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Delayed ettringite formation (DEF) is a significant deterioration process in concrete which
involves the growth of ettringite [GAl 2(SQi)3(OH)12 -26HQO] crystals leading to cracking
andreduction of compressive strengtbonditions leading to DEF are well known and
include among others cement chemistry, presence of humidity, heat curing of concrete
structures, and the presence of cracks. The mechsaighkinetics by which deterioration
occur is still not well understoodespite numerousvestigations Understanding the
mechanism and kinetics of concrete deterioration due to DEF is important in order to
prevent such costly deterioration amdmprove concrete durability.
In this reseattt, concrete specimens were prepavéet type Il Portland cement and under
different conditions that were designed to either promote or inhibit DE€se consisted

of a control set, a set subjectectbeatycle and a third set made with elevated psias

content of 1.72% and also theally cycled. They were tested periodically up t@&3days



by conventional methods such agpansionand weight change measurenserand
compressive strength tesgi. Scanning electron microscowith energy dispersiv-ray
analysis(SEM-EDAX) confirmed he presence and the morphology of ettringite in voids

at different ages.Simultaneouseutron and Xray tomography, a newondestructive
microscopicmethodwas used to scan the specimens at regular intervals in order to assess
the feasibility of the methbin monitoring the progress and characterizing DEF induced
damages.

The linear regression analysis of tleerrelation of expansion with weight change data
revealed that expansion and deterioration process occurred in three distinct successive
stages. Irthe first stage, the ettringite fills the pores with little or no expansion; in the
second, the expansion appears to be creep due to expansive strégsébdad pores and

in thethird stage crack propagation leadis significant expansion and lossommpressive
strength.The results of the linear regression also revealed that the mechanism of DEF is
the replacement of prexisting calcium hydroxide csyals. Through nonlinear curve

fitting, the kinetic of deterioration wasodeled using th&olmogarov-Avrami-Johnson

Miehl model. The simultaneousieutron and Xay tomography allowed visualization of

the interior of the specimen due to enhance phase segmentation. MATLAB rougiiees
developedo allow for correction for beam hardeniagdto enhance@hase segmentation.

The studyshowed thatvith improved resolution, proper sample sizitigg method can be

effectively used to characterize concrete damage due togxpahases.
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Chapter 1 General Introduction

1.1. Introduction
Concrete durability has always been a concern and orieeomainproblemsin the
construction industry Premature concrete deterioratiosaquires costly maintenance,
rehabilitations and repairmsf buildings and infrastructures-or example,the American
Association of State Highway Transportatioffi@als (AASHTO)estimated in 2008hat
40% of the more than 575,000 bridges primary and secondary road in the W&uld
requirerepairs, protection and strengthening to solve problems among which premature
deteriordion of material(Nawy, 2008) As a specific examplean the state of Maryland,
for the fiscal years 2016, on the 1[#Hion of the capital projedundsspent, 445 nllions
of ddlarswas spenbn the maintenance of existing structures. Almost 1/3 of this amount
(151 millions) was spent in the maintenance and rehabilitation of concrete structures
including bridges MDOT-SHA). The main causes of this premature detation hae
been identied asalkali silica reaction (ASR freezethaw (FT) and potentially delayed
ettringite formation (DEFjCeary, 2003; Amdet al, 2005) A study done by the Texas
department of Transportation in 2009 in the Houston District found that damages caused
by these three agents could be estimated at up to $ 1 Hibieschenes, 2009)It is
therefore important to produce concrete that is more duespeciallyin aggressive
environments. Even thoughASR, DEF and FT are all expansive phases, they have
different expansion mechanisms. Identifying and understanding the mechanism by which
each of thigphenomenon damageencrete is of paramount importarioefinding a cure

and mitigating their effect



DEF arose as arpblem in heat cured concrete 188® $hrough the work®f Ghorab
(Ghorabet al, 1980pand then Heinz and Ludwi@deinz e Ludwig, 1987yho observed
significant DEF induced expansion in concrete leading to cracking and deteriorgtien.
most notable cases of concrete deterioration due to ettringite observed orailroad
precastconcreteties in the US and in Canaditially thought to be a problem only in
precast heat cured concrete, it has been found to be a worldreiolem thagffects also
castin-place concrete structureBhere have been numerous stgdiwer the years aimed
at understanding themauses, thehysicochemical mechanism and the kinetxégeactions
leading toexpansion due talelayed ettringite formation and identify the parameters
leading to those reaction®espite those numerous studidgbere is still a lot of
controversies and unknowns saunding DEFFor example there is still no consensus on
whether DEF is the cae ofmicrocrackingor just an opportunistic phenomentbrat takes
place in existing cracks, some researchers have exggested thathere is no direct
correlation established between the amount of ettringite detected and expansion of the heat
cured mortargFamyet al, 2001) Garbocziproposes generakheoreticaimodel of stress
distributions in a heterogeneous material like concreléich assumea single spherical
aggregate particle embedded in a matrix, with an interfacial zone or nousding it
(Garboczi, 199qFigure 1-1). The rim, also alled interfacial transition zone (ITZ) or
simply aggregate/paste interface is a regilmse eough to the nearest aggregate to be
affected by its presen¢®iamond, 2007)Three cases are considered: uniform expansion
of the matrix, expansion of the rim only and expansion of the aggregatdbo$g models
have been extensivebtudied(Scherer, 1999Yan et al, 2001; Famyet al, 2002) but

thereis an ongoing debate as to which one is the leading cause of concrete expansion due



to DEFfrom these case$he objective othis study is toshadesome lighton thedebate
by emphasizing howexpansion othe matrixis the leading mechanism behind concrete
expansion due to internal sulfate atta€k investigate the correlation between expansion
and microscale damage caused by DEF, a nondestrgativdtaneousieutran and Xray

tomography methoi invesigated

Matrix Radial crack
- Circumferential

y = \yRim crack e
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Figurel-1: Garboczi Single Spherica Figurel-2: Characteristic Damage
Aggregate Model Feature

1.2.Background

Delayed ettringite formation (DEF) is a concrete pathology due to the formation of a
hydrate, ettringite([CasAl2(SQy)3(OH)12 -26H0]) into hardened concrete. Ettringite is

an expansive materiadaturally present into cementitiousaterial at early stages as
product of cement hydratioit.is formed withinthe first few hours after cement is mixed
with water when gypsum(CaSO4. 2H2O)reacts with tricalcium aluminate {8)
(Scrivener e att, 1984) This process is termed as Early Ettringite Formation (EEF) and
the ettringite thus formed is called primary ettringitedoesnot cause any significant
localized disruptive action even though it has a higher volume than its tsachsn

concrete is still in the plastic stage, this expansion is harmless and cfteticed. At this



stage, ettringite is uniformly and discretédigpersed throughout the cement paste at-a sub

microscopic level.

At high curing temperatures 65°C70°C, the primary ettringite formed will be
decomposed, and the sulfate and alumina held in tBeHQyel of the cement paste or
partially converted to marsulfate (AFm) and sulfate ions. As the temperature of concrete
falls below 70°C, the ettringite subseqtigme-forms causing expansion in tieencrete
thathas already been hardened. This process is called Delayed Ettringite Formation (DEF)
and the ettngite thus formed is called secondary ettringiteis secondarettringite can

lead toexpansion of conete and subsequently toicrocracks into concreté€oncrete
damage occurs onlyhen a thresholdamount of ettringite is formedClifton e
Pommersheim, 1994There are been numerous studies to understencthechanism by

which DEF inducedamage in concrete.

One of he earliest studies on DEF induced expansion tivasvork of Mehta (Mehta,

1973) Long before it was seen as a problsegondarettringite had been found in many
concretestructuresvithout receivingspecific attentia. In 1965,Kennerly found ettringite

in deteriorated areas of cold joint of the Roxburgh D&tago, New Zealandt was
concluded that ettringite was formed as a result of the variation of calcium hydroxide (CH)
concentration. In 1980, Pettifer andNixon observed ettringite in the pores, vorlsd
around aggregates toncrete bases iBnglish Midlands, Western England and South
Walesln this case ettringite was found in conjunction with alk#ita gel Pettifer and

Nixon also found ettringite in theirow Street Bridge in Cape Town, Soutfriéa just four

(4) years after placement (1980). Acknowledgement of the expansive nature of ettringite

in concrete started in 1970 with the report of the E@inmittee 223 oixxpansive Cement



Concrete 1970). Mehta (Mehta, 1973was one othe first researchers to hypothesize on

themechanisms oéxpansion of concrete due to delayed ettringite formation.

1.3.Problem Statement

Delayed ettringite formation is a form of internal sulfate attack. It produces distributed
damage in concrete in the forof micracracking which result in loss of strength and
stiffness and affects the durability of concrete by changing the chemicaienogtnucture

of the cement paste. The mechanism by which this occurs is still not well understood
despite the numerowstudies carried out over the years. Most of the studies so far have
been conducted at the macroscopic level through tests like esparsi weight change
measurement, compressive strength testing which does not allow for understanding of the
mechanism®ccurring at the microscopic level. In additions the few studies done at the
microscopic level were mostly through destructive testirghiods. At the microscopic

level, conventional analytical methods used to study ettringite in concrete incltade X
diffraction, thermal analysis, and scanning electron microscopy. These methods have the
disadvantage that they use small sample which areecessarily representative of the
overall concrete volume. laddition,there is loss of spatial information as tHegus on

small areas and do not allow for visualization of the overall concrete volume. Most and
foremost, these methodsire all destruive and do not allow for monitoring of the
development of damage in concreéfiis studyherebyexploreshe use of aavel method
combining neutron and -Xay tomography which have the advantage of being
nondestructive and allafor visualization of thewvhole sample volume.In addition,
simultaneouseutron and Xay tomographycan provide quantitative information on the

damage progress at the microscale nondestructively.



1.4.Research Approach

Delayed ettringite formation has been identified as one of the procaase®f premature
deteriorations of concrete structwa®ng with alkali silica reaction and freetteaw. The
relationship between ettringite formation, expansion, and damage irefiétfted cement
based materials is not well understoc8ome models based on thermodynamic
considerations have been developed to explain theeatitfeeactions leading to DEFlatt

e Scherer, 2008; Grimal, Sellier, Yarat al, 2008; Salguest al, 2014)howeverthey are
highly nonlinear, as several coupled equations have to be solved simultar{Sellsdy e
Multon, 2018) Chemical and thermochemical models have been prop&ster e
Multon, 2018) From a mechanical point of view, efficienbniinear models exist to
analyzestructuralbehavioraffected by swelling problems in genefidharthik et al, 2016)
(Grimal, Sellier, Le Papeet al, 2008; Comet al, 2009; Seignoét al, 2009)but they are
not yet able to consider all the chemical particularities of OBEre have also been some
Finite element (FE) modelinfRoubinet al, 2014) peformedto better understand the
degradation of cemettased mierials during DEF developmerdespite those attempts
to better understand DEF induce degradation of concrete structugesiaral relationship
between the incese in the ettringite contemEFrelated expansion, and damage has been

developedTayloret al, 2001)

The current research project has been conducted in three plmabesfirst phase, concrete
specimen weremade,curedin a moistroom with R.H. at 97% ansitored in limewater
Some of the specimewere made with additional potassium carbonate in order to increase

the level of potassium in their migtorage in limewater was chosen as previous research

6



conducted at the University daryland(Ceesay, 2007; Amdet al, 2014)have shown
that it inhibits the growth of delayed ettritly Among those specimensome were
subjected t@ heattreatmentin order to initiate microcrack§ heheatcycle was carried

out 24hoursafter casting the specimens. It tofiteen (15) days fom casting to storage

of the specimens ilimewater Phae 2 and 3 were conducted concomitartiyphase 2,

the specimens made for expansion measuremeémt X33in. x 11.25n. specimens) were
measured at regular time interviar length and weight changén this same phase
specimens made for strength measuent were tested for compressive strength. Samples
were taken fronthese specimerandtested byScanningElectronMicroscopywith Energy
Dispersive XRay SpectroscopySEM-EDAX) in order to identify the presencand
locationof ettringite. In phase,3he 2in. by 2in. cylinders were scaredattheNIST Center

for Neutron Researchwith the simultaneous neutron andray tomography system
(NeXT) atregular intervals. The raw images collected were processed and 3D images of
the specimens reconstructed, whittows the interior of the specimens. Analysis of these

images would allow focharacterization of DEF induced degradation proresencrete.

1.5. Objectivesand Scope

1. Perform a literature review to identifgarameters and damage mechasism
associated with DEin concrete.

2. Perform a literature review of conventional destructive and nondestructive methods
of characterizing DEF induced damage in concrete at macroscopic and microscopic
scale.

3. Prepare concrete specimens based on proven techniques for initiatritgitkd

damae. These techniques will be based around the selection of materials and



additives, the curing method of the concrete and processes to accelerate distributed
damage; namely the UMD Modified Duggan Cycle

4. Apply conventionamacroscopic andhicroscopic testig methods to monitor the
process and progress of damage in the concrete specimens. These tests include
length changeweight changeand compressivstrength and SENEDAX images.

5. Analyze data from macroscopic testing methods to make cioreinalysis ad
study the kinetics of concrete deterioration due to DEF-.

6. PerformsimultaneoudNeutron and Xray tomography of concrete specimens in
order to gather data on specimen condition over intexplorethe feasibility of
the method te@haracteize DEF induced damages in concrete

7. Use advanced computer methods to processenmhstructomographydata ad

in order to perform qualitative analysis

1.6. Structure of hesis

This thesis consists @feven(11) chapters. The first chapter gives a brigfaduction to

the subject of the reseatgrovides the backgroundtates the problerand giveghe main
objectives and the research significar@@eapter 2 defines ettringite, gives an overview of

the conditims required for development of late ettriegin concrete and discusses the
mechanisms of expansion associated with DEF. In Chapter 3, we present a comprehensive
review of destructive andhon-destructivetechniquesused tocharacterizeDEF induced
damagein concrete and a background on the usaeftron and xay tomography in
concrete researchnd an overview of the tomography image processing. Chapter 4
providesthe background and the general principle of neutron anayXomography. In

Chapter 5and6 we outline the sample preparation methtbek curing andheat cycleused



to inhibit DEF in concreteA brief description ofconventionaltests used to monitor
concrete specimenms this study is also providedn chaptei7, we present thexperimental
approach used for thsimultaneousneutron ad X-ray tomographywhile chapter8
describes the data processing and reconstruction of tomography images. Thefrest#s
are provided and analyzeth Chapter 9 and discussed Chapter 10 Chapter 11
summarizeandprovides conclusions for theeseach andopers venuedor future research

work.



Chapter 2 Ettringite in Concrete

2.1.Delayed Hringite Formation in Concrete

2.1.1. Introduction

Concrete is typically a durable material. However, its durability can be affected by
material T related distress among whichet most common are corrosion, alkali silica
reaction (ASR), sulfate attacks, alkelirbon reaction (ACR) and freeze /thaw cycl€)(F
Of the sulfate attacks, the most common form is delayed ettringite formation {(PEF)
form of sulfate attack andccurswhen ettringite forrawith no external source of sulfate

(Tayloret al, 2001)

2.1.2. Definition and Mechanism of DEF
Ettringite or trisulphoaluminat®f calcium 3Ca0.Al0:.3(CaSQ).30-32H,0 is a

crystal rare in naturdutin civil engineeringn generbhand cement chemistmy particular,
it represents one of the most important proslatcementhydration. It forms irconcrete
both moments after mixture of the concrete companeith water, and later in the life of

the hardened concreten@nthsor years later).

The main components of Portland cement that are involved in the hydration process
are clinker and gypsum. i@ker is a compound of tdalcium silicate, dicalcium silicate,
tri-calcium aluminate, alumino ferrites and other componentsprassmall amount. The

table below shows notations adopted in cement chemistry:

Table2-1: Cement Chemistry Notation

Notation

C

S

Chemical Formula

CaO

SiO,

H-O

FeOs

Al203
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Portland cement typally has the following composition by weight: 60% of tri
calcium silicate (GS), 15% of dicalcium silicate (€S), 8% of tricalcium aluminate (¢2\)
and 10% of alumino ferrites ¢8F). The amount ofypsumaddedis usuallybetween 4
and 5%. Other compents pesent in small quantities include sulfate, manganese dioxide,
magnesium oxide and alkali {&, N&O). Gypsum (CaS£RH;0) is of great importance
in the hydration process of cement. Without gypsum, the cement paste would immediately
hardenwhen cowrrete is mixed due to the rapid hydration of the aluminate&)(@ot
allowing the formation of the concrete matrix. The addition of gypsum retards the rapid
hydration of GA and controls the rate of hardening. The retardation occurs because when
gypsum eacts with aluminates 38 it produces ettringite (3CaO.ADs3.3(CaSQ).30-
32H0) which then forms a coating around the othgk @articles , permitting enough
time for the hydration of silicatess8 (Collepardiet al, 1987)and permits the natural
setting to occur. The reaction of gypsum ang Continues until gypsum is exhausted.
The formation o€ttringite during the settig proces is called Primary Ettringite Formation
and does not cause damage to concrete. It is often accepted that this primary ettringite is
thermodynamically unstable and breaks down after a few hours into monosulfate
CauAl206(SQy)-14H0 (Christensenet al, 2004) This is done by reacting with the

remaining aluminate 4.

3Ca0.Ab03.3CaSQ.30-32H;0 +2[3Ca0.Al,03] +4H,0 Y
3[3Ca0.AkOs.CaS0y12H20] Eq 1

For concretes cudeat temperatures above 70°C the sulfate release by decomposition of
primary ettringite does not react completely with aluminateg\@nd therefore they

become availabl¢éo the pore solutioifYang et al, 1996) These available sulfates are
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trapped by physical adsorption on the surfaces of the calcium silicate hyci&id (fel)

(Fu, 1996)whos hydration has been accelerads a result of heat curin@ivet e
Randriambolona, 1998When the material is subsequently storedatiant temperature

and moistue, the CS-H gel releases the trapped sulfates which then diffuse into the nearest
microcracks to the pores where they react with the pore solution and monosulfate to form
ettringite (Scriveneret al, 1999; Tayloret al, 2001) Ettringite which forms athis stage

of the structurés life when concrete has already hardened is called Delayed Ettringite

formation (DEF or Secondany Late Ettringite Formation).

2.1.3. Mechanism of EpansionAssociated with DEF

Despite the numerous studies consecrategtttmgite, there is still no agreemeot the
mechanism by which DEF expands and damages concrete. Various theories have been
developed to this regard. Coh@rited by Day(Day, 1992) initially summarizd those

into two main theories: the crystal growth theory and the swelling theory. Later, other
theories were hypothesized like thaiform paste Theory and tHelectric (Capacity)

Double Layer Expansion Theory.

The topochemical Reaction with Directior@towth or Crystal growth Theory

Thistheorystipulates that expansion is caused by the formation of ettringite crystals at the
surface of Aluminumbearing particles and in the solution. The growth of these crystals
causes expansion through generatioorgétallization pressure in regiontlimited space

like crack tips(Fu, 1996) A better understanding of this theory can be obtained through
Schererds discussion on the physical chem

(Scherer, 1999)Scherer suggested that the highest expansive pressures will be exerted at
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locations where the supersaturation is high and the crystdtsiered in relatively isolated
regions like small poorly connectepores containing ionic species and specially of

Al(OH)4 (Tayloret al, 2001)

The swelling Theory dixpansion

Also called Theory of water absorption of colloidal ettringites theory suggested by
Mehta in 1973Mehta, 1973)is the oldest even though it dmbt get a lot of attention in

the literature compare to other theories. Mehta hypothesized that in presence of portlandite
(Ca(OH)), ettringite is fornedascolloidal, hydrophilic and expansiyarticles. These gel

like particles have a large specific e area analogous te%H gel and absorb water,
resulting in overall expansion. Several works have tried to corroborate this hypothesis

including the research of Ydivanet al, 2001)

The Uniform Paste Theory

This theory was proposed by Tayl@raylor et al, 2001)and adopted by many authors
(Scriveneret al, 1999)The theory suggest that in a concrete cured at high temperature,
microcrystalline ettringite will form initially in cement paste, leading to amif and
isotropic expansion of the paste. This expansion of the material produces microcracks both
in the paste and at the aggregate interfaces. Ettringite would then later recrystallize in these

cracks without generating any significant additional expengressures.

Other theory: The theory of the Electric (Capacitive) Dotlbieer Expansion

(CDLE)

The theory of the electric or capacitive doulalger expansioms one of the lesser known
It is derived from the swelling theory due to the fact thaglies on colloidal ettringite
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particles. Itis based on the principle of repulsive forces due to the electrical dayble
proposed by L(Li et al, 1996) According to this theory, negatively charged colloidal
ettringite particles attract and fix alkaline ions {Ni") present in the pore solution. Due

to the leaching of the material, alkaline ions will subsequently diffuse outwards and the
concentratia inside the colloidal ettringite will significantly decrease. Due to this
decrease, electrostatic repulsion forces will increase and become higher than the Van der
Waals forces and thus, the distance between ettringite particles will increase, leading to
expansion. This theory however did not gain a lot of traction within the scientific

community.

2.2. Factors InfluencindEF

The numerous studies have shown with evidence that there are two conditions required but
not sufficient for delayed ettringite formatiom occur:

- Curing at high temperature beyond 70°C

- The presence of humidity during the service life of the structure.
Beyond these two parameters, many others play an important role in late ettringite

formation.

2.2.1. Effect of Curing Emperature

Numerous studieBave shown the importance of curing temperature in delayed ettringite
formation.Heinz (Heinz e Ludwig, 1986; 1987; Heirt al., 1989) Lewis (Lewis, 1996,
Ghorab (Ghorabet al, 1980)and Ludwig(Ludwig, 1991)all demonstrated that high
temperature curing above 70°C was essential for DEF induced expansion to occur.

Lawrence(Lawrence, 1995jound that the critical aing temperature for DEF is between
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65 and 70°C. HeingHeinz e Ludwig, 1987and later OdlefOdleret al, 1987; Odler e

Chen, 1996jound that at temperature above 70C, primary ettringite is broken down into
monosulfate. Later, when the concrete is exposed to moisture at normalaemgse the
monosulfate is reconverted to ettringite the hardened corete where it induced
expansion(Yang et al, 1999; Famyet al, 2001; Pavoinet al, 2003) However, some

recent researches have contestexse findings as delayed ettringite formation has been
found to have caused damages to structures cured at temperature below the critical
temperature of DEF. Sahu et @ahu e Thaulow, 2004jservednicroaacks on railroad

ties that have been cured amfeeratures below 60°C. They concluded that DEF might
occur at temperatures below 70°C when certain conditions are present like high content of
the cement in alkaline, sulfate 0s&; or cement with higspecific surface or concrete mix

with high cement caent and low water to cement ration.

Some other researchers hypothesized that DEF can occur in concrete cured at high
temperature or ndtCollepardi, 1999)They believed that DEFcours even in nogteam

cured concrete specimens at paratures much lower than 70°C that are insufficient to
cause ther mal decomposition of the fAnor mal
that DEF is necessarily caused by decomposition of pyiretiringite at temperature of

70°C.

2.2.2. Effect ofHumidity During the Service ife of theStructure

Most cases of DEF have been found in environment with high humidity or complete
immersion. In fact, water plays an important role in formation of secondangét, as it
is one of the@eactant$n the reactioreadingto ettringite from monosulfate in the following

equation:
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3Ca0.Ab03.CaSQ.12H0 + 2CaS@+ 20H0Y 3 C a 03.384SQ.32H0¢é Eq.2

In addition, water is the medium where the reaction takes place and is the vehicle for
transport of ions involved. Heinz et §Heinz e Ludwig, 1987jound that DEF related
expansion could be aw®d if concrete is store in an environment with relative humidity
below 60%. Odle(Odler e Chen, 1996Famy(Famyet al, 2001)found that specimen
stored in an environment with relative humidity less than 90% did not display significant
DEF induced expansion while they expanded significantly when storednse in water

or in ambient air with relativeumidity of 100%. This confirmed the role played by water

in the development of DEF.

2.2.3. Effect of Cement @Gmposition
a)- The Alkaline Content of @ment

Alkalis have been shown to play a significant role in DERey are present in cement as
soluble salts ke sodium sulfate (NASQs), potassium sulfate @&Qy) (Bruneteaud, 2005)
or mixture of sodium and potassium sulfate (Na3Q: (Pettifer e Nixon, 1980; Day,
1992) In contact with water, these salts are dissolvpitlha The main effect of alkaline,
like temperature, is to increase the solubility of ettringite and to lowerdadfthhme
(Barbaruloet al, 2002) Fu(Fu e Beaudoin, 1996Ib¢ported that ettringite is formed at PH
13.3 and low alkaline concentration (0.08M), however, it becomes unstable at temperature
above 60°C and high alkaline concentration (0.2 to 1M). Under these conditions,
monosulfate is the most stable phase. At the macroscopic level, Kurd@<uskiowski,
2001) Baghdadi(Baghdadiet al, 2008) Lewis et al.(Lewis et al, 1994)show that by
adding alkali to mortar or concrete leads to expansion up to three times those obtained with
no addition of Kalis.
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- Potassium Content oféinent

Multiple studies have shown that potassium pkysmportant role in the development of
secondary ettringite in concret@ress(Gress, 1997pbserved a significant correlation
betveen the potassium content of the concrete and the degree of damage in fiesdo$tud
concrete pavement. Livingstghivingston et al, 2000)surveying DEF related damages

on bridges in Maryland concluded that the highest level of potassium in concrete were
observed in areas with the DEF induced map cracking. It was then s®dytfest there

might be a correlation between the potassium concentration arhsax@ damages.
Potassium present in cement in the form of potassium sulfate reacts during cement

hydration to produce a dilute potassium hydroxide solution and calciumesulfat

K:SQu+ Ca'+20HY 2K 20H + CasSQ Eq.3

The solution reacts wittheatmosphere over time to produce potassium carbonate

2K*+CO# Y  ¥COs Eq.4

Since potassium carbonate has a Mewy critical relative humidity for deliquescence
(RH=43%), under prevailing temgade conditions the compound is typically in a saturated
solution rather than in solid form. That is why the cracks network associated with DEF

usually appears wet or drippimgth water(Livingstonet al,, 2000)

b)1 The Sulfate Content of thee@ent
Heinz and Ludwig(Heinz e Ludwig, 1987)xshowed that one of the main influence of
cement composition on DEF derives from thes@DO0s ratio. However, the sulfate
proportion appears to have a higher weight in determining behavior; therefore, they sugges

that the ratio (S€?%Al.0szis a parameter that shows the strongest correlation to subsequent
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effects of secondary ettringite formation. According to their research, cements with a ratio
of 2.0 are not susceptible to secondary ettringite formation. Acwpto Hime(Hime,

1996) some of the sulfur in the clinker phase is present as relatively slow soluble sulfate.
These sulfates, which are not dahble for the primary ettrinte formation, enter into the

pore solutions and after hardening of the concrete, they react wiith &hd water to form

secondary ettringite.

2.2.4. The Presence of irocracks

Porosity, especially microcracking is one of the mogtdrtant factors in delayedtengite
formation. Microcracks may bgeneratediuring manufacturing (localized high stress in
prestressed elements for example). They can also be caused by freeze thaw, ASR or other
causes including those related to high temafure curing (steam curingylicrocracks
usually appear at the pastggregate interface (interfacial transition zone) and at the steel
paste interfac€Fu e Beaudoin, 1996¢cMicrocracks serve as nucleatioites where
ettringite crystad grow, expand and produce damages. Microcracks weaken concrete
structure by reducing its modulus of elasticity and its resistance in tension, characteristics
which are important to prevent expansion. In general, DEF indugethsion depend on

the amounbf microcracks present in concrete, their size, their location and the underlying
causes. Microcracking is also important as it alléov the transport of ions required for

formation of ettringite into the porékhelil, 2014)

Some researchers have minimized the role of oorecking in the developmerdf
secondary ettringite. Petr@iPetrov e TagniHamou, 2004and EscadeillagEscadeillas
et al, 2007)have shown that microcracking is not a necessary condition for DEF but that

it acceleates DEF related expansion by allowing transfer within thermahte
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2.2.5. Other Rarameters

Other parameters have been shown to play a role in the formation of delayed ettringite.

- The Type of Aggregatesddd.

GrattanBellew (GrattanBellew et al, 1998)show that the type of aggregate deterrmmine
the amount of ettringit and expansion in heatired mortar samples. By comparing
mortars made from six different typef aggregates quartz, basalt, dolomite, granite,
limestone, Spratt limestone), they noticed that mortar samples made withwewatkae
only one to undergo significant expansions (> 0.1%) at 57 (faysre 21). XRD analysis

showsthat the amount of ettrgite is more important for mortars containing quartz (at the

pasteaggregate interface in particular) than limestone.
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Figure2-1: Expansion of Cement Mortars with Different Aggregate Types (Gratdew

(GrattanBellew et al, 1998)
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In the sane study, GrattaBellew et al. show that expansion is@ldependent on the
specific surface area of aggregatbsesmaller the aggregate grain size, the more expansion
and quantity of ettringite increase (inverse proportionality) with an acceleration of marked

expansionss soon as the diameter of the graihlelow 1mm.

More recently, Amde et alAmde et al, 2014)as®ss the influence of fine aggregate
lithology of DEF related expansion of concrete specimen made with high early strength
cement (type Ill cement). The study compared expansion of specimen made with fine
aggregates dving different lithology (place of agin, method of production and
petrographic makeup) notatggndmilled from limestone gravel from Millville, a siliceous

sand produced from highly heterogeneous alluvial gravel from Brandywine and a siliceous
very ex@nsive natural sand from Silver Hillh& study showed that the specimens made
with siliceous aggregates expanded significantly compare to those made with the crushed

limestone sand.
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Chapter 3 Conventional Methods for Characterizing DEF

3.1. Introduction

Conventional methods for charadkzing DEF in concrete at thenicroscopicscalecan be
classified in two main categories: Destructive methods anddestiuctive methods.
Destructive methods includpetrographic examinationX-ray diffraction (XRD) and
thermogravimeic analysis while nondestructivemethods include ultrasonic pulse
velocity, impact echo, the ndmear ultrasonic testing, the thermography, electromagnetic
testing and radiographic imaging methoieme of these techniques asdensively used

on the field to assess concrete conditiod detect deficiencies, while others are more
suited as researdiools used in laboratoriesMost of these methods are subjectaof
abundantiteratureand have been commonly used in the stud@BF in concretavhile
others like the tomography are sitillithe experimental stage, and therefavecases where

they have been used for this purpose.

3.2.Destructive Mithods

Destructive methodsan be defined as those thratjuirethe use of equipment which
produce an irreversible alteration of the chemical coitipasof the material being
analyzed their mechanical properties or their dimensional geometry. Destructive testing
methods offer the advantage that they are usuallypehead less complex to perform than
non-destructivemethods;however,their main dravback is that the specimens are not

reusable.
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3.2.1. The MicroscopyMethod Petrograpic Analysis

Petrography is the use af optical microscope to examine concrete or rock g in

order to determine their mineralogy, chemical characteristics or microsspature.
Petrography is the most commonly used method to characterize concrete damages at the
microscopic levelPetrographic examination can render a range of corzaedeneters like

the type, proportion, shape and condition of aggregates, naturemeintceaste and
additivesand thepresence of deleterious material, evidence of sulfate attack, frost or ASR.
Petrographic examination of concrete samplesuigined in ASTM-C85618 Standard
Practice for Petrographic Examination of Hardened Concretetypes of specimens are
commonly used: large polished surfaces and thin sections. Petrographlyeéa
intensively used to study the process of concrete destion due to DEKHime et al,

2000; Mato=t al, 2010)

3.2.2. Scanning Electron Microsco$¢EM)

Scanning Electron Microscopy is a method to examine the microscopic structure of
concrete using an electronic microscadpet fproduces images of a sample by scanning the
surface with a focused beamhagh-energyelectronsThe principle of the SEM is that

beam of accelerated electrons is directed towards a solid sample where the energy of the
beam is dissipated as a vayietf signals is produced by the electsample interaction

when the incident electrons are decelerated in the solid sample. Thesls siglude
secondary electrons (That produce SEM images), backscattered electrons (that are used to
determine the crysitatructures and orientation of minerals), photons (Characteristics X
rays that are used for elemental analysis and continutray)Xvisible light and heat.

When equipped wittappropriate detectors and electronics for Energyp@&msveX-ray
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Spectroscopy SEM can provide a rapid semuantitative compositional analysis of
individual components withim specimen. SEM can be used asamdalonenethod or in
conjunction with petrography$EM for concrete specimens is governed by ASTM C4723
16 Sandard Guidefor Examination of Hardened Concrete Using Scanning Electron

Microscopy.The method is discusd in more details in Chapter 6

3.2.3. X-ray Diffraction(XRD)

The X-ray diffraction is a method that relies on the dual wave/particle natureaylsxo

obtain infomation about the structure of crystalline materidlee methodelies on the
Braggbs | aw whi ch explains why thmayscl eave
beams at certain angle of incider{gdhondker e Lakhani, 2015Based on this principle,

different crystals will produce different angle of diffractiagherefore, every crystalline

phase in a sample $i#ts own diffraction signatuigumate e Manea, 20129RD method

allows for the perfanance of the following studies: determination ofstajline structures,

phase quantitative and qualitative analysis, the study of phase transformation, the study of

crystallographic texture, the internal stresses in the samplé)etcate e Manea, 2012)
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Figure3-1: Principle of xRayDiffractometer
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XRD has long been extensively used to dyuthe cement hydration procesX¥RD is a

useful technique for direct identification of crystalline phases in cefiiarg e Alexander,

1974) and its use have been extended to the study of cement hydration process in concrete
(Jumate e Manea, 2012} has been used to provide real time investigation of early
hydraton reactions such as the synthesis of ettrindiighamadet al, 1993)and the rapid
conversion of calcium aluminate cement hydréiReshidet al, 1992) XRD hasalso been

used in the rapid strength determioatof Portland slag cement&oswamiet al, 1994)

XRD is performedon powder samples, therefore, concrete specintieaisae to be
analyzedare pulverized to a homogeneous powetum<particle size<40unyrior to

been analyzed.

3.2.4. Thermograimetry Analysis (TGA)

Thermogravimetry Analysis or thermal gravimetric analysis (TGA) is a technigue in which
the mass of a substancen®nitored as a function of temperature or time as the sample
specimen is subjected to a controlled temperature prograarcontrolled environment.

TGA provides gquantitative measurement of mass change in material associated with
thermal degradatiomhermogravimetry analysis is based on the principle that as a sample
is heated, its mass changes. This changéheambe usg to determine the composition of

the sample. The weight loss observed as the temperature increase is due to decomposition,
reducton or evaporation of the constituenf€GA is relevant in the field on concrete
because it can help quantify the amount ofevand characterzand identif the phases

from the complex cement matrikGA is commonly used tassess the behavior of coneret

to the effect of temperature and f(&larconRuiz et al, 2005; Menedez e Vega, 2009)

TGA can beused to detect the presence of ettringite in concrete because dehydration of
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ettringite is characterized by an endathic peak at 8000°C. TGA has been used to
detect primary and secondary ettringite @mentitious materigVedalkshmiet al,, 2008;
Collier, 2016; Tantawy2017) TGA is goverred by ASTM E113108 Standard Test
Method for Compositional Analysis by Thermogravimetry.

3.2.5. Limitation of DestructiveMethods in the Study of ConcreteDegradation
Mechanism

There are numerous disadvantages in using destructive techniques mentioned above to
study the mechanisms of concrete @&ration at the microscopic scale, specifically DEF

induced damageslThe most commonly mentioned drawbacks include

- The lack of representativeness of very small sample volumes for heterogeneous
concrete, the loss apatial information such as the rebaiship of the ettringite
growth to cement paste/aggregate interfaaad

- These techniques are destructive which makes it impossitvlertitorthe progress
of damage in a given specimen over time

3.3. Nondestructivelechnigues fo€haracterizingDistributedDamages irConcrete

In recent years, the use of nondestructive technique in the study of concrete damages has
gaired a lot of tractionsince it allows the understanding of concrete deterioration
mechanisms withouhe need to destroy concrete samphen-destructive testing (NDT)

is defined as the course of inspecting, testing, or evaluating materials, components or
assemblies without destroying the serviceability of the part or system (Workman & O.
Moore, 2012 d¢ed by Helal et al(Helal et al, 2015). Recent technological advances in
imaging techniques have contributed in the development of various experimental imaging

techniques used to visualize the interior microstructireconcrete and thus allow
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characterization of damages with more accurbgse imaging techniques include optical
microscopy, scanning electron microscopy (SEM), anchyXand neutron tomography.
Each of these imaging modalities oftshows different features at different spatial

resolutions and Field of View.

DEF, ASR and FTnduced damages in concrete do not necessarily contain large @racks
voids but are characterized by the existence of large numbers of small cracks or
microcracks distributed thrghout the concrete structufehese distributed damagésat

are usually irtiated at the Interfacial Transition Zone (that is the interface between the
paste and the aggregate) weakens the concrete and are precursor to large scale cracking and

delaminatia.

There are numerous NDfiethodsthat are used to detect damages in concrete. Most of
them were designed and are more suitable for detection of large cracks and voids in
concrete structure. Some of those methods like the ground penetration radar ttite elec
resistivity, the capacitivenethod(Metalssiet al, 2015)have not yield reliable results so

far for the detection and characteripatiof distributed damages like tbaees caused by

DEF, ASR or FT. The majority of the NDT are deductive by nature becauseairet
provide the cause of the damagest the naturethe exteh or the type of damage in
concrete. The current research pobjaims at exploring the use of mnovative method

to characterize damages in concrete. The criteria that guided the choice of the method are:
- Itis nondestructive i.e. it preserves the integrity of the sgmple
- It canallow for the visualization of thénterior of the material, thus praling

information on the nature and type of damage
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- It does not alter the microstructure and the composition of the sample

- It can provide information on material property and its microstructure

- It can allow for visualiation of spatialdistribution of damage in concrete and

special distribution of concrete phasasd

It allows for use of a representation sample of concrete

We present hereia brief summaryhe most commonly used and some of the method that
are being eperimented for the detection and characterizatiotigifibuted damagelike

those caused by ettringiite concrete.

3.3.1. TheUltrasonicPulseVelocity Method

Ultrasonic pulse velocity methods idve propagating ultrasonic waves in solids while
measuring théme taken for the waves to propagate between a sending and receiving point
(Helal et al, 2015) This is a standard nmeid govern by ASTM C597 Standard Test
Method for Pulse Velocitythrough Concrete. This test method is used to assess the
uniformity and relative quality of concrete, to indicate the presence of voids and cracks,
and to evaluate the effectiveness of cragairs. It is also used to indicate changes in the
propertiesof concrete, and in the survey of structures, to estimate the severity of

deterioration or cracking.
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Figure3-2: Equipment Used in a Typical Ultrasonic Pulse Velof@gnovest al,
2017)

Recent studies have shown that UPV measurement can batatcused to monitor the
effect of DEF on concretéGenoveset al, 2017)and the effect of sodium sulfate and

wetting drying cycles on concret€ruzet al, 2016)

3.3.2. Impact Echo

This method is used on detection of defect in concrete based on stress wave propagation.
The impact echo detects defects based on amabysihe reflection signals of impact
generated stress waves that propagate through the testing €lénaaget al, 2016) The

principle of the impact echo is illustratedFigure 33 andFigure 34 below.

Impact

Computer

Figure3-3: Schematic of impact Echo Meth@dhanget al, 2016)
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The impactecho is sed to evaluate integrity and flaws in concrete elements and structures,
notably to detect interharacks and voiddt has been intensively used in research since

t he i nception of t he met hod by Sansal one
demonstrated #t the Qfactor generated from the impact echo can be used to quantify the
amount of distributedainage induced in concrete specimen subjected to DEF and freeze

thaw.

3.3.3. Non-Linear Ultrasonic Testing

The objective of ultrasonic methods is to measure thegesam characteristics of the
ultrasonic signals propagating through the tested concretelirfear methods, these
characteristics may be thewwe velocity, the amplitude attenuation and the frequency
shift. For norlinear methods these may be the shafpthe frequency spectrum and the
harmonics generated by the internal discontinuities ofrtaerial. NoRlinear techniques

are more sensitive to distributed damages like those initiated by AFRyrOEF than
traditional ultrasonic methods. This incsed sensitivity enables the detection of micro
cracks of a size undetectable by linear meth@ien successfully used nonlinear wave
modulation spectroscopy (NWMS) to monitor the progress of ASR damage in mortar
samples(Chenet al, 2008) while Lesnicki used nonlinear impact resonance acoustic
spectroscopy (NIRAS) for tracking the progressive deterioration of concrete specimen due

to ASR(Lesnickiet al, 2011)

3.3.4. RadiographidmagingTechniques

In opposition to the m@vious NDT methods which are commonly called
conventional NDT techniques, radiographic methods are rathecarwentional NDT
techniques that are mostly used@search tools. They are nroanventional because they
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require a specific setting and speci@quipment to be performed. Unlike conventional
methods which can be performed on the field, they are usually performed in the laboratory.
The principle of radigraphic methods is based on attenuation of radiations from an
artificial source going through material. The type of radiation used are multitudinous,
ranging from particles (Neutrons, electrons) to electromagnetic wavesy§X Yrays),

with specific ®lection depending upon the requirement of the applicaadiographic
imaging techniques atudethe radiography and tomography. A thorough description of

these imaging techniquespeesentedn Chapter 4
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Chapter 4 X-ray and Nutron Tomography for Characterization
of ConcreteDamage

4.1. Introduction
Tomography along with radiography ameo of the mostcommonly used radiographic
imaging technique, which mesithat theyuse thdnteraction of a radiation and a sample
to create an image of the sample, allowing visualization of the internal structtire of
sample.The most commonly used radiations area¥s, gamma rays and neutrons.
Radiographic imaging methods have long been tesstlidy concretm order to determine
certain physical properties, its structure@characterize physical or chemicandages.
We provide herein a background on the use-afy and neutron tomography in the study
of concrete.

4.2.Background on ay and Neutron Tomograpligr Characterization Of Concrete

Damages

4.2.1. Introduction

As Radiationbased NDT Imaging techniques, tomography requires a
comprehensive understanding of vadgoaspects including beam generation, radiation
detection, image reconstruction, image processing, 3D visualization and image analysis.
Tomography hasbeen used on concrete and cemdased materials for various
applications. This section will focus on prews application of neutron and-réy

tomography on concrete
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4.2.2. Historical Background
a) X-ray Tomography
Wilhelm Rontgen discovered-Xays in 1895 by accidéand the first Xray image

was that of (Abgus, 188d)f eds hand

Radon established theoretical foundation of computed tomographyi{f@®yL7. Radon

showed mathematically that a function could be reconstructed from an infinite set of its
projections(Radon, 1986) In the late 1960s and early 1970s, Cormack and Hounsfield
wor ked based somverieRé&na thegnonk 6f Raddni developing a method of
producing axial i mages of ieldanddolleagsedsbuitithe t h e
first medical CT machinéHounsfield, 1973)Cormack and Hounsfield shared the 1979
Nobel Rize in Medicine. In 1970hospitals started performing-ray tomography. In

1980s, dedicated Synchrotron liggdurces that generate intenseay beam were built.

Since Computed tomography primary application was in the medical field, its use in

materialresearch did not start until later.

One of the first documented used of computed tomography as a nondestestivg

method for concrete was achieved by Morgan in {8&@ganet al, 1980) The researcher

used a cesiurt37 isotopic source to provide 662 KeV photbeams with plastic
scintillator strips to detect and count each transmitted photon.torhegrams (cross
sectional density maps) that werataired showed aggregates and voids down to 1mm in
diameter, and fractures less than 1mm wide. The location asdydef reinforcement

bars, the density and background mortar and the density of the aggregate were accurately

reconstructed.
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In 1994, Bentz pormed Xray tomography of an ASCTM C109 mortar sample exposed

to sulfate attack. The Xay tomography was dona the National Synchrotron Light
Source (NSLS) of Brookhaven National Labo
scanner to obtain-B images at resolution of a few micrometers per voxel. The images

clearly showed sand grains, cement paste, air voidskerand needlike crystals of

ettringite growing in the air voidBentzet al, 1994) This research set the tone for his
subsequentorks on the microstructure, transport properties and degradation processes in

mortars and concrete usingrdy tomographyBentzet al, 2000)

High-resolution Xray computed tomography (also referred to as microtomography) was
usal by Stock to study the sulfate attack of cylinders of Type | cement paste cast with
various watdércement ratiogStock et al, 2002) 3-D rendering of the images obtained
allowed the authors to access the qualitative damage level as a function of sulfate exposure

time for various ratios studied.

Landis use high resolution-day tomography to measure internal damage and gragkth

in small mortar cylinders in compressi@randiset al, 199). He was able to visualize

crack growth both in length and in thickness and make quantitative measurements of
internal microstructural features. Further research, using the same technique allowed the
author to study effects of crack tortuosity, branghand microcracking and obtain a

detailkedpicture of internal crack progressi@randiset al, 2007)

Bentz usd X-ray microcomputed tomography to study water movement in concnetg du
curing (Bentzet al, 2006) The technique alload him to investigate migration of water

on an entire specimand isolate water movement from individual pores in the aggregate
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to the surrounding cement paste during the hydration process. Quantitative analysis of

water movement base on image processingaiso achieved.

Lu used Xray tomographic imaging techniguo characterize the pore structure and
permeability in 4 different Portland cement concrgias et al, 2006) Through this
research, eHepédesdosnacted was identiyed

correlate with chloride transport.

Most recently, Meinel used -Kay computed tomography as a tool to quantify the
degradation preess in concrete resulting from corrosion of reinforcinglsthie to
carbonation and to chloride ingre@deinel et al, 2014) By visualizingit at a high
resolution (5 microns), the authors ideitithe interfacial transition zone (ITZ) as an

important factor for the ageing stability of concrete.

b) Neutron Tomography
Neutron was first discovered by Chadwick in 198Badwick, 1932a; b)lhe firstreactor
was built by Fermi for neutron production in 1942.1P47, the first neutron images were
obtained byKallmann (Kallmann, 1947) Neutron imaging at research reactor was

performed by Thevi$ in 1956(Thewlis, 1956)

Even though the use of Neutron tomography to study concrete is regent, there is a
growing literature in the subject matter especially in the study of transport properties and
drying of concrete base on the fact that neutron beam is highly attenuated taycedhs

containing hydrogen like water.

Trtik et al. usd neutron tomography to monitor the emptying of a superabsorbent polymer

in a low water to cement pas(értik et al, 2010) They analyzed the histograms of
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successive neutron tomographies to measioe release of water by the superabsorbent
polymerand is absorption by the paste. Most recently, Dauti efCauti et al, 2017)
presented their preliminary findings on the causes of canspalling. Their method uses
fast neutron tomography of heated concrete samplesu3é of fast neutron allowed the
studyof the dehydration process of concrete leading to spalling. They deatedsthat

the moisture distribution is influenced by thegegpates typesizeanddistribution They

were then able to propose a model for the underlying processes.

Lucero et al. ugneutron tomography to quantify water transport and degree of saturatio

in an air entrained cemehased mortar, in an effort tonderstand the process by which

air entrainment helps reduce the potential for freeze thaw of coifcuetero, C.L.et al,

2015) The researchers devel oped a model base
saturation of mortar without using a reference image in the dry stais esntmonly done

in neutron i maging. By expanding Beerds L

proportions and degree of hydration, the percent of water in the pores could be estimated.

Wyrzykowski performed tomography scans of mortar sampleseathdrmal neutron
beamline at Scherer institute to study the effect of shrinkage reducing adroix{pigestic
shrinkage of mortars made with lightweight aggregétégzykowskiet al, 2015) Taking
advantage of recent developments in algebraconmgruction techniques and Rron
sequential decomposition of projection angles, which allow for toapbgc scans of
dynamic water transport in eardge cementitious materials, the researchers made CT

scans at short temporal resolution of the drying psoces

As seen above, -Xay and neutron tomography have been separately used intensively as a

researchool to study hydration processes in concrete and degradation mechanisms. While
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X-ray helps researchers analyze the sts#iess mechanism and the straistrtbution

within concrete, neutron is mostly used to understand the underlying chemical processes
leading generation of internal stresses in concrete.sithaltaneoususe of Xray and
neutron tomography can therefore provide a more holistic approdih imderstanding

of degradation of concretiés manifestation aththe processes leading to tbegradation.

4.3. GeneralPrinciple of Radiographicrhaging

The universal principle for radiographic imaging techniques is that: as the radiation
passes througthe specimen, it is attenuated by an amount that depends both on the
thickness of the specimen alathg path taken by the radiation, and on the materials present

along that path.

The transmission;Yis the ratio of the transmitted beam intenst®@ , to the
incident beam intensit{p O :

Y "'O00F00 Eq.5

For a narrow path, the transmission behavior of the radiation can be described

according t dDeBderetalB2@)y 6s | aw

For a homogeneous materi@O 00 'Q Eq.6

For a heterogeneous materi@dd 00 Q Eq.7

Where'OO is the intensity of the transmitted radiation be&nQ the intensity
of the incident beant, ‘O the attenuation coefficient of the material under investigation
for the specific radiation typ&the length of the radiation path through the object, i.e. the

thickness of the sample.
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In this equation, the pameters'CO, OO andt O are radiation energy
dependent, meaning that a material will attenuate different radiations by different
magnitude. It also means that an element has different attenuation properties at different

energy levels for the sz raliation type.

4.3.1. X-rayAttenuation VS NeutroAttenuation

X-ray and neutron are the 2 most common radiations used in radiographic imaging
techniques and are therefore the main subject of our res¥dheim a radiation interacts
with matter, 3 types ofessporses can be observed: the radiation sanply continue
without interactionwith the matter (transmissignf can be absorbed by the matter or it
can be scattered into a different directidhe portion of the radiation which is absorbed

or scatteredtonstitute thattenuatiorfor that radiation.

X-ray radiation interaction with material depend on the density of the sample, i.e.
the electron cloud densifipe Beeret al, 2004) The Xray attenuatioms a functon mainly
of the local electron density which increases monotonically with the atomic number of the

element. Xray attenuation in a material is dueféoir interactions:

- Th Photoelectric effecin this interaction mode, the incident photomsfers all
its energy to atoms of the matter and cease to exist while atoms emit elaanlons
hence becomes ionized

-  The ThomsonScattering also known as Rayleigh or Coherent or Classical
scattering The photon interacts with the whole atom so that the photoatie s

with no change in internal energy to the electron and changes direction.
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- The Compton Scatteringn this case, the photonteracts with a free electroihe
electron gains energy and is ejected from its orbital position. XFrey photon
loses errgy due to the interaction but continues to travel through the material along
an altered pathrhe scattered radiation has a lengvavelength than the incident
radiation.

- Photodisintegration (PD) is the process by whichXhy photon is captured by
the nucleus of the atom with the ejection of a particle from the nucleus when all the
energy of theX-ray is given to the nucleus.eBause of the enormously high
energies involved, this process may be neglected for the energigays xsed in
radiography.

- Pair production In this interaction mode, the incident phottisappearsand two
particles are created: an electron and a pwsifThe pair production can occur
when the photon energy greater than 1.02 MeV, but really only becomes

significant at eneggies around 10 MeV

The total cross section for-days foratom'Q, - , isthengiven bythe equation
” F] ” ” ” ” ” Eq'8
Where, ,, ,, ,., . are Xray atomic cross sections for Thompson

scattering, photoelectric absorption, Comptatattering pair production and
photodisintegratiorrespectively(Wei-Shan et al, 2017) Elements with low density
attenuate less-says than elements with higher density. Tableshows X-ray attenuation

coefficient ofelemensg in the periodic tablat 125 KeV energy level.
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The interaction of neutron rays with matesiad different to that ofX-rays.
Neutrons are not affected by the density of the material, but instead they interact with the

atom nucleus. Neutron atigation depends upon parameters such(#gei-Shan et al.,

2017)
- Absorption or radiative capture ( ): The incident neutron is capturg the
nucleus of the atom with emission of a gamma and an isotope.
- Elastic scattering,( ): The incidenheutron transfersome of its energy to the
nucleus of the atom and bounce in a differentatiioa.
- Inelastic scattering,( ): The incidet neutron is absorbed by the nucleus and
emission of lower energy neutron and gamma
- The fission { ). Upon interaction of the neutron and the atom nucleus the
nucleus splits and more nucles are released.
The totalneutron cross section for atom “Q, can be written as:
” F] ” ” ” ” E Eq'g
In which, ,, ,, and , are the elastic scattering, inelastic scattering,

radiative capture and fission neutron cross sections respeciiadlig 42 shows neutron

cross section of element in the periodic table.

Hydrogen is one of the masbmmonelementsvith the highest neutn crosssection (3.44

cm) and consequently, neutron imaging methods are particularly useful for characterizing
hydrogenous materials. Therefore, the neutron attenuation in concrete is dominated by
hydrogen atom carentration. Since the expansive phaseoncrete all contain hydrogen,

this suggests that neutrons could be useful to identifying the individual phases.
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Consequently, hydrous phases such &HC gel, calcium hydroxide, ASR gel, ice and

ettringite presenin concrete can be individually idéied with neutron radiations.

4.3.2. Principle of Radiography
In radiography a source of radiation emits penetrating radiatioargys Neutron or
gamma) towards a sample. The incident radiation is attenuated (scat@/@dbasorbed)
by the material and a ssitive detector, with a high quantum efficiency for the detection
of the specific type of radiation registers the difference in attenuated radiation that has
passed through the samfize Beeret al, 2004) This produces a-dimension grejyscale
image (also called shadowgraph or radiograph) which may be considered as a measure of
the spatially varying integrated attenuation properties of the specimen and holds
information alout the sample thickness (includithe presence of cracks and voids) and
the chemical composition. If accurate details of the morphology or the chemistry of the

sample are known, it is then possible to extract quantitative data.

4.3.3. Principle of Tomography
Tomography is based on the prifeipf radiography. In tomography, an object placed on
a stage is rotated 180 degrees, while radiographs are taken at defined angular positions. A
complete 3Dimension image composition of the object is then computationally
reconstructed (for example usiripe filtered back projection algorithm) with the
radiographs. The filtered back projection is a one of the fastest and most efficient and
widely used method technique use to reconstrdbt ifnages from projections. The
sections below give an hilepth undestanding and background on the principle of

tomography.
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4 .4.Dual modality Imaging: Neutron and-cédy Tomography

4.4.1. Complanentarity of Xray and Neutron dmography
As we have seen previously, Neutron anda) radiations intexct with materials in a
completelydifferent way: While Xray mainly interacts with the electron cloud of an atom,
the Neutron rays interact to the nucleus of elements constituting the material as shown in
figure (Figure of interaction with matter). Neutrattenuation depends upon theajpson
and scattering crossections of the nucleus which can vary significantly from one element
to the next as it can be seen in TglBleriodic table with neutron). As can be seen in table
(periodic table with xay), as the atomic number increasese tray cross section
increases since the size of the electron cloud increases. However, there is no particular

trend for neutron total macroscopic cross section.

x-rays

neutrons

Incident neutron photon withenergy E;

Incident X-ray photon with energy E,

Figure4-1: Interaction of Matter with XRay and Neutron (Strobl et al. 2009 cited by Kim
(Kim, 2013)
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Figure4-2: Comparison of 45 KeV Xay and 25 meV thermal neutron Mass Attenuation
Coefficients as a Functiaosf Atomic Number, Where the neutron Cross Section Assumes
Natural Isotropic AbundanceSource: LaMannfd_amanneet al, 2017)
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Table4-1: Periodic Table with Xay Attenuation Coefficient of Elements for 125 KeV Energy (Grur
2005 Cited byDe Beer et al. 2005

Attenuation Coefficient for 125 KV X-ray (cm™)

H He
hydrogen helium
0.02 0.02
Li Be B C N O F Ne
lithium beryllium boron carbon nitrogen oxygen fluorine neon
0.06 0.22 |:| Gases |:| Liquids |:| Metalloids 0.28 0.27 0.11 0.16 0.14 0.17
Na Mg Al Si P S Cl Ar
sodium magnesium aluminum silicon phosphorus sulfur chlorine argon
0.13 0.24 0.38 0.33 0.25 0.30 0.23 0.20
K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine Krypton
0.14 0.26 0.48 0.73 1.04 1.29 1.32 1.57 1.78 1.96 1.97 1.64 1.42 1.33 1.50 1.23 0.90 0.73
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
rubidium strontium yitrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
0.47 0.86 1.61 2.47 3.43 4.29 5.06 5.71 6.06 6.13 5.67 4.84 4.31 3.98 4.28 4.06 3.45 2.53
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
cesium barium lanthanum hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
1.42 2.73 5.04 19.7 25.47 30.49 34.47 37.92 39.01 38.61 35.94 25.88 23.23 22.81 20.26 20.22 9.77
Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og
francium radium dubnium bohrium hassium nihonium flerovium
11.80
lanthanides | Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(rare earth cerium i samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium Lutherium
metals) 5.79 6.23 6.46 7.33 7.68 5.66 8.69 9.46 10.17 10.91 11.70 12.49 9.32 14.07
actinides Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
thorium protactinium uranium neptunium plutonium americium curium berkelium californium | einsteinium fermium mendelevium |  nobelium lawrencium
28.95 39.65 49.06 X-Ray

Table4-2: Periodic Table with Thermal Neutron Energy Attenuation Coefficient of
Elements (grunauer 2005 Cited by Beer 2015)
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rare eann carum pEse0gymum| meogymium | pometnum | samarkm europlum g Inkum terokem dyspro shum 1o Imbum erlum mulum ytterolum Lumerum
metals)|  0.12 0.41 187 572 17147 9458 1478.04 0.53 az42 2285 548 3.53 1.40 275
actinides| Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
momm | protctivkem [ wreim reptunum | pltonke | amedchm ourkm bekelm | caMumium | enstemum | ®mkm | mendeevum | nobelm | Ewenokm
0.59 8.45 0.82 9.80 50.20 2.85 et
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Table4-3: Neutron Attenuation Coefficient of Common Phases Found in Concrete

Phase Formula M:J:icﬂ?r H Density H density Attenuation
9 fraction glcm? Atoms/cm?® | coefficient cmt
g/mol
Quartz SiO. 60.09 0 2.65 0 0.284
Limestone CaCO3 100.09 0 2.72 0 0.258
CSH get (Ca0).(SiO2)(H20)1.8 187.83 0.019 2.61 0.0499 2.731
Calcium Ca(OH) 74.08 0.027 2.23 0.0602 3.193
hydroxide
Ettringite (CaOYRMI 205(CaSQ)aAH-0) 32 1254.62 0.051 1.77 0.0903 4.675
ASR qeb NaO 2SiOA H-0 214.08- 0.012- 1.937 0.0314- 1.833-
9 x=4-22 y=510 1563.78 0.032 2.46 0.0631 3.355
Water ice H20 18.00 0.111 0.9 0.1000 5.081
%Allen et al. 2007
bBroeckmann2012

This difference in interaction of -Xay and neutron with matters, thus different cross
section, can be useful in tomography because it enables a more accurate estimation of the
composition of the sample being investigafieid et al, 2009) For example, Neutromas

high attenuation coefficient for light atoms such as hydrogen whikeyhardly provides
contrast. Similarly,Neutron can easily penetrate some heavy material (aggregates for
example) compare to-Kay. This makes Neutron and-rdy two very complementga
modalities for material with hydrous phases like concrete, where we want to observe the
distribution of hydrogeous material within the mineral matiixaMannaet al, 2017) In

fact, X ray will provide good sensitivity to éhmatrix (aggregates) while neutron will
provide good sensitivity to hydrous phases lik&E gel, calcium hydroxide, potential

ASR gel, wateand ettringite. Tabld-3 summarizes the calculations of neutron attention
coefficients for phases typically fod in concrete, including quartz and limestone

aggregates. The CSH gel composition is based on Allen(@lleh et al, 2007) and the
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ASR gel composition on Broeckmari€astroet d., 2012) Figure 5-7 is a plot of
attenuation coefficient of concrete phases for thermal neutron agaR&ys<and it shows
that there is a great dispersion of points, meaning that the phases are more clearly separated
from each other. In this caserdy and Neutron imaging can be used to complement each
other to reveal comprehensive information about theptaimvestigated. Therefore, to
perform fAa dual mode t -capaferstlee pdieptialwfiiniptovesh e ut r
estimation of the compositioof a sample from the complementary interaction of the two
probes wit fLamhahneetas, 200pP | e . O

4.4.2. Backgound on théJse ofDual Modality Tomography: Neutron and-X

ray

The approach of combining Neutron andaytomography have demonstrated its potential
in different other fields. Vontobel did one of the early experimentation of the approach in
2005 to invesgate rock(Vontobelet al, 2005) Since then, It has been used in different
fields: in the nuclear industrfpe Beer, 2015)in archeology to study historical objects
(Manneset al, 2014; Mannest al, 2015) in thestudy of fuel cell{Mankeet al, 2001)
in material sciencé€Johnet al, 2010) in earth science, geologWei-Shanet al, 2017;
Vontobelet al, 2005; Lamannat al, 2016)and other areas. It is used commonly to
complement conveional destructive methods of analysis. The useatron tomography
combinedwith x-ray tomographyn concrete research is recent and has been used mostly
to analyze the hydration mechanism, moisture transport in concrete and cementitious

material and ta resulting degradation.

Trtik et al.(Trtik et al, 2011)and Lura et al(Luraet al, 2014)combined neutron and-X

ray tomography imaging techniques to study internal curing in concrete with lightweight
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aggregate. k6 study focused on evaluating the change in water distribution within
concrete whileLur aés study evaluated the wus-e of
derived waste (bieWA) as a measito mitigate concrete shrinkage. Both studies used a
method desribed as 4D computer tomography in which neutron amdyXCT are applied
repeatedly ovetime nondestructively on the specimen, which allow for the measurement
of water released by the lightweight aggregate and water content of the concrete as a
function of time. Subtracting 3D images obtained by subsequent neutron tomographies
was usedo evaluate the change in water distribution within the concrete sample while
segmentation preformed onrdy tomographiesvasused to determine the boundaries of

the LWA in the concrete specimen.

Kim used dual modality imaging (Neutron anega§ tomographyin order to characterize

the flow through porous med{im, 2013; Kimet al, 2015) Advanced image registration
technique was used to combine the dual modality data in order to achieve quantitative
analysis.The gain size distributionthe pore size distribution and theater saturation

along the height of the specimens studied wetaindd from the image data and the author

was able to perform predictive simulations to obtain capillarity pressure.

The currentproject, which is an ampt to use two modalities (neutron aneray)
tomography to characterize DERduced damages in comte falls in line with the
previous studies herein mentioned. Howevedraws its originality from two main

particularities:

- The fact that the two toographies are done simultaneously. In all previous
studies mentioned abovee two modalitiesmagingwereimplemented in

a serial configuration where the samplasamaged with one technique
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followed by the otherThe goblems arise when investigating gales that
slowly evolve with time or stochastic processes as samples will not be
identical foreach imaging mode as scans can take around 12 h to 24 h or
more tocomplete(LaManna et al. 2017).

The secondparticularityis the fact thathe current studgoes beyond a
mere observation of mechanisms taking place in concrete and atempt

guantifythe amount of ettringite forming in concrete over time.
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Chapter 5 Sample Preparaticemd Materials

5.1. Introduction

The materialsisedand corresponding specificatioase outlined. The concrespecimens
usedin this study wer@reparedn the Civil Engineering Ladratoryof the University of
Maryland at CollegePark (UMD) and at the NationdReadyMix Concrete Assciation
Laboratory (NRMCA) in Geenbelt, Maryland. Thiderature review and previous research
done at UMD(Ceesay, 2007; Mcmorris, 2008ave demonstrated that adding potassium

to the concrete mixture can accelerate the formation of DEF and thus the deterioration of

concrete.

Two concretebatches were made for this projebe first batch with the noral content of
potassium contained the cement (0.79% of the weight of cement) was used to make two
sets of specimens called Set 1 and Set 3. The other batch had potassium carb0@gte (K
added to the mixing water in order to increase its potassiutarddnl.72%6 by weight of
cement. Tht batch was used to make one set of specimens called §s@mens from

Set 1 and Set 2 would later undergo heat treatmidre two concretebatches were
proportioned and mixed in the same manner as described Aé¢lespecimens to be heat

treated wes subjected t@heat cycle.

5.2. Experimental

Concrete specimensaremade and cured according to ASTM CiB2Standard Practice
for Making and Curing Concrete Test Specimens in the Laborg@&&YM 2016).In order
to accetrate Delayed EttringitEormation, thespecimens were subjected@ogganheat

cycle. In addition thsamplesverecastwith end gage steel studs instd@kesayet al,
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2007; Amdeetal., 2003) The aim olusing specimens cast with end gagesto facilitate

length change measurements.

5.2.1. Sample Preparation

Each of the three sets used in this study was comprise of three sizes of concrete specimens:

3in. x 3in. x 11.25n. prisms useddr Weight change measurem&ahd expansion
measuremest The prisms were each equipped vatte steel gage stuad each end
to monitor the length change of the specimens periodically, instead of the drilled

cores suggested by the Duggan Method.

4in. x 8in. concrete cylinders were used for compressive stretegting. Samples
usal for scanning electron microscope (SEM) were tekkem specimen used for

compressive strengttesting after they were broken.

2in. x 2in. concrete cylinders were used for Nem and Xray computed
tomography (NeXT). Polystyrene, Barium titanate atainlesssteelMicrosphere
standards were embedd@deach th x 2in cylinder at various heights to serve as
gray scale reference for tomography images.tahke below providethe location

and number of microspheres used.
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Figure 5-1: Approximate Location of CalibratioStandardin a 2n. x 2in. Concrete
Cylinders

Table5-1: Distribution of Microsphere Calibration Standards in.X 2in. Concrete
Cylinders

Layer height (in) Number of microspheres Material Diameter
Set 1 Set 2 Set 3 (mm)
H1 0.5 5 5 5 Polystyrene 1.95
H2 1.0 5 5 6 Barium 0.85
H3 15 8 9 9 Stainless 0.88

The samples were prepared in accordance with ASTM @693tandard Practice for
Making and Curing Concrete Test Specimen in the laboratory. The concrete mix was
proportioned using the Absolute Volume Method. The batch usetkf@ had potagsm
carbonateaddedto the mixing water as to obtamtotalpotassium conterdf 1.726 by
weight of cement while theoncrete batclised for sets 1 and 3 had no added potassium
and its potassium content based on potassium content of the cement use@dcestima
0.79%.The Water to cement ratio for concrete used in this project was 0.5 for the batch
with no added potassium but it was increbiee0.55 for the batch with added potassium
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in order toimprove workability. Table £ below provides the mass cposition of he
concrete mix foone (01)cubic yard of concrete arichble 53 summarizeshe number of

specimengabricated fromeach concrete batch.

Table5-2: Concrete Mix Design fot Cubic Yard

Constituent Weight (Ib)

Cement 770
Coarse aggregate 1490
Sand 1172

Water 385/423.5 (for batch witl
added potassium)

Table5-3: Test Matrix for the Experiment

Specimen siz Batch 1 Batch 2

Setl Set 3 Set 2
Expansion and Weig 3 0 X 3 0 X 5 5 5
Compression Test & SH] 4"x8" 15 15 15
Tomography 2"x2" 2 2 2
Total 22 22 22

Motor oil was spread inside the molds with a sponge to help theotting process. The
matrials were proportioned in buckets using a mechanical scale and the potassium
carbonate was measured on a digital metric scale and dissolved in the water used for the
high potassium batch. A rotating mixer with a capacity of 3.0 cubioAfastused to mix

the concrete. After the concrete mix was prepared, it was poured into the molds.

- In 4in. x 8in. cylinder molds the concrete mix was pouredtwo layers, rodding

each layer 25 times and tapping the cylinders against the floor aftetagach |
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- The 3n. x 3in. x 11.25n. prisms were also tapped against the floor as the mixture

was poured.

- In the 2in. x 2in. cylinder molds, concrete was poured in four layers of
approximatelyhalf inch each, rodding each layer 25 times. After rodding each
layer, a certaimmumber of microsphere standard of specific type was placed

randomly on top of the layer before pouring tiext layer Figure 51).

Once this was complete, the specimens were struck off to obtain a finished smooth surface
and either covered with aluminuiwil (prisms) or with a lid (cylinders) to prevent drying

and shrinkage.

After casting, all concrete spewéns werecuredin a moist roomat 75°F for 24 hours

before demolding. The specimens were then subject®ebtdifferent treatments:

- Continuous aring inthe moist roomat 75°F for control pecimengset 3)

- Heattreatmenftor thetwo otherset: Set 1(No added potassium) and set 2 (with

added potassium).

5.2.2. HeatTreatment
a) Introduction
Heattreatmentduring curing of concrete has been shown to be onkeofmain factors
leading factor to delayed ettringite formation. The main objective of the heat treatment
during this study was tanitiate cracks and promote tHermation of ettringite in
specimens. fie literature review provides varioaycles commonly sedfor the heat

treatmenbf concrete specimens in research
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b) Overview ofDifferent ThermalCycling Approaches
Numerous heat treatments can be found in the literature review to accelerate formation of
secondary ettringite in concretall those heat cyclesvere suggested iran effort to
develop astandardizedest method to assess the potential for DEF in laboratorgrete
samples. They include the Duggan, the Fu and the Kelham cycles as smth@asesser

known methods

- The DuggarCycle (1986)
Presentd by Duggan in 1986t is one of the first heatyclesto be extensively used. The
method uses concrete coreekenfrom a structure or from laboratepast prisms or
cylinders which are the subjected to a series of thsaecessivédeatng-cooling cycles

(Figure5-2).

1 For the first cycle, aftecuringfor 3 days thecores arglaced in a drair
oven at 180°F for one dawfterwhich they are removed from the oven,
allowed to cool for 1 hour, and placed in distilled water for 1 day.

1 A second iday heatng, day soaking cycle is performed.

1 A third cycle is performed, but this time theres are left in the oven at
18C°F for 3 days. Athe end of the third heating cycle, the cores are removed

from the oven andllowed to cool for 1 housnd thermeasured.
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Temp. (Celcius)

Cycle 1 Cycle 2 Cycle 3

0 24 48 7 a8 120 144 168 192 216
Time (Hours)

Figure5-2: Duggan Heat Cycle for Mortar and Concrete Samples

The Duggan heatycle has been widely criticizedithin the scientific communityThe
biggest drawback is thdahe heating cycles do not regent practical heating regimes
(Lawrence, 1995)Other researchers argue that the heating cycle is too severe and may
lead to damage even with concrete known to have good performance in pratisevere

heat cyck may cause microcracking of the concrete and ettringite found is just
opportunisticay formed due to faster penetration of water and increased number of
nucleation sitesAnother critique suggesthat the severe heat cycles induce modifications

of the dhiemical and mechanical properties of conc(@lot e Grabowski, 1990)Day

(Day, 1992)notedthat the results of the Duggan test has not been correlated with field

concrete.

-  TheFuCycle(1996)
Fu proposed this method as an improvement to the Duggan method. ledst@imimic

the heat aring process in precast plants, but it involves and extidnying event to trigger
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cracking into the concrete specimeigs constituted of two heatingooling cyclesigure

5-3).

1 The specimemarecured forlh at 23C and the subjected to progressv
heating until the temperature reaches 95°C in 13 houes, the specimens are
progressively cooled to 23°C in 10 hours.

1 For the second cycle, the specimens are suddenly heated to 85°C and
maintained at this temperature for 24 hours then rapidly cool@8€C and then

stored in limewater.

The Fu cycléhasfacal the same criticisras the Duggan cycle

“Fu Test” -Curing Cycle

100
ool} Hod @esC l |
for 12 hours Dry in oven @ 85°C for 24 hours
80 ‘
T 70 Cool t0 23°C
— in 4 hours
s |
& 60
tg Heat to 85°C
in 1 hour
§ so0
. \
40 \
Store in water @ -
30 Store in lime- 4
|Hoe @ 23c ¥ ClorBhours __ wzeroday” water @ 23°C
for 1 hours H" measurement -
20 et
0 12 24 K] 48

Age (hours)

Figure5-3: Fu Method to Assess DEF (Thomas, Pers@mhmunication2000 after Fu
1996)

The KelhamCycle (1995)

Kelham proposed this method as an improvemenbdth the Dggan and the Fu heat
treatmentgDay, 1992) It mimics heat curing as practaten precast plants. It

consistsof a single heatingooling cycle. The sgrimens are cured for 4 hours af@3
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and hen progressively heated at a constant rate until the temperature reaches 95°C where
they are kept for 12 hours. The specimens are progressively cooled to a temperature of

23°C and then stored in limewater at €3Figure5-4).

O 70 l 3 \
- Hold to Tmax ;
2 @ 20°C/ hour &
3 e . :
=4 H Cool to 23°C
2 : @ 20°C/hour
E sp i 1
= H :
. /— Zero-day”
40 l - measurement
305 Hold @ 23°C : / |
: for 4 hours ] Store in lime-water @ 22°C
-1 AT
-5 | -——*——-—P—-————}
0 12 24 38 48
Age (hours)

Figure5-4: Kelham Method to Assess DEF (Thomas, Personal Communication, 2000 after
Fu 1996)

- Other Thermal gcles

Other lesser knowmethodsincludethe Stark and Bollmann Method992
which is more complex andhvolves multiple freeze thaw cycles with no
immersion of specimerand the Lane and Ozyildirim Method (199#)sed on

the Duggan Cycle but with different heating temperatures

c) Selection of Heat Treatment to Accelerate Ettringderation
In the literatue review, it has been observed that there are different test methods. The
selection of a suitable test method for this experimental investigation was based on the

following requirements:

- The method should be able to produce resulisin alimited time frame.
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Experimenal procedurs should be compatible (mimic) with the field condition.
Clear expansion shoutstcurwhich anbe easily quantified.

The method should be practicable and adoptahtierthe available labratory

facilities.

Eachof thetestmethod mentionedn the literature review was considered basethese

selection criteriaFrom the preliminary analysis the Dugg@uggan e Scott, 198%3nd

the Fu(Fu e Beaudoin, 1996aycleswereselectedor final evaluation. Based on the test

regime it was identified that Duggamgcle hasthe followingadvantags over the Faycle

Shortpre-curing time. A short pretorage period prevents complete consumption
of the sulphate and creates the background to trap the available sulphates into the

C-S-H phase.

Quick ramping period. The remaining sulphate, or sulphate from decomposition of
the alcium sulphoaluminate hydrates will be rapidly adsorbed b$-I€ gel
forming "phase X" in the cement product when high temperature -“aaiisty

follows.

Extreme drying cycle. The thermal drying fireatment simulates the weathering
process that createsiaroaacks in the cement products after high temperature
curing. This treatment is mainly a craglaking process rather than a phase

changing process.

Due to these reasons and practicality, the Duggalewas adopted for this experimental

investigation.
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d) HeatTreatment ofConcreteSpecimers
After demolding, the concrete specimsevere stord in the moist room at NRMCA at a
temperature of 75°F and 100% RHIl #pecimens for Set 1 (Normal potassicontent)
andSet 2 (high potassium contentgresubjected tolte Duggan heatycle approximately
3 days after castinglThe Duggan Cycle was carried out in the following manner: The
specimens were placed in an oven at 82~180°F)for the first 24 hours. In the saub
day, the specimens were taken out of the ovenadlowed to cool down for one hour and
a half before storing them in water for another 24 hours. This process was repeated on the
third and fourth day. On the fifth day, the specimens were placed invidre at 82
°C(~180°F)for the next 72 hours. Onceigtheating period was over, the specimens were
allowed to cool down for the last 48 hours. The initial measurements of expansion (zero
readings) and weight change were taken after the completion ofthedayall specimens,

including those that were hheat treated, along with the first tomography scans.

Figure5-5: Specimens in Oven During Duggan Heat Treatment
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5.2.3. Storage
After the heat treatment, all the specimens including those that had not undeggbeatt
treatment (Set 3) were stored in saturated limewater for the whole duration of the study.
The3in. x 3in. x 11.25n. prisms andhed4in. x 8in. cylinders were stortkin large basin at
NRMCA. 2in. x 2in. specimens designed for tomography were stor@dsmallcontainer
filled with saturated limewater deposited insafe cabinet at NIST due to concerns

regarding irradiation, while the rest of the specimen weredstardRMCA.

Figure5-6: SampleStorage in Saturated Linveater

5.3. Material

5.3.1. Cement
The selection of a cement type for this experiment wasdbasets susceptibility to
Delayed Ettringite FormationExperimental investigation by Fu and Beaudbin e

Beauain, 1996b; ahave revealed thatype Ill Portland cements are the most susceptible
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to DEF due to their high content in sulfate, tHeie particle sizeand their higher heat of
hydration compare to other types. These results where further confirmmdbgquent
works of Famy(Famyet al, 2001)and by Ramlocha(Ceesay, 2007)ESSROC Cement
Corp. povided the cement. An-Ray Fluorescence (XRF) spectroscopy was performed
on a small sample of the cement by CTL Group in Skokie, lllinois and it revealed that the
cement already contained 0.79% of potassiup®{Ky weght. The complete report of the

spectroscopy is included Fable5-4.

Table5-4: Composition of Type IIl Portland Cement from XRF Spectroscopy

Analyte Weight (%)
SiO, 19.93
Al>03 5.09
FeOs 3.41
CaO 63.00
MgO 2.19
SG; 3.46
NaO 0.18
K20 0.79
TiO 0.26
P>Os 0.09
Mn2Os 0.16
SrO 0.10
Cr03 0.03
ZnO 0.08
L.O.I. (950°C 1.12
Total 99.91
T-AlK (Na20 + 0.658K0) 0.71

Calculated Compounds per ASTM C152 (No Adjustmentfor possible limestone onorganic
processing additions

C3S 56
CS 15
CsA 8
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C.AF 10

CsS+4.75 x GA 93

5.3.2. Fine andCoarseAggregates
The sand and aggregates used in this study conform to ASTM @83The sand was
York Building Product manufactured sand from Perryvillamy, Perryville, Maryland. It
is classified anonreactivein the Maryland State Highwadministrationclassificaion.

Table 55 containghe technical information of the sanded in the experiment

The Coarse aggregate wamsen tdhave a maximurgran sizeof 1cm, so that we would
have a representaé concrete sample in then2x 2in. molds. Therefore, the ASTM #8
coarse aggregate was selected with a maximum size oh 3/.9.5mm). The coarse
aggregate used was provided by Aggregatdsistries)nc. from their Rockville quarry,
Rockville, Maryland.lIt is classified asnonreactive material in the Maryland State
HighwayAdministrationclassification.Table 56 providesthe technical information of the

coarse aggregate.

Table5-5: Technical Information of Fine Aggregates

York Building Products, Perryville Quarry, Maryland Natural Sand
Technical Information Sheet

Rock Type: Silica sand
Color: White to beige
Average gradation Dry Analysis
ASTM C136 % Passing

3/8 (in) 100

#4 99.4

#8 86.5

#16 59.6

#30 25.0
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Unit Weight, Dry Rodded

Los Angeles Abrasion (%)

#50 8.2
#100 0.7
#200 0.2
Specific Gravity (SG) 2.646
Absorption (%) 0.4
Alkali Reactivity of Aggregates (%) 0.02
(ASTM C1260)

Soundness (%) 0.8

Table5-6: Technical Information of Coarse Aggregates

Aggregates Industries, Inc. Rockville Quarry, ASTM # 8 Stone

Technical Information Sheet

Rock Type: Carbonate Calcitic limestone
Color: Light to Dark gray
Averagegradation Dry Analysis
ASTM C136 % Passing

1 (in) 100

3/4 (in) 99.4

1/2 (in) 86.5

3/8 (in) 59.6

#4 25.0

#8 8.2

Pan 0.7

Specific Gravity (SG) 2.727

Absorption (%) 0.4

Alkali Reactivity of Aggregates (%) 0.01

(ASTM C1260)

Soundness (%) 0.1

Unit Weight, DryRodded
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Los Angeles Abrasion (%) 12

The coarse aggregate was analyzed by Prompt Gamma Activation Analysis (PGAA) at the

NIST NCNR and theesults argjiven inTable 57.

Table5-7: Mass Element Composition of Coarse Aggregates from Promptn@am
Activation Analysis

Mass Elemental Composition of Coarse Aggregate obtained by PGAA

Element Ca Ca Mg Si Fe O Cl H

Percentage 25% 10% 16% 2% 2% 45% 243 ppm  279.96ppm

Ppm: parts per million

From the information sheet and the maksmental composition, we concluded that the
coarse aggregate wasdolomitic limestone. The elemental composition alasused to

determine the attenuation coefficient of the aggregabetused for phase segmentation.

5.3.3. Potassium Carbonate
Anhydrous granular reagent grade potassium carbonaf®O@glwas added to the mixing
water in order to increase the potassium content. 1.5% Potassium carbonate by weight of
cement was added to mixing t@afor Batch2. Therefore, the total potassium cortteh

the mix for this batch was sated at 1.72%.
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5.3.4. InternalCalibrationStandards:Microspheres
One of the main challenges in analyzing tomographic images for a multiphase material like
concrete is th calibration of the grayscale in order to performnsegtation. In order to
achieve thispbjects with unique shapes and known attenuation factors were inserted into
concrete samples use for tomography. The choice was madertocugsphere bead that
were inserted into i. X 2in. specimens during casting. These microspheres would serve
as calibration standards aatso,they will be used for beam hardening correction. The
microsphere materigivere selecteds tohave their attenuation coefficiergganthe range
of values to bexgected in the concrephaseswater, ettringite, calcium hydroxide, quartz
and limestone. Therefore, thremterialswere selected for the microsphere: Polystyrene,
Stainless steel and Barium titanaféey were chosen on thedis of attenuation factor,
commercial availability and cost. TablB-8 summarizes the neutron atterion
coefficients for phases typically found in concrete, including quartz and limestone
aggregates as well as those of internal standards used inuitys sthese have been
calcuated from their elemental compositions using the NN&utron Activation and
Scattering Calculator, except for the asterisked values which were obtained by
experimental measurement on mortar samfllesero, Catherine Let al, 2015) These
microspheres of 1mm diameter were placed at known locations during corastite) c

(Figure 51).

a) PolystyeneMicrosphere
Polystyrene microspheres were selected because the value of attenuation coefficient of

polystyrene polymer (4.1ém1) is comprised between the value of attenuation coefficient
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of water 8.808 cmt) and the value of attenuation coefficieftettringite, therefore it can

efficiently be used to segment water from ettringite in pore structures.

b) StainlessSteel Microsphere
Stainless steel has an attenuation coefficient value ¢t between those of the &
H gel (2.675cmt) and coarsaggregates (0.258m71) and thus was used to distinguish
each of those phases during segmentation. In addition, due to its déhsisythe highest

attenuation coefficient to Xay and was used for beam hardening correction.

c) Barium TitanateSlass
Barium titanate glass has an attenuation coefficient value (¢ between those of
the GS-H gel (2.675cm™) and coarse aggregaté® 258 cmt) and thus was used to

distinguish each of those phases during segmentation.

Table5-8: Attenuation Factors for Phases Found in Concrete for 25 meV Versi
45 keV Xray Photons

oh Neutron Attenuation| X-ray Attenuation
ase
coefficient* (cm?) Coefficient(cm?)
Water* 3.808 + 0.036 0.24
Fine aggregate* 0.33® £ 0.002 0.95
Dry cement* 0.369 + 0.005
Concrete | C-S-H gel* 2.675 + 0.266 1.75
Coarse aggregati 0.258 1.81
Calcium 3.193 1.85
hydroxide
| Ettringite 4.675 0.92
Expansive
ASR gel 1.833- 3.355
Phases
Water ice 5.081 0.24
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Stdnless steel 1.18 21.04

Internal Barium titanate 2.16 61.44
Standards| glass

Polystyrene 4.12 0.21

*NeutronExperimental value Is&d on Lucero et al. (201¢

G vy
1 =Water ®  Concrete phases
5 - :
a Ettringite © Attenuation sjtandards
1 o Polystyrene A Water (experimental)

AWater (exp.)
3 Calcium hydroxiden

Meutron Attenuation Coefficient, n[:rn"I

| CEH Gelm
2 Barium titanate ©

. Stainless steel
1_ n

Limestone
Quartzm . P

o 4+—-—Fr——r——rrrr

0 1 2 10 20 30 40 50 60

X-ray Attenuation Factor, cm’

Figure5-7: Plot of Computed AtenuationFactor forPhased-ound inConcrete for 25
meV versusA5 keV Xray Photons
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Figure 5-8: Placement of Figure 5-9: Polystyrene

Polystyrene  Microsphere Microsphere Visible
(yellow arows) During (yellow Arrow) in Neutron
Casting CT Slice

5.4.Casting and curing of Concrete Specimens

5.4.1. TheMolds
Three types of molds were used in this study including standard molds used for
conventional macroscopic tests andnstandard molds thawe have designed for

specimen to be used for tomography.

a) For 3n. x 3in. x 11.25n. PrismaticSpecimens
For 3n. x 3in. x 11.25n. prisms used both for expansion measurement and weight change
measurement, steel moldsnforming to ASTM C490 specificatiamwith provisions for

stainless steel gage studs and an effective gage length of 10 inches were used.
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b) Ford4in. x 8in. Cylindrical Specimens
4in. x 8in. PVC cylinder molds conformg to ASTM C470 specifications were used to

prepare for the compressive sigdmntesting specimen.

c) For2in. x 2in. Cylindrical Specimens
Custom desigad2in. x 2in. PVC cylinders were used fspecimen design for tomographic

scanning.

Figure5-10: Overview of 2n. x 2in. Cylinder Molds

Figure5-11: Steel Prism Molds andr x 8in. PVC Cylinder Molds
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Figure5-12: Steel Gage Studs in Steel Prism Mold anith.1Rod Spacer
5.4.2. Moist room br Concrete @ring
All specimenswvere cured as per ASTM C19% and ASTM C5141.3 in a moist room at
NRMCA for 24 hours The moist room was set to a temperature of 75°F and 100% RH.
After the 24 hours, specimens to be heat treated were remaVptheed inthe oven while
the control speémens were left in the moist rooomtil the initial expansion measurement
were madeAfter the initial measurements were made, all the specimenssiggesl in

saturated lime watdor the rest of the experiment

5.5. Computed ®mography Specimeidounting

Prior to scanningCT specimes required additional preparation: they were glued on steel
base plates using an epoxy reand wrapped in Teflon filmdfore they were mounted on

the stage.

5.5.1. StainlessSteelBasePlates
Concrete ylinders used fotomography imaging were fastened to stainless steel base

plates Figure 513). The base plates had two main purgose
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- They hadhreaded rods that screw into the CT stage for accurate alignment.

- They also had notches milled on the edgfedifferent distances to provide fiducial
marks that were used during image registration for accurate registration of

reconstructed-B tomograms from scans at different times.

The concretespecimensvereglued b thestainlesssteelbase plates after delding and
heat treatmenising an epoxy adhesive. theynained attached to the base until the end of
the study.The stainlesssteelmaterialwas chosen to prevent rusting of the plates during

storage in limewate

5.5.2. Epoxy Adhesive
A two-part marine gradeepoxy adhesive was used to glue the concrete cylinders to the
stainlesssteelbase plates (Figurg-13). This type of adhesive was selected for its heat
resistancgwith a temperature range betwe@®°F and 200°F) and its high stability to

acid, alkalineand caustics.

5.5.3. Teflon Film
Teflon film which is the brand name for PTFE (polytetrafluoroethylene) wed toseal
the concrete samplesidng scanning (Figre 514) in orderto prevent changing levels of
pore water content due to evaporation. In fact, grefiminary investigatiorhad shown
that the samplmseswater duringscanning du#o heat generated by the impact of neutron
beam on the sample. The Teflon film was chosen becatslofv density (2.2g/ cr)
which rendered it invisible to the-ky and its low neutronattenuation coefficient (0.295
cm) which renders it invisibleotthe reutronbeam l'tds resistance to

at 327°C) made it a good candidate for our study. A8 Teflon film was used.
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Concrete

Notch
Threaded rod

= Epoxy
Steel base plate

Figure5-14: 2in. x 2in. Concrete
Cylinder Wrapped in Teflon
Film Ready for Scanning

Figure5-13: 2in. x 2in. Concrete
Cylinder on Steel Badelate

Figure5-15: Location of Notches on Steel Base Plates

72



Chapter 6 Conventionalless Procedures

6.1. Introduction

Conventional tests included those @i at characterizing the specimens at the
macroscopic scale (pansion and weight change measurements, compressive strength
test) as well as the microscopic level (Scanning EdectMicroscopy with Energy
Dispersve X-ray). The frequency oéach testvas de¢rmined to monitor the evolution of
DEF in the samples andsaxiatel damages over time. Tablelfrovidesa snapshoof

the frequency ofarious tests.

Table6-1: Tests Frequencies

Test Expansion Weight change Compressive SEM and EDAX NeXT
Measurement strengthtest
Frequency| Every 2daysuntil Same agor

appearance of Sameasexpansion 9,40,83,120, compressive 9,39,66,102,148
surface cracks, 5 measurement 337days strengthtest 230days
days afterward

6.2. ExpansionMeasurement

Expansion measurements were taken in @zwe with ASTM C 15244 Standard Test

Method for Length change of Hardened Mortar and Concrete with a digital comparator
accurate to + 0.0001 inches and a referel@éinch invar bar. Initial length change
measurements were recorded immediately after abmpletion of the Duggan Heat
treatment and before storing the specimen in saturated limewaterirkix&i8. x 11.25n.

prisms from each set were used to measure the leciggimge at intervals &to 5 days.

The measurements were recorded, theretpansion of each prism calculated, and the
average expansion of each set calculated. The expansion measurements were made after

thespecimens were taken out of the water and the excess water was removed with a towel.
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An arrow mark was made on one endafeh pri sm i ndi catndallg t he
prisms were always measured with the marked positioned up as required by ASTM C490

16 for accurately obtaining comparator readings. All lergjtange measurements were

done in a B3°F room. Figure 4.6 showscancrete prism positioned to measure the length

change with a digital comparator.

Figure6-1: Comparator Set Up fdExpansion Measurement

The expansionf aconcrete specimenasdeterminedising the folloving formula:

o

Yo — pmrmnb Eq.10

Where,
Y0 : Lengthchange of the specimen at any agétn

0 : Comparator reading of specimenxadge minus comparator reading of reference bar

atagex days inches
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0 : Initial comparator reading of specimen minus comparator reading of reference bar at

that same timenches

"0 Nominal Gage length of 10 inches

6.3. WeightChangeMeasurement

Weight change measurements were dom&n. x 3in. x 11.25n. prismsafter hey were
measured forexpansion. The specimens were blotted surface dry by wiping with an
absorbent paper towel until all visible films of water were removed, then measured for
expansion and immediately weighed. The same five prisised for expansion
measirement were used faveight change in each set. A digital weighing scale accurate

to 0.1 grams was used for the weight change measurement. The measurements were
recorded, the weighthange of each prism calculated and then the average weight change
of eah set calculated. Fige 6-2 shows a concrete prism positioned for weight

measurement with a digital scale.
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Figure6-2: ConcreteSpecimen Positioned for Weight Measurement on a Digital Scale

The weight chages of thespecimens were calculated in percentages using the equation

below:

Yo —— pmmb Eq.11
Where,

Y& : Weight clange of the specimen at any agé4n
® : Weightof specimen at age x.

w : Initial weight ofspecimer(at age 0 days)

6.4. Compressive Strength

Compressive teength test was performed in order to access the impact of DEF on the

compressive strength of concrete as ettringite is formed in concrete over timedihhree
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x 8in concrete cylinders from each set were tested at each stage of the stesiyarating

to the frequency of tomographic scans (3able 61 for test frequenes). Compression

strength tests were performed in accordance with ASTMIBE®andard Test Method for
Compressive Strength of Cylindrical Concrete Specim&heee 4n x 8in cylinders fom

each set were tested at each stage. The compressive strength reported is the average
compressive strength. A machine with a 1,000,000 Ibs capacity was used. The specimens
were removed from the limewater, dried off with a paper towel, rmadsured before

testing them at a load rate of approximately 25,000 Ib/min. The first compression tests were
performed immediately after the completion of the Duggan Heat treatment and before

storing the specimen in saturated limewater.

Figure 6-4: Compression Testin( Figure6-3: Compressive Test
of a Concrete Cylinder Machine Used
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6.5. Scanning Electron Microscopy (SEM) and Energy DispersirayXAnalysis

(EDAX)

6.5.1. Introductionand Background
There are many visual techniques used in the literature to identify material present in
cracks, voids and cavities obrmcrete in order to determirtliee failure mechanism. They
include petrographic analysis, scanning electron microscope which is sometimes coupled
with Energy Dispersive Analyzer-Xay (EDAX), the differential scanning calorimeter, and
the quantitative xay diffraction. Scanning elexn microscopy was used in this study to
confirm and validate findings made with the neutron amdyxtomography. SEMEDAX
has been the tool of choice of many researchers when they want to differentiate expansive
phases in camrete and cementitious matr(Marusin, 1993; 1994; Hime, 1996; Ceary,

2007; Ceesay, 2007)

6.5.2. Principleof SEM1 EDAX
A high-energyelectron beam is scan across the surface of a specimen. From the interaction
between the neutron beam and the surface of the specimen, threesigaails are
produced: backscattered electrons, secondary electronsiayd XAnalysis of those three

signals allow for characterization of the specimen.

Backscattered electrons are higihegy electrons (>50eV) that have undergone multiple
scattering evet within the specimen. The backscattered electron image contrast is
generated by the different phasesd6 composi

The electron miographs obtainelly using higkenergy backscattered electrons reflect
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differencesin the atomic nhumbers and can distinguish among the particles based on the

variation in brightness of the topography image of the specimen.

Secondary electrons are low energy electrons #miltr from inelastic collision of the
primary electron beam witklectrons of the specimen material. Since they are low in
energy, they are mostly absorbed by the specimen and only those prodacthe surface
escape. The electron micrographs that as&ined by using low energy secondary
electrons are capable dfi@ving the morphology of the microstructure in two or three

dimensions and the surface topography of the specimen.

X-rays produce by the interation of the highenergy neutron beam and thesimnen are
used to perform microanalysis of tlspecimen. Xrays are captured with an egg
dissipative detector. The-My signal can be used for spectrum analysis to determine the
presence and concentration of chemical elements in the specimen, tay disel
concentration change along a line or telement spatial distribution and relative

concentrations to allow phase identification.

6.5.3. SamplePreparation for SEMind EDAX
Sample preparation for SEM is an important step and depends on the intended tige. For

study of failure mechanisms, two methods are commonly used:

The fracture surface method is sometimes used for specimens to be examined by secondary
electron imaging écause of the high degree of resolution and depth of field obtained with
this imagirg technique. This method has the advantage that it does not require further
treatment other than drying and coating the specimen. Thus, whatever is seen on the

fractured stface is not altered by other treatments. However, information about the
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compositionof deposits found on a fracture surface must be considguatitative;
guantification requires the use of supplemental methods suckrag Kffraction or wet
chemistry. Another limit of the method is tht fractured surfaces do nmpresent the
materid as a whole, but only its weakest surface. This mehliasdbeemsedextensively
in the diagnosis for DEF distress mechanism in concrete and r{Otiarholsteret al,
1992; Marusin, 1995)Ceesayet al, 2007; Amde, 2004; Amdet al, 2005; Amdeet al,

2003)

The flat polished surface method is the only one suited for backscattered electron imaging.
With this method, the specimen is saut as to producesurface with the least amount of
deformation and poligd with successively finer silicenarbide grit to obtain a smooth

surface. This method is the most commonly used md®ioayan, 1995; Stutzman, 2001)

Regardless othe method used, the sample is coated with a tyerlof electrically
conductive material to prevent the accumulation of electrical charge on the surface. The

usual choices are carbon or gold.

6.5.4. SEMand EDAXExperiment
Scanning Electron Microscop{sEM) with Energy DispersiveX-ray analysis(EDAX)
were dme at the FabLab of the NanoCenter of the University of Maryland, College park.
We used the Hitachi-3400 variable Pressure SEM scanner that allows scanning of
conductive and nooonductive samples and ifitted with an EDAX analyzer for

determining elemaal composition of samples.

The method of fracture sample was used because it is excellent for showing crystals of

DEF in paste or at aggregate partipbste interfaces In addition, whenused in
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combiration with EDAX, SEM of fracture samplean allow for quantificationf material
phases.Pieces of concrete were taken from eacthecylinder after they were broken for
compressive strength. Each piece was broken into smaller pieces ¥iwpound
sledgehammernd a sample is selected which has a relatively flat side to allow mounting.
The sample selection was done in such a way that the flat side had been in contact with an
aggregate, this in order to visualize the interfacial transitioe £3Z). Once the samples

were selected, they were dried in an oven at 70°F for 24 hours. After drying, thessample
were mounted onto sample holders. In the final step, some of the samples were coated with
carbon to make them conductive and prevent aatation of electric charge on their
surface, which will interact with the incoming neutron beam and corrupt the image obtain.
Samples that were not coated were scanned in backscatter mode with variable pressure (in
order to have a clear visual image of seface and avoid electron charge buildup on the
sample) while samples that were coated were scanned in direct mode at high (ifégisure
vacuun). The sample and sample holeereplaced into a vacuum chamber, in which the
pressuravaslowered to 0.10@orr (1 torr = 1 millimeter of mercury or 133.32 pascal). At

this pressure, the carbon coatingsapplied. After the coating, the samplasreadyto

be analyzed
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Figure6-5: SEM and EDAX Sample Preparation: (a) Drying, (b) Mounting of Sample
Holder, (c) Carbon Coating

The sample assembly wast intothe SEM with the top surface at approximately 10 mm
to the detector to produce the maximum gasssignal for the EDAX analysis process.

The ITZ was then map analyzed and some spots deemed of interest were also analyzed.

Figure6-6: Hitachi S3400 Variable Pressure SEM Scanner
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Chapter 7. SimultaneousNeutron andX-ray Tomography
Experimental Apprach

7.1- Introduction

Theexperimental approach used gdmultaneousieutron an-ray imagingis herein
describedn this chapterlt involves simultaneously scanning the sample with a neutron
andan X-ray beanfrom different directionscollecting tle radiographs that are then
processed to obtain 3D representations of the specifherflowchart of Figure-1 is a

synopsis and chraogy of the various operations performed.
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Imaging was performed at the Neutron Imaging Facility (NIF) of the NIST Center for

Neutron Research (NCNR) at the National Institute of Standards and Technology i

/ / Void Stack /

Figure7-1. Flowchart ofDifferentSteps forSimultaneousNeutron and Xray Imaging



Gaithersburg, MD. The NIF is located on the beam tube 2 (BT2) thermal neutron port of

the NONR. (Figure %2 and Figure -B)

7.2.1. The Neutron Imaging System
A schematioof the engineering model of the NeX3 shown in Figure -A. The neutron
beamis producel from a 20 MW nuclear fission reactor. Neutrons exiting the reactor pass
through a series of ring of progressively diminishing internal diameter and produce a
conical beam with almost uniform intens{tyamannaet al, 2017) The neutron beam can
be assimilated to a parallel beam when it reaches the sample to be scanned {Figure 8
The main components for neutranaging consist of the thermal neutron beam and the
neutron detector, which combines a neutt@tight converter screen with a CCD camera.
The object to be imaged is placedfiant of the beam before the camera. The rendr
passing through the object attenuated by local variations in materials properties. For
computed tomography, multiple images are taken as the object is rotated in the beam and

a 3D image is then reconstructed from the individual images.
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Figure7-3: Plan View of the Thermalleutron Facility of NIST inGaithersburg

7.2.2. X-Ray Imaging $stem

The X-ray imaghg system consistainly of an Xray source and an-¥ay camera. The

X-ray generator is an Oxford Instrumekitkra Bright micro focusX-ray generator that

produces a cone beam with an angle approximatgty(Bigure 88). The generator
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operates at voltag from 20 kV to 90 kV and a maximum current of 2 mA. As for the
neutron imaging system, multiple images are taken as the object is rotated in the beam and

a 3D image is then reconstructed from thdividual images.

The specimen to be scanned is pthor a sample stage located at the intersectidheof
neutron and the Xay beamgFigure 74). The sample stage is desigres to allow &éxis
motion.A softwarefor data acquisitiomleveloped by NISTvasused for the simultaneous
control of both camerasnd the Gaxis sample motion control system to maintain time

correlation between imaging modes.

X-ray Detector

ﬁ\: |
s
i A¥umn yl \ )

Neutron Detector

Sample

X-ray Tube

Manipulation

Figure 7-4. Engineering Model Representation of theXNeSystem at NIST with the
Neutron Beam irRed and the Xay Beam in Blue (Source: LaMann@amannaet al,
2017))
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7.3 Sample Scanning

a) OperatingParameters
Each 2n. x 2in. cylinder sample was scanned at tlregjuency shown iTable6-1. Each
time, the equipment had the same settings. The neutron beam had an aperture diameter of
15 mm, a collimation ratio of 400 and a fluence rate of 1.7zatFs for a beam diameter
of 26 cm. The field of view of the neutron detector was 77 mm by 65 mm for apiciel
of 30 ¢ 4may gefiehar operated at 90 KeV peak energy and faey Xdetector
field of view was 131 mm by mlTable7-Inbelowf or a
summarizes the imaging parameters for the Neutron aral Xystemswhile Table8-1
provides information on théomographic stackebtainedafter reconstructionThe data
acquisition was managed using the software platform Andor Jbksstage was set up

to scan the core ov86(C° in 0.359 steps.
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Table7-1: NeXT Operating Parameters

Neutron System X-ray System

Energy= 25 meV Energy = 90 KeWax. 32 KeV Average
Aperture: D=15 mm Field of View: 131 mm x 111 mm
Collimation ratio: L/D=400 Beam Geometry: Cone

Fluence Rate = 1.7x1@n¥s? Pixel Pitch = 51.4

Beam Geometry: Parallel
Beam Diameter = 26 cm

Field of View; 77 mm x 65 mm
Pixel Pitch = 3ém

Image Capture

Sample Rotation step 389 Range360°
Acquisition time:: ~10 séamage Number of Images per step: 3

Total Acquisition Time: 8.5hours

b) Image Acquisition
The specimen was rotated througB® in 0359 steps and at each step, simultaneous
neutron and Xay radiographs were takehhree images were acquired at eaep svith
an acquisition time of 10 seconds. Consequently, the total time for each core was
approximately8.5hours. Inaddition,30 flat field images (projection images of the field of
view without sample acquired witthé beam turned on) and 30 dark fieidages
(projection images of the field of view without sample acquired with the beam turned off)

were taken. The flat and dark field imagesud be used to normalize the images, i.e. to

89



correct for the variations inhé pixetto-pixel sensitivity of thedetector and/or by

distortions in the optical path
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Chapter 8 Computed Tomographynage Preprocessing
Reconstruction and Post processing

8.1- Introduction

The raw data collected from scanning the specimens weres of radiographs
(Projections of the specimetaken at differenanglestepsthatneeded to be preprocessed
in order to eliminate outlierseduce noiseand correct for the distortion induceither by
the hardware or misalignmendpon preprocessingf radiographsthe horizontaklices

were reconstcted

8.2 ImagePreprocessing

The rawimages captuckduring scanning of the specinsewere preprocessed prior to
reconstruction of the tomographic imagéggure 81 and 82). The preprocessing of-X

Ray and Neutron images was done using the NIFProg_VEROMase package designed
by NIST. Both Xray and neutron data were processed inghewing steps: combination,

deconvolution and barrel distortion correction (for the Neutron images only).

8.2.1. ImageCombination
To eliminate outliers, théhree(03)images taken at each angular step were combined with
a median filter. The thirty flat fielomagegopen beam) and thirty dark fielthageqclosed
beam) images were also combiriedhe same mannewith a median filter so that there
were 10 flat field ad 10 dark field combined images obtained. The use of a median filter
in time eliminated the appearance of streaks due to gamma rays and fast neutrons

depositing energy.
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8.2.2. ImageDeconvolution
There are "eastfour (04) reasons for image degradation during imaggussition: noise,
scatter, glare, and blur. While noise, scatter and glare are random disturbance of light, blur
is a nonrandom spreading of light that occurs by passage through the imaging system
optical train The Hur in theimagesacquired during scarng of the specimen is induced
by the limited aperture of the camera and is due to diffraction and aberration in the optical
path. The principal objective of deconvolution is to remove thisobémcus blurrirg from

the images

After combining the image they were deconvolved using the Fast Fourier Transform
(FFT). The resulting image was the true image convoluted with the point spread function
(PSF) plus noiséHusseyet al, 2013) By deconvolving the images, they are transformed
back b the spatial domain from the frequency damdihe noise, the scatter and the glare

were removed during subsequent processing stages.

8.2.3. Correction ofOptical Distortion
An optical distortion is generally referred to an optical aberration that deforniseand
physically straight lines and makes thappear curvy in images. Optical distortion occurs
as a result of optical design, it is a lens error. When using a lens for a large field of view
like it is the case in this study, there is a barrel distoitiothe obtained image, which
means that linesppear curved inward&arrel distortion results in a curved image plane,
most pronounced at the edges of the i mage,

center of the image.
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Figure 8-1: X-ray Radigraph of a Figure 8-2: Neutron Radiograph of a
Concrete Specimen ConcreteSpecimen

8.3 VolumeReconstruction

Image reconstructiorefersto themathematial processhat generates tomographic images
from the prgection (radiographs) acquired at all the different angle stBpsugh this
operation, a ® reconstuction of the specimen is obtained. In practice, to reduce the
amount of computational resources required, the volume was sectioned into a vertical stack
of 2-D slices one pixel thick for further analysi¥hus there were separate stack fena)

and netron scansimage reconstruction waserformedwith the computed tomography
software OCTOPUS. The various steps in the reconstruction process included:
Normalization, construction of sinogranfitering and reconstructiorof tomographic

slices

- ImageNormalization.
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It is a process that changes the range of pixel intensity values of the iffage.
normalization involved also subtraction of the dark fielgegFigure 83) and flat field
(Figure 84) correction.Subtraction of the dark field image was aimed to minimize noise.
This is an important step for imaging techniques with long exposure ttintleermal
radiations like thermal neutron or Xay (Exposue time of ~15hours). One of the
componentsf noise called fixegpbattern noise is the same from shot to shot and subigacti
the flat field images hefreduce this componernthe goal of fat field correction was to
remove artifacts that are caused by vhariations in pixeto-pixel sensitivity of he detector

or by distortions in the optical path. All neutron anday data were normalized.

- Construction ofSinograms

Construction of sinogramalso called radon transforism one of the most importasteps
of the reconstruction proces&inograms are -D array containing the projectionSach
row on a sinogram is a projectiatong the corresponding angle on the vertical axis.

build a sinogram, all projections are stacked and the points that eldimg same slice
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are extracted from each projection and grouped into the sinogram. The process is repeated

for each sliceThereforethere are as many sinogramglare areslices.

Figure8-5: NeutronSinogram for DP12-6

Figure8-6: X-ray Sinogram for DP-2-6

- Tomographic Slices Reconstruction

Based on the geometry of tihadiation beanused to scathe specimenswo different

method of reconstructionereused:
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Figure8-7: Quast Parallel Beam Configuration for Neutron Imaging

Neutron Source

1 Cone Beam Reconstruction forrdy Data
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) detector

Turntable
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Figure8-8: Cone Beam Configuration for-Kay Imaging

The result of the reconstruction operation was stack&fslices. Table 81 provides
characteristics of the reconstructed images, while Taldes8a summary adthe size of
stacks for eachcan. After image reconstructiothe next stepvaspost procssingwhich
involves correction for beam hardening, registration of neutron aray ¥Xnages and then

segmentatiomo identify thedifferent phases present in timaterial
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Table8-1: Characteristics of Tomographic Stacks of slices

Imaging Parameters Neutron X-Ray

Energy Thermal neutron 90 KeV Maximum
(25meV) (32Kev Average

Pixel Size (um) 30 30

Voxel depth (um) 30 30

Bit Depth 32 32

Average scan filesize (GB) ~34.0 ~28.0

Reconstruction Method Parallel Cone

Table8-2: Summary of Number of Slices from Reconstruction of Raw Data

Scan 1 Scan 2 Scan3 Scand Scan5 Scan6
Neut | X-ray | Neut | X-ray | Neut | X-ray | Neut | X-ray | Neut | X-ray | Neut | X-ray
DP1 2207 | 1786 | 1989 | 2076 | 1969 | 1978 | 1998 | 1865 | 2117 | 1796
DP2 | 2147 1996 | 1797 | 2210 | 2108 | 2178 | 1924 | 2178 | 1881 | 2123 | 1941
DP3 | 1991 2165 | 1823 | 2113 | 1983 1870 | 2042 | 1759 | 2112 | 1821

The cross in cells indicagehat the raw data wasmaged and reconstruction not possible.
Neut.: Slices of Neutron images

X-ray: Slices of Xray images

DPi: Specimen from Set i

8.4 TomographymagePostProcessing

8.4.1. ImageReqgistration
Image from each of the modaliffNeutron and Xay) taken at different time were
misaligned, as well as neutron andra¢ images taken at the same timBources of
misalignment can be related to the imaging system, to the set up or to the sample being

scanned.
Sources of misalignmenf images from thewo modalities taken at the same time inctude

- The vibration of the rotational object holder during scanning
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- Misalignment of the two radiation beantse twobeamsare not perfectly aligned
at 90° angle as expected in theory

- The geomey of the radiatio beamsduastparallel beam for neutroversuscone
beam for Xray)

- The fact that the two systems had different resolutions (30um for neutron VS 51.4
pm for X-ray)

- Errors that may arise during image reconstruction

Beside those mentionddr multimodalcombinedimages, other sources of misalignment

pertaining taime series monomodal imag@cluded:

- The experimental set up. Sincasinot possible tgosition the specimen exactly
the same wabetween two scans=frorsin the X,y,z axis can be generated)
- The relative changeand deformationghat took place within the specimens

between scans like expansion of the specimen.

In order toacutelyanalyze the images, the misalignment needed to be corrddted.
process ofcorrecting the misalignments is im@gegistration.Image registration is a
process widely and commonly ulse remote sensing, medical imaging and entertainment
fields. Its use in the concrete industry started with the use of imaging techniques for

concrete analysis.

a) Definition
Image regigation is a task of geometrically aligning two or more images of the same scene
that are taken at different times, from different viewpoints, and/or by different sensors

(Zitova e Flusser, 2003)The objective of image registration is to find a spatial
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transformation such thalissimilaity metric achieves its minimum between two images
taken at different times, from different sensors, or from different viewp(itatzeldeeret

al., 2008) Xi et al. (2011) mathematically describe the registration problend lefuhi

and® ofuhdx be a reference or source igeaand an image to reference with or target
image. The prime objective of the image registration is to determine a geometrical
transformatioiYafuthx Y ofody RY ahoha BY ahuhd  such thatd ofudty is as

close to® o as possible The inputs of registration are the two images to be
registered; the output is a geometrical transformation, which is merely a mathematical
mapping from points in one image to points in the second. To the extent thgbcodieg

points are mapped together, the registration is successful. Therefore, the registration

problem can be defined as the following optimization problem:

. Eqg.12
Where"Y denotes the optimal transformation for matchimgahvharn  andd — ahudx
among all possible transformations in a specific transformation $ga@ndY is a

selected metric for measuring simitgrbetween the two images.

Misalignment between images mag attributed to different sourcestangsin the sensor
position, viewpoint and viewing characteristicstioe movement and deformatiasf the

object

b) Classification oRegistrationMethods
There ae many image registration methods and they can be classified in mangnays

may be condensedinto six categories: image dimensionality, registration basis,
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geometrical transformation, degree of interaction, optimization procedure, resdalit

(Fitzpatricket al, 2000)

Image dimensionality refers to the number of geometrical dimensions of the Images to
register. It can be 2D imagef) images or P/3D registration also called slicexolume

registraton. In the current study 3D image registrati@eded to be performed

The registration basis is the aspect of the two images used to affect the registration. The
registration can be based on features: For example, the registrationbmigased on a

given set of point pairs that are known to correspguin¢ébasedmethod) or a set of
corresponding surface pairs (Surfaced based methods). Registration can also be based on
the intensity pattern in the two imagesténsitybasedmethods).In the case ofdature

base registration methods, correspondences between the features can be obtained from
objects that have been attached to the object expressly to facilitate registration. (In this
study, Base plates with notches were used to faeilitagistration ofmages (Extrinsic
method) in addition to the calibration standards whighre also used as basis for the

registration (Intrinsic method).

The geometrical transformation used for the registration refers to the nature and the domain
of thetransformation usd in the registration algorithm, meaning the mathematical form of

the geometrical mapping used to align points in one image with those in the other.

The degree of interaction is the degree of control exerted by the human operator over the
registration algrithm. It rangesfrom fully automatic algorithm where the interaction

consistsimply of initialization of certain parameters to manual registration where the user
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manually selects distinctive matching control points from the two imagesgtster and

then uses them to determine the geometric transformation.

The modality refers to the mesoy which the images to be registered are acquineithis
case the modalities webe-ray andneutron When the images are acquirey the same
mears the registrations called monomodal or intramodal whereas it is called multimodal
or intermodal when they are acquirby different means. (The current study uses both

multimodal and monomodé&éime seriesegistration).

In the current studya hierarchy & these categorgeof registration methods was made

which allowed us to select one category based on various criteria.

c) Criteria andSelection ofan ImageRegistrationMethod
In the current study, image registration vwasfold: Registration of images taken from
two different sensors (neutron andrXy tomography) simultaneousl{iDual modality
images), and registration of monomodal images takearsus time interval(time series

images). The registration method to be used needed to meet a certain number of criteria:

The robustness and reliability of the method so that the algorithm can handle noise,
occlusion and other problems.
- Accuracy of the transformation computed toet@gher operational requirements.
- The amount of preprocessing and useteraction required bthe method should
be minimized.
- The method should be adapted for the dimensionality of images to be registered

both for 2D and 3D images.
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- It should allow forregistration of multimodal and monomodal data and be specially
suited for Xray and Neutron image

- The methodshould allow for multitemporal analysis andhould beable to
accommodatevith small geometric deformations, since small deformation of the
spedmen are expected over time due to expansion caused by delayed ettringite
formation.

- The method sbuld not be computationally tdatensive andghould not require a
lot of computationapower Since Neutron and X ray tomography data set are
usually very large (~36 GB) for each specimen data set, the image registration
algorithm to be uskneednotrequre too much RAM (need not mmputationally

intensive).

For this purpose, the most appropriatehmds seemed to betensitybasedregistration

methods for the following reasons:

They are more flexible than landmabksed or segmentatidrased methodss they use
all of the available information without a previous reduction of (la¢aet al, 2009)
d) IntensityBasedimageRegistration: ThéApproachBased on

Maximization ofMutualInformation

- Different IntensitybasedApproach ol mageRegistration
Intensity based registration methods used pixel or vioxehsity solely to determine the
transformation between the source image and the target image. The registration
transformation is therefore determenedoby i
calculated from all pixel or voxel values. Fitzpelt (Fitzpatricket al, 2000)proposes

different similarity measure that can be used to develop intebsisg algorithms:
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Imagesubtraction:These approachese the sum of squares of intensity diffeen(SSD)
to measure the degree of alignment of the images. In this case, SSD will be zero when the

images are correctly aligned and will increase with misregistraéigistrationerror.

The maximization of the correlation coefficiedtsing the correlgon coefficient method,
the registration problem is to find the transformation that maximizes the correlation

coefficient between the mean intensity values of voxels of the tweesnag

The minimization of the joint histogram entropyte entropy can be fieed as a measure
of the incertitude or information content, while the joint entropy is a measure of the
uncertainty associated with a set of variables. For a pair of discretenaadgiables (hd

with a joint probability distributiom ofto, the joint entropy is expressed:

"0 Gy B. B. nawl Trgaw Eq.13
Or simply
"0 o Oa €0 Eq.14

Therefore, as the entroppgcomesmaller, the incertitude decreases. For images, the joint
entropy of two images is found by determination of the joint histogram of the two images.
The registration problem becomes the deteation of the transformation™Y that

minimizes the joint entropy of the two images.

The maximization of mutual informatioFhis method is also based on #r@ropy buuses
the informationtheoretic measure mutual information (MI) or relative entropy instead of

the jointentropy. T&E mut ual i nformation AMI is a basi
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measuring the statistical dependence between two random variables amdlunt of
information that one v dMaesathl] 1897)Tberetorathens ab o
MI of the image intensity values of corresponding voxel pairs is maximal if the images are

geometrically aligne.

e) ImageRegistration byMaximizationof Mutual Information
Registration of multimodal images by maximization of mutual information was
simutaneously introduced researchers in BelgiiMaeset al, 1997)and USA(Viola e
Wells lii, 1997)in order to overcome limitations of feature base registration methods and
other intensitybasedmethods, for ts high accuracy and robustness with regards to

illumination, to occlusion of one signal.

Mutual information is arentropybased metric adapted from information theory which
represents the amount of shared information two random variables have abouttbaee an
in terms of bits. Typically, the entropy definition used is the Shannon entropy giesn by
13 (Sabuncu, 2006)
O B nae¢m. Eq.15
Where: 1] is the probability distribution.
The method of mutual information can be mathematically expressed as follow: Given two

i mages A the sour ce athdregdteredhirraged Bmatlglethed o r e g

mut ual information of A and B&6 is given by

0 "D D06 06 "0 6M Eq.16
WhereO 6 : entropy of AyO6a2 ent r opPodk joidténtrapnal A

ad B©O.
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To register A and B is thnd the transformatiofivthat maximize® "‘@h . When A and

B are registered, the amount of information they contain about each other is maximal.

f) Approach tdmageRegistrationUsed in thiProject
To ensure thatazh pixel in the combineslice was assigned its correctrXy and neutron
attenuation factor values, it was essential that the CT slices be accurately registered with
each other. Given the cylindrical symmetry of the samples, the alignment ofr#yeaxdl
neutron slices involvesvo coordinates, the rotational angle around the central axis and the
vertical position of the slicdmage registration for this project wagrformedthrough

successive steps:

- Preprocessing
Preprocessingf the datanvolvedthepreparation of the samples before they were scanned
andthe preliminary alignment of the data before they were subjected to the registration

algorithm.

During the sample setting preparation, upon casting and heat treatment, stainless steel bases
were fastned to the bottom of concrete cylinders. These bases had threaded rods that screw
into the CT stage for accurate alignment. Finally, three notches had been milled into the
steel base plates at unequal distances around the circumference to providerfidda

for accurate registration among the reconstructed 3D dgoants from different scans

(Figure5-15).

After the cylinders were scanned and the images reconstructeg,idages were rotated
by 90 degree in order to obtain a rough alignment with aeirmages, since the-kay and

neutron beams interseatan angle of 90 degredsdure 74). This rough alignment could
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not provide for an accurate registration efa¢ and neutron 3D images because it does

not take into account the vertical tilt of tbinder with respect to the axis of the CT stage.

- Processing
A MATLAB routine for registration was develegthat applies a crossorrelation against
each other on a pixel by pixieasis.The routinedevelogdin conjunction with researcher
atthe NCNRallowed for registration of multimodal 3D images and also monomodal time

series 3D images.

For monomodal time series image registration, the source image was the images from the

first scan and all subsequenasswere registered relatively gpburce imges

For bimodal image registration, the source images where neutron imagesanunéges
were the target. Neutron andry images from the same scan were registeffeglire 8

9 andFigure 810 show samplesf bimodal registration slices and time ssrmonomodal

slices registered.

(@) ®)
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Figure 8-9: Bimodal registration a) Source: Neutron image, b) targeayXimage, c)
registered Xray image

(@) ®)
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Figure8-10: Time series NeutrohmageRegistration a) Source: Sc@#P1-2-5, b) target:
ImageScanDP1-2-6, c) Registeredmage ofScanDP1-2-6

8.4.2. Beam Hardening
a) Introduction and Definition

The beam hardening was originally discovered and studied for the casayakenuation
through matter by Brooks and Di Chiro in 19qH&achoufet al, 2012)andhassince been
known in computedomography to be one of the major sources of deterministic errors
leading to inacuracy and artifacts in the reconstructed image. As a polychromatic neutron
or X-ray beams passes through an attenuating material -Eveegy rays are preferentially
absorled or scattered, raising the mean energy of the beam even as the overalyintensit
falls (Ketcham e Hanna, 2018ecause of this phenomenon, regions interior to the object
are traversed with higin energy rays than regions towards the edges, making the edges
more attenuatinghan the interior. Since the transmitted beam increases with the crossed
thickness, the gray level in the projection image of the constitutive material the Beer

lambert law Eg. 17) is no longer valid and the relationship betweenpthtd lengthand

108



thelogarithm of the intensity in the Be&ambert law is no longer linear. The relation can

then be expressed with a complicated inte@gl18) (Hachoufet al, 2016}

‘O 00 Q -~ (BeerLambert Law)  Eq.17

00 VO, 00 Q- Q'O (Modified BeerLambert Law)Eq. 18
Where:"OO is the intengy of the transmitted radiation beai®, 'O the intensity of the
incident beam} 'O the attenuation coefficient of the material under investigation for the
specific radiation typeQthe length of the radiation path through the obgextd O is

the probability that the detected neutron is at energyhis phenomenon is known as the
beam hardening. Beam hardening is more pronaliacéhneavy matrices like geologic

samples, rock and concrete cores.

Consequences of beam hardening on the obtaagesiare multiple. The most important

of which is the fact that on the images, there e of attenuation values for each phase
rather than a single value for each individual solid phase. The same solid phase seems to
have higher attenuation valuegstad periphery of the concrete core than towards the center

of the core. As a consequende,addition to gradient values mentioned above, some

artifacts are induced:

- The cupping effects

- The appearance of streaks between highly attenuating structures.

Beamhardening makes it difficult to accurately perform segmentation and quantitatively
separa the different phase, or to identify complex mineral relationships such as exsolution

and zonation effects within a sample.
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Figure8-11: Position of a profile line across a neutron CT slicegragiscale values of the
profile showing the cupped pattern due to beam hardening
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Figure8-12: Position of aProfile Line Across an Xray CT Slice andGrayscalevalues of
theProfile Showing theCuppedPatternDue toBeamHardening
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Figure8-13: X-ray Slice of theSteel BasePlate Showing Streak Artifacts Radiating from
the Notches (a) andlice of the ConcreteCylinder Showing Streak Radiating from the
SteelBeads (b)

b) Overview of CommorMethods oBeamHardeningCorrection
Beam hardening can be addexssr at least mitigatk at three different stages: during
image acquision, during image reconstruction (ppeocessing) or after image

reconstruction (Postconstruction or pogirocessing methods). The methods can be

classified in three main categori@rabantet al, 2012)

- Beam hardening Correction duringhageAcquistion by Physical
Filtration or Pre-filtering

This technique is mostly used for imaging with amay beam. It aims to address beam
hardening during the calibration and /or scanning byhaireening the beansing physical
prefilters. This method consists placing filters usually made of aluminum, copper or
brass between theray source and the sample. This way, the low energy rays are already

removed before the beam reaches the sample (The beamhiargeeed) in such a way
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that the spectrum is apprioxated to a monochromatic energy distribut{ginumm et al,
2008) This approach can reduce the artifacts, but int cases, cannot completely remove
it. For it o be effective, the filter needs to be thick enough, the drawback is then that it
increases the scanning time. In addition, the technique produces inadequate results in the
case of composite material or multhaterial objects with highly different atteriioa
coefficients(Krumm et al, 2008)

- BeamHardening Correction byAlgorithm
This method consists of reducing the beam hardening computationally. This can be done
before image reconstruction (ppeocessing) or after image reconstruction (post

processing).

The most common prerocessing method is the linearization described bynideret al.

in 1979(Ketchame Hanna, 2014)The method is simple and straightforward for specimen
made of a single material, but more complex for specimen made of multiple phases like
concrete. tl aims to transform the measured polychromatic attenuation data into a
monochromatictéenuation data with the use of a function which is typically an exponential
or a polynomial of undetermined degree. For homogeneous-mate materials,
polynomial coefftients can be derived by imaging phantoms of various thicknesses.
However, when mataals are heterogeneous or not well characterized, as is usually the

case with geological materssdnd concrete, such methods might not be available.

Postprocessing or Ekreconstruction method is an iterative approach; the image is first
reconstructed ém the raw data, and then segmented into different material or phases. The
obtained segments are then forward projected separately to obtain new raw data, with the

beamhardening model incorporated. The forward projection must correctly model the
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beam polghromaticity and account for all physical effects, including the energy
dependence of the assumed materials in the specimen, the detector response, and others.
The majordisadvantage of this method is the necessity of previous knowledge of the
characterists of all materialgpresentand the used energy distributigkrumm et al,
2008)

- TheDual EnergyMethod ofBeamHardeningCorrection
The dual energy approach takadvantage of theadét that linear attenuation to-pay can
be decomposed into the photoelectric absorption and the Compton scatter components;
therefore, the attenuatiaf a radiation is based not only on the radiation energy but also
on the sample chdoal composition and density of the material. Thethnod requires two
measurements of the specimen at different energy levels. In fact, based on measurements
at a single energy level, it is not possible to differentiate materials on basis of their density
and chemistry. However, with measurement at twéedifit energy levslor with dual
modality, this dual information can be extracted. The drawback for this method is the need
of two X-ray or neutron sources or detectors or two s(@rabantet al, 2012)

c) Complexity ofBeamHardening in aMultiphaseMaterialLike

Concrete

The beam hardening problem is more complex withti-phasematerials like concrete
than with single phase materials, because each plaasdifferent behavior to the beam
hardeningKetcham e Hanna, 2014)omplexity of the bam hardening effect for neutron
CT is illustrated in Figre 814 in which a neutron CT slice is partitioned into a series of
19 concentric rings 50 pixelwide. The grayscale histograms calted for each ring are

plotted in Figire 815. It can be seen that the peak associated with the aggregate shifts
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toward lower pixel intensity, i.e. lower attenuation factor values, with distance into the
material. Ths, the segments ofgrayscale histogram calculated from the entire image
will be smeared out and overlap. Fig@&&6 which is the plot of the aggregate peaks as a
function of the ring diameter further illustrates beam hardening as it can be seen that the

aggregate peak intsity decreases as we get deeper into the material.

Figure8-14: Neutron Slice Partitioned Into 50 Pixels Wide Rings
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Most approaches mentioneal the previous sectiorare not effective when dealing with
complex samples like geologicstructures or multiple phaseaterials like concrete as it

is the case in this study. In fact, their application is limited to specifis cAsean example,
prefiltering works well with light material but is ineffective with dense samples;
linearization method works well only for single phase materials, post reconstruction
methods work only if the segmentation of the material is possibleowtitprior beam
hardening correction while thdual energy method deals with material of fakiyown
composition. In this study we developed and approach of segmentation without the need
to correct images for beam hardening. The methkdsadvantage fothe fact that beam
hardening is radialJovanovicet al, 2013)and the fact that the specimens used in this

studywere cylindri@l in shapeThe method is presented in section 8.4.3.

d) Neutron Beam Hardening
The neutron CT grayscale histogram is the frequency distribution of the pixels as a function

of theirvaluesof he t ot al atytThisiotarhis thensunf: act or | 74
Eq.19

Where is the macroscopic capture cresection and is the macroscopic scattering

crosssection

The macroscopic crosections are calculated from the microscopic esessions[.and

— Eq.20

Wherey} is densityM is atomic weightand,i s Avogadr ods number .
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The scattering crossection isndependent of energy. M@ver, for the elements found in
concrete the capture cross section varies ywiierev is average neutron velocity in the

spectrum(Stacey, 2007) T h e n gelotity ie reldtesl to its enerdpy:

R — Eq.21

ForE in MeV andvin km/s.

The tabulated values fék are given for a specified value, vof 2,200 m/s, which is the
characteristic velocity of meutron in thermal equilibrium at eamhperature of 23°.Thus the

attenuation factor has the form:

v — Eq.22

Where 0

Then the shift in the position of a phase in the grayscale histograto debange in the

local velocity fromvoto vis:

0 0 p — Eq.23
Since s typicallydifferent for each phase, the implication is the shift in position of one

phase suchs the aggregate ot the same for the other phases.

This same reasoning can be applied to show that fayXCT, the shift in position is
different for each phase too. This renders correction for beam hardening more difficult and

complex because coanton needs to be derat the pixel level and for each material phase.

e) X-rayBeamHardening
Hardening of the Xay beam was also observédgure 812). Thebeamhardening effect

originates in the use of polychromatic-rXy sources. All computed tomograph
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reconstruction pradures are based on the assumption that attenuation coefficients with
monochromatic Xays do not change during passage through the bulk material in
accordance with Beer's law. This is true only for synchrelvased Xray sources, butot

for polychromatt X-ray beamgJovanovicet al, 2013) As a consequence tifis, it can

be seen that the atteation factors of Calciumda) andsilicon (Si), which are the dominant
constituents of the total attenuation factor are very sensitiver&y ¥nergy over the range

to be found in the imaging system used (NeXT}9RkeV. Forexample, their attenuation

at 45 keV is 3 to 4 times higher than at 90 keV based on attenuation values calculated using

the NIST XCOM database as plottied-igure8-17.
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Figure8-17: Plot of X-RayAttenuation Factors VS Photon Energy

The other elements present in concrete phases would show similar trends.
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8.4.3. Overview of Imagesegmentation
a) Definition

In digital image processing, segmentation is the process of partitioning an image into
multiple segments (sets of pixels) with the goasitaplify or change its representation into
something that is more meaningful and easier to analyze. More precisely, image
segmentation is the process of assigning a label to every pixel in an image such that pixel
with the same label share certain chagastics (color, intensity or texture). Image
segmentation is typically used to locate objectstamdhdarieglines, curves, etc.). In the
case of our project Image segmentation consisted of assigning eacimjobaie of the

several classes of matdrhases found in concrete.

b) Classification of Image Segmentatioretods

Images segmentation methods can be classified into various catéganggt al, 2009)

- Region basedegmentation methodbat segmenthe image into various regions
having similar characteristics. Threshold based segmentation is the simplest segmentation
method.This method is based on a clgvel (or a threshd value) to turn a gragcale

image into a binary image. Other methods in this category includes the region growth and
the region operating methods

- Edge based segmentation methodis edge is a set of ligkl pixels lying on the
boundary between differenégions, where there are intense discontinuities such as gray
change, color distinctness, texture variety and so on. An image can therefore be segmented
by detecting those discontinuities. Methods that thee principle include the gray

histogram methodral the gradienbased method.
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- The segmentation base on clusteririgustering is the classification of things in
classes, which are collections of similar elements. These techniques segment the image
into clusters having pixels with similar charactedsti The most common algorithnsed

in theclusteringbasedmethods is the ¥neans algorithm.

- Histogrambased methodslt is one of the simplest and most often used
segmentation techniques compared to rotineage segmentatiotechniques In this
technique a histogram is computed from all of the pixels in the image, and the peaks and
valleys in the histogram are used to locate the clusters in the image.

- Other methodsinclude the watersheebased method; the partial differential
equation (PDE) based methaadathe artificial neural network (ANN) method. Fig@e

18below is a schematic of the various methods.

Image
Segmentation
Methods
Histogram
Threshold Based
Method Method
Clustering
‘ Based . 4
Edge Based Method PDE Based
Method Method
v ) 4
Region Based Watershed
Method Based
€tho Method

Figure8-18: Synopsis blmage Segmentation Methods
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8.4.4. An Approachof Simultaneousmage Segmentation and Beddardening
Correction hrough $ice Partitioning

As mentionedn the pevioussectiors, accurae segmentation requires that beam hardening
artifacts be correctedhe lack of an effective method of beam hardening correction for
multiphase and heterogeneous material like concrete increases the complexity of the
problem.A method waslevelopedor image segmentatiomhich combines image fusion

and beam hardening correctithu slices partitioningThe fusionof Neutron and Xray
images allows for construction ofl2 histogramused for pixel assignmerifthe method is
therdore a histogranbased methadt relies on the findings of Jovano\igdovanovicet

al., 2013)stating that beam hardening artifacts in theomstructed image is a radial
function and is also specific to each material, i.e. it depends for each material only on
distance from the center of the cylinder. The method therefore takes advantagecif the

that we used cylindrical samples in the study.

Image fusion is the process of combining multiple input images into a fused image, which
is expected to be more informative for human or machine perception as compared to any
of the input images. It can be performed at different levels: signal, pixeirdesa decision
(Suthakaret al, 2014) In this study, thefusion takes place at the pixel level by the

assignment of the pixel into one of the several classes ofial@igases found in concrete.

Slices are partitionedh rings across which the beam energy is assumed constant as
described in section 8.4.2.c. The slices were partitioned in G@gsxel thick. So there
were 20 rings for each slicBor a neutron Slice for examplbe 1D grayscale histogram

for eachring is calculated and Figure1® shows thathe peakwhich is @sociatedvith

the aggregate shifts toward lower pixel intensity, i.e. lower attenuation factor values, with
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distance into the materialhe shift in the position of a phase in the graysbaegram
due to a change in the local velocity frégto V caugdby hardening of the beaimgiven

by Eq.22:

0 0 p — Eq.24

S i n eis typcallydifferent for each phase, the implication is $héft in position of one

phase such as the aggate is not the same for the other phdsesder to correct for this

effect, the boundaries for segmentation of the grayscale should be adjusted for each ring
using thev calculated from the shift in theygregate peak. However, these valueg @d

not need to be calculated for every slice in the stack. Instead the values obtained from a
few representative slices can be applied to the fdst. implication is that the beam

hardening correction and imagegmentatiorgannot be carried out in separateps.

a) 2-D Histogram
In image processing, a 2D or bivariate histogram is a plot that shows the relationship of
pixel intensities at the exacbgition between two imagem this casea neutron slice and
the corresponding Xay slice.2D histograms are amne suited for segmentation in this case
than 1D because they can allow for greater separation between materialpeak®ater
separation opeaks is necessaty properly identify and distinguish ettringite from water
asthey have similar neutron atigation coefficients but differet-ray mass attenuation
coefficients For each series of Neutron and the correspondinrgyXdata, the slices were
partitioned,and corresponding rings of corresponding neutron analyX§lices fused and
the 2D histogramIptted.Each point in the plot is the number of pixels in the image with

the specific values of the neutron anda§ attenuation factors given by its coordinates.
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Figure 819 showsexamples oindividual 1Dpixel intensitieshistograms o& neutrona)

and its corresponding-Xay volume(b) while Figure 820 is a plot of the 2[pixel intensity

histogram corresponding to tpair.
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Figure8-19: ExamplelD Histogramsf Pixel Intensityof Neutron (a) and Xay (b)
volumes
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Figure 8-20: 2D Binary Histogram of Pixel Intensity Summed over a Neutron and the
Corresponding Xay Volume

b) Pixel Classification
Once the 2D histogram for a given ring diameter was obtathedpoeaks and valleys on
the histogram corrge®nded each to a specific phaBexel classification wadonebasel
on the plot of Figures-7. Segmentation regions were drawn as polygons around the
coordinates of point&gdentified in Figure 57 and use to classify the pixels into the
concrete phasd$igure 821). Each ring was segemtedindependently, anche process
was repeated on all the 20 rings. After segmentation of all the ringsyéne reassembled

into segmented slices (Figure2g).
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Chapter 9 TestsResults

9.1- ConcreteExpansion Rsults

From each concrete sdiye (05) 3in. x 3in. x 1125in. cylinders weremeasured for
expansiorand the averagd the five valuesecorded. Upon demoldingontrolspecimens
were stored ithe moist room in saturated conditjavhile theotherswere subjected to the
Duggan heat cycle and cooled taro days. Then all the specimens weneasured and

stored in saturated limewater fiwe rest of the experiment

The intial length measurements were taledter heat treatmemind just before storage in
saturated limewater. Subsequent measurements were theratradular intervals of two

days until appearance of hairline cracks on thitasa, then every 5 days afterward

Overall, specimens with high potassium displayed highest expansion followed by those
with normal potassium and heaeated(Figure 91). Based on the threshold of expansion

of 0.01% at 20 days set by Duggan (Scott and Duggan, 1986pribeete cabeclassified

as norexpansive with expansions @023%, 0.023% and).005% respectively fahe set

with normal potassium heat treated, sie¢ with high potassium and the control d&ased

on this, aggregates used in the concrete for the reseastlassified as noseactive.
Hairline cracks started to appear on specimeitis wgh potassium around age73@ays.

The difference in expansen d heattreatedspecimes between specimens with high
potassiumand those with normal level of potassiwanbe attibuted to the addition of
potassium.Controlspecimen hadittle to no expansion throughout the experimental study

in contrast tdheattreatedspecimens. This suggests that heat treatment plays an important
role as it induces the initial microcrackingeded to promote expansion of the specimens,
as those cracks serve as transport media for water reédairéhe reaction leading to
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ettringite in pores andlso,they serve as nucleation sites for ettringite partidies. total
expansion recorded we€e8% for heattreatedspecimens with normal potassiuin64%

for heattreatedspecimen with high potassiuamd 0.018%or control specimens.

The rate of expansion for botteattreatedspecimens followed the same trend with a
period of rapid increase until@eak is reached (0.006% at 144 days for specimens with
normal potassium and 0.01% at 149 days for specimens wgittpbtassium) then the rate

decreases progressively. (Fig@& to Figure 94).

The difference in expansive behaviobserved with the thresets of specimens is
consistent with findings from previous research conducted at University of Maryland in
recern yearsby Ceesay(Ceesay, 2007and RamadafRamadan, 2000gnd suggest that

the expansion is associated with the formation of ettringite.
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Figure9-1: Plot of Expansion of Concrete Specimens
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Figure 9-5: Appearance of Hairline Crackt the Surface oHeatTreated Concrete
Specimen with High Potassium at Age 357 days

9.2 WeightChange Measurement

The weight of specimen was measured every time just after their length was méasured
expansionn order to ensure consistency of the meaguiéchnique. Weight changes for
all the specimens followed the same pattern as length chafeight change of concrete
specimens is shown in FigureeQvhere eacpointis the average result tfe 5 specimens
of the correspondinget. Overall, specimenwith high potassium displayed the greatest
weight gain followed by those with normal potassium tiested At 21 daysthe weight
gainwere 0.11%, 0.012% and 0.023% respectiveh&attreatedspecimen, hedteated
with high potassium and controAll specimensshoweda rapid weight gain from the
beginning of the experiment to around 60 days rapid weight gainbservedn the early
days of the experiment can be attributed to the water filling the pores and Gitaahkthe
gain slowedlown and pickdup again at around 120 ddgs heat treatedpecimensvhile
theslow down continued for control specimeikis permanerweight gain irheattreated
specimes can beassociated with formation of a phase that require water uptak&3iRe

or ettringiteas observed by Cees@iyeesay, 2007)The maximum weighthangest the
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end of the experiment were 1.33% for heat treated specimen with normal potdsSizm
for heattreatedspecimens withhigh potassiumand 0.45%for control at age 33 days
Weight changeneasurements westopped at the same time with leémgteasurement, i.e.

once theheattreatedspecimen with high potassium gt displaying hairline cracks

(Figure 95).
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Figure9-6: Plot of WeightChange VS Age of Concrete Specimens
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9.3 Compressive StrengfResults

The firstcompressivestrength test was carried out at the end of the heat cycleriando
the immersion of all the specimens in lime water for storade averagecompressive
strengthprior to immersionn saturated lime watevere3915 psi, 2860 psi and 6644&i
respectrely for gpecimenwith normal level of potassiurheattreated, high potassium
heattreated and controFigure9-10 is a plot ofthe average compressive strength of the
concrete specimen$hroughout the experiment, control specimens exhiltitechighest
average compressive strengifhelow strength observfor heattreated samples at early
age can be expla&ad by the fact that heat cycle and additmnpotassiumhadalready a
deleterous effect orthe concrete The Peak occurat 83 daysdr heattreated sets (4321
Psi for normal potassium and 288Si for high potassium) whiléhe peakoccurs for the
controlspecimenst 120 days (7955 PsBven thoughhe decline observed after theak
for all heattreatedspecimensvas predictable, thdecline for control specimen was not

expected. Itcan be explained bthe fact that storage in saturated lime water is also a
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condition that promotes development of late ettringite in concrete dselbashownin
numerous studig€eesay, 2007)The decline in the compressive strengthedttreated
specimens was more pronoudeeth up to 50% for high potassiuspecimenand28%

for the ones with normal level of potassium, while it wasyotb% for the control

specimens.
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Figure9-10: Plot of Compressive Strength of Concr8feecimens

Table9-1: Average Compressive Strahgf Concrete Specimens

Average Compressive Strendtsi)
age (Days) Set 1(Heat) Set 2(Heat+K) Set 3(Control)
STR Std STR Std STR Std
0 3912 152 2860 360 6644 227
40 3651 310 2946 62 7408 113
83 4321 98 2835 300 7746 90
120 3695 429 2111 154 7955 29
337 2665 303 1036 398 6714 887

STR: Compressive Strength
Std: Standard Deviation
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9.4 ScanningElectron Microscopy with Energipispersive Xray Analysis

Scanning Electron MicroscopyEM) with EnergyDispersiveX-ray Analysis (EDAX)
was used in thetudy in order to determine the chemical composition ofetpansive
phaseat the aggregate/Paste interface in concrete spesahgarious ags. The presence
of ettringite andhe morphology (the shape and size) of ettringitestals wereur main
focus. On the ERX, each of the common expansive phases found in concreta has
specific footprint. Ettringite, which is of interest in thistudy,hasa verydistinctoutput
with three distinct stair step peaks of Aluminum (Al), Sulphur (S) and CalcianK@ure
9-11 shows a typical EDAXoutput identifying ettringiteThe criteion for ettringite is

based on the ratio of Ca, S and Al and a rule of thumb is 6:4:2.

Quantitativeresults of the chemical composititmom EDAX of concrete samples were
used tobuild ternary diagramswith ratios of Al, S and Ca normalized to 100%
stoichiometricettringite. Theratios inmonosulfatg3Ca0.AbOs:.CaSQ.12H0) wasalso

plottedand usedor comparison.
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Figure9-11: Typical Output of EDAX ofEttringite with the Characteristic Step Model of
Al, S and Ca (Source: Ceary, 2007)

9.5.1. HeattreatedSpecimens vih NormalLevel of Potassium
SEM of the aggregat@aste interface at 40 days shoveadlly stages of ettringite vithe
formation of clustes of sphereshapeettringitecrystalsand patches of calcium hydroxide
layering the interior of air voidsnd cavities as shown in Figurel2. EDAX of the sphere
provided the following chemical composition by weight of Al= 1.72%i= 3.28%,

S=2.39% and G&6.01 %.
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Figure9-122 SEM Image and EDAX Plot dileat TreatedSpecimensvith Normal Level
of Potassium at 40 days, Showing Spkehape Ettringite Particles Layering the Interio
of an Air Void at TheAggregate/Paste Interface

At age 83 days, SEM of the interior of a void at the interface of paste areyatgshows
clusters of needléke particlestipped wih spherical ettringite balls (Rgure 9-13).
Chemical analysis thrgin EDS of those particles provides the following composition by
weight: Al = 4.06%, Si = 2.06%, S = 7.41% and Ca = 27.50%, which is characteristic of
ettringite. This suggestthat ettringite goes through a morphological transfoionatrom

crystal balls® needle like crystals.
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Figure9-13: SEM and EDAXof HeatTreatedSpecimes with Normal Potassium at 83
days Showing Clusters of Needl&e Ettringite Particles in a Void at the Aggregate /Paste
Interface

At 120 days, voids at the interface of the aggregate and pastasdially filled with
needlelike ettringite particles with carbonate spherical balls at their tips. Elemental
composition analysis of the needle provides the following composition:2896%, Si =
4.95%, S =3.28% and Ca = 32.21%, while analysis of the balls shows: Al = 1.61%, Si =
2.83%, S = 1.69% and Ca = 27.88.this age, the filling of the void is more pronoudce

than at age 40 days.
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Figure9-14: SEM and EDAX oHeatTreatedSpecimens with Normal Level of Potassium
at 120 Days Bowing NeedleLike Ettringite Particles and Calcium Carbonate Balls in a
Void at The Aggregate/Paste Interface

At age337 days SEM of voids located at theterface of aggregate and paste are filled
with particles having the same morphology as those fatage 120 daysnalyzing thee
needlswith EDAX providedthefollowing compositionAl = 2.74%, Si = 1.46%, S= 3.82

% and Ca = 25.07%.
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Figure9-15. SEM and EDAX ofHeatTreatedSpecimen witiNormal Potassium at 337
Days Showing ettringite Needles and Carbonate Calcium Balls

The ternary plot of Figure-26 shows how the composition of the particles foumdthe
void evolves from the first scan (Set-2) to the last one €1-5) and how it compares to
pure ettringite, monosulfate and calcium aluminum. Basghis,it can be seen that the
stoichiometric composition of the expansive phase fdends to migrate towardspure

ettringite and monosulfate.
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Figure9-16: Ternary Plot of AICaS for Particles in Void at the Aggregate/Paste Interface
of Heat TreatedSpecimens with Normal Potassium

9.5.2. HeatTreatedSpecinens with High Btassium
At early age (40 days) SEM of vaidt the interface of the paste and the aggregate indicate
a material deposit forming clusters of ettringiénellaeand some calcium hydroxide
particles. EIAX analysis of one of those clustersoyides the folbwing elemental
composition by weight: Al = 2.64%, S = 5.0% and Ca = 23.56 % which is characteristic of

ettringite.
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Figure9-17. SEM and EDAX oHeatTreatedSpecimen with High Potassium4 Days
showing Clusters of Ettringitemellaein a void at the Aggregate/Paste Interface

At 83 days, observation of the interior of an air void at the interface of the aggregate and
paste shows spheshape clusters ddttringite needlesn voids (Figue 9-18). Calcium
carbonate was also observed in the pores and it is suggested ithtteitproduct of
decomposition of calcium hydroxide due to exposition to air of the sanifidAX of the
lamelaeprovides the following elemental composition by weidth= 1.97%, Si = 5.12%,

S =3.60% and Ca = 32.62% which is typical for ettringite.
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Figure9-18: SEM and EDAX ofHeatTreatedSpecimens with High Potassium at 83 days
Showing Spher&Shape clusters of Eimgite Needle in void at the Aggregate/Paste
Interface. A Microcrack is Also Visible.

Analysis of a specimen 420 chysshowedthat voids are densefilled with needlelike
crystalsof ettringite. EDAX of a needlgrovides the following elemental compioan by

weight: Al = 2.35%, Si = 1.25%, S = 3.28% and Ca = 21.50%.

Figure9-19: SEM and EDAX of aHeatTreatedSpecimen with High Potassium at 120
Days showing needlike Ettringite crystals in a Void dhe Aggregate/Paste interface
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At age 337 days, dense ettringite needles along with plate shape particles of monosulfate
can be observe woidsat the interface of paste and aggred@iigure320). The elemental
composition of the needle through ED®wi: Al = 3.62%, Si = 1.41%, S 534% and

Ca = 25.63% while analysis of a plate shape particle provides the following mass

composition: Al =2.01%, S = 2.84% and Ca = 26.03%.

Figure9-20: SEM and EDAX oHeattreatedSpecimeswith High Potassium at 337 Days
Showing Dense needle Crystal of Ettringite dtate ShapeCrystals of Monosulfate in
Void at the Aggregate/Paste Interface

The ternary plot of Figure-21 represent®volution of the composition of lhe particles
found n the void from the first scan (Set2) to the last one (Set%) and how it compares

to pure ettringite, monosulfate and calcium aluminum. The stoichiometric composition of
the expansive phase found is concentrated around purgigéttand monosulfatét is also

seen that the composition tlsto move towards that of pure ettringite as time passes.
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Figure9-21: Ternary Plot of AICaS for Particles in Void at the Aggregate/Pasterfiace
of HeatTreatedSpecimens withdigh Potassium

9.5.3. Control Specimes
At 40 days,voidslocated in the interfacial transition zooentain grain like particles of
calcium hydroxide Fjure9-22.  Analysis of a grain by EAXprovidesthe following
elemenal composition by weight 34.29% of calcium (®@a)h total absence of aluminum

(Al) and Sulphur (S)
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Figure9-22: SEM and EDAX of Control Specimens at 40 Days showing grain Panicles
CalciumHydroxidein Void at the Aggregate/Paste Interface

83 days after casting, SE8Id not showettringite invoid at the interface of aggregate and
paste, which is proven by the absence of Sulphur in tHE&nalysis results. Crystals of
calcium carbonatevere found (Figure 923). The calcium carbonate is formed by
carbonation of calcium hydroxide due to exposure of the samples to air after theteonc
specimes were broken. Theigh peak silicon (Si) in the EDAXevealed the early
presence of calcium silicate hydza®-S-H, which will later be converted to ettringite as
water became predominantly available. The elemental composition by weiglys@i<

found in the sample wass follows: Al = 0.59%, Si = 3.51 % and Ca = 32.01%.
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Figure9-23: SEM-EDAX of Control Specimen at age 8&ysShowing SparsCrystals of
Calcium Carbonate in Void at tAggregate/Paste interface

SEM observation of samples takeom specimen at 120 days showed the presenitenof
crystal neelis of ettringite along with crystals of calcium carbor{&igure 924) formed

by carbonation of calcium hydroxide due to exposufrsamples to air. The ettringite
crystal morphology observed could not dmnfirmed byEDAX elemental composition.
The comppsition by weight provided was: Al =2.83%, S =0.80%, Si = 6.83 % and Ca =

33.89%.
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Figure9-24: SEM-EDAX of Control Specimen at 120 days Displaying Thin Nediéke
Ettringite Crystals andCalcium CarbonateParticles inVoids at the Aggregate/Paste
Interface

The SEM samples at 38ayscontained long crystals needles of ettringite filling 5 to 10%
of thevoid at the interface of aggregate and paltalsorevealsthe presence of Calcium
carbonate in blobrape (Figure 25). EDAX confirmed ettringite and providedhemical
composition 6Al = 2.37%, Si = 1.48%, S = 4.12% and Ca = 29.87% which is typical for
ettringite. Crystals of calcium carbonateere probably the product ofarbonation of

calcium hydroxie.
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Figure 9-25. SEM-EDAX of Control Specimens at 337 Dayghowing Needlelike
Ettringite Crystals andBlobs Crystals of Calcium Carbonate in Voids at the
Aggregate/Paste Interface

The ternary diagranof atomic ratio of Ca Al and S ofFigure 926 shows that the
composition of material filling the voids sesto diverge fom ettringite and monosulfate

for the control specimens. The material was richer in Ca but poorer in Al and S.
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