation
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Figure4.7. Elemental heat maps (colored graphs) and elemental concentrations (plotted white
line) as a function of depth moving from the carbodatgyion (left side of images) to the
uncarbonated region (right side of images}axis scales represent tbencentration of each
element and vary in scale across the different elements in order to better represent changes in
concentrations for each ebent. Xaxis values are reported in microns. Dashed vertical lines
indicate the transition region from carbonated to uncarbonated. *Sharp peak in iron is due to a
clustering of fly ash particles in the scan area.
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Table4.4. Quantitative SEMEDS spectrum results (Wt + 1° %), where the maximurhy
observed was 0.1 %

Element Recg:;irl\ll AL Rec;isc;lr\: B CS-N Mean Fg:acl:r_bso?lgt-ed Un(?a?b?)ﬁéted
egionMean RegionMean

Al 4.3 4.9 6.0 5.8 4.5

C 6.4 6.4 6.8 8.4 6.2

Ca 9.3 14.4 12.4 12.1 12.3

Cr 0.2 0.4 0.2 0.2 0.2

Fe 11 1.0 1.4 1.5 1.0

K 0.6 0.8 0.9 0.8 0.5

Mg 0.6 0.9 0.9 0.9 0.6

Na 141 4.7 5.7 5.1 6.9

@) 40.2 34.1 36.2 37.7 34.1

S 7.9 1.3 1.8 1.6 3.0

Si 7.5 9.6 104 10.5 7.9

IRegion A: Sodium and sulfur rich region observe#igure4.5 for CSN

2Region B: Region not including the sodium and sulfur rich region obsenfglre4.5 for
CSN

In Figure4.7 the asterisk that notes the sharp increase followed by a sharp decrissiean
concentration is due to a clustering of high iron fly ash particles that was identified by BSE
imaging and is not necessary associated with the carbonation reaction. In addition, it should be
noted that the other measured elemental concemtsagitowed no general trend moving from

the carbonated to the uncarbonated regidfigare4.7, despite differences in the mean

elemental concentrations of some elements in the carbonated region and uncarbonated reported
in Table4.4. Therefore, it is unclear the impact that carbonation or the wettingg front has

on the migration and deposition of the other elements measdmudever, based on the shift in

pH that occurs in C®C and the pHiependensolubility trends observed for other constituents
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as discussed ih.4.4 it is likely that some migration and deposition occurs for other constituents

in response to changes in constituent solubility.

4.4.4.Leaching characteristicef aged cast stone

The resultsrom the U.S. EPA Method 1313 pdépendent leaching tegtigure4.8) and from
the U.S. EPA Method 1315 mass transfer tegfure4.9) were compared for CN and CSOC.
Only selectedconstituent®f interestwere compared iRkigure4.8 andFigure4.9. The
ANC/BNC curve from the U.S. EPA 13Z%est is also shown iaigure4.8. The pH of eluate as
function of time in the massansfer test was also compafer CSN and CSOC inFigure4.9.
The leaching data for all measumahstituents and theonductivity measurements obtained in
EPAMethod 1313 an&PA Method 1315or CSN and CSOC are reported in Appendix C for

reference.
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Figure4.9. (continued)
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