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The reinforced concrete structures that support transport, energy and urban networks in
developed countries are over half a century old, and are facing widespread deterioration.
The main cause oflegradation? reinforcement corrosion, accelerated by moisture and
chloride exposure? coststhe global economy a staggeringZ3 trillion per year (3.4% GDR
2013). The nuclear industry faces a particular challenge, as concrete assets are usually
coastal andcanunderpin safety-critical structures and radiation barriers. Passively-cooled

waste stores, for example are often ventilated with unfiltered sea air.

To deliver structural health monitoring and maintenance strategies ndustry requiresboth
moisture/chlor ide sensors and concrete repair materials. To date monitoring and
maintenance have been viewed as separate challengesThe work in this thesis
demonstrates that geopolymer binders? a class ofadhesiveconcrete repair materials ?

can be electrically interogated and used to monitor moisture ancchloride concentrations
on concretesurfaces, or as standalone sensorsThis can be achieved without sacrificinghe

ability of the geopolymerto form an effective repair.

This thesisoutlines first-time demonstrations of moisture and chloride sensors based on fly
ash geopolymers, andthe fabrication of additive-free, ambient-cured, non-structural
geopolymer repairs. In achieving these aims the work demonstrates that affordable,
combined monitoring and mantenance technologes for concrete can be delivered
Reducing the number of steps in deploying repairs and sensowsll allow more of ourageing
concrete infrastructure to be updated and repairedso that it can meet modern expectations

of safety, and remain resilient in the face ofclimate change.

Abstract iv
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MEMS Micro-Electro-Mechanical Systems
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NDT Non-Destructive Techniques

NEMS Nano-Electro-Mechanical Systems
NMR Nuclear Magnetic Resonance
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OFS Optical fiber sensors
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1.1. #1 1 OA@O 1 £ OAOAAOAE
Reinforced concrete igglobally the most used materialin construction today, prized for its
high strength and relative affordability [1]. Most mncrete structuresare durableenoughto
withstand 50-100 years of service life, but they are often life-extended, or exposed to
external factors that accelerate degradation Concreteinfrastructure maintenance inthe
United Kingdom is a multi-billion pound problem, that brings with it additional
unquantified social costs [2]. For this reason, ongoing inspection, monitoring and

maintenance are major requirements forensuring structural health, and managingrisk [3].

Degradation in reinforced concrete is mostly due to corrosion of the reinforcig steel bars
which in coastal environments is triggered by the combined action of chloride ions and
water content [4-7]. For this reason, an increasedniterest in water and chloride content
monitoring technologies in concrete has been shown over the years, atite need fornovel
competing and multifunctional technologies is particularly urgent in the case of safety

criti cal structures, such as nucleastructures.

Nuclear structures are coasta)often madefrom reinforced concrete,and in most cases play
somerole in the containment of radioactive material (eg.nuclear containments andstores).
These structures are intended to last for more than 100 years, despitethe presence of
radioactive packages (sourceof heat and highionising radiation levels), closeproximity to

the sea,and the absence of air filteringin some cases Providing non-invasive monitoring

Introduction 1
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and maintenance technologes for concretes facing these environments isunsurprisingly,

not a solved problem.

Most of the existing water and chloride sensing method$or concrete in academic and
commercial literature are somewhatinvasive (requiring forethought and/or drilling of
holes for probes), and they are not radiation resistant [8]. For this reason, the current
monitoring systems in UK nuclear store buildings are Relative HumidityRH) sensors and
environmental chloride sensors no sensing systems are applied directly to comete for
water and chloride content monitoring [9]. The need for an affordable, distributed, nn-
invasive technology for water and chloride sensing in nuclear concretes is the basis of the

research work outlined in this thesis.

Geopolymers, often frequently referred to as alkalactivated materials,are a promising
technology for solving this challenge.Geopolymers are often viewed as a lowcarbon
ordinary Portland cement replacement, with most research groups developing geopolyan
concretes [10]. These materialscan, however, form concrete repairs, may have a high
radiation resistance,and also exhibit an unlerutilised high electrolytic conductivity that can
be used for sensing[11-13]. The hypothesis underpinning this PhD project was that
interrogation of changes in the electrical impedance of geopolymer repair skins, or stand
alone cured moulds, could be linked to changes in moisture or chloride conten@ne
challenge is that geopolymers are often cured at elevated temperatures (at or abo4@ °C)
and at intermediate relative humidity, quite different to the cool and humid ambient
environments found in most parts of UK nuclearfacilities. Bringing heat sairces or more
complex additives into nuclear facilities represents a risk that would hinder the

technologyd d&ployment.

The main goal of ths project is therefore to produce afirst time demonstration and
characterization of a moisture and chloride sensor based onambient-cured geopolymer
materials. In particular, the technology has been developed according to the requirements,
environmental conditions and limitations of the Sellafield Product and Residue Store
(SPRS) whichis one of thelargest civil nuclear storage facilities in the world Itis intended

to safely and securely store all of the UK's civil stock eéparatedplutonium until 2120 [14].

The envisaged application of this work, beyond the scope of this thesiswill be the
development of geopolymer repairs that form distributed skin sensors for mapping

moisture and chloride levels over large concrete surfaces he work outlined in this thesis
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constitutes the firstimportant step: developmentand characteiization of the technologyfor
point location sensing The contributions to knowledge which this thesis provides are

outlined in the following section.

1.2. #1 1 OOEAOOET 1 0 O1 ETT x1I AACA
This thesisprovides a number of important knowledge contributions in the following three

fields of research
1. structural health monitoring in anuclear context;
2. ambient-curable geopolymer coatings for concrete;
3. moisture and chloride geopolymer sensors.
The unique industry -challenge and scientific-knowledge- contributions of this thesisare:

1 A detailed iterature review of the research context (reinforced concrete
degradation causesgxisting monitoring systems in nuclear stores nuclear store
requirements, and current technology limitations) reveals the unmet need for
structural heath monitoring technologiesin anuclear context It highlights the need
for non-invasive, affordable, radiation resistani and easyto-use methods for

monitor ing moisture and chloride content

1 A review of existing moisture and chloride sensing technologiesand methods

highlights the limitations of each technologyfor nuclear applications.

1 Avreview of geopolymer materials as sensors for concreteutlines environmental
parameters already investigated for geopolymer sensinffemperature and strain),
highlighting the lack of investigation of chemical sensing (such asmoisture and
chloride). This review alsohighlights the added advantageof simultaneously using

geopolymer sensorsas repairs and protective materials forconcrete.

1 Anexperimental investigationto develop ambient-curable geopolymer coatingsfor
concrete, explicitly showing thatcoating integrity and mechanical propertiesmake

them suitable for use asnon-structural repairs for concrete (as defined in

Introduction 3



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

harmonised British-European standards).The coatings are producedby altering
only the composition of the material the coating thicknessandthe mixing time. This
is a novel result, sincdat demonstrates that heating and additives are not required

to deploy this material in cool and humid environments

1 A first-time demonstration of geopolymerbased moisture and chloride sensors.
Sensor performance was analysed in detail for the moisture, chloride and
temperature ranges of interest fora nuclear context.This contribution constitutes
both an important scientific result and an optimistic result for the industrial

application.

1 An experimental investigation demonstrates, for the first time, the feasibility of
moisture and chloride geopolymer skin sensors forconcrete. This constitutes an

important contribution for the future development of a distributed skin sensors

1 Finally, the application of Electrochemical Impedance Spectroscopy (EIS) to
geopolymer binders and coatings provides an important and novel coribution to
the knowledge of the electrical conduction mechanism of geopolymersutlining a

proper circuit model to describe the system, validated by experimental evidence

1.3. AEAOEO OOOOAOOO0OA
The remainder of this thesis is structured as follows.

Chapter 2 introduces the research background and highlights the motivations behind the
work described in this thesis.Concrete degradation causes and mechanisms are described,
together with nuclear store building requirements. The need for a novel multifunctional

monitoring technologiesin anuclear contextis demonstrated.

Chapter 3 provides an introduction and description of geopolymer materials and
applications, highlightingwhy they are asuitable choice for ths application, and describing

the properties they havewhich are of interest for this work.

Chapter 4focuses on the experimental investigatiorof ambient cured geopolymer coatings,
describing the issues encountered and demonstrating #t high-integrity repairs can be

achieved withan affordable, minimal-steps procedure.
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Chapters 5 and 6 present, respectively, detailed experimental investigations of stand-alone
(i.e. non-coating) geopolymer moisture sensorsand chloride sensors These chaptersalso
provide a literature review of existing geopolymersensors(originally limited to strain and
temperature sensing), and the state of the art otompeting moisture and chloride sensing
methods. These two chapters demonstratethe feasibility of using ambient cured

geopolymers as moisture and chloride sensors

Chapter 7 outlines a preliminary experimental investigation of geopolymer coatings as

moisture and chloride sensors, and providesn assessment of sensor performance.

Chapter 8 provides anoverall summary, conclusionssuggestions for future work, andan

overview on future applications of the technology.

A series of appendices offer additional details regardingadditional data, and the

implementation and description of approaches and algorithms described in the thesis.

~ A N y P Ve ~ Ve

1.4. 0 OAl EAAOET T O AOEOEI ¢ £A&OT i
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The main task outlined in this thesis is to address the problem of monitoring and
maintenance in reinforced concrete structuresand in particularin a nuclear context, where

environmental conditions and containments systems may lead to criticalonfigurations for

corrosion of steel rebarsand the consequent concrete degradation

A key role for triggering corrosion of steel rebars in reinforced concrete is played by the
combined action of water and chloride This is particularly important in the case of
structures in proximity to a seawater environment, and with limited or no air filtering
systems, as in the case of sommiclear buildings. In this context, preventive actions are
needed, such as monitorin@f the ingress of both chloride and moisturend, at a later stage

maintenance.

This chapter gives aletailed overview on the context and motivation for this research work:
it provides a technicaldescription on the role played by water and chloride in reinforced
concrete degradation(section 2.2), detailsthe reasonsfor water and chloride monitoring
and maintenance imuclear store structuresmade by reinforced concretgsection 2.3), and
highlights the key needs whichthe technology developed and characterised in this work

aims tosolve, itsnovelty and efficacy(section 2.4).
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This chapter essentially highlights the research needt explains why there isa lack of
systems which can provide effective moisture and chloride monitoring role in a nuclear
context, andoutlines aneed for multifunctional systems which canalso protect and repair

concretewhile monitoring .

22. #i 1 AOAOA Add CAIAAA OEETx AOAO
Water content and chloride in reinforced concreteare two highly interconnected factors,
and their combined action on reinforced concrete leads to structurahtegrity issues which
have ahigh cost and impact[1-4]. This introductory section describes the concrete
degradation issue from a technical point ofiew, giving an overview ofits causes and the
process of corrosion of the steel reinforcement, which constitutes the primary cause of

concrete degradation in reinforced concrete structures.

2.2.1.Introduction to concrete degradation

Concrete is a composite miarial consisting in a &ense coherent masspbtained by binding

fine and coarse aggregates (sand and gravel, or crushed rock such as limestone or granite)

with Portland cement[5, 6]. Concrete has some advantages, such as: easy manufacturing,

utilizing local materials, low investment,and it is amouldable substance (can be made into

any structure of complicatedshape and different sizes]7].

Concrete also hasweaknesses: it has a low tensile strengttand a low cracking resistance
For this reason,the combination of concrete with a proper quality and quarity of steel
reinforcement, together with other technical measures (selection of raw materials, mix and
cure technique, construction management, prstressing, and improvement of calculation
method), will give to the final structure the improved strength and ductility to satisfy safety
and service conditions[7]. The mutual compensation of he behaviour of both materials,
concrete and reinforcing steel, leads to a structural material with high strength, good

integrity, corrosion and fire resistances and flexible us¢7].

For some time it was actually believed that reinforced concrete structures could last
Goreverg, but they do deteriorate over time [6]. The complex chemistry of cement, the use

of steel reinforcement and the exposition of concrete to a variety of environments result in

Research Context and Motivation 9
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several different processes of deterioration[8]. A number of durability -related problems
for concrete have emerged and stimulated research investigatio alkali-silica reactions,

sulphate attack and reinforcement corrosion.

Among degradation causes, the primary cause of deterioration inreinforced concrete

structures is considered to be the corrosion of steel reinforcement, primarily due to two
independent reasons:(i) the carbonation of the cover concrete andii) the presence of
chloride ions atthe steel surfacg[6]. In particular, water content (or moisture) of concrete

has a key role in degradation mechanissof reinforced concrete structures, and chloride
concentration in concrete is of critical importance for corrosion of the steel reinforcement
in reinforced concrete. Section 2.2.2 presents a detailed description of the role of water
content and chloride for the @rrosion mechanismssince they arethe most important cause
of concrete degradation for reinforced concrete tsuctures, both in general, and for the

specific application of this work, whichwill be describedin detail in section2.3.

Indeed, the corrosion induced by chloride is a problem which has reached alarming
proportions since the 1970s, leading to very high repair costs, which sometimes overcome
the initial construction cost, and in extreme situations it has led to the collapse of structuse
[9]. However, water content (or moisture) has a key role in all the chemical mechanisms
which lead to @ncrete deterioration mentioned above, nofust the corrosion mechanisms
of reinforced concrete. For this reasorthe next sectionwill give an overview on the role of

moisture in the minor causes of concrete degradation.

2.2.1.1. Other concretedegradation causes

Theother (less frequent orminor in this context) concrete degradation causes where water
plays a key role are: AlkakSilica Reaction (ASR) and Sulphate attack. These mechanisms
may affect concrete independently from the presence of steel reinforcement, and they are
less important than corrosion. For conpleteness, this paragraph gives an overview on them

by looking at the role of moisture.

The alkali-silica reaction (ASR)is a time-dependent phenomenon (it typically takes
between 5 and 12 years to developyhich occurs during the service life of a struaire,
giving visible external warnings of internal damage andit may affect strength, stiffness,
serviceability, safety, and stability ASR is a particular variety of chemical reacti@within

concrete, involving alkali hydroxides (usually derived from thealkalis present in the cement
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used) and reactive forms of silica (present within aggregate particles), andquires water
for it to produce the alkali-silica gel reaction product which swells with theabsorption of

moisture [10].

The phenomenon of ASR is compleand, although there are many interacting and
interdependent parameters that influence its occurrence, it has been oegnized the
simultaneously conjunction of three conditions necessary for the initiation of the alkali
silica reaction, such as: apresence ofhigh levels ofwater (relative humidity greater than
80-85%); b) amount of alkaliin concrete; and c) reactive dlica (reactive aggregates)11].
Although all the three conditions must be verified to start the reaction, it must be noted that
the susceptible silica and the alkali concentration may depend on theapillary water
availability, which is required to transport the reactive ions and to let the gel swell
Moreover, variations of local concentrations of reactive silica and concrete alkalinitgrise
from material porosity and permeability, andare determined by conditions such as concrete
placement, variable compaction, moisture/thermal movements and, above all, by
microclimatic conditions of heat and moisture[10]. Therefore, anong these conditions,

moisture plays the fundamental roleon which alsothe other conditions depend.

The other minor cause of concrete degradation isulphate attack Sulphate attack can be
external or internal depending on the source of thesulphate ions[12], and it ispossible to
distinguish between internal sulphate reactions (ISR) and external sulphate reactions
(ESR)[11]: ISR can occur only irdamp environments, in massive casin-place concrete
parts in summer or on heattreated concrete parts, and it produces calcium
trisulfoaluminate hydrated mineral species containing sulphatesknown as ettringite, and
resulting from the reaction between calcium aluminates and gypsupESR is a chemical
breakdown mechanism wherecomponents of the cement paste of concrete are attackéy
sulphate ionscoming from an external source, such as soilgroundwater, seepage water or
sulphuric acid rain due to atmosphericindustrial pollution . A loss of concrete strength,
severemicro-cracking and overall expansion of atructural element, with surface spalling,
delamination and exoliation, are caused by the expansion dhe products of reaction, such

asthe secondary ettringitet.

1 The ettringite formed during sulphate attack onhardened concrete is calledsecondary ettringite to be
distinguished from the primary ettringite that forms during hydration of cement.

Research Context and Motivation 11



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

Sulphate attackdoes not lead to he abrupt structural collapse of structures in most cases
The detrimental action of sulphates on field concrete is affected by factors such as: strength
of the sulphate solution, permeability, composition and quality of concrete,ambient
temperature and humidity [12]. Therefore,the role of waterin the case of sulphate attack is
important , not only becausewater is the mean through wich sulphates can enter concrete,
but also for the fdlowing reasons[12]: sulphate ions migrate through thecapillary pores of
concrete for diffusion, driven by the concentration gradient andthus they trigger complex
chemical reactions with active components of the hardened cement pastndthe reactions

proceed in the aqueous medium filling the pores

2.2.2.Corrosion of steel rebars

In the normal highly alkaline environment of reinforced concrete, pH > 11.5usually in the
range 12.5%13.5), and the surface of steel rebars is covered with a thin passive oxide film,
which protects the steel from corrosion. Under certain conditions, the passiiém becomes
unstable leading to corrosion[1]8 4 E-AAOGABOAQEI 16 [ AAEAT EOI

reasons:carbonation and chloride contamination.

Corrosion of the reinforcement can be a widespread general corrosion (common in
carbonation), or a very local attack (common in chloride pitting corrosion). General

corrosion results in cracking and spalling of concrete, since the products of corrosion swell
creating internal stress and some reduction of the crossection of the bars is also
commonly seen, while for the localised pitted corrosion, even deep pits randomly
distributed in the bars may appear before any external evidence of concrete deterioration
is seen[3], thus making it more dangeous. Corrosion takes place ifall the following four

processes argossible:

a) anodic reaction(¢'O® ¢'OQ 1Q);

b) cathodic reaction(0 ¢O0 1Q © 10O ;

c) flux of ions between the site of the anodic reaction and thgite of the cathodic reaction;
d) flux of electrons.

Each process is triggered by specific conditions: the anodic reactipmhich is the dissolution

of the metal, takes place only when the passive laydireaks down for carbonation or for a
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critical level of chloride in concrete; the cathodic reaction takes placenly if a reasonable
amount of axygen is available at the interface reinfatement-concrete; the flux of ions
between the two reaction sites is pssible only ifthe medium between the two sites is a well
conducting electrolyte; the flux of electrons is possible only if there is a metallic connection

betweenthe sites of the two reactiong[3].

In normal alkaline conditions of good quality concrete, in the absence of chloride, the anodic
and cathodic reactions happen and they are balanced each by the other, and the produdts
both reactions combine together and in a last stage they are responsible of the production
of the stable film that passivates the reinforcing steel. The stability of this film depends
essentially on the oxygen availability that controls reactiorb) above and on the pH of the

interstitial solution in the interface steel/concrete [9].

Once the corrosion is initiated, its propagation rate depends on four factor¢i) moisture
content and concrete resistivity; (i) temperature; (iii) oxygen availability; and (iv) pH of
concrete pore water[3]. It must be noted thatoxygen availability and concrete resistivity
depends on concretepermeability and moisture content: at high moisture content, the
diffusion coefficient of oxygen is very low. The transport of gases (@, CQ), water and ions
(6 &) in concrete depends on:water suction and penetratiory diffusion and permeability
coefficient; and ion mobility. In particular, water suction and diffusion play a key role for
corrosion triggering due to carbonation and chloride ions uptake[3]. For concrete
structures exposed to the atmospheric zone in marine environments, both carbonation and
chloride ingress mayoccur either simultaneously or in successioil3]. The two following

sections describe in detail the two processes.

2.2.2.1. Carbonation

Carbonation is a chemical phenomenondue to chemical reactions between thecarbon
dioxide, CQ, which comes from the atmosphere anddissolves in the pore solution of
concrete, and thealkaline components ofcement paste, such adlaOH, KOH, Ca(Okland
calcium-silicate hydrates (bases which give the water in the pores of concrete a high pH
around 13) [3]. These reactions causa reduction of the pHin the concrete pore soltion by

neutralizing alkaline components.

In detail, carbonation in concrete can be divided into three main stagd4.1]: a) CQ diffuses

in concrete; b) CQdissolvesin pore water; ¢) chemical reactiors between dissolved carbon
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dioxide and alkaline components which result in carbonate production, thus lowering the
pH of theinterstitial solution from about 13 to about6-9. The full carbonation reactions are

described by the following equationd 3]:

¢l w0 0006 060 © 0 w6l qOU Eq.2.1
¢ OO0 606 © 060 OO Eq.2.2
a0 OO0 60 © 6B ¢OU Eq.2.3

Among the carbonation products,only CaCQ@ is deposited, since it has a much lower
solubility compared with Na,CQ and K:CQ, which remains dissolved in the pore water.
These products occupy a greatevolume than does the originalnon-corroded metal: this
leads to a pressure build up around the steel rebars, which is the cause of cracks and finally

of the spalling of the concrete above the steel rebars.

If there is enough C@and water, the carbonates reacfurther, thus leadingto a further

reduction of the pH of concrete [3]. Therefore, water plays a key rolein triggering the
carbonation reactions, and alsotte speed of carbonation depends on theoisture content

of the concrete: transport of C@in concrete is very slow in pores filled with water, butthe

AAOAT T AGETT DOT AAOO AAT, debuusd Adieh is BetelsArf fordtieOET O«
dissolution of CQ. For this reasonthe most dangerous range of moisturéor carbonation is

between 50% and 80%] 1], and there is a maximum rate of carbonation at a medium range

of relative humidity [3]. Carbon dioxide is unavoidables it is everywhere in the airand the

content of carbon dioxide in the air is rising.

Furthermore, it is important to note that the carbonation processcan also have an impact
on chloride transport, ingress and distribution in concrete[13]: carbonation of chloride
contaminated cancretes results in a decrease of thehloride binding capacity, that causes
the release of the bound Cl in concretes and pushes chlorides inwardarbonated concretes
exposed to chlorides results in an increased penetration of chlorides much deeper intoet
concrete due to possible presence of carbonation induced mictracking in the near

surface region.
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2.2.2.2. Chloride contamination of concrete

In concrete,chloride may comefrom internal sources, for instance the mix ingredients, or
from external sources, sub assea water, water with dissolved deicing salts, orfloors
containing chloride. The fastest ingress of chloride into concrete is caused loapillary
suction of waterwhich contains chloride, and the chloride ingress is accelerated by wetting

and drying cycles of concretd 3].

In many countries the most important degradation mechanism for reinforced concrete
infrastructures is the penetration of chloride ions from seawater or decing salts into
concrete and the associated risk for reinforcement corrosion. For this reason, many studie
have been conducted on the corrosion mechanism induced by chloride, and in particular on
the chloride concentration threshold value for triggering corrosion in steel rebars[1, 14,
15]. This threshold value corresponds to asufficient concentration of chloride ions
measured at the rebar depth thatcan causethe breaking down of the passive protective

layer and the pitting corrosion to occur [16].

The chloride ions act as catalysts to corrosion: they are not consumed in the process but
rather help to break down the passive film on the steel and allow the corrosion process to

proceed quickly. The reactions which describe the process are:

"0Q ¢da TOOO 08 GRTOU Eq.24

00 GFT'O6° OO0 g6 & ¢O (OO0 Eq.25

After corrosion starts, acids are present, pits form and the rust generates over the pits,
concentrating the acid. In this circumstance, the anodes and cathodes are often well
separated with large cathodic areas supporting small, concentrated anodic aredshis is

known as the macro cell phenomenofl6].

The chloride concentration threshold value is affected by numerous interrelated
parameters [1]: properties of the steel/concrete interface, pore solution chemistry,
electrochemical potential of the steel (related to the pH of the pore solution)and the
amount of oxygen at the surface of the steelherefore, the chloride threshold vaue shows
a complexity and a variety which makeits determination in different circumstances a

complicated problem [16]: concrete pH varies with the type of cement and the concrete
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mixture; chlorides can be chemically and physically bound in concrete; in very dry concrete
or surfacetreated corncrete, corrosion may not occur even at very high chloride ion
concentrations because not enough moisture or oxygen is present in concrete to activate
the corrosion reaction; and corrosion can be suppressed if there is total water saturation
due to oxygen garvation. Therefore, corrosion can benitiated by relatively low levels of
chlorides (threshold level ofabout 0.2% chloride by weight of cement), iiwater and oxygen
are available instead a higher concentration of chloride §p to 1.0% or more is required if

water and oxygen are excluded2, 16].

23. 3000AXNMIAGE T £ 1T OAT AAO 001 0/
As seen in the previous section, chloride andvater content are two fundamental
interconnected parameters which play a key role in reinforced concrete degradation, and
their ingress into reinforced concrete structures reqgures limit and control. For this reason,
structural heath monitoring solutions for concrete stould monitor water and chloride. This
is particularly important in nuclear context, where concreteassets are usually coastal, and
often play the crucial role ofcontainment of radioactive packaged materialsThis is the case

of radioactive products and waste store structures

The term storagein nuclear contextdescribes the holding oradioactive materials or waste
in facilities, called stores, that provide this containment, with the intention of retrieval [4].
The primary function of a store in nuclear cortext is to store packaged radioactive material
in a manner that protects workers, the public and the environment from hazards associated
with the interim storage ofradioactive materials or wastepackages until they are exported
[17]. For this reason,the store buildings are subjectedto specific requirements, such as
ventilation systems, quality of concrete and environmental control. In such structures,
structural integrity, together with avoiding, preventing and limiting concrete degradation

is one of theprimary importance requirementsto extent store longevity.

2.3.1.Store buildings longevity

The UK Nuclear Decommissioning Authority (NDA) Industry Guidance document on
interim storage [17] (effective from January 2017)outlines the necessary steps which
determine store longevity. The starting point is thdarget design life which should typically

be at least 100 years for bdt new and existing storesFor new stores, any requirement for
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an earlier store replacement should be avoided, while for existing storeshere the design
life does not meet the design target, store refurbishment or the transfer gfackages into a

modern store should be considered

In order to meet the target design life, a store should be subjected &ppropriate quality
standards and control Among them it is worth to mention: a) the use ofappropriate
concrete grades where levels of chlorides and other components within the mix during
construction and level of penetration post construction are key component® meeting the
design life; b) provision of additional concrete cover over any rebar; c) use ofigh
performance concrete d) designing and constructing the structure according to the
relevant codes with consideration given to reducing design crack width limits; e) the use of

stainless steel reinforcement

All these requirements reduce the risk associatedith the features and components which
can limit the life-time of a store An important step to assess the longevity of existing stores
and establish the design criteria for @iture stores is to identify these features and
components. Theycan be classified dependig on three aspect of the store and its
equipment: design managementand continued operation. The features for each aspect of
the store and the factors affecting each feature are presentedTiable2.1[17]. Among them
particular attention should be givento the continued operation features, wherestructural
integrity plays an important role: it can be a life limited feature, and the main factors
affecting it (as already seen in detail in section2.2) are considered to beconcrete

degradation and corrosion of steel reinforcement
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Aspect Features Factors affecting features
External factors, such as floods, earthquakes,
0001 AT Eh AOAS
Design life; Storage capacity;
. Local demographics;
. _S|t|ng Hydrogeological properties
1 Design requirements; ’

Regulatory and
stakeholder views.

Planning and permitting issues;
Environmental and safety considerations;
Sociceconomic factors and cost issues;
Changes in regulatoryrequirements.

Knowledge of
management of
issues and security.

2 | Management

Staff with appropriate skills, knowledge and
experience;
Organisational learning;
Records management for waste packages,
environment, store equipment and store
maintenance.

Structural integrity
of the facility;

Continued

operation Operation of plant

and equipment

Subsidence and settlement;
Concrete degradation, strength, hardness anc
carbonation;
Corrosion of concrete reinforcing bars;
Structural elements to bear bads;
Elements to exclude water and control
inadvertent surface water deposited on the
floor;

Integrity of external cladding.

Passive or active ventilation and/or heating
systems, and auxiliary systems, including
water supply, drainage, gas and compressed

air.

Table 2.1 z Features limiting the life of a store building and factors affecting the features, for
each aspect of the store and its components.

Finally, & the design stagehe plan isto replace or refurbish various components of the store

periodically. For some the components replacement and refurbishment is consideed

relatively straightforward (e.g. building envelope fabrics, external ventilation systems and

power supplies), while for others, like the reinforced concrete structuresit is potentially

considerably more complex. Among the last ones it is worth to mentiomajor reinforced

concrete or structural geelwork building structures.

After having described all the steps and factors which play a role on the store longevity, it is

clear thatthis is determined bythe life-limiting feature with the shortest lifetime and which

cannot practicably be replaced or refurbishedin this context,environmental control plays

a fundamental role in extending the lifetime of nuclear store buildings.
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2.3.2.Store buildings environmental control

Environmental control in a store environment allows for the avoidance of extremes
conditions which are harmful for the building health, such as condensation, or levels of RH
at the deliquescence point of any contaminant salts. It is important to netthat the store
may have some constraints, sth as particular weather conditions over the 100 years of
operation, and thelocation of the store:the stores are usually located close to the reactors
so that spent fuel does not have to be transported long distances, and reactors themselves

are usually coastal for access to emergency cooling water8].

As we can expect from the detailed description of the reinforced concrete degradation
causes and mechanismi section 2.2, among the mairkey parameterswhich need to be
controlled in the store environment in order to limit concrete structural integrity issues

according to[17], we can mention
1) temperature and RH
2) moisture;
3) contaminants (mainly chloride for coastal locations).

Table 2.2 shows the key aspects to consider for each parameter and the necesseeguired

control methods, according tq{17].
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Key parameter Key aspects to consider Controls
Connected to the risk of | Passive controls;
cycles ofcondensation and to
Temperature | the contaminants potentially |1  Actively managed Heating,
and RH deposited on store life Ventilating, and Air Conditioning
limiting features and waste (HVAC);
packages.
1 Contingency plan.
Internal sources:
1 store materials (concrete);
1 waste packages conditioned
with hydraulic cements or
AT AADPOOI AOGET ¢
1  Designing out the risk of moisture
1  concrete overpacks. ingress:
External sources: 1 Providing detectors;
1 migration from surrounding |  Proscribing practices that may
2 Moisture soil into the foundation, or foster water ingress;
transfer tunnels;
1 Maintenance of store components;
T unconditioned damp air
AT T AAT OEITAGS T 1|q Dehumidification on inlets to the
surfaces; store.
1 inadequate performance of
guttering, roofs, or cladding
or other advantageous
openings leading to
infiltration;
1 infiltration of rainwater
during import and export
operations.
Internal sources: 1 Limiting practices that may result
. in deposition of salts onto
Contaminants o . .
(corrosive Salts arising from concete; containers or concretes;
materials: — . .
. . 1 Filtration of inlet air to prevent
3 chloride is External sources: ingress of saline
prevalent for
coastal T Seasalts aerosols; f  Cladding or coating the
locations) o internal/external store walls;
1 Deicing salts.
1 Monitoring.

Table 2.2 7 Key parameters to control in the store environment, key aspects and control
methods proposed by the guidancgl7].

As we can see from the control measurda Table 2.2, two other important parameters to
be controlled in the store environment, which have great impact on moisture and

contaminants ingressand deposition on concrete surfacesare:ventilation/co oling systems
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and filtration of air inlets. These two arrangements are highly interconnected, because the
presence of filtration mechanism for air inlets depend®n the ventilation/cooling method
used in the store.Ventilation is the process of exchangingr replacing air in any space to
provide high indoor air quality, introduces outside air, keeps interior building air
circulating, and prevents stagnation of the interior air The ventilation/cooling methods can

be of two types [19]:

1) Active system which is a forced ventilation system, since it is provided
mechanically, for example byfan motors, actudors for vents and valves, anduns

on electricity;

2) Passive systemwhich is anatural ventilation system that makes use of natural
forces, such as wind and thermal buoyancy, to circulate air to and from an indoor

space.

A more detailed discussion on the comparison of the benefits and risks of these methasls
presented in paragraph2.3.4.3 where the case of a specific nuclear stors discussed The
need of a ventilation or cooling system, and the choice of a particular type of arrangement
is closely connected to the radioactive material contained in the stored packageEhe
radioactive material which is stored can be of different typesgpent fud, radioactive waste
generated from nuclear reactor activities, or separated plutoniury which are introduced

and described inthe next paragraph.

2.3.3.Nuclear radioactive products. waste and assets

Radioactivity is the tendency ofunstable nuclei to transformthemseves into other more
stable elemens, through the radioactive decay processby emitting high energy charged
activity, which isdefined as the number ohuclei which decay in the time unitfollowing the

exponential law ofEq.2.6:

66 0Q Eq.2.6

where N(t) is the radioisotope population at the time t, N is the radioisotope population at
a chosen initial time,and_is the decay constant charactéstic of each nuclear species, on
which other two important parameters depend (the average life andhe halflife, which is

the period of time needed to reduce the initial populatiorof nucleito 50%) [20].
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The production of energy in nuclear reactors is th human activity where the biggest
amounts of radioactivity are produced[21]. In nuclear reactors, the fission reaction 035U
and 23%Pu is induced by neutrons, and huge amounts of heat are produced, which is
converted in electric energyThe fission products are the radioactive isotope&’Csand %S,
which are responsible ofheat and penetrating radiationproduction, and which show half
lives of 30 years The fission products are disposed as High Level Wadfgescribed in
paragraph 2.3.3.1 [22]. The main products of nuclear ativities are radioactive wasteand
bl OO1 &sgedi O

2.3.3.1. Radioactive waste

According to IAEA (International Atomic Energy Agency)23], radioactive waste coming
from nuclear facilities can be classified, according to their halife and their activities, into
three main classes: LLW (Low Level Waste), ILW (Intermediate Level Waste) amtlL W
(High Level Waste). LLW hadimited amounts of long lived radionuclides, requires robust
isolation and containment for periods of up to a few hundred/ears and it is suitable for

disposal in engineered near surface facilities.

ILW contains more long lived radioruclides, and it needs no provision, olimited provision,
for heat dissipation during its storageand disposal LW require s disposal at greater depths,
of the order of tens of metres to a few hundred metres. HLW shows levels of activity
concentration high enough to generate significant quantities of heat by the radioactive
decay processor waste with large amounts of long lived radionuclides that need disposal
in deep, stable geological formations usually several hundred metres or more below the
surface (Geological Disposal Facility, GDFHowever, the GDF concept may include a
significant period of storage / care and maintenanceof packaged wastesbefore the
backfilling of the repository is completed. Wastes are therefore expected to be kept in
GnterimsOT OACAG6 A&l Q710 AT U UAAOO

Another source of waste which need dsposal and/or temporary storage is the
decommissioning activity of many nuclear power plants and nuclear facilitieswhich
recently reached the end of their lifetime The term decommissioningdescribes all the
management and technical actions associated with cessation of operatiand withdrawal
from service of a nuclear facility, and it involves activities associated with dismantling of

plant and equipment, decontamination of structures and components, demolition of
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buildings, remediation of contaminated ground and disposal or t@porary storage of the

resulting waste [24].

2.3.3.2. Plutonium inventory: asset

Another important product of nuclear reactor and reprocessing activities is Plutonium:
during the fission reactions in the reactor,uranium atoms capture neutrons produced
during fission, thus forming heavier elements such a&°Pu (transuranic elements), which
show a half-life of about 24000 years. Reprocessingactivities, which are carried out in
appropriate reprocessing nuclear fadities, separateresidual uranium and plutonium from
fission products andirradiated fuel, thus allowing their re-use as fue[22]. Globally around
54 percent of all separated plutonium is currently held in peaceful nuclear programs, and

around 46 percent is held in military programs[25].

The UK currently has a significant inventory of separated plutonium which has been
generated from reprocessing activities on the Sellafield site (mostly reprocessing of
Magnox and Oxidée fuel). The UK government has designated this material as @ssefand

it must be stored in a form which does not exclude future reise until a final decision is
made, and for planning purposes this is taken to be a period up to 100 years. This material
needs to bestored in purpose-built engineered storagefacilities which meet relevant safety
and security requirements To ensure itssafe and secure storageall plutonium products
and residues which have been generated ding operations on the site, until the end of the
operations at Sellafield,are/ will be stored at a new purpose-built facility , described in
Paragraph2.3.4 the Sellafield Product and Residue Store (SPRE)7].

2.3.4.SellafieldProduct and Residue Store (SPRS)

Sellafield Product and Residue StoreSPR$ has been designed and constructed to ensure

the safe and secure storage of Plutonium (Puand plutonium residues produced at the

2 Sellafield is a large multifunction nuclear site in Cumbria (Emgland), former nuclear power generating site.
The Sellafield current key activities include nuclear fuel reprocessing, nuclear waste storage and nuclear
decommissioning[26].

3 Magnax (Magnesium nonroxidising) is an alloy of magnesium with small amounts of aluminium and other
metals, which isused in cladding unenriched uranium fuel with a noroxidising covering.

4 The fuel of fission reactorss usually based on metal oxide, sincthe oxide melting pointis much higher than
that of metals and because it cannot burn
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Sellafield nuclear site since reproessing activities began in the mid 1960s. This material
will be stored there until the government makes a decision on the final dispasof the UK
stockpile of separated plutonium. The store has been built with an intended operational life
of at least 100 years. Therefore, the structural health of such building is of critical
importance, also because it ishe first naturally -cooled plutonium store on the Sellafield
nuclear site, demonstratinga new approach to the storage of separated plutoniunThe
following paragraphs describe the featuresand the working principle of this store,aiming
to identify the potential risks for its structural health, and their provenience. The main
reference for the followingsectionis a paper dedicated to the safstorage of UK Plutonium,

and to SPRS in particular, from the Nuclear Institute Congress 20137].

2.3.4.1. SPRS packages

The plutonium stored at SPRS comes fromwo streams of plutonium production on the

Sellafield nuclear site:

1. Plutonium powder from the reprocessing of Magnox reactor fuehas a moderate
decay heat, and itis stored in Magnox packageswhich comprise of a nested can
design (an aluminium screw-top inner can, a polythene bag and a weldealed

stainless steel outer cai

2. Plutonium powder from the reprocessing of oxide fuel from the Thermal Qde
Reprocessing Plant (THORP) has a typical decay heat higher than the Magnox one,
and it is stored in aTHORP packagevhich share a similar nested can desig (a
stainless steel screwtop inner package, a stainless steel breathing intermediate and

a welded, sealed, stainless steel outer

Since the packages stored in SPRS release decay teaboling system is provided, together

with particular precautions for heat dissipation.

2.3.4.2. SPRS internal configuration anavorking principle

The product packages in SPRS are placed in extruded aluminium storage tubes whadow
the packages taest on conductive rails, allowingheat to be transferred to the aluminium
extrusion. The extrusions themselves act as a heat sirdtlowing the transfer of heat from
the radioactive plutonium powder to the extrusion via the metallic outer can On the other

hand, they also act as a secondary containment layer for the materials as thaflow or the
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cooling systemcools the extrusions and never comes into direct contact with the packages
themselves Figure 2.1 below shows a schematic representationfaan extrusion section with

three THORP or Magnox product packages

Extrusion

Inner Can

Middle Can
Outer Can

Powder

Air between
packages

Figure 2.1 7 Schematic representation of an extrusion section with three THORP or Magnox
product packageq27].

Unlike the other plutonium stores on the Sellafield site, which operate with a mechanically
driven airflow cooling system (active), SPRS is the only plutonium stori@ Sellafield which
uses a n#ural cooling system (passive): the decay heat from packages generates buoyancy
force which drives airflow through the store, without the need of a forced mechanically
driven airflow. The cooling airflow acts as an efficient heat transfer medium, since it
removes heat from the aluminium extrusions, which have a highthermal conductivity
(209.4 W/mK [28]).

SPRSs made by several storage cells, each divided into 8 rows of 5 extrusions, where the

lower 4 rows store the Magnox packages, while the upper 4 rows store the THORP packages,

so that their higher decay heat can drive the flow through the cell, thus encowging a

positive air flow across the cooler Magnox packagedrigure 2.2 (a) shows the schematic
configuration of a storage cell iI'SPRSwhere the cooling airflow enters through ducting at

the base of the cellas the buoyancy force draws air up through the celThe airflow removes

heat from the extrusions, rising its temperature, to be then removed from the store through

outlet stacks onthe top of the buildingh x EOE A AEZAAZAOAT AA 34 AAOxA
cell outlet and the temperature at the cell inletA measure of how effectively the store works

was monitored throughout active commissioning, by calculating the heat carried byhé

cooling airflow. To demonstrate that the store could be safely operatedt was necessary to
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generate computer models of both the store and the packages and to predict their behaviour
during normal and fault conditions, ;nce SPRS represents the firsirhe that anaturally -
cooled plutonium store had been consideredn the Sellafield nuclear siteTwo pairs of CFD
(Computational Fluid Dynamic)and FE(Finite Element) modelswere generated during the
design and commissioning of SPRith the purpose of cemonstrating that temperatures
within the store would havenot reached levels where pressurisation of the packages within
could threaten pressure limits.Figure 2.2 (b) shows the CFD thermal model of a full loaded

storage cell at SPRS.

53°C
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(a) (b)
Figure 2.2 7 a) Schematic representation of a storage cell in SPRE], b) CFD thermal model of
a full loaded storage cell at SPR37].

With the help of modelling, he safe operation of the store was successily demonstrated
and data gathered during the active commissioning programme proved that packages were
stored in conditions beneficial to longterm storage. Consent to operate was issued by the
Office for Nuclear Regulations ONR in October 2012 and thestore has continued

operationally since then.
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2.3.4.3. SPRS passive cooling systemisk for structural health

The use of a passive cooling arrangement in SPRS has significant benefits, sindeas not
require any maned intervention to gerate (it-self regulateg: this effectively eliminates a
Loss Of Cooling écident (LOCA)scenario,becauseas it operates passivelyit does not have
any credible scenarios which would prevent airflow moving through the storeHowever, it
is worth noting that passive cooling systenoperates at very low flow velocities compared

to active (mechanically forced) cooling systems, and thisas threemain consequencas[29]:

1. If the airflow is slow enough, the air has enough time to cool to the dew point
temperature before it moves away from cold surfaces;

2. Any sort of filtration of inlet air methods cannot be usedjue to the increase
pressure differential this would place on the airflow.

3. Indeed, the introduction of HEPA (High-Efficiency Particulate Ar),
coalescence obag filters, to remove salt, moisture ad particulate from the
air (as it happens in case of active ventilation systems)ould act as a barrier
for the air flow, thus compromising the effectreness and safety of the store.

4. For the absence of such filtering systemsn stores such as the SPRS,
particular attention needs to be put at the ingress of moisture, chloride and
other contaminants which can lead to corrosion of packages and steel
reinforcement of concrete This is evenmore important, since the average
value of RH measured annually in the store air corridors is around 780%,
according to internal Sellafield reports.

5. In this case, monitoring and maintenance are the most effective and
applicable control measuresamong toselisted in Table2.2. For this reason,
nuclear industry shows an increased interesto technologies which can limit
and monitor the ingress of chloride and moisturedirectly onto concrete
structures, andwhich canplay a maintenance rolevhen the concrete shows

degradation signals.

Ve
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The process of determining and tracking structural integrity and assessinthe nature of
damage in a structure is known asStructural Health Monitoring (SHM) [30]. The nuclear

industry is actively looking for new methods of structural health monitoring to assure that
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the nuclear store buildings life time will meet the intended target life time of 100 years
Among these methods, monitoring of chloride and moisture ingress into concrete would
constitute a powerful instrument of prevention for reinforcement corrosion. This is
particularly important for store buildings such as SPRS, which operates a passive cooling
system, thus increasing the risk of condensation and the levels of chloride and moisture

concrete, as seen irsection2.3.4.3

The research project of this work of thesis was conceived together with Nuclear Industry
(National Nuclear Laboratories (NNL) and Sellafield) to find a solution to the lack of
effective means to monitormoisture and chloride ingress.lt is useful at this point to give an
overview on the existing moisture and chloride controlsystems in nuclear stores, the lacks
that they present, and the environmental requirements This overviewis givenin section
2.4.1 Section 2.4.2introduces the technology proposed in this work and briefly highlights

its novelty and advantagein comparison with the existing methods

2.4.1.Chloride and moisture control in UKnuclear stores

In UK nuclear storebuildings, the environmental control, intended asmonitoring, is mainly
a control of Relative Humidity (RH) and temperature: humidity monitoring is not as
extensive as temperature monitoring. Relatively few operators monitor chloride levels and
very few have implemented monitoring measures such as corrosion coupoii8l]. So far,
chloride monitoring of the storage facilities have been carried out using techniqueshich
give representative surface salt deposition measuremenissuch as: (i) vertical and
horizontal plates of 304L Stainless steetoupled with a salt contamination meterand (ii)
chloride candleswhich is a wet chemistry method meauring atmospheric salt conten{32].
Therefore, the monitoring of chloride levelsis applied to the deposition of chloride onto the
steel surface of radioactive packagesind on atmospheric salt content,not on chloride

content in concrete.

The drategies adopted for moisture control are either minimising moisture entry or
removing moisture from the building envelope[31], more than moisture monitoring in
concrete, and the guidances of the nuclear regulator institutes are referred to the RHhe
British Nuclear Group (BENG extant guidance[33] suggest a target of 80% maximum
relative humidity for care and maintenance of packages in stores, based on considerations
of the critical relative humidity for corrosion of mild steel (packages and reinforced
concrete) [31]. The draft Magnox guidancg34] (which is an update of Referencd33])
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indicates a range for relative humidity between 30% and 75%, with recommended upper
limits of 50% for a combination of high chloride and low humidity and 75% for low chloride
and high humidity (which are set in conbination with recommended values for waste

package temperature)[31].

We can conclude thatin nuclear store buildings RH andtemperature monitoring are
applied, and chloride levels are measureth the atmosphere and as depositioon the steel
surfaces ofradioactive packages, while nanonitoring is directly applied to concrete to
measure the levels of water and chloride ingres3.he same thing applies tahe inlets/ducts
(air corridors) of the stores, which are in direct contact with the outside air, and thuscooler
and more humid. Therefore, the structural health monitoring of concrete in such store
buildings shows a clear need fochloride and moisture content sensing technologiesAlso -

given the propensity for cracking, there may also be a need for repairs.

2.4.2.Novel solution: combinedmultifunctional technology

The ideal forefront technologies which industry is looking for, in order to solve the
monitoring and maintenance need for structural healthshould meet some advantageous

requirements of different nature:
 Affordable costs;
T Much flexible to apply to any surface andhape;
1 Forefront performances in terms of resolution, repeatability and precision;
T Multifunctional.

Among the techniques for monitoring chloride and moisture in concretes, currently there is

a growing interest for non-destructive methods [35]: they preserve the features and the
usefulness of the material, consist of external or embedded equipment, and can be taken at
several points of the structure and timeg36, 37]. A detailed review on the existing methods

to sensemoisture and chloridein concrete will be presented respectiely in chapter5 and

6. Here the main methodsare mentioned, in order to briefly highlight the novelty and

improvement represented by the technology proposed in this work.
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According to[35], nondestructive methods to monitor chloride ingress into concrete are
mainly lon Selective Eectrodes (ISE), Electrical Resistivity (ER and Optical fiber sensors
(OFS. Methods for continuous moisture monitoring in concrete include OFS$dielectric

permittivity and capacitive sensors and concrete electrical impedance measuremenis

among the others. These methodwill be reviewed in detail in chapters 5 and 6

The sendng methods based on electrical resistiity and impedance measurements,
mentioned above, have been directly applied onto concrete so far. These methedsuld be
more effective if applied onto an electrolytic material more condative than concrete, which

can be applied onto concrete as a layer or used as a separate sensor deployed nearby the
concrete structure in different critical locations.This is what the new technology proposed

in this work does, consisting ofalkali-activated materials (called here gepolymers)
coupled with stainless steel electrodes and an electrical impedance interrogation system for

Electrochemical Impedance Spectroscop(ElS).

This systemis novel becauseit represents the first time demonstration of the feasibility of
moisture and chloride geopolymer sensors. This technologyakes advantage of existing
techniques and materials to make a novel @sof them. More specifically, this workcombined
the demonstrated performances as repair and protection for concretes of geopwher
materials (that it will be shown in detail in chapter 4) with their most advantageous
properties, such as electrical conductivityamong the others to design and develop a
combined technology which can play at the same time a maintenance and a sensiolg.
Therefore, this new system combines the chloride and moisture measurements through
changes in the eletrical impedance of geopolymerbinders, playing also the role of repair

and protection to concrete.

As the reader can already assumehis leads to the development of a multifunctional
technologyeasily applicableto any surface and shapeThe geopolymer used for this system

is obtained by cheap componenth T A xEOE A OEI bl EAZEAA | AT OFAA(
require additional steps or materials,as wewill see in detail in chapter 4 This makes the
technology also highly affordable ($USD 5/kg), satisfying the requirements the most
convenient technology should haveAll of them will be discussed and demonstrated in the

following chapters, with a work that, at this stage can be configured as the experimental
laboratory demonstration of the feasibility and characterisation of the proposed technology

under its different aspects.
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This technology is not only important for the application in a nucleacontext, but for a wide

range of structures whee maintenance, and chloridemoisture monitoring can support

structural health. Moreover, this technologyA T AO1T 6 O AT 1T O G&tardéskarchi 1 U A
achievement fromthe application point of view (e. g. forstructural health monitoring) , but

it also represents a further step in scientific knowledgesince this is the first time
demonstration in literature of geopolymer materials asmoisture and chloride sensors and

it also investigates and extends thé&nowledge of the electrical conduction mechanism of
geopolymers, by outlining a proper model to describe the system, validated by experimental

evidence

25. 301 | AOU
This chapter has outlined the importance of a monitoring and maintenance technology
which can prevent the critical levels of moisture and chloride into nuclear concrete

containments, and thus avoid the corrosion of steel rebars and the consequent concrete

degradation.

The background of the main causes of concrete degradation and of the issues and needs in
nuclear concrete containments has been investigated in detail, especially for the specific
nuclear context in which the research project has been conceivels alreadymentioned in

the previous paragraph, he technology proposed and characterised in this workf thesis
consists of geopolymer materials coupled with an electrical interrogation systenbespite
the technology can be applied to any concrete structure, the sign and development of this
technology has taken into account the specific needs and limitations of the nucleantext.
This chapter has shown some of the limitations of nuclear store buildingandin particular

the specific limitations of the SPRStore in Sellafield, such as the absence of air filtering
systems(due to the presence of a passive system to cool down the heat generated by the
nuclear Plutonium packages stored inside the building Other limitations in such

environment, as well as in a ndear context in general, are:

@ the proximity to the sea, due to the coastal location of nuclear stores, which is
the cause of high humidities inside the store, and in particulan the inlets and

ducts of the building;
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(i) the presence of radioactive packagesside the store, which is the cause of heat
and high ionising radiation levels for this reason,further heat sources and

materials which radiation and/or heat could damage should be avoided;

(iii) materials which producel -products under interactions with radiation are

prohibited,;
(iv) radiation resistant materials are preferred,;

(V) in the UK in particular, ambientcold temperatures are more likely to be

prevalent;

(vi) internal data reports of temperature and RH in the air corridorsand ductsof the

SPRS store show low teperatures and high RH levels.

For all these reasonsadding additives / heat treatments to geopolymerdas been avoided
in this work, not just because of cost, but because of the nuclear conte@eopolymers
indeed can cure at room temperature[38]. Moreover, gevious work in literature has
demonstrated the radiation resistance of geopolymer material{especially for fly ash
geopolymers, wherechanges in pore structure due ta -rays irradiation were found to be
minimal) and their suitability for the encapsulation of radioactive wastg 39, 40]. This is a
further reason for the choice of geopolymer materials for this particular technology, and it
indicates that it might be possible the future application of the technology in proximityf

radioactive environments.

The main application of the technology has been conceived mainly for an application into
the air inlets and ducts of the store building, which are cooler and with higRH levels, and
for this reason chapter 4 demonstrates the ambient temperature and high RH curing of
geopolymer materials, with no additives, and it highlights the main issues encountered in
the process, and the repair potentiality of the materialFor the same reason, in chapter 5

and 6, intermediate-high moisture levelsare consideredand temperatures 5°C T 30°C.

In order to fully understand the geopolymer system proposed in this thesishe next chapter
provides an overview on geopolymer materials and their main applications, with a
particular focus on fly ash geopolymers, and repair/protection applications for concreteA

more detailed review ongeopolymersensing applications will bepresented in chapter 5.
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31. ) 1 OOT AGAOEIT 1
Alkali-activated materials (AAMs) are a class of cementitious binders which can
demonstrate similar properties to ordinary cement, ceramic materials and zeolitesandare
potentially an important and costeffective component ofthe future toolkit of sustainable
construction materials [1]. Their properties, such as high thermal and chemical stalitiy,
compressive strength,adhesive behaviour,and high electrical conductivity, have brought
AAMs to beintensively studied as a viable economical alternative to organigolymers and
inorganic cements inseveraldifferent applications[2]: military [3]; aircrafts [4-7] ; thermal
insulating and thermal shock resistant materialg[8-11]; fire-proof building materials [12,
13]; hybrid inorganic-organic composites[14, 15]; encapsulation of radioactive wastg 16,
17]; protective coatings [18-22]; infrastructure rehabilitation and reinforced concrete
repair [23-28]; self-sensingmaterials for structural health monitoring [2, 29-34]. Some of
them are reviewedin section3.3n xEEI A OEA OOIitiAnd ére ©devedihi C8 A
chapter5.

For completeness it must be said that there are controversial opinions on the nhomenclature

to describealkali-activatedmaterialsy, OEAU AOA AT T 1 1T1T1 U OAAAOOAA
temD AOAOOOA Al O ET 1 OKA ERABGLOBA ACT ADIOKTHO sdivhiel @A TEA A
AAOAT EA8h OET I O QOADA 6 DIAN A [AXE WANS iwbrid ddyi afeA 6

referred as geopolymers

This chapterhas two main sections section3.2 and section3.3, which aim respectively to
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1. give an overview of geopolymer materials ¢he geopolymeization process,
geopolymer properties, and in particular fly ash geopolymers which are used in this
work) , thus giving the necessaryheoretical background for the scope of thighesis
(for a more detailed description of geopolymer systems, in general aglers are
directed to [36, 37]);

2. provide a detailed literature review on the state of theart of geopolymer

applications.

Finally a chapter summaryis presented in secton 3.4.

32. " AT pi 1T Ul AO 1 AOGAOEAI O
Geopolymers form as the result of several reactions between an alkaline activator and
inorganic materials which are rich in silicon (Si), aluminium (Al) and oxygen (O).
Geopolymers may be synthesized at ambient or elevated temperature by alkaline activation
of aluminosilicates obtained from industrial wastes, calcined clays, metuenched
aluminosilicates, natural minerals, or mixturesof two or more of these materials[38].
Typical inorganic precursors for geopolymer synthesis include blast furnace slag,
metakaolin and fly ash[36, 39-41]. Solutions used as chemical activators in the synthesis of
geopolymers arealkali metal hydroxides(MOH)and/or silicates, typically a combination of
Sodium Hydroxide (SHor NaOH and Sodium Silicate (S®r 0 ®'Y{Q) [42, 43]. Filler
materials, including conventional concrete aggregategsuch as basalt, sandor fibers, may

be used to enhance desirablproperties including strength and density[38].

The ground work on alkaliactivation was completed in the 1950s by Prof Glukhovsky and
co-worker s, and then, Joseph Davidovitginvigorated the area in the 1970s, and to him is

attributed the paternity of the name@eopolymersj44].

The following section describes in detail the geopolymerisation process which leads to the

formation of geopolymers as this isuseful to understand their macroscopic behaviour

3.2.1.Geopolymerisation

Geopolymerization is the name given to the processvhich involves a chemical reaction
between raw material alumino-silicate oxides present in materials such as fly ash and

metakaolin, and alkali metal silicate solutions under highly alkaline conditions, with the
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formation of amorphous to semicrystalline three-dimensional polymeric structures and
crystalline Al-Si particles. The geopolymerization reaction is exothermic and takes place

under atmospheric pressure at temperatures below 100 °{45].

The exact mechanism which takes place during geopolymerization is notet fully
understood. Onetheory proposed by Glukhovsky in 1967 and then extended by studies of
other authors [35, 46], describes a general model for tt mechanisms that govern the alkali
activation of aluminosiliceous materials schematically shown inFigure 3.1. Glukhovsky
divided the key processes occurring in thalkali activation of aluminosilicate materials into
three main stages, which are largely coupled and occur concurrently35, 36]: 1)
destruction-coagulation; 2) coagulation-condensation; 3) condensationcrystallization.

They are described in detail in the following three sections.
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Figure 3.1 7 Schematic representation of the conceptual model for geopolymerisation described
by Glukhovsky[35].

3.2.1.1. First stage: DestructiorCoagulation

In the first stage known also as nucleation, the first diaggregation process consists dhe
severance of covalent bonds SD-Si,Al-O-Al and AFO-Si in the startingraw material (e.g.fly
ash). Thet O ions coming from the alkaline solutioninitiate the rupture of the bonds,
redistributing the electron density, and the presence of alkaline metal cationév+, most
commonly Na) neutralises the resulting negative charge:he "0 ion acts as a reaction
catalyst, and the alkaline metal cation{{ &) acts as a structureforming element, balancing
the negative charge of the tetrahedral aluminium. The first stage of reaction is contled by
the aptitude of the alkaline compound to dissolve the solid fly ash network and to produce

small reactive species of silicate and aluminates. There is the formation of intermediate
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complexes, calledoligomers, that decompose into Si(OH) 0 @O , anionic species
containing k "Y' Qugroups, andk 3 E / . Awhich create conditions suitable for the

transport of the reacting structural units and the development of the coagulated structure.

3.2.1.2. Second stage: Coagulatie@ondensation

In the second stageaccumulation increases contact among the disaggregated products,
forming a coagulated structure in which polycondensation takes place. The clusters formed
by the polymerisation generate colloidal particles. Once in solution, the species released by
dissdution are incorporated into the aqueous phas€which may already contain silicate
present in the activation solution). This contributes to the formation ofa complex mixture

of silicate, aluminate and aluminosilicate species, and the speciation equilibréthin these
have been extensively studied47,48]: a supersaturated aluminosilicate solution is quickly
created by the rapid dissolution of amophous aluminosilicates at high pH. When a solution
is so concentrated, the formation of a gel takes place, due to the condensation of oligomer
in the aqueous phase. These fim large networks, releasing the water that was consumed

during dissolution, and garting the third stage.

3.2.1.3. Third stage: CondensatiorCrystallization

In the third stage, the supersaturated aluminosilicate solution forms a continuous gel which
varies considerably with raw material processing and synthesis condition§49]. Initially,
from the first few minutes to the first four or five hours, the formation of an aluminiumrich
gel takes place, known as Gel [I50]. As the reaction progresses, there is a structural
polymerisation process that determines the final composition of the polymer, pore
microstructure and distribution in the material. This reorganisation process takes plee
when more StO groups of the initial solid source dissolve, increasing the sibo
concentration in the medium. This forms azeolite precursor gel,called Gel 2[36]. After
gelation, the system continues to rearrange and reorganize, as the connectivity of the gel
network increases, forming the 3D aluminosilicate nevork typical of Geopolymers. Wen
the nuclei reach a critical size, some crystallization starts to take placehe final geopolymer
binders are mainly comprised by an Xay amorphous gel with some unreacted raw material
and some crystals. e degree ofcrystallinity is largely determined by product formulation

and synthesis conditions.
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The stage of geopolymerization in which crystals begin to develop is called growth, and it
determines the microstructure and the pore distribution of geopolymers, and thezfore also
their physical properties. The microstructural development of the geopolymer system is
also affected by the type of cation involved in the activation reaction and by the Si/Al ratio
into the gel [51]. The following section describes the influence of alkaline solain on
CAiPT T UI AOOGSG DPOI PAOOEAOS

3.2.2.Alkaline solution

The choice of the type and the composition of the alkaline solution is very important for the
structure of geopolymer binders. In particular, the apparent structural stability of
geopolymers increases with ddition of soluble silicon to the activating solution[35, 38]. By
doing experiments usng only NaOH as activator and otheexperiments by using a sodium
silicate solution, it has been found that the presence of soluble s#icin the activating
solution plays an impoitant role in microstructure development, mainly affeding the

chemistry of phases and the kinetics, not the mechanism governing the reactiof#s3].

The alkali metal hydroxide solutions are usually indicated in general as MOH, where M can
be Sodium (Na) or Potassium (K), corresponding respectively to Sodium Hydroxide (NaOH
or SH) and Potassium Hydroxide (KOH or KS), ¢htwo most canmonly used hydroxide
solutions. KOH shows a greater extent of dissolution due to its higher level of alkalinity, but
it has been shown that NaOH possesses a greater capacity to liberate silicate and aluminate
monomers [35]. Therefore, NaOH is the most commonly used hydroxide activator in
geopolymer synthesis, also because it is the cheapest atg most widely available among
the alkali hydroxides [36]. The increase of NaOH concentration causes an acceleration to
the dissolution reactions promoting the early stages of the geopolymerization process, and
the increase of Si and Al concentrations ithe acqueous phase enhancdbe hardening of

the geopolyme system[45].

For all these reasons, a combination of Sodium Hydroxid&H) and Sodium #icate (SS)is

the alkaline solution (L) used for the alkali activation of fly asiHA) in this work.

The chemistry and resulting wet / cured properties of the fly ash geopolymer & mainly
defined by[41,52]:

1. the mass ratio L/A;
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2. the mass ratioSH/SS;
3. the molarity of the SH (which typically ranges from 814 M).

While molarity can, to some extent, be selected based on safety considerations, the ratios
L/A and SH/SS should be selected to match the cheral composition of the fly ashThis is

a significant drawback for fly ash geopolymers, as: i) since fly ashdsvaste product of coal
combustion, fly ash composition can vary significantly between coal plant sources; and ii)
unlike with Portland cement systemsat the time of writing, there are no simple numerical

methods for geopolymer mix defgn, particularly for fly ashes[35,53].

The ratios used in this work, outlined in sectior.3.2, were found through a process of trial

and error over a testing matrix, and on the basis of literature findings, according {&4].

The following section is dedicated to the detailed description of fly ash geopolymers, used

in this work.

3.2.3.Fly ash geopolymers

Geopolymers derived fom fly ash, used in this work, offer a few key advantages over the
other geopolymer precursors (such as those derived from metakaolin or blagtirnace slag),

including:

1 Higher workability, durability and strength: this is due to the lubricating and re

enforcing effect of unreacted fly ash particle$50, 51].

T Low cost: As fly ash is a bproduct of coal combustion, it is cheap and available in
large volumes around the world[50]. While there is a looming shortage of fly ash
for use as a concrete additivg55], the availability for geopolymer coatings (a low
volume application) is still high, as one billion tons of fly ash are still produced

annually worldwide in coal-fired steam power plants[56].

In particular, the United Kingdom produces further 600,000 to 1 million tonnes of furnace
bottom ash each year, and between 40% to 70% of the fly ash is utiliséd beneficial

applications. The remaining maerial is deposited in landfill [57].
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As mentioned in the previous segon, fly ash composition is an important parameter for the
geopolymer mix design and depens on coal plant sources. The ext section presents a

detailed description offly ash chemical composition and classification.

3.2.3.1. Fly Ash: chemical composition and clagcation

Coal is an organic sedimentary rock used as fuel in power stations to generate heat that is
converted into electricity. The coal combustion process also produces fly ash, a waste
product that forms a major constituent of fly ash geopolymers. Theineral composition of
the coal burned and the combustion conditions haa significant impact on the constituents
present in the fly ashand thus the properties of the final geopolyme(36]. As a base raw
material, fly ash is variable for several reasons, including the sources of the coal, the
efficiency of its pulverisation, the furnace in which the plverised coal is burnt andthe
method of precipitating the ash from the combustion gases. In principle the furnaeets as

a particle separator: dout 20% of the ash patrticles either form together or combine into a
form of clinker, which falls to the bottom of the furnace and i€ 1 1 x1 A0 O&£HO1T AA/
A O Ené iemaihing 80% is known as fly ash and this material is normally considered as an

artificial pozzolan [58].

The chemical composition of fly ash is typically made up @ements with a high melting
point, such as Si, Ca, Al, Fe, Mg and sulfur oxides along with carbon and various trace
elements. Elements such as Fe, Ca, and Mg combine with oxygen in the air to form oxide
minerals, such as magnetite (F£s), lime (CaO) andpericlase (MgO). The mineral quartz
(SiQ) survives the combustion process and remains as quartz in the coal ash. Other
minerals decompose, depending on the temperature, and form new minerals. The clay
minerals lose water and may melt, forming aluminesilicate crystalline and noncrystalline
(glassy) materials. The most reactive glassy phases present in low calcium coal fly ashes are

formed from the melting of clays present in the codl36].

The distinction between crystalline and amorphous materials is important when
considering dissolution behaviour in an alkaline stution, as it happens during the
geopolymerization process. In fact, the crystalline phases (such as quartz and mullite) are
considered unreactive, because the rate of their reaction in alkadilicate solutions is
extremely slow when compared to the amorpous phase. Xay diffraction analysis (XRD)
of fly ash allows to identify the major crystalline constituents of fly ash and the -Kay

amorphous phases and to give a quantitative estimation of the$86, 45]. Other key factors
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influencing the potential reactivity of fly ashes are: reactive silica content, vitreous phase

content and patrticle size distribution[35].

Fly ash particles can be divided into diffeent classes depending on their compositiorMehta
[59, 60] classified fly ash into two categories based on calcium content: 1) fly ash resulting
from combustion of anthracite and bituminous coal with CaO less than 5%; 2) fly ash

resulting from combustion of lignite and subbituminous coal with CaO up to 1535%.

Currently the system defined by the American Standard ASTM C 6181] is the most
commonly used classification system for fly asht distinguishes two classes of fly ash, on
the basis of the sum of the total Si, Al and Fe (Sl ,0z+Fe20s):

1. #1 AOO #h ETT x1 AO EECE AAANOBRBLO: £ U xAO BN C
2. Class F, known as low calcium fly ash, since ($#@l.0:+Fe,0O; 70 %.
In UK all fly ash is low calcium fly asfclass F).

BS EN 45(58] is a harmonised European Standard for fly ash that replaced the former
British Standard BS 3892: Part 1 in January 2007. Three categories of fly ash are permitted
under BS EN 450. They are classified in dependence of Loss On Ignition (LOI) vahig8]:

1 Categry A: LOI not more than 5.0%;
1 Category B: LOI 2.0% to 7.0%;
i Category C: LOI 4.0 to 9.0%;

Category C fly ash is not permitted in UK concrete, as the LOI upper limit under BS 8500 is
7.0%[62].

According to[58], there are two categories forfly ashfineness:

1 Category N: not more than 40% retained oa 45 micronsieve and a limit of + 10%
IT OEA OOPDPI EAOG Gspdidited. AOCAA | AAT OA1 OA

5 Loss on Ignition value is the mass obtained by a test whidwonsists of strongly heating ("igniting") a sample of
the material at a specified temperature, allowing voldle substances to escape,ntiil its mass ceases to change.
The LOI value is found by weighting the sample before and after the heating of the sample.
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1 Category S: ot more than 12% retained on a 45 microrsieve.

The fly ash ugd in this work is low calcium fly ash, belongs to category B for LOI, and to

category S for finesses.

All this information defines the characteristics and the formation process of the final

geopolymer binder obtained from fly ash, which are described irhe following section.

3.2.3.2. Fly ash geopolymersstructural analysis

The review carried out by Provis et al. provides moverview on the existing resultson the
structure of geopolymer binders [35, 38]: the application of techniquessuch as Xray
Diffraction (XRD) analysis, Fourieftransform infrared (FTIR) spectroscopy, Nuclear
Magnetic resonance (NMR), Scanning Electron MicroscapéSEM), andOptical Microscopy
on geopolymers has provided valuble nanoscale infomation on geopolymer structure.

Rheological and calorimetric analysis have brought additional insigh{36].

The alkali activation of fly ash gives rise to the formation of crystalline phases identified as
herschelite (Nachabazite) and hydroxysodalitetype zeolitesin fly ash geopolymer binders
[63]. The transition of these materials from apparently amorphous to welldefined zeolitic
structure has been observed by using NMR, FTIR spectroscopy, SEM and other techniques.
It has been observed that the synthesis temperature and the aging are critical in
determining the structure of the reaction products: even mild increasg in synthesis
temperature result in a readily observable increase in longange ordering in geopolymers
binders, by analysing XRD diffractograms of geopolymefg8]. The work of Palomo et al.
(2004) [64] has demonstrated that time and temperature highly affect the mechanical
development of geopolymer materials: as temperature increases, the mechanical strength
development increases als¢65]. This is important to take in mind in this work where, for
the reasons highlighted in section2.5, the geopolymer binder is cured at ambient

temperature.

A recent study[45] used XRD analysis, FTIR spectroscopy and SEM to investighteresult

of transformation of fly ash into geopolymer and the geopolymer structure. This study has
revealed the existence of the major crystalline phases of fly ash and the fly ash phase
transformations, as well as a new amorphous phase formation in thgeopolymeric matrice,

and undissolved fly ash particles in the final geopolymer. It has provided information on
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micro and nanostructure of geopolymers as well. e results obtainedcan be synthetised
in the following points [43, 45, 66, 67]:

1 there is evidence of the dissolution of the amorphous phase of fly ash and the

formation of a new amorphous aluminosilicate gel phase, observable from the shift

Ol x AOA EE CE A O-38)Anith® XRD spectfum af gedplymer of the broad

EOIi B OACEOOAOAA AAOxAAT ¢f ¢mnd AT A omnJd EI
T OEA &£ Oi AGETT 1 &£ 1Ax UAT 1 EOA®). PEAOAO EIT ¢
1 There is evidence of micro and nangorosity, developed during the

polycondensation stage and duringhe curing process.

1 The undissolved solid particles of fly ash are very bonded within the amorphous
geopolymeric framework, and the interface of insoluble fly ash particle with the
amorphous geopolymeric framework is the most sensitive area of the geopaher

during the mechanical strength test.

All this information is important for the properties of the geopolymers to be used as repairs

and sensors. hie presence of crystallinezeolites phases and unreactedninerals, such as
quartz and mullite, inside geopolymer binder will result in a higher mechanical strength,
sincethesecrystalline phases themselveshow a Young Modulus of the order of GH&8].
However, since the geopolymer binder manufactured in this work is cured at ambient
temperature, it x I T 6§ O OET x EECE ithaAtcdnibg dséd as HracthaIC O E
repair, butthisd AOT 8O0 AT 1 OOEOOOA A AOAxAAAE A& O OEA
a nonstructural role of protection and sensing of moisture and chloridecontent. On the

other hand, porosity in geopolymers are known to cause a decrease in the mechanical
strength [69]. Moreover,for the particular sensingapplication of this work of thesis, the
presence of porosity in the material canaffect its electical properties: electrical
conductivity increases in pores filled with pore solution (wet/saturated condition) or

decreases in empty or partially empty pores (dry cases).

The main information provided in this section can be linked to tw particular applications,

which are of interest for this work of thesis:
1. geopolymers as protecting and repair coatings for concretes;

2. geopolymers as sensors for structural health monitoring.
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A detailed overview and state of the art of the applications @feopolymer materials, with a
particular focus onthe first application aboveis presented in the following section while

the state on the art of geopolymer sensing applications is presented in chapter 5.

33. ' AT DT T UI A0 ODBRIOBRAAEEIOEA AOC
Geopolymer materials were originally developed as a firgesistant alternative to organic
thermosetting polymers following a series of fires in Europdn the 70s[70, 71], but the
primary application for geopolymer binders has since shifted to uses in construction.
Geopolymer technology has been regarded to be employed in concrete manufacturing, since
OEA CAI BI T Ui AOOGE AET AAOGumbed o impoitahtAadvArtaded D OA (
compared with the conventional cementitious materials and coacretes, such as OPC
concretes[72]. Advantages includeabundant raw materials resources; energy samg and
environment protection (since little CQ is emitted and less energy consumedin
geopolymer production compared with OP{, simple preparation technique; good volume
stability, since geopolymers have lower shrinkage thanPortland cement; rasonable
strength gain in a short time; &cellent durability; high fire resistance and low thermal

conductivity .

Another important field of application of geopolymer technology is the nuclear and
radwaste management field and industry in particular. In fact, because of the great amount
of remarkable properties, such as radiation resistancd 16, 17], geopolymers are regarded
as usefulfor immobilisation of low-level and intermediate-level nuclear waste[36]. They
are also applied for the containment and immobilization of toxic and hazardous wastes, for
advanced structural tooling and refractory ceramics, and as fire resistant composites used

in buildings, aeroplanes, shipbuilding and racing carg/3].

/I T1T U OAAAT O U OiI I A OAOGAAOAEAOO EAOA T1T1TEAA A
structural health monitoring applications [2, 29-31, 33, 34]. Some of them takedvantage
I £ OEA OADBAA®I I HOEAT DAI Ul AOO8 ' AAOAEISAA AA

of the geopolymer material and the theory behind it will be presented in detail in chapter,5

together with a review on the use ofgeopolymers for structural health monitoring.
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Another application connected tostructural health is the use of geopolymerssreinforced

concrete repair[23-28] and protective coatings[18-22].

The technology developed, tested and characterised in this work of thesis belongs to the last
two application categories (sensimg and repair/protection for concrete): it can be applied
as skinsensoronto concrete.Previous applications of geopolymer coatings as repair for
concretes reviewed in section3.3.1below, demonstrate that the systemdeveloped in this

work canplay alsoa maintenance,protective and repair role for concrete.

3.3.1.Geopolymers for concretemaintenance repair and
protection

Several authors have studied geopolymers asnaintenance materials, repairing and
protective coatingsmaterials for marine concrete and transportation infrastructures This

is possible because otheir high strength, corrosion resistance, water resistance, high
temperature resistance. Besides, geopginer properties, such asmodulus of elasticity,
Poisson's ratio and tensile strength, are similar to those of OPC concrete, thus making them
extensive applications[14], and research has focused on increasing their ethanical

performance, andthe bond strength between geopolymers and the concrete substrafg7].

Balaguru et al.[25] used geopolymer materials to bond carbon fabrics to reinforced
concrete, for the strengthening of reinforced concrete structures. They demonstrated that
geopolymers show a better performance in terms of adhesion than organic polymers
originally used to bord the carbon fabrics to concreteHuseien et al.[27] have made a
comprehensive review on geopolymer mortars as repamaterials for concrete compared
with OPC and other commercial repair materials: the main advantagesf geopolymer
mortars are reported to be the relation between carbon dioxide footprint (less CQ
emissions than OPC and other materials) and cost (7 times cheaper than the current repair
methods), high durability, high early mechanical properties, frost resistance, resistance to
both acid and salt environments, stf workability behaviour (arising from the use of viscous
compounds suchas sodium silicate and sodium hydroxide)Phoo-ngernkham et al. [28]
used high calcium fly ash geopolymer mortars containing BC for use as an alternative
materials for Portland cement concrete repair: they demonstrated sufficiently high shear
bond and bending strengths compared with commercial repair bindersHu et al. [26]

demonstrated that geopolymer materials have better repair characteristics than cement
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based repair materials, and that the adition of steel slag improved significantly the

abrasion resistance of the repair.

All these works make use of geopolymer binders (often as mortars of with fillers to increase
their mechanical properties) for a structural function. On the other hand, othemauthors
focused on the utilization of geopolymer materials as protective coatingad non-structural
repairs for exposed concrete dructures and infrastructures: surface deterioration of
exposedconcrete structures in most casesleads to structural problems because of the loss
of cover andensuing reinforcement corrosion especially forconcrete exposed in rigorous
marine environment which is readily damaged by the erosive oceaatmosphere and
seawater. The coating material itself shold be durable, should bond well to the parent
surface,and be compatible with parent surface in terms oéxpansion/contraction during

temperature changes.

Balaguru et al[18] demonstrated that geopolymers are compatible with various concrete
surfaces, steel, and wood and constitute aexcellent promise for the application as
protective and graffiti-resistant coatings on transportation infrastructures, providing
durable coating, under wetdry and freezethaw conditions. The geopolymer binders used
consisted of alkaline solution, silicafumegcarbon and organic fibersand water repellent
agent Zhang et al[20-22] investigated the possibility of using geopolymess asinorganic
coatings for marine concrete protection. Theydid a laboratory study, by evaluatingsetting
time, permeability, anticorrosion, bond strength, volume stability, and pore structure of
geopolymers They useda metakaolin (MK) geopoymer with the addition of granulated
blast furnace slag (GBFS), ordinary Portland cement (OPC), standard sand and
polypropylene (PP) fibers. Geopolymersvere chemically stable in sea water andn air, they
made it difficult for sea water to penetrate ancprovided a sustainable protection formarine

concrete structures

All the reviewed works used fillers and additives to the geopolymer binders, and
demonstrated excellent properties for the use of geopolymer binders as coating

repair/protective coatings onto concretes for different scopes.
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3.4. 301 1 AOU

This chapter provided a general overview on the properties, advantagesheoretical

background and applications of geopolymer materials, with a particuar focus on fly ash

geopolymers,used in thisthesis. The kg factors, useful in the experimental development

and fully understanding of the geopolymer system proposed in this thesidhave been

highlighted in this chapter. Theycan be summarised in the following points:

ﬂ

the physical and structural properties of gepolymers are closely connected with

their chemical composition and with the stages athe geopolymerisation process;

thetype andcomposition of the alkaline solution is very important for the structure

of geopolymer binders

the presence of soluble silica in the activating solution plays an important role in

the microstru cture development

the increase of Si and Al concentrations in th@queous phase enhances the

hardening of the geopolymer system

sodium hydroxide possesses a@reater capacity to liberate silicate and aluminate
monomers than potassium silicate, isthe cheapest and the most widely available

among the alkali hydroxides

the increase ofsodium hydroxide molarity promotes the early stages 6 the

geopolymerization process;

fly ash geopolymers, compared with metakaolin and blast furnace slag, show higher

workability, durability and strength, and low cost;

there are no simple numerical methods for geopolymer mix design, particularly for
fly ashes (since fly ash composbon can vary significantly between coal plant

sources);

crystalline and amorphous components of fly ash show a different dissolution
behaviour in an alkaline solution: the reactions of amorphous phases are much

faster than the caseof crystalline phases ¢onsidered unreactive);
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1 key factors influencing the potential reactivity of fly ashes are: reactive silica

content, vitreous phase content and particle size distribution
T UKfly ash isonly low calcium fly ash;

1 the presence of crystalline phases and unreacted minerals inside a geopolymer

binder may resultin a higher mechanical strength;

1 the synthesis temperature and the aging are critical in determining the structure of

the reaction products;

9 porosity in geopolymers causes a decrease in the mechanical strength and affects

their electrical properties (depending on dry/wet/saturated conditions).

On the basis of this information, a process of trial and error was carried out to find the
suitable geopolymer mix for his work, and an alkaline solution made of sodium hydroxide

and sodium silicate was used, as shown in detail in chapter 4.

A review of the main applications of geopolymer materials demonstrated that the
advantageous properties of geopolymers, such as higthemical and thermal stability,
adhesive behaviour, high electrical conductivity, and affordability, made their use
widespread in several different fields (military, nuclear, infrastructure rehabilitation,
sensingAOA8 8 )1 DAOOEAOIoAstdied thad dedpBlyn@rioatinhsaviihO

fillers and additives can play a maintenance, protective and repair role for concrete.

This work of thesis aims to develop a technology which is conceived to be applied to
concrete containments of nudear stores, airinlets and ducts in nuclear context. The
introduction of heat sources to cure the geopolymer coatings in such a nuclear context is
not allowed, and he presence of additives, such as plastic fibers, can compromise the
operability of the technology in caseof exposition to radioactive radiations For all these
reasons, the geopolymer binder used in this work is ambient cured and no additives are
used, thus minimising the complexity of the manufacture process and the cost of production
at the same time. Thisvas challenging, a process of trial and error, and a laboratotgsting
study to face several issues were necessaryhe next chapterdemonstrates the ambient
curing of fly ash geopolymers for use as protective coatings and natructural repairs for

concrete, with focus on challenges and achievements of the investigation.
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Coating technologies are an effective means of protecting concrete structures from chemical
attack and rebar corrosion. Inorganc coatings in particular have been widely applied as
anticorrosive and decorative materials for concrete and steel structure§l-4]. These
materials show a high longterm durability even under acid and alkali attack and at elevated

temperatures [5].

Emerging solutions for concrete protectionare based on alkaliactivated materials, which
show rapid setting and hardening, excellent bond strength and durability, low chloride
permeability, and high freezethaw and chloride resistance [5-20]. Geopolymers are
physically compatible with conaete substrates in mostregards [21]. However, there are
technical issues that areparticular to geopolymer coatings on concrete substrates,

particularly those cured at ambient temperatures.

Regardless of the application, a good coatinfpr concrete should befree of cracks and
defects. In the work presented in this chaptetthe aim wasto develop high-quality, ambient-
temperature-cured fly ash geopolymer coatingsand assess their potential as nestructural

repair materials for concrete The goal wasto achieve this with minimal additional
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processing steps (such as fly ash grinding orhe use of additives), so as to minimize

manufacturing costs and complexity.

As already mentioned inprevious chapters the minimization of costs and complexity is not
the only reason for the ambient curing ofgeopolymersand for the absence ohdditives,
despite to the issues this introduces to the processThe main reasons are connected with
the nuclear context ambient curing avoids the introduction of heat sources to thermally
cure geopolymers in radioactive environmentsand additives are avoided sincthey can be
damaged bygamma () irradiation (e.g. plastic fibers) and some of them can produce
AOOOEAO whedikalligtdd (TRelainbient curing of geopolymerss challengingsince
they are typically cured at elevated temperatures to accelerate gpolymerisaton, as rapid
curing allows coatings to achieve a higher earkage strength[12, 22-25], but this can make

geopolymers inconvenient to apply in the field, particularly in cooler climates.

For thesereasons, someresearchers havealready been looking into ambient temperature
curing of geopolymers[14, 22, 23, 26-28]. Somna[22], Temuujin [14] and others[29-31]
ground fly ash particles to improve their reactivity and promote roomtemperature curing.
Some researchers have studied the effects of calcium rich additives, such as slag, on curing

in ambient conditions [27, 32-37], while others have studied the effects of moisturf23].

These previous works have studied the ambient temperature curing of fly ash geopolymers
cast in moulds. Their aim is to deliver gepolymers that serve a structural function. As such,
they demonstrate high compressive strength and enhanced hardening, but at the expense
of reduced workability and increased drying shrinkage[14]. The work presentedin this
thesis is distinct, asit outlines the development offly ash geopolyme coatings, thus high
workability and low shrinkage are key requirements, in addition to the performance

requirements for non-structural repairs stated in the standard BS EN 15048:2005[38].

The primary objective ofthis work is to investigate the development ofa non-structural

ambient-cured repair material that can be later developed for use as a sens(@hapter 5, 6
and 7), as in[39-43]. To achieve thisseveral experimental tests wereconducted in order
to: (i) obtain geopolymer coatingsof high integrity; and (ii) test some of the mechanical

properties of the material.

The notable contributions of this chapter are fivefold: i) we present an affordable process
for ambient-temperature geopolymer synthesis hat does not require additives or grinding;

ii) we outline the influence of prolonged mixing times on coating quality (previous studies
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use short mixing times under 10 minuteg22-25]); iii) we study the influence of concrete
substrate age on geopolymer coating quality (previous work has studied coatings on mature
concretes only[8, 44]), iv) we assess some of the mechanical properties of the geopolymer
binder, in ader to evaluate its potentialty as repair material, and v) perhaps most
importantly, this chapter provides a frank discussion of the challenges faceduring
geopolymer development.In delivering these research contributions, the work makes the
field application of geopolymer coatings in a nuclear storage context (and indeed many

other contexts) much more viable.

The chapter begins with theory and state of the arbn the factors affecting geopolymer

coating integrity when placedonto concrete, andan outline of OADAEO | AOAOEAIT 06
classification and requirements in section 4.2. Section4.3 describes the materials and
methods used for geopolymer manufacture, the testing methods and the analysis
conducted. Section4.4 focuses on the results and discussion of the experiments and tests
conducted to assess coating integrity of the specific geopolymer binders manufactured in

this work, and their performance asrepairs. Section 4.5 contains a further detailed
discussion on the results Finally a chapter summary andfuture work are presented in

section4.6.

42. 4EAT OU AT A OOAOA 1T &£ OEA AOO
This sectionpresentsa paragraph on the main factors affecting the integrity of geopolymer

coatings when they are placed onto concrete substratésection 4.2.1), and a paragraph on

the requirements and classification of repair materialgsection 4.2.2).

4.2.1.Factors affecting geoplymer coatings on concrete
substrates

One issue facing the development and practical application of geopolymers as coatings is
that their integrity may significantly change when they are taken out of lab conditions and
applied to concrete substrates in tle field. Some common issues faced include cracking due
to shrinkage, changes to setting times, and effloresceng8, 45, 46]. These issues are
particularly acute when geopolymers are used in field conditions which are at the extremes
of humidity or moisture scales such as those present in nuclear storage facilitieNote that
the issues outlned in the following subsections are common across most geopolymer

systems, not just those made with fly ash precursors.
Ambient Cured Fly Ash Geopolymers as coatings and repairs for concrete 59




Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

4.2.1.1. Shrinkage and curing

For geopolymer coatings cured on concrete at ambient temperatures, shrinkage is the most
significant issue[47]. Shrinkage is dahed as a reduction in the volume of the geopolymer
because of a loss of water: this is predominantly due to drying, but it can also occur when

water is used up during geopolymerisatiori48].

$OUET ¢ OEOET EACA EO OEA OAOGOI O T &# A 11060
loss of moisture causes the tension in the capillary pores to increase, resulting in a volume
reduction in the specimen. When geopolymer coatings cure, they undgr this shrinkage
while simultaneously binding to the underlying concrete substrate. The resulting
confinement allows shrinkage strains to cause tensile and shear stresses. If significant
shrinkage occurs before the coating has adequately cured, these stses will exceed the
strength of the geopolymer[49], leading to cracks and debonidg that undermine coating

integrity.

For geopolymer coatings, there are at least two major contributors to drying shrinkage,
illustrated in Figure 4.1. The first, affecting all geopolymers regardless of substrate, is that
a low environmental humidity encourages water loss through evaporation. Indeed, it is well
known that drying shrinkage can be reduced by curing geopolymers in hermetically sealed
conditions [49,50]. The second mechanism for water loss, however, is the diffusion of water
from the moist geopolymer layer into the drier, porous, concrete substrate. Caml of the

moisture content of the substrate is thus essential to control crackingp1].

H.O | t H,O ! t H.O < Water

N 4 evaporation

H.0

Geopolymer coating

Water
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’ substrate
‘ 8 '. ° ® .
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Figure 4.1 z lllustration of the main water loss mechanisms from geopolymer coatings on
concrete substrates
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As both drying mechanisms are a surfacarea dependent processes, the edges of
geopolymer patches are particurly prone to cracking, as these edges can present an extra

surface for evaporation.

One clear way of tackling this issue is to accelerate the curing rate of the geopolymer coating
(and this is why elevated temperatures are often used). Grinding fly askapticles to improve
their reactivity and allow room temperature curing, as in[22], may appear to be aother
solution, but this can in some cases lead to a higher shrinkage, due to the particle size being
so fine that agglomerates form during mixing, resulting in a lower reaction rate which
increases shrinkage[52]. It is worth noting that plastic fibers can reduce shrinking and
cracking, especially for sealed curing conditionf50], but they are avoided in this work for
reasons connected to the nuclear contexPlastics tend to svell, degrade and leach hydrogen
under radiation, therefore their absence in geopolymer binders will improve radiation

resistance, in addition to a reduction of the costs.

4.2.1.2. Adhesion, workability and setting time

One of the most common ways to apply cementdis coatings to concrete in the field is by

pumping and spray coating. There are also lab studies that demonstrate (as is shown in this

work) the application of geopolymer coatings with a trowel[7], and even some that are

coating using manufacturing methods such as 3D printinfd1]. Regardlesof the method

OO0OAAh TTA 1000 AT 1T OEAAO OEA ET OAODPI AU AAOxA
workability and its setting time (and by extension, its behaviour during curing and
shrinkage). Geopolymers are highly tuneable materials, but the majoyitof mixes will

display:

1 High surface tension: This plays a key role in the ability of the materials to bind and
stay bound to substrates. A reduction in surface tension may, in some cases, be
required to ensure good adhesionf53]. With respect to geopolymer microstructure
formation, the water to solid ratio can significantly affect the process of
geopolymerization and hence the properties of coatings, such as their workability

and adhesion[5].

T Thixotropic Bingham plastic fluid behaviour: Most geopolymers show history
dependent rheological behaviour, and can be kept in fluid form if subjected to

constant shearing[13, 54, 55]. Their rheological behaviour can also be tuned by
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altering the molar concentration of the silicate and the ratio of silicate to hydroxide

solutions [56].

1 Setting times that are strongly dependent on chemical composition: The setting time
of geopolymers can range from minutes to hours and depends on geopolymer
composition. Setting times can be reduced by lowering Si/Al ratios, or bpdreasing
calcium (Ca) content[47]. For systems with high Si/Al ratios, polymerisation is
more likely to occur among silicate species, but when Si/Al ratios are lowered,
polymerisation is more likely to occur between aluminate and silicate species. As
condensation amongsilicate species is slower than that between aluminate and

silicate species, setting is delayed with higher Si/Al ratiog57].

The impact this has on coatings is that it can be challenging to independently tune adhesion,
rheology, setting time and shrinkagebehaviour, as the progrties of the system are highly
interdependent. Previous work conducted at elevated temperatures may therefore not

always map onto efforts to produce geopolymer coatings that cure in ambient conditions.

4.2.1.3. The concrete substrate

Previous studies have found tht the adhesion of coatings more generally is strongly
influenced by the roughness of the substrate surface, its water content and the mix
composition of the coating material[58-64]. Rough surfaces on concrete substrates are
preferred as greater bond performance is ensured62, 65]. Among the available surface
preparation methods, a high bond strength can be achieved with safdasting and wire
brushing [58]. Morgan[66] states that the degree of roughness and means of roughening
both affect longterm performance. Before applyinghe geopolymer repair material Zanotti

et al., for example, roughened the surface using the sandblasting technid6&].

Some authorg 66, 68, 69] have shown he important role of the substrate during concrete
to-concrete repair work. A significant mismatch between substrate and repair concrete is a
notable consideration if the repair is to resist the stresses induced by dimensional,
mechanical and durability incompatibility. The surface of the substrate should have an open
bl OA OOOOAOOOAR O Al11x OEA AAOI OPOETI
structure, thus enhancing the bonding mechanism. In geopolymer coatings, this is at odds
with the requirements for reducing drying shrinkage, as an excessively dry substrate with

open pores may absorb too much water from the coatingy0].
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Today, opinions diverge about the most appropriate practice when coating and repairing
concrete substrates. Even between international codes of practice, recommendations are
contradictory. The AASHT@AGGARTBA Joint Committee recomends a dry surface for
concrete, except on dry and hot summer days, while the Canadian Standards Association
Standard A23.1 recommends wetting the surface for at least 24 h before casting the new
concrete [58]. In some studies, saturated, surface dry conditions are considered to be the

best solution[70].

4.2.1.4. Efflorescence

A final issue, which can be particularly prevalent in ambient temperature cured
geopolymers,is efflorescence. Efflorescence is the formation of white salt deposits, and it
can unfortunately occur during attempts to manipulate geopolymer shrinkage, adhesion,
workability, and setting time. It has been found that efflorescence is due to many factor
[46]: wet conditions, the reactivity of raw materials, the alkali metal type, andeaction
conditions. In particular, a high alkali content in the activator solution causes efflorescence
in partially wet conditions [45, 71]. Geopolymer efflorescence is thus common at high
humidity, and this is important because humidity cannot always be controlled in the field.
Ambient temperature curing also makes efflorescence more likely, because the low
temperatures reduce thedissolution rate of the fly ash by the alkaline solution. Any excess

alkaline solution is therefore more likely to crystallize on the surfac¢14].

4.2.2.Repair materials, requirements and classification

In the field of concretestructure rehabilitation, cracking and spalling are the major causes
of deterioration of concrete structures,and socoating or patchingis a common repair
method [72,73].BS EN 1504 is th&uropeanand British Standard of products and systems
for the protection and repair of concrete structureq38]. It consists of 10 parts, which cover
the test methods for material properties, specification for repair materials, and general
principles for repair work. In particular, part 3 of the standard BS EN 15043:2005) [38]
lists the requirements and performance characteristics of structural and na-structural
repair products. Table 3 of this standard listghe requirementsfor each structural and non
structural repair class.In this thesis only three out of the 12 required properties listed in
table 3 of BS EN 15048:2005 have been tested, to give a preliminary evaluation of the
geopolymer binder asa concrde repair: compressive strength, bond strength and thermal

expansion coefficient.Table 4.1 below recalls the requirements listed in table 3 of BS EN
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1504-3:2005, and the properties tested irthis work are highlighted: compressdve strength,
bond strength and coefficient of thermal expansion (tested according to thetandards BS
EN 12190,BS EN 1542and BS EN 1770:1998espectively for each of the threetests).

Performance Test Requirement
characteristic method Structural Non-structural
Class R4 Class R3 Class R2 Class R1
Compressive
strength EN 12190 X np at|l X Hp at X Mp at | X Mn o at
Chloride ion
content EN 1015-17 X nonp iz X nonp 3z
Adhesive X nody at |
n EN 1542 H®n at M P a .
bond . g # ** ndp atl F2NJI O2H4
Restrained Bond strength after test
i i EN 12617-4 No requirement
shrinkage/expansion X Hon al X Mdp a X noy at q
Carbonation
resistance EN 13295 Rl X Oz2yiNRf O2yO0O No requirement
Elastic
modulus EN 13412 X Hn Dt | X mMp Dt No requirement
Thermal compatibility: Bond strength after 50 cycles Visual inspection
- - EN 13687-
part 1 - freeze-thaw X Hon al X M®Op a X noy a tafter 50 cycles
Thermal compatibility: Bond strength after 30 cycles Visual inspection
rt 2 - thunder shower EN 13687-2 after 30 cycles
part 2 - thunder showe z X HOn al X MOp a X noy at y
Thermal compatibility: Bond strength after 30 cycles Visual inspection
- i EN 13687-4 after 30 cycles
part 4 - dry cycling X HOn al X M®Pp a X noy at y
Skid resistance Class I: > 40 units wet tested Class I: > 40 units wet tested
EN 13036-4Class II: > 40 units dry tested Class II: > 40 units dry tested
Class Ill: > 55 units wet tested Class Ill: > 55 units wet tested
Coefficient of Declared value Declared value
thermal expansion EN 1770 | *or not required if tests 7, 8 or 9 are *or not required if tests 7, 8 or 9 are
carried out carried out
Capillary/Absorption
EN 13057 X ndp Y3 T YwnmH| X ndp Y33 I No requirement

Table 4.1 - Performance requirements listed in table 3 of BS EN 156&:2005.

According to anotherstandard BS EN 1542:1999or measurement of bond strength by pul
off of repair materials, the bond grength value (load) measured at failure is valid for all
combinations o failure type, except abnormal failures. According to BS EN 1542:1999
abnormal failures, shownin Figure 4.2, are respectively defined as:(a) adhesion failure
between the last layerof the repair material and the adhesive layer (b) cohesion failure in
the adhesive layer;and (c) adhesion failure between the adhesivelayer and the dolly.
According to the same standard,he types of failure consideredvalid for the assessment of

the bond strength, shownin Figure 4.3, are respectively: (a) cohesion falure in the concrete
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coating; (c) cohesion failure in the layers of the repair material itself.
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Figure 4.2 7 Abnormal failure types of pullout bond strength test: (a)adhesion failure between
the adhesive layer and the dolly; (b)adhesion failure between the repair material and the
adhesive layer (c) cohesion failure in the adlesive layer.
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Figure 4.3 - Valid failure types of pullout bond strength test: (a)cohesion failure in the
concrete substrate (b) adhesion failure between the substrate and the first layer of the repair
coating; (c) cohesion failure in the layers of the repair material itself
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The materials commaly used for concrete repairhave been categorized in three generic
types [68, 74]: (i) Resinous materials (i) Polymer modified cementitious materials; and
(iif) Cementitious materials. Geopolymers arecategorizedunder the cementitious materials
class[72]. Their potentially high durability, the highly versatile range of their physical
properties, their endurance toextreme environmental conditions and thér high adhesion
to the substrate [75] make them a viable alternative to the most commonly used repair
materials. The high adhesion to the substrate, in particular, is due to the fact that the
concrete substrate chemically bonds to thgeopolymeric phaseby means of two processes
[75]:

0] the ions C&+ coming from the OPC substratbalance the negative charge in the

geopolymeric network cavitiesdue to thepresence ofAl3* ions;

(i) when the aggregate surface of concrete is subjected to the high alkaline aatiwr
in the geopolymer binder, there is amechanical interlock yield by silica

dissolution from aggregate surface.

Another property of geopolymer materials that impacts repair performance is the
Al AEEEAEAT O 1 & O66A7611Abchrdink @Dadvid@its(71], ormylations of

castable geopolymer materials, without any additionalffiller, vary in degree of thermal
expansion the coefficient ofthermal exparsion values are a function of the Si/Al ratip and

range fromt Op m tog¢ vOp 1t O . This range compriseshe value of the coéficient of

thermal expansion for concrete: p Dp m p1Op T U p o o. Similar thermal

expansion properties between he coating material and the substrate are preferred for
repairs [66].

This section has provided the tleoretical background which was of key importance in the
development of the exgrimental investigation for the achievement ofthe coating integrity
of ambient cured fly ash geopolymersthe solution of the issues outlined in sectiod.2.1
above, and the evaluation of their mechanical properies for a preliminary repair
performance evaluation, according to the requirements described in sectiod.2.2 The
experimental investigation is described inthe following three sections: sectiord.3 outlines
the materials and the methodology used for the experiment, sectiagh4 presents the results

and discussionand section4.5 provides a further discussion on the results obtained
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43. - AOAOEATI O AT A 1 AOET AO
This section provides the guidance needed to formulate and assess the integrity of fly ash
geopolymer coatings onto concreteasrepair materials. Based on this guidance, a repair

which meets the requrements of the BS EN 15048:2005, and the requirements needed by

the nuclear storage application can be formulated

4.3.1.Materials

In this work, geopolymers were synthesized from low calcium fly ash. According to standard
BS EM50, the fly used was class Bf loss on ignition (LOI 2.0% to 7.0%), and category S
for fineness (no more than 12% retained on a45 micron sieve). Under US notation,
according to ASTM C 6189, the fly ash used in this work would be considered class F. The
chemical compositions of thefly ashused is given inTable 4.1, along with the information

on the source of the ash and its median particle size, measured using a Mastersizer 2000.

Source West Burton power station, Lincolnshire, England (UK)
Supplier CEMEX
SiQ 52.70
AlzGs 21.70
Fe0s 7.10
CaO 4.10
Loss of ignition 4.20
NaO 1.10
K20 2.50
SQ 0.90
MgO 1.80
Total phosfate 0.58
Free CaO 0.10
Si/Al ratio 2.1
- AAEAT DPAOOEAIL ., 10.642

Table 4.2 - Composition and properties of the fly ash used in this work.
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Figure 4.4 shows the particle size distribution of the fly ashmeasured as part of this work
The median value inTable 4.2 is the D50 or d(0, 5) value, defined as the intercept for 50%

of the cumulative mass.

Volume (%)
w
<

%.01 0.1 1 10 100 1000 3000
Particle Size (pm)

—Fly ash - cemex - Average

Figure 4.4 z Particle size distribution of the fly ash

The Xray diffraction (XRD) spectrum of the fly ash is shown ifrigure 4.5. It was acquired
using the methodwhich will be detailed in Section4.3.6.3 The phases identified in the
spectrum are: quartz (solid black line), mullite (dashed black line), maghemite (dotted
black line), hematite (dot-dash line). The pattern shows an amgrhous halo¢ [=[20°,35°],
similar to [78]. Using Rietveld refinement (TOPAS v5, Bruker) on samples spiked with an
internal standard (10 wt% silicon) the crystalline phases have been quantified: quartz is
33.58%, hematite is 2.18%, mullite is 59.51%, and magnetite is 4.73%. The amorphous
content has not been quantified in this analysis. While the XRD spectra for magnetite is
similar to maghemite (anothe iron oxide), the phase present is likely magnetite, as it is

more common in UK fly ashe§24]. As mentioned in section3.2.3.2 all this information on
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fly ash composition is important for the resulting geopolymer binder. The XRD analysis of

the geopolymer hardened birder will be presented in section4.4.1.4

240F ' ' ' ' =

180

Counts

140+

120
100

T

1 1 | 1 1 1

10 20 30 40 50 60
°20

Figure 4.5 - XRD spectrum of Cemex Fly Ash. The legend of the figureéscribed here: Quartz
(solid black line), mullite (dashed black line), magnetite (dotted black line), hematite (dodash
line).

The alkaline activator used in this work was made by combining 10 wt% of 10 M sodium
hydroxide solution (SH and 24 wt% sodium silicate solution (SS, with the SH/SSratio
equal to 0.4. This is in accordance witf43], a workbased on fly ash geopolymer coatings
as skin sensors for concrete structural health monitoring (temperature and strain
detection), coupled with optical fibers The sodium silicate solution composition is made by
8.5 wt% NaO and 27.8 wt% Siq in distilled water. The NaO and Si@concentrations of the

alkaline activator are 12.7 wt% and 19.9 wt% respectively, and the remaining 67.4 wt% is
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deionized water. The activator was made 24 hours prior mixing, to allow thbheat of any

exothermic reactionheatto dissipate.

4.3.2.Geopolymersynthesis

The geopolymer binder was fabricated by combining the fly ash with the activator solution,
with a Liquid/Solid ratio (L/S) = 0.5. The Si/Al ratio of the reactants of the geopolymer was
2.5. According to Nedelikovic et al.,, L/S = 0.5 improves workability, ithout having a
significant effect on compressive strengtfj50]. A higher quantity of liquid also produces a
less viscous slurry, which can penetrate more easily into the surface of a dry concrete
substrate [79].

Figure4.6 summarizes the steps taken to mix and apply geopolymets concrete substrates
The mixing procedure corsists of gradually adding the fly ash powder into a bowl containing
the alkaline solution while continuously mixing (Figure 4.6 (a-c)). Samples were either
mixed manually (Figure 4.6 (b)), or with an automatic mixer at 500 mint (Figure 4.6 (c-d)).
Geopolymer binders were mixed for between 10 minutes and 1 hour before being applied

to concrete substrates with a trowel Figure 4.6 (e)).

(a) (e)

Figure 4.6 - Geopolymer synthesis process: (a) adding fly ash powder into alkaline solution; (b)
manually mixing the geopolymer bihder by means of a spatula; (¢) automatic mixing of the
binder; e) application of the binder onto concrete by means of a trowel.

For the bond strength test, the thermal expansion test and the compressive strength test
the binders werevibrated on a vibrating table for a couple of minutes before being applied
onto the concrete substrate orbeing casted into the moulds for testing These tests were
conductedto provide comparison against BS EN 1508:2005. The binder was vibratedto
remove air bubbles, becaus¢he presence of trapped air bubbles in cementitious binders

can reduce their strength[80].
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4.3.3.Application to substrate

Two thicknesses of geopolymer coatings were gflied to concrete substrates in this work.
Thin coatings were aroundd = 1 mm high, and thicker coatings wered = 3 mm high.
These thicknesses were chosen in accordance with the requirements for sensif#] and
with the typical thicknessesfor non-structural surface protective coatingsfor concrete
(typically 0,1 mm 5,0 mm, and only for particular applications >5,0 mm) outlined in
standard BS EN 15042:2004 [81]. Structural repair coatings typically require much higher

thicknesses (15 mm or 50 mm)[82].

To study any potential effects of the concrete substrate on coating integrity, geopolymer

coatingswere appliedto concrete samples with varying age ranges:
T .Ax1 U AAOORh 10 OUI Oltogdre fér L5 MankhOHA OAT B1 AOh
1 Intermediate-aged concrete samples, 512 months of curing;
1 Old concrete samples, over 1 year of curing.

The hypothesis was that the changing pore structure of the concreteubstrate could affect
moisture transport from the geopolymer layer, and thus coating integrity. As concrete
matures, hydration progresses and capillary pore size and porosity decrease from the
production of GSH and portlandite. Bentz et al. comment that when the volume fraction
porosity has been reduced ta. 0.20, the pore space is no longer interconnected throughout
the paste and that water transport is restricted, but the small gel pores (< 10 nm in
diameter) remain filled at RH values of 50% and higheli83, 84]. As a greater percentage of
filled pores results in less capillary suction, the more mature concrete might be expected to

drain less waterfrom the geopolymer.

4.3.4.Concrde substrate roughness

The surface roughness of each concrete substrate used was measured by 3D laser scanning
(using a Micro Epsilon Scan Control 270Q00, an exposure time of 1 msec, 56 profiles per
second, and 1600 buffered profiles)Some surfaces of ld concrete samples which were
used for the pultoff test were prepared by roughening the surface with an electric brush
with steel bristles, while the others were left untreated.The values for surface roughness

were determined by analysing the root mearsquare deviation of the point cloud from a
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mean plane which represents the fitting plane of the cloud of pointsThe method is shown
in Figure 4.7, where thetwo images represent the mapping of the distances between the
cloud of points of a concrete surface and its mean fitting plane, respectively for a smooth (a)

and a brushed (b) concrete surface

C2M signed distances
0.840153
0.529261

0.218369
-0.092523
-0.403415 -
-0.714307
-1,025198
-1.336090
-1.646982
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-2.268766
-2.579658
-2.890549
-3.201441
-3.512333

-3.823225
4.134117

signed distances
1.150254
0.846229

0.542204
0.238179
-0.065846
-0.369871
-0.673896
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-1.585971
-1.889996 -
-2.194021
-2.498047
-2.802072
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Figure 4.7 7 Graphicmapping of the distances between the cloud of points of the concrete
surface and the mean fitting plane, for the calculation of the roughness a®t mean square
deviation method. (a) Example of an urscored old concrete surface, and (b) example of a
scoured old concrete surface
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Typical values of surface roughness for concrete samples are shownliable 4.3. They are
subjected to high variability depending on the presene of holes due to air bubbles on the
concrete surface. The results iMable 4.3 are presented for surfaces with an intermediate
configuration of holes (such as those stwn in Figure 4.7). Values of the first three columns
correspond to theaverage roughness of themooth surface thatone would expect from un
scouredconcrete[85], while the last column corresponds to th@verageroughness value of

a brushed old concrete surface

Age of concrete Young Intermediate Old (untreated) Old (brushed)
Surface roughness (mm) 0.097 0.053 0.091 0.353

Table 4.3 - Surface roughness values for each type of concrete used

4.3.5.Curing conditions for geopolymers

Geopolymer specimens were batched and placed within one of two curing conditions,
summarized in Table 4.4. Both patches were cured at 20 °C, and the relative humidity of
batch 1 and batch 2 were 50% and 95% respectively. Temperature and relative humidity
(RH) were measured in lab conditions and show to be relatively stable for batch 1, but they

were not tightly controlled. Batch 2, meanwhile, was cured in an environmental chamber in
controlled conditions. The high humidity range was chosen to emulate the actual conditions
in the nuclear storage appkation, which are expected to be between 50% and 95% for most
of the year, according to annual internal reports of temperature and RH data measured in

the air corridors of the SPRS store in Sellafield.

All geopolymer specimens in the batches were left toure for 28 days. While geopolymers
do tend to cure much faster than Portland cement mixes, we opted to use a prolonged curing

duration in this work to ensure that patches were fully cured and stabilized in ambient

conditions.
Batch Curing conditions Temperature °C  Curing time (days) AverageRH
%
1 Laboratory bench 202 28 50
2 Environmental chamber 201 28 95

Table 4.4 - Curing conditions of geopolymercoatings, divided in two batches.
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4.3.6.Analysis methods

Several tests were carried out on the fly ash powder and the geopolymer binder to
characterize their properties, before mixing, during curing and after curing. These are

summarized in the following subsecions.

4.3.6.1. Vicat needle test

The setting time of geopolymer mixes was measured using the Vicat needle test, following
the procedure outlined in BS EN 196, part 86]. This test was conducted in order to define
a suitable time to apply the geopolymer onto the concrete substrate, and to define the shelf
life for our geopolymer mixes. While the Vicat needle test is a wedlccepted andeasy-to-use
standard method used within ordinary Portland cement concrete mix design, it is less
accurate than modern calorimetric and viscosity measurements and so results should be

interpreted with caution.

4.3.6.2. Isothermal calorimetry

A thermal analysis, togéher with an evaluation of setting time using the Vicat needle test,
can be used to define an optimized time for applying geopolymer coatings to concrete
substrates. In this work, an isothermal calorimeter (Calmetrix,-ICAL 4000 HPC) was used
to measure the temporal dependence of the heat produced by the exothermic reactions
occurring in the geopolymer from immediately after mixing up to 4 days. Tests were
conducted three times for each geopolymer mix tested, with the averaged heat curve

presented in the results.

4.3.6.3. X-Ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out on samples of fly ash, on geopolymer layers,
and on geopolymer coatings which had demonstrated efflorescence. All XRD data was
collected using a Bruker D8 Advance instruntg. Data for Rietveld refinement was collected

in BraggBrentano geometryET  OEA O MD°Q A0°]cwith an increment of 0.02
°/second and a step time of 1 second. Motorized diverging slits were used fixed at 0.5mm
to avoid beam spill onto the plastt sampleholder. The sample was rotatedo improve

particle statistics.

Ambient Cured Fly Ash Geopolymers as coatings and repairs for concrete 74



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

The efflorescence was analysed intact on a sample of geopolymer. The efflorescence could
not be easily removed for conventional powder analyses and was analysed in situ in the
XRD usihg a Goebel mirror to reduce sample displacement error. Data was collectiedthe
OAT CA ¢ k60°], with aminkrement of 0.02 °/second anda step time of 8s. XRD data
was analysed using Diffrac EVA, TOPAS software and MATLAB scripts.

4.3.6.4. Compressive stength

Compressive strength tests were conducted with a small loading cell with the speed of 2
mm/min on geopolymer cubes of side 30 mm. Tests were conducted after 1 day, 2 days, 3
days, 4 days, 7 days, 14 days and 28 ddgs the non-vibrated binder used o assessthe
coating integrity of coatings. A further 56 daytest was added for thetest conducted on the
vibrated binder. The intention here was to demonstrate the evolution of strength, rather

than strictly comply with strength-testing standards.

4.3.6.5. Visualinspection and quantification of cracks
I OEOOAI ET OPAAOGEIT xAO 1T £Z0A1T AT1TOCE O HOI O
geopolymer coating had cracked after curing. However, to quantify the relative levels of

cracking between specimens ina less subjective manner,a simple image processing

technique, outlined in Figure 4.8, was developed.
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Figure 4.8 - Steps of the image processing method.

The original sample images werdgaken using a DSLR camera with a set distance between
the sample and the focal lens. The image is then cropped so that all samples produce images
of the same size for ease of comparisoThe colour images obtained wereonverted to
grayscale images. Thigliminated colours during further processing, while preserving the

intensity of each pixel in the image with a grayscale level.

In order to ensure that the cracks werdhe darkest part of the image, a prgrocessingstep
of intensity adjustment wasrequired. The bottom 1% and the top 1% ddll pixel values were
saturated to increase the contrast of the output image. By identifying and intensifying the
pixels below the mean grayscale value in the image, a clearly digjuished foreground of

cracks wasobtained, as shown irFigure 4.9.
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(a) (b)
Figure 4.9 - (a) Original image and (b) grayscale image after intensity adjustment.

During the image acquisition step, annconsistent amouwnt of light in the background was
difficult to avoid. In order to correct for this non-uniform illumination, adaptive binarization
xAO OOAA8 " U ADPDI ([BF]egch pix@lAnihe idteydadmabgevascombared

to the average grayscale level of its surrounding pixels and set to a binary value accordingly.

Figure 4.(1?()) - Binary images: (a) morphological operation; (b) d(()?::ietection.
Due to the special characteristics of cracks in our samples, morphological operations and
dot detection could ke used to reduce noise that coulthterfere with the final quantification
of cracking [88]. One pixel with more than 4connected neighbourhoods is seen as one
element. By removing elements that contain fewer than 10 pixels, more noise can be
eliminated from the image. Dot detection was used since most of our samples had dark
bubbles that were difficult to distinguish from real cracks in the previous step. By utilizing
the circular Hough transform, the round objects could be identified and eliminated fra the
calculation. The Hough method is one of the standard methods for image recognitif89].

The imagesafter morphological operations and dot detection are shown ifrigure 4.10.
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The final step wasto calculate the percentage of dark pixels (cracks) over the area of the
whole image, yielding a quantified and less subjective result for the levels of cracking in each

sample. This result provideda percentage of the image that shows cracks.

4.3.6.6. Bond strengh test

The bond strength of the geopolymer coatings onto concrete surfaces was measured using
a pull-off portable tester, the Elcometer 1066, in accordance with the following National
and International Standards: ASTM D 7234, BS 18@D7, EN1542, EN 1268. The Adhesion
Tester employs a pulloff method to determine the force required to pull a tesdolly of fixed
area coatedaway from the concrete. The pulbff force is provided by the progressive
compression of Belleville washers. The range of force rmswable by the instrument is
md 0 ® o® 0 O (and the accuracy is +15%This accuracy isworse than that (+2%)
recommended by the standard BS EN 1542:199¢n the pull-out testing method for repair
materials onto concrete Besides,among the available mehods for bond strength, it
provides the most conservative result§90], and shows a larger scatter of results due to glue

issues, eccentricity in the load application and damage during coriff§9].

Nevertheless the Elcometer has beerhosenbecause it is a convenient and simple method
which provides apreliminary evaluation of the in-service performance of the coatingsThe
method is useful because¢he patches manufactured in this work are thin {-3 mm): it tests
the bond strength of a coating whereas other methods (such as slant shear tests, splitting
tensile tests, among the others)investigate the bond between materials (for instance

concrete and geopolymer) using the same volume for both

The procedure used for the pull off test followed BS EN 1542:1999[76] as closely as

possible, and consisted of the following steps:

1. Some concrete specimensunder examination were prepared by roughening the
surface with an electric brush with steel bristles while others were left with the
smooth surface that one would expect from untreated concreteUntreated and

treated samples returned theaverageroughnessvalueslisted in Table4.3.

2. Ageopolymer coating of 1 mm was appliednto the surface with a troweland cured
for 28 days in an environmental chamber at 20°C and 95% Rblatch 2 of Table4.4).

Ambient Cured Fly Ash Geopolymers as coatings and repairs for concrete 78



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

3. After curing, the samplewas drilled with a 50.8 mm diametercorer, by means of a

diamond coring barrel to a depth of 5 mm into the concrete.

4. The day after, a test dolly made fromhigh-tensile strength aluminium, with a
diameter of 50 mm, was attachedusing an adhesive, after having prepared the
surface of the dolly by rougheningt with an abrasive paper. A twepart Araldite

epoxy paste was used

5. Whenthe adhesive hadcured (after about 24 hours at 25°C) and the adhesiorester
claw engaged onto the dolly, the force was appliaghiformly and without stopping,
and the resulting stress recorded by means of a dragging indicator on an engraved

scale.

6. Thevalue was read from the position of the dragging indicator after the test was

complete, and the face of the dolly was inspected, to assess the type of failure.

The concrete test specimens more than 3ears old used for the test wereoncrete awbesof
side 150 mm. The 5 bond testsrequired by the standard BS EN 1542:199976] were
conducted on 5 coreseach of themin the centre of one face of the cubic concrete specimens
The final valuefor bond strength was calculated as the average of the 5 samples. An example
of asample specimen ishown in Figure 4.11, where (a) shows the old concrete cube with
the fly ash geopolymer coating, and the dted core in the centre of theface,(b) showsthe
dolly attached, and(c) shows with the pull-off Elcomeer tester in testing position on the

dolly.

(b)

Figure 4.11 7 An old concrete cube with fly ash geopolymer coating from the vibrated batch 2 of
Table4 .4, and the drilled core in the centre of each face, (a) without and (b) with the dolly
attached, and (c) with the pultoff Elcometer tester in testing position on the dolly.
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4.3.6.7. Thermal expansionmeasurement

The thermal expansion test of the ambient cured geopolymemanufactured in this work
was conductedby following standard BS EN 1770:199891] as closely as possibleThe test
was conducted orthree geopolymer specimensobtained from the bindermanufactured as
described in section4.3.2, and then casin cylindrical moulds with dimensions of 50 mm
length and 25mm diameter. The specimens were cured for 28 days in the environmental
chamber at 20 °C and 95% RH (batch 2 ®&ble4.4). After 28 days of cuing, the specimens
were drilled in 3 points along the vetical direction of the cylinder with three holes equally
spaced, with a diameter of 3 mm and a horizontal depth of about 10 mm, as sclraally
shown in Figure4.12 (a). The holes were made to accommodate three thermocouple probes
in order to monitor the temperature of the sample in three different central points along its
length.

Samples were then placed in a threnostated chamber, filled with mineral oil and cooled
down with 12 Peltier cells. Temperature was reduced from 20 °C to 2°C. Thermal
contraction was measured by means of an LVDT{Linear Variable Displacement

Transducer). An image of the system in opertion is shownin Figure 4.12 (b).

50 mm

(a) (b)
Figure 4.12 7z (a) Schematic representation of a geopolymer cylindrical specimen for the

thermal expansion test;(b) Image of the system prototype for thermal expansion, with the
chamber in operation with the lid on the top.
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A schematic representation of the chambeset-up with the sample, the LVDT and the

tempocouples in the measurement position is shown ifrigure 4.13.

LVDT
Thermocouples — I_l =
.
—
L] = Sample-
L holder
q

Figure 4.13 - Schematic representation of the thermostatic chamber with the LVDT, the mineral
oil and the thermocouples

The coefficient of thermal expansiorh fqr Bach geopolymer cylinderwas then calculated
by means of the formul§92]:
v

3 Eq.4.1

whereLEO OEA 1 AT C O Eis theisginEeendmehsbreddy the 13vDT(after the
conversion from Volts to um by means of a calibration equation for the LVDandY"Vis the
difference between the initial and the final temperaturemeasured byaveragingthe values
given by the thermocouples4 EA  Z£ET A1 OA1 OA &I O | xAOfth®EAT
values calculated forthree specimenstested, and the respective errorwas obtained from

the standardAAOEAQOETT 1T &£ OEA OEOAA | OAIlI OAO

44, 2A00OI OO AT A AEOAOOOET I
The results of this work are presented in two sections, referring to the main tasks of the
research work describal in this chapter: achieving a high integritylow calcium ambient-

cured geopolymer coating and giving an indicatie evaluation of the potentialof these

coatingsfor useas repairs for concrete substratesn nuclear containment environments
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4.4.1.Coating Integrity

The main results on the integrity of thefly ash geopolymer coatings are outlined and
discussed in the following subsections, where each factor affectingpating integrity has

been tested.

4.4.1.1. Coating thickness

The main finding of this investigation was related to the thickness of the geopolymer
coaings applied onto the concrete specimens. These results are shownhkigure 4.14 and
Figure 4.15 for 1 mm thick and 3 mm thick coatings respectively. Coatings with a thickness
of m = 1 mm (thin coatings), showed no cracks and a good layer integrity, regardless of the
age of the concrete substrate, the mixing time or the curing condtins. The algorithm used

to detect surface quality gave an average value of 0.001% defects for all samples. On the
other hand, geopolymer coatings with a thickness of m = 3 mm (thick coatings), tend to
show cracking. The extent of the cracking depends ohé mixing time, butis not strongly
dependent of the age of concrete and the curing conditions. The percentage values

generated by the crack detection algorithm are shown inset in each imagehigure 4.15.
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Batch 1 (50% RH) Batch 2 (95% RH)

M (mins)—» 10 10 60

Figure 4.14 - Images of 1 mm thick geopolymer coatings on concrete. Results are shown as a
function of i) geopolymer mixing time, M; ii) relative humidity during curing; and iii) concrete
substrate age. All images shown cover a 40rmx 40 mm area on the sampleThe crack
quantification algorithm found negligible cracking in all samples (typically 0.001%).

Young

Inter.

Concrete age

Old
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Batch 1 (50% RH) Batch 2 (95% RH)

M (mins)—» 10 60 10 60

Young

Inter.

Concrete age
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Figure 4.15 - Images of 3 mm thick geopolymer coatings on concrete. Results are shown as a
function of i) geopolymer mixing time, M; ii) relative humidity during curing; and iii) concrete

substrate age. All images shown cover a 40 mm x 40 mm area on the sample. fitmbers
shown inset in each image are the crack percentages generated by the quantification algorithm.

This finding was initially surprising: the lower surface/volume ratio of the 3 mm thick
coating should allow the geopolymer to retain more water. The rest is also at odds with
previous work by Zhang et al[8], who concluded that increasing the thickness of the
coatings from 3 mm to5 mm reduced shrinkage. On the other hand, according [64], the
overall shrinkage of repair material increases with the repair volume, and this same result
was found for concrete[93] and cementitious materials in genera[94]. The explanation for
these results could be that thicker layers show a higher drying shrinkage, since water is
well-retained and evaporation takes place more gradually after the geopolymer matrix has
slightly hardened (therefore generating stress). The water absorbed in thinner layers,
meanwhile, is more likely to evaporate during the first few hours, while the geopolymer is

still in a plastic state, and prior to any significant hardening.

4.4.1.2. Setting and mixing time

The thicker coatings inFigure 4.15 show a relationship between coating quality and mixing

time: coatings mixed for 10 minutes show numerous air bubbles on the surface (the black
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spots). These could be a consequence of unreactigash particles. When mixing times are
increased to 1 hour, there are fewer air bubbles on the surface and no black spots (fewer
unreacted particles). Cracks in thick coatings appear to be more extensive when the mixing
time is longer. It could be thatthe agglomerates of unreacted fly ash particles are acting as
O EAOT A (83]Goh el dddlitySthus enhawing the strength of the coating. This

hypothesis will, however, require testing in future work.

The reason for cracking in these coatings more generally can be explained usiigure 4.16,
which shows the rate of heat release from the geopolymer (obtained using isothermal
calorimetry analysis) over 4 days. The main extent of heat release occurs within the first
hour after mixing. A similar result is seen in[50], for the same liquid to solidratio. The
absence of a second heat release peak in our results suggests that are not a significant
number of reaction products after the first hour[50]. According to[95] heat release can be
associated with more shrinkage and cracking in coatings. For an ambiectred
geopolymer, mixing for 1 hour is preferable, as it allows the majority of the heattease to
happen within the mixing bowl, it allows water to be used in geopolymerisation (rather than

being lost to the substrate), and it allows unreacted fly ash particles to dissolve.

Figure 4.17 shows the cumulative heat release (calculated through cumulative trapezoidal
numerical integration of Figure 4.16). These values grow more gradually than those found
in previous work [50], and demonstrate that the reactions occurring in the ambientured
geopolymer are more gradual. This hypothesis is also supported by the sler strength

development(seesection4.4.2.1and Figure 4.22).

Ambient Cured Fly Ash Geopolymers as coatings and repairs for concrete 85



Geopolymer -based moisture and chloride sensors for nuclear concrete structures

16

— — —
o M Ees

Qo

Heat release rate (mW/qg)

Lorena Biondi- July 2020

— 100
=2
=
E 10
L
©
@ 1
[43]
QL
o 0.1
©
¥
T 0.01
0O 05 1 16 2 25 3 35 4
Time (days)
i
0 20 40 60 80

Time (minutes)

Figure 4.16 - The rate of heat release of the geopolymer over the first 80 minutes and (inset)

over 4 days on a logarithmic scale.
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Figure 4.17 - Cumulative heat releasef geopolymer binder over 4 days.
Finally, a Vicat Needle test produced the setting times shown Figure 4.18. It appears that
mixing for longer durations (1 hour, as @posed to 10 minutes) reduces the initial and final
setting times, and this also supports the idea that a further extent of geopolymerisation can

occur during prolonged mixing.
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Figure 4.18 - Vicat Needle iiitial and final setting times of geopolymer samples mixed for M =
10 minutes and M = 60 minutes.

4.4.1.3. Concrete age

The results in this work show that the age of the concrete substrate has little to no influence
on the integrity of the coating layer: the coatingthickness and the mixing time of the
geopolymer are far more important factors. This does not rule out the effect of concrete age
on water absorption from the geopolymer layer in all cases, however, as the rapé-
hydration and pore-size-change within corcrete substrates is strongly dependent on the

AT T AOAOAGO xAOAOTAAI AT O OAOET h OEA AAIATO

Nevertheless, this result, together with the independence of the integrity of the coatings on
the curing RH levels between 50%and 95%, is encouraging from the standpoint of
application: geopolymer coatings can be applied to both new and old concrete assets, and
at a wide range of humidity rangeslt could therefore be a promising technology for both

existing and new built nuclea concrete containments.

4.4.1.4. Efflorescence

The final issue faced in ambient curing of geopolymer coatings on concrete was

efflorescence. The samples in batch 2 @&ble 4.4 (high humidity curing) showed, in some
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cases(mostly in case of thick layers) evidence of white crystals on the surfac8-8 weeks
after application and curing. Efflorescence is a nucleated process, so its extent can change
from one sample to the other, but the high humidity has increased the propensity for it to
occur.Figure4.19 showsthat efflorescence can be accompanied by the presence of craaki

but it is likely that both efflorescence and cracking are both symptoms of moisture transport

within the sample, mainly due to the drying pra@ess.

Figure 4.19 - An example of geopolymer coating in batch 2 which demonstrated efflorescence.

The samples with efflorescence crystals weranalysedusing XRD, as described isection
4.3.6.3 The results of the XRD analysis are shown kigure 4.20. Solid black lines below the
pattern are gaylussite (NaCa(CQ)2~ uv.0Q), dotted lines are quartzand dashed lines are
mullite. The background has been removed as the main feature of interest is the crystalline

salt. The data is smoothed using moving average method with a span d.
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Figure 4.20 - XRD spectrum of geopolymer sample containing efflorescence crystals on the
surface: Solid black lines below the pattern are gaylussite (8N@a(CQ@)2" u.0), dotted lines are
quartz and dashed lires are mullite.

The results reflect the literature findings discussed in Sectiod.2.1.4 Excess N#D is mobile
and on the surface of the coating can react with atnspheric CQ to form NaCQ phases. In
this case, the XRD analysis showed that the reaction product is gaylussite
NaCa(CQ)2" Q. This result suggests that Ca has been dissolved from the cement
substrate, forming with the NaO, by evaporation and reactin with atmospheric CQ, the

crystalline gaylussite phase at the geopolymer surface.

It is more likely that the Ca comes from the substrate, since in the geopolymer, as we can
see from the XRD spectrum of a geopolymer sample of the same batch and under the same
curing condition of the efflorescence sample (batch Zable 4.4), shown in Figure 4.21, no
C-SH is clearly present which is consistent with thedw CaO contehof the fly ash. InFigure
421, the aml OPET 6O EAI T EO 200ANAA O, [dbdisient with the
formation of N-A-S-H, similar to[78, 96, 97]. TOPAS analysis of the geopolymer shows the
following crystalline phases: 32.63% quartz, 0.16% hematite, 60.20% mullite, and 7.01%
magnetite. The amorphous content has not been quantified in this alysis. Some of these
crystalline phases decreased from the original quantities measured for the fly ash (such as

hematite and magnetite), and others slightly increased (such as quartz and mullite). This is

Ambient Cured Fly Ash Geopolymers as coatings and repairs for concrete a0



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

consistent with the destruction of crystalline bands during geopolymerisation, and with the

AAAO OEAO 1 ET AOAI O OOAE AO NOAOOU AT A 011
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Figure 4.21 - XRD spectrum of geopolymer sample of batch Zable4.4. The phases found are:
Quartz (solid black line), mullite (dashed black line), magnetite (dotted black line), hematite
(dot-dash line). The pattern shows an amorphous halo from @0z 35 degrees 2theta

4.4.2.Preliminary repair performance evaluation

The results of compressve strength, bond strength andcoefficient of thermal expansion
tests and theindication they give onrepair performance of the materialsare outlined in the

following sub-sections.

4.4.2.1. Compressive strength

The evolution of the compresive strength of the geopolymer binder manufactured in this

work is shown inFigure 4.22, with a non-linear fit obtained as outlined in detail in[98]. The

AEO Al 111 x0 AT 1T APIOA #AOET 180 ANOAOEI 1T
Yo 'Y Oo—> Eq.4.2
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where'YEO OEA 1 EIi EOET ¢ AT i POAOOEOA OOOAT ¢COE i
and 'Q is a rate constant [Q® wi]. This equation accurately models the strength
dependence of traditional OPC based concretes before 28 days, and then becomes less
accurate for late stage strength$98, 100]. It must be noted that this procedure is valid for
concrete, but it has been found that it fitgyuite well also for the nonvibrated geopolymer

binder manufactured in this work.

As expected, the evolution of strength is notably slower than for geopolymers cured at
elevated temperatures. The mean value of compressive strength for 28 days in case of not
vibrated binder has the potentialto meet standard BB EN 15043:2005 [38] for a non
OOOOAOOO0OAT A1 AOGO 2p OADPAEO pmt -0A h AOQO
in samples as they cure and it must be noted that the easurement was not strictly
complying with the standard BS EN 12190 for compressive strength testing methods for

repair materials.
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Figure 4.22 - Compressive strength values fonon-vibrated geopolymer cubes as a function of
time. Error bars show the standard deviation, taken over three cube tests at each time point

It is alsointeresting to investigate the compressive strength evolution over time in case of

vibrated geopolymer binders before being casted it the cubicmould. In this case, thdit

(@)

withEq. 48 ¢ AT AOT 60 x1 OE x Al 1 h FidureA23Githdut fididgn@er OO A O
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56 days. In this case e mean value of compressive strength for 28 dayis between class

2p pmmt -0A AT A Al A O Struetaral repaip while tite Anean vletf T T 1

AT 1 DOAOOEOA OOOAT COE &I O ve AAU Gstrictlral @pak A Ox AA
AT A Al AGO 20 ¢u -0A £l O straadsE BaE:2003AD AE O
[38].

These results show that air bubbles are a limiting strength factor on a newibrated mix.
However, there is a growing degree of strength variability in samples as they cure, asd
these results needto be taken with caution. Therefore, it $ more safe to consider the
material as a poteatial non-structural repair after 28 days. Moreover, it must be recalled
here that the material, in order to be classified to one of the classes described in table 3 of
the standard BS EN 15048:2005 [38] needs to satisfy the requirements for all the required
performance properties. Therefore, the considerations made here need to be taken just as
an indication of the repair potential of the ambient cured coatings tested in this work.
Despite the coatingswere not cured at elevated temperatures, the mechanical properties
tested for the sample specimens could allow the material (vibrated and newibrated) to be

classifiedas a nonstructural repair of the standard BS EN 15048:2005.

0 1 2 7 14 21 28 56
Time, t (days)

Figure 4.23 - Compressive strength values for geopolymevibrated cubes as a function of time.
Error bars show the standard deviation, taken over three cubtests at each time point
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4.4.2.2. Bond strength

The results for the bond strength test,conducted according to the method described in
section 4.3.6.6for vibrated geopolymer binders, are shown inTable 4.5. For roughened
concrete surfaces (first row), an average strength value of 1.82 + 0.67 MPas been found,

while un-treated concrete surfaces (second row) showan average value of 2.30 £ 0.39 MPa

The two values are quite close if weconsider the errors associated, but the coatings applied
onto un-treated concrete surfaces showa slightly higher bond strength value than those
applied onto roughened concrete surface. Thisresult is opposite to that expected since a
roughened surface should create a better bond with the coating materiaBesides, the
measured values for roughness of both utreated and treated old concrete surfaces, show

in Table 4.3, are quite different: treated surfaces are much more rough than smooth un
treated surfaces.However, the measure of roughness is given from a method wherthe
average distance from the cloud of the concrete surface points is taken respect to a mean

fitting plane of the surface.

From the observation of the two images irrigure 4.7, it is possible to see how the process
of roughening makes the surface more rough, but contributes to smooth the depths of the
holes in the surface. This means that uacoured surfaces show deper holes than scoured
surfaces. For this reason, it is likely that less geopolymer binder can enter the holes of a
scoured concrete surface, compared to the case of an-sooured surface. Moreoverfrom
the visual analysisof the types of failure in thetwo cases (seeTable 4.5), one cansee a
higher percentage ofcohesion failure in the concrete substratein the case ofscoured
concrete surface specimensand a prevalace of cohesion failure in the geopolymer coating,
in the case of urscouredsurface specimens.The cohesion failure in concrete is an index of
a better bond strength of the coatingto concrete, and the lowerresult found for the first
Ol x8 O Ob ATAe4B ma® bel dde to slight uncertainties in the manual process of
applyingtheloas8 )1 AT U AAOAR Al OE OEA AT T A OOOAT CG

is a requirement to classify amaterial as a nonstructural repair.

The result found in this preliminary investigation of bond strength constitutes a promising

result for the geopolymer coatings, since theyare ambient cured and very thin (1 mm).
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Further work needs to be done to assess the bond strenggtrictly according to standards,

and the other 9 properties required by the standard and not analysed in this work

Type of Sample specimens Bond strength
substrate [MPa]
Scoured

concrete 1.82 + 0.67
surface

Un-scoured

concrete 2.30+0.39

surface

Table 4.5 - Bond strength results for low calcium geopolymer binders vibratecbefore
application onto scoured (first row) and un-scoured(second row) concrete substrates.

4.4.2.3. Thermal expansion
Theresults forthecl A £ZA£EAEAT O 1 £ Oricdsiredatcording ® fhé ptoEdddreh |
desciibed in section4.3.6.7, are shown inFigure 4.24. The graph shows the plat of the
contraction of the three samples G1, G2 and G3, measuredthy LVDT, asthe temperature
of the sampleswas lowered £0T I ¢ J# O1 ¢ ach#anpleviadcalgulatédd 1 O A
from equation 4.1, where 3 ,is the displacementmeasured between T=20°Cand T=2°C
(the two extremities of the curves inFigure 4.24). This range of temperature was chosen
because they are representative of thetorage facility temperatures in duct and air inlets,
as internal reports for temperature and RH monthly measurements in the SPRS store in
Sellafield show. EA £ET Al OAI1 GdobtAined frod de©dvedageRindstandard
deviation of the three alues: it is | pEOp T ™ Op ™ U . This result is in
accordance with the range of variation of the coefficient of thermal expansion for
geopolymer materials,already reported in section4.2.2 It is also closdo the known values

forconcrete(p cOpm p Op M U [101]).
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Figure 4.24 z Displacement measured by the LVDT over a range of temperaturgld ¢ 180,
for three cylindrical geopolymer samples, and’tkle average value of the coefficient of thermal
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The challenge of mbient-cured geopolymer coatings is by no means easy to solve, due to
the several competing and interconnected reactions and water transport processes: as the
geopolymer cures, more NASH gel is produced, thus resulting in smaller pores, and in some

cases i closed pores, and this will change the permeability of the geopolymer and so the

water transport inside the geopolymer coating[102].

The Si/Al ratio of the reactants of the geopolymer in this work was 2.5. Ehactual
compositional ratio Si/Al depends on how much aluminosilicate precursor has reacted and
on the final product, since a link has been demonstrated between precursor
characterization and extent of the reactior{103]. In order to have an idea of the Si/Al ratio
of the final geopolyner, a detailed characterization of the geopolymer sample after curing
is required, described in[103]. This is beyond the scope of this thesis, but it could be taken

into consideration within future work.

Coating thickness was found to play a relin coating integrity. The thickness of cementitious
coatings on concrete assets can play a direct role on their overall performance for their
intended use. The thickness of patches has also been reported to affect the sensing

capabilities of cementbased selfsensing coatingsfor loading applications. Baeza et al.
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reported thinner patches had higher sensing capacitjl104] whereas Wang et al. stated that
thicker patches gave a higher fractional increase in resistance than thinner patches which
was attributed to greater crack propagation in thicker patches compared to thinner ones
[105]. While it is yet rather unclear which of the two provide greater sensing capabilitiest
can be assumed that the thickness of sedensing coatings impacts sensing capabilities.

Sensing characterization will be discussed in detail in chapters 5, 6 and 7.

Repairs require high strain capacity to resist strain and thus subsequently crac$6].
Morgan [66] has stated that an ideal repair material should display a similar modulus of
elasticity and thermal expansion to the parentsubstrate and that it should be compatible
with the existing structure (in terms of its adhesion strength, capillary water absorption,
dilatation properties and durability). The bond strength and thermal expansion of the
ambient-cured mix outlined in this thesis are factors that still require some further
investigation. In particular, they should be tested also for nosvibrated geopolymer binders,
and strictly according to the methods equired by the standard for nonstructural and
structural repairs. Despite thisthe preliminary results obtained in this work are promising:
the measured value for the coeitient of thermal expansion is similarto the one for
concrete; the bond strength value measured satfies the requiremert for a non-structural
repair. Asthe aim of this work isto demonstrate a nonstructural repair, for the time being,

measurements of elastic modulus are not required (according to BS EN 15342005 [38]).

46. 301 I MOW AEOOOOA xI1 OE
The work presented in this chapter has demonstrated that fly ash geopolymer coatings can
be cured at room temperatureand high humidities without any additional grinding steps,
or additives. While ambient-cured coatings do take longer to cure, they are touettry within
one day, and are strongnough to have the potentiato form a non-structural class R1 repair
from 28 days. For vibrated binders, they can reach a nestructural class R2 repair.
Accderants (such as heat or calcium additives) may be required if the application demands

more rapid strength development.

It has been found that the main factors which affect coating integrity are related to the
retention of water in the geopolymer during ts prolonged curing at ambient temperatures.

These are:
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T Coating thikness: coatings with thickness =1 mm show no cracks, regardless of
mixing times and RH levels between 50% and 95%. Coatjs with higher thickness

show cracks, the extent of which islependent on the mixing time;

1 Mixing time: for the mix described in this chapter the optimal mixing time was 1
hour, to allow the main extent of geopolymerisation reactions to occur without loss
of water or thermal stress, and to ensure that onlgmall extent of fly ash particles is
unreacted. Optimising mixing time can allow geopolymer coatings to overcome
water-loss induced cracking and to show a homogeneous surface without voids and
bubbles.

f Maturity of concrete: the results show that coating integrity doess O AADAT A 1
concrete maturity. This is an important consideration if geopolymer coatings and
linings are to be applied to newly cast concrete structures, and not only to old

structures which need repair.

9 Efflorescence: for lowtemperature, but humid curing and prolonged storage
conditions (above 70% RH) efflorescence is likely, as excess alkaline solution
crystallizes on the surface of the coating. Efflorescence is less likely for relative

humidities at or below 50%.

In conclusion, his chapter has outlined the manufacture of ambientcured geopolymer
coatings for concrete, without the use of additivesthat may be restricted in a nuclear
context. The most important consideration was the interaction between watetransport
processes and the geopolymerisatiorreaction processes responsible for strength gain.
While the geopolymer coatings took longer to cure than a thermally cured specimen, they

remain a promising choice for retrofitted concrete repairs, rehabilitation and sensing.

Work in future should focuson further research in order to investigate and comply with the

following points:
9 solutions to the issues of effirescence in humid environments;
1 the influence of a conmete substrate water saturation;

9 durability under exposure to a varety of environmental conditions;
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1 define methods for studying the relationship between coating thickness, shrinkage

and integrity after prolonged geopolymer mixing;

9 testing all the required properties for the assessment of nastructural repairs
strictly according to the nethods required by the specific standard, and for vibrated

and not vibrated binders.

Moisture and chloride sensing feasibility and characterisation othe ambient cured low
calcium fly ash geopolymer binders investigated in this chapter are demonstrated
respectively in chapter 5 and chapter 6 The results for chloride sensing and
characterisation are preliminary, ad further work is required.The final task of this research
work is to use the ambient cured low calcium fly ash geopolymer binders developedtinis
chapter as skin sensors for moisture and chloride sensing in concrete. A very preliminary
investigation of moisture and chloride sensing feasibility for coatings will be described in

chapter 7.

Next chapteroutlines the experimental characterisationof the geopolymerbased moisture
sensor developed in this work, providing a literature review on the existing moisture
sensing methods for structural health monitoring, andnvestigates the use of geopolymer
binders as sensors, providing a literature revies on the state of the art of geopolymers used
for sensing applications, and the theory behind the sensing system developed in this work

of thesis.
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The economic and social effects of aging, deterioration and extreme events on concrete
infrastructure s have led to the awareness of the need for advanced structural health
monitoring and damage detection technologieq1]. Reinforced cacrete structures can
employ a network of optical or electronic sensors to monitor the main causes of
deterioration [1, 2], and automated measurements of strain, temperatte or chemical
contamination have beerpreviously used toprovide assessmers of structural health. The
goal of thesetechniques is to allow in-operation monitoring, in order to optimise
maintenance and inspection [3]. This has beenalso demonstrated by integrating smart
material technology into health-monitoring systems|[3, 4]. Smart materialsare defined as
materials with built-in sensing and/or actuation functions[5]. They can serve as sensors,
with the advantage that they canbe placed with differ ent sizes even in remote and

inaccessible locationf various types of structureg[3].

In particular, moisture plays a critical role in reinforced concrete corrosion, underpinning
structural degradation which costs the global economy a staggerirR.3 trillion per year
(3.4% GDP, 2013)6, 7]. This growing sum mustbe added to the sigificant social and

environmental costs of continually maintaining concrete, especially as itinderpins most
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public services and utilities.Both moisture sensors and repair materials that limit water
ingress are required, but monitoring and maintenance are often viewed as separate

challenges.

Sensors for locating and quantifying moisture in concrete are key because water plays a
leading role in reinforced concrete corrosion, accelerating the infiltration of carbonation,
chloride attack and freezethaw damage[8-10], as aleadydiscussedin detail in chapter 2.

As moisture data can support degradation models and proactive asset management
strategies[2, 11], moisture sensors are naturally a topic of prime interest within coarete
health monitoring [12-21]. The level of interest is particularly keen within industries with
significant inventories of safetycritical coastal, marine and riverside concrete assets, such
as nuclear, transport, and ofshore energy generation sectorsThis is the context in which
the technology developed and characterised in this work has been conceived, as already

seen in detail in chapter 2: nuclear concrete containments.

This chapter outlines a firsttime demonstration of moisture sensors based oiow calcium

fly ash geopolymers. As already seen in chapters 3 and 4, such matksriare a class of
cementitious materials, which can beused as repaisfor concrete. As shown in the previous
chapter, they exhibit similar thermal and mechanical propertiesto ordinary Portland
cement and adhere strongly to concrete substrateR22]. Geopolymers are also chemically
stable and show electrical conductivities inthe range 1 p 11 S/cm depending on mix
design [23-25]. The electrical conductivity of geopolymers is due to the presence of the
alkali metal ions (Na, in the case of this work) introduced by the activator solution. This
has allowed to utilize them as ionic conductors, to correlate their electricgdroperties with
physical and chemical measurands. For this reason, geopolymers are highly suited to
AT TAOAOA TTTEOITOET C AT A 1 AET OAT AT AA ApbPI EAAOD
been developed as sensors for strain and temperature based on ieglance measurements
[25-29]. At the time of writing, no literature has been found on geopolymer sensors for
water and chloride content. This constitutesone major novelty of this thesis: the study
outlined in this chapter and in chapter 6 demonstrates the feasibility of moisture and
chloride sensing using geopolymers, and furthers the current understanding of the role of

moisture and chloride in the ionicconductivity of alkali-activated materials.

In this chapter, dectrochemical impedance spectroscopy and equivalent circuit models are
used to understand and optimize the electrical response of geopolymer sensors to water

content and temperature. This workis anticipated to be the first stage in developing 2D,
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distributed sensor-repairs for concrete structures, and other chemical sensors that support

concrete structural health monitoring and prognostics.

Numerous methods for continuous moisture monitoringin concrete have already been
proposed by previous authors, including: fibreoptic sensors[30, 31]; concrete electrical
resistance/conductivity/ impedance measurements[32-43]; dielectric permittivity and
capacitive sensors[44]; and NEMS/MEMS (nandmicro - electro-mechanical systems)
sensors[45]. It must be noted that most of these methodare directly applied onto concrete,
and they often consist ofembedding electrodes or other sensing systems (such as optical
fibres) directly into concrete. A more detailed overview on the st of the art ofexisting
moisture sensing methods is provided in sectiorb.2.2 Each of these approaches can be

viable in the face of a specific application.

The low calcium fly ash geopolymer sensors proposed in this work of thesis do, however,
offer unique benefits: i) they do not directy embed electrodesinto concrete; ii) they are
multi -functional, offering both sensing and repair capability; and iii) they can be applied as
2-dimensional skin sensors, and so could support the distributed sensing parameters
[46]. Beforedistributed moisture sensing can beexplored, one mustfirst demonstrate that
moisture sensing using geopolymers is feasibleThis is the aim of the work outlined in this
chapter. The work outlined here achieves this aim by developing a sensor prototype and

characterising its response and performance under temperature and moisture cycling.

The remainder of this chapteris organised as follows:

1 Section5.2 provides a review on the state of the art of geopolymer sensors for
structural health monitoring in general (section 5.2.1), and a review of the existing
methods for monitoring moisture in concrete, by highlighting their advantages and

weaknesses (sectiorb.2.2);

1 section5.3 describes the theory behind the principle of geopolymer sensing, with a

particular focus on moisture sensing;

1 section 5.4 describes the materials and methods used for thgeopolymer moisture

sendng characterisation;

9 section 5.5 presents the resultsand discussionof this system characterisation,

1 Section 5.6 concludes the chapter with a summary, and outlines future work.
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Geopolymers have been already used for strain and temperature sensing applications
applied to structural health monitoring: some authors used them as smart
materials/adhesives coupled with fiber optics sensor$2,47, 48], while other authors took
advantage of their electrolyte nature [2, 25-29]. The direct piezoelectric effect in
geopolymers has made them suitable to be explored also as se#fnsing materials. At the
time of writing, no previous literature is found on geopolymer moisture sensing, and most
of the existing methods to monitor moisture have been directly applied to concrete
specimens. This work represents the first time demonstration of moisture sensing for
geopolymer materials. A detailed review on the existing methods to monitor moisture in
concrete for structural health monitoring is presented in sectiorb.2.2, while section5.2.1
below provides a review on the existing geopolymebased sensing applications applied to

structural health monitoring (SHM).

5.2.1.Previous geopolymerbased sensor applicabns

The research into lowcost, durable sensors for SHM has led to the use of piezoresistive
strain sensors based on conductive composites (typically polymers) or se#fensing
cementitious materials, in most cases with the addition of conductive fillersush as carbon
fibers/nanotubes/nanofibers and graphene [49-55]. In these sensors, mechanical
deformation causes a change in electrical properties. €y have been successfully
developed for several SHM applications, for their low cost, chemical stability, good
durability and good compatibility with host structures. Some authors have developed these
sensors using geopolymer binders, patches and concretsth as conductive composites to
couple with concrete structures, and selsensing cementitious materials. Geopolymer was
demonstrated to possess a direct piezoresistive effect originating from the migration of
mobile hydrated cations in the pores of thegeopolymeric structure under loading[56, 57].

A preliminary study conducted on both Portland cement and geopolymer concretb8]
demonstrated the superior conductance of geopolymer concrete. Most of the authors have
used conductive fillers to improve further geopolymer conductivity. It has been
demonstrated that the incorporation of conductive fillers has provided a conductive

network which can greatly improve the selfsensing capability of a geopolymeric material
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[57,59]. The following table summarises the main geopolymebased sensing applications

and studies, by classifying them depending on the measurands investigated.

Measurands Shownin
Strain [2,25,28,57,59-61]
Temperature [2,28,48]
Moisture No previous literature
Chloride No previous literature
Thermal conductivity [27]

Table 5.1 z Review of physical and chemical measurand investigated in previous applications of
geopolymers to structural helath monitoring.

As shown in Table 5.1 only temperature, strain and thermal conductivity geopolymer
sensors have been investigated so far. The two main sensingtmeds are based on optical
fiber sensors and impe@nce measurements. Optical fibesensors require geopolymers as
adhesives to be fixed onto concrete, and as shielding materials. Despite their advantages,
such as high accuracy and resolutioamong the others, optical filers show thetechnical

challenge of providing affordable, dng-term packagingto the fibers.

Impedance based sensors can be both salénsing geopolymer composites and geopolymer
patches applied onto concretes. Despitdhe fact that geopolymers are themselves
conductive, thanks to the metal cations introduced by the alkaline activator in the pore
solution of the material, the works reviewed inTable 5.1 used conductive fillers such as
carbon fibers (CFs), carbon nanotubes/nanofibers (CNTs/CNFs) and graphene to further
improve conductivity and piezoresistive effect in geopolymers. This has been done also for
other less conductive cementitious materiés for structural health monitoring applications
[26, 28,53-55]. However, it must be noted that largescale deployment of conductive fillers
in cementitious composites is limited due to sgous issues including poor dispersibility,
incompatibility with the host materials, costs and health riskd25]. Moreover, the addition
of such fillers in safetycritical applications, such as those in nuclear context, introduces a
further issue, connected wih the interaction of those materials with ionising radiation. For
this reason, no conductive fillers have been introduced in the fly ash geopolymer binders
developed in this work of thesis: the newly developed sensing technology for moisture and
chloride sensing in nuclear context relies on the conductivity of the only geopolymer pore

solution.

The work presented in this thesis represents the first time demonstration in literature of

geopolymers as moisture and chloride sensors. The aim of this chapter i demonstrate
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the feasibility of such system and its sensing performances for moisture sensing. Before this
is done, a detailed review on the existing methods to monitor moisture for structural health

monitoring in literature is outlined in the following section.

5.2.2.Moisture monitoring methods for structural health: a
review

Several methods have been used in previous works to monitor water content or water
content profiles into concrete structures. They have been mentioned and referenced in the
introduction above, and recalled herefiber-optic sensors [30, 31]; concrete electrical
resistance/conductivity/impedance measurements [32-43]; capacitive sensorg44]; and

NEMS/MEMS (nane/micro - electro-mechanical systems) sensorf45].

A summary with the main advantages and disadvantages of each technique is shown in the

following Table5.2. In the following sub-sections, these methods are described in detail.
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Advantages

Disadvantages

Fiber-optic sensors

Small dimensions
Lightweight

Sufficiently high resolution
and accuracy

Able totransmit signal over
a long distance

Immune to electromagnetic
wave interference

Technical challenge of
providing affordable, long
term packaging

Invasive: Mostly embedded
into concrete

Concrete
conductivity/resistivity/im -
pedancemeasurements

Smple procedure that uses
cheap equipment

Lessaccurate

Invasive: Mostly embedded
onto concrete

Capacitive sensors

Accuracy £1- 1.7 % RH for
early age samples

Affordable

Reduced accuracy, for
RH>90%

Measurement time from 3
hours to weeks

Invasiveness:Drilled holes
into concrete

Measurement ofRelative
Humidity, not water content

NEMS/MEMS

Small and robustintegrated
technology

Moisture and temperature
monitoring

Invasiveness: A number of
devices embedded into
concrete

More suitable for early age
concretes

Table5.2 z Advantages and ésadvantages of the main moisture sensing methods in literature,

used for Structural Health Monitoring.

5.2.2.1. Capacitive sensors

Capacitive sensors are mainly used as relative humidity (RH) sensors. They are smal
capacitors consisting of a hygroscopic dielectric material (typically a polymer or plastic
material) placed between two electrodes, where the absorption of moisture results in an
increase in sensor capacitance. This type of sensor relies on the relatibigs between
relative humidity, the amount of moisture present in the sensor, and sensor capacitance. A

hygrometer which utilises a capacitive sensor typically consistof the sensor itself, a probe,
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a cable and the related electronics. This type of sensois also generally affordable, but

presents a reduced accuracy at RH values exceeding 9082].

Molina et al.[44] used a capacitive hygrometer to assess the moisture state of cementitious
materials, by diilling measurement holes in the material. The authors preferred this method
to other methods because of the universal value of RH for any different materials, material
degree of maturity, and influence of other adjacent materials. However, depending on
external conditions and thickness of the material, the measurement time ranges from 3
hours (for early age materials) to weeks, and in some casdbe insertion of test tubes
directly after casting is recommendedto avoid longer times Moreover, if the climatic
conditions at the measurement site are difficult, it is preferable to measure the RH on
material specimens taken in situ.Therefore, this method presents some disadvantages,
since it requires holes to be drilled into the substrate material, it takes eveweeks in the
worst case scenario, while only for early age materials it needs about 3 houfsr the
measurement. Moreover, relative bmidity (RH) of concrete is not equivalent to moisture
content, even if it can be related to it. All these points make these and application of this
type of sensor less direct and easy, despite for early age samples measurements it showed

an accuracy ofupto p p& P YO

5.2.2.2. NEMS/MEMS (naneé'micro - electro-mechanical systems)
sensors

Nano-/micro - electro-mechanical systemsre devicesmade ofnano and microcomponents
and usually consist of a central unit that proceses data (an integrated circuitchip such as
microprocessor) and several components that interact with the sumundings (such as
microsensors) [62, 63]. Their small dimensions allow themto be used in devices for
structural health monitoring. From hundreds to millions of them can be distributed
throughout a structure. They are produced in batch processes, robust, easy to use and can
be embedded into concrete. Integrated technologies areerded for sensing, powering,
wireless communication, device location, computation, interrogation, storage and data

analysis.

Norris et al. [45] proposed MEMS sensors to simultaneously measure temperature and
moisture in concrete. This sensor consisted of a Weatstone Bridge piezoresisttircuit

coupled with microcantilever beams with a vaporsensitive nanopolymer film designed to
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expand and contract under water vapour exposition. The deflection of the beams is
measured as resistance change in the embedded strain gauges. The Weatstonieger
circuit provides output voltages linearly proportional to RH and to temperature. Although

the many advantages of NEMS and MEMS sensors, embedding a great number of devices
into concrete may affect the mechanical and physical properties of the hardeneahterial,
depending on size, and type of the structure, and on the environmental conditions.
Moreover, since such devices need to be embedded into concrete, they are more suitable for
newly casted structures, than for existing structures. This makes thethnology difficult to

be applied to existing safetycritical structures, such as those in nuclear context, where the

store structure construction needs to follow strict requirements.

5.2.2.3. Fiber-optic sensors

Fiber-optic-based humidity sensors measure moistur@bsorption in concrete by means of

a fiber Bragg grating (FBG) coated with a moisture sensitive polymer. The polyme&oated
FBG sensor detects moisture through the strain induced on the device as a result of the
polymer swelling caused by moisture absorpbn. A direct indication of the humidity level
within a concrete sample where such a sensor is embedded is given by the shift of the Bragg

wavelength caused by the expansion of the humiditgensitive material coated on the fiber

The FBGfiber optic sensa utilizes the shifting of the Bragg wavelength¥_ ) caused by the
change of strain € ) which was caused in turn by the expansion of the humiditgenstive
material coated on the filer. Bragg wavelength_ is a function of the core refractive
effective index of optical fiber (& AT A OEA 1 AOOEAA DPAOET A ¥
representation of a FBG is shown irrigure 5.1: the impact of external environmen on
lattice, i.e. strain induced by the humiditysensitive material, will change the Bragg

x AOAT AT ¢cOEh AO A Ai 1T OAROCAT AA 1T &£# OEA AEAT CA i
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Figure 5.1 7 Schematic representation of a Fiber Bragg Giag (FBG)[2].

The equation which relates_ OT  ¥&iA1 A
CcEM Eqg.5.1

An optical interrogator emits a broadband light. Thdight is guided within the fiber, meets
the grating, and a narrow distribution of wavelengths are backeflected towards the optical

interrogator.

Yeo et al[30, 31] demonstrated that opticatfiber-based humidity sensors of this type can
determine the changes in the moisture content in different concreteamples, and react to
the ingress of water, detecting the moisture migrating through concrete. Some works
previous to those of Yeo, such d$4], developed optical fibersensors capable of detcting
the beginning of compositefailure in aircraft structures, such as delamination and moisture
ingress issues. These sensors wereembedded directly into the composite part diring

manufacturing and based ora Bragg grating systemor on a long period gating system.

Fiber optic sensors have several advantages: small dimensions, lightweight, sufficiently
high resolution and accuracy, and an excellent ability to transmit signal over a long distance,
are immune to electromagnetic wave interferences and mpaincorporate a series of
interrogated sensors multiplexed along a single fibe47, 65]. On the other hand, the
technical challenge of providing affordable, dng-term packaging to the fibers often
represents a barrier to their widespread usd 2, 66]. Electronic sensors, on the other hand,
despite their lower resolution and accuracy, provide a more established, cesffedive route
for health evaluation[2, 65]. Besides, the ptical fiber-based sensorgeviewed here present
the drawback of being embedded inside the concrete structure, thus limiting the application

to newly casted structures The same thing applies to moisture sensors which are based on
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the measurement of the electrical propeties of concrete. Most times they directly apply
electrodes into the concrete systenj34, 35, 38-43,67]. They are reviewed in the following

section.

5.2.2.4. Concrete electrical resistance/conductivity/impedance
measurements
Previous works have applied electrodes directly to concrete in order to measure water
content and/or water ingress by measuring changes in the electrical conductivity of the
concrete itself, and thus in its resistance and impedance. Indeed, iaswill be shown in
section 5.3.3 electrical conductivity of concrete and cementitious materials in general
mainly stems from the electrolytic solution within concrete pores, wich highly depends on

water content.

Spencer et al[68] and Woelfl et al[35] demonstrated that electrical resigance can be used
to measure the moisture content of concrete: their study showed that electrical resistance
increases as moisture content decreases. [85], the electrical resistivity of concrete was
measured by using a Wheatstone bridge circuit, with a three electrodes configuration, and
electrodes embedded within the concrete. An alternating cuant at frequencies above 50
Hz was applied to minimize the polarization effects and thus facilitate the accurate
measurement of electrical resistivity. Although other techniques for measuring moisture
content of concrde are more accurate (i.e. fibeoptics), the use of electrical resistance has

the advantage of being a relatively simple procedure that uses cheap equipment.

Saleem et al[34] measured the resistance of cylindrical concrete specimens by applying a
square wave current through copper plates and measuring a voltage drop besans of two
copper pin electrodes. They demonstrated an exponential decrease in the electrical
resistivity with moisture content. Nguyen et al.[43] used four point probes (as shown in
Figure 5.2) to measure the moisture content of concrete by means of concrete electrical
resistivity measurements. They obtained an experimental power law between the

resistivity of concrete and its moisture content.
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=&

Figure 5.2 z Schematic representation of four point probes resistivity measurement of a
concrete slab, as irf43]

Sanchez et a[.39] used impedance spectroscopy to study the water distribution in concrete
samples. Rajabipour et al[42] studied the potentiality of in-situ electrical property

measurements to assess moisture transport in concrete.

Theseexisting studies and applications of moisture sensing in concrete at the moment of
writing apply resistance, conductivity or impedance measurements directly to concrete,
thus becoming more invasive and preferable for newly casted concreteghese methods
rely on the electrical and electrolytic conductivity of concrete, when its pores are filled with
water. Some authors have tested and demonstrated the feasibility and performance of
those methods by adding conductive fillers to concrete samples in order farther improve

their conductivity [33].

In this thesis, a sensing solution based on a separate conductive aginen acting as sensor
for moisture content and temperature is developed: low calcium fly ash geopolyen
materials are used. As shownin section 5.2.1, previous studies demonstrated that
geopolymers are more conductive than concrete and have already been used for self
sensing applications and as sensing patches for concretes to monitor strain and
temperature. This work represents the first time demonstration of their masture sensing
capability. In order to understand the sensing principle of the system characterised in this
chapter, next section provides some useful theory on impedandmsed geopolymer

Sensors.
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53. 4EAgoai p AAMAAAMA CAT BT 1T UT AO
A detailed description of geopolymer electrical properties and geopolymer sensas based
on impedance measurements is presented in thisection, with a particular focus on the

theory behind the sensing system prototype developed in this work of thesisee sections
5.3.2.1and5.3.3).

53.1." AT Pi 1 Ui AO6O Ai1 AOAOEOEOU
The electrical condutivity of geopolymers stems from the alkali metalkations (0 & in the
case of this worlk introduced by the activator solution [22, 23]. A proportion of the
population of these cations is actively bonded to the negatively chargedlumino-silicate
matrix. The remaining ions are mobile, able to move througthe matrix, partly because it is
disordered (rather than crystalline) [69]. Theyincrease the ionic content of the water inside
the cured material's pores, migratingalong the pore network and acting as carriers of
electrical current under an applied voltage[24]. Geopolymers are therefore often referred

to as solidelectrolytes, electrolytic conductors, or ionic conductors.

Measured changes irthe electrical properties of geopolymersat varying of physical and
chemical measurandsallow these materials to be employedas sensors[2, 25-28]: some
authors have already measured resistanceconductivity and impedance changes in
geopolymer binders to sense physical properties such as strain and temperatuf&0]. In
this work, Electrochemical Impedance SpectroscopfEIS) is employed to use geopolymer
samples as moisture sensors. The following section provides a theoretical description of the

electrochemicalimpedance spectroscopy technique applied tgeopolymers

5.3.2.Electrochemical impedance spectroscopy (EIS)

Geopolymers can be electrically interrogateé using metal electrodes, whictare embedded
prior to curing. This produces a sensor cell, akhe one developedduring the work outlined

in this thesis,shown in Figure 5.3.
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Applied V(t)
BE

=
Measured I(t)

Figure 5.3 - Photograph of geopolymer sensor cell showing electrodes used for sensor
interrogation.

While standard circuits are comprised mainly of electronic conductors, geopolymesensors
are a composite of electronic conductors (the metal electrodes) inontact with an ionic
conductor (the geopolymer). They are therefore classed amn electrochemical system, and
exhibit behavioursthat are not present in moststandard electronic sensorsAsgeopolymers
behave as electrolytes, they cannot beeliably interrogated using a dc current/voltage,
since dc current causes electrolysis in eleolytes. For this reason, geopolymers are
interrogated by applying accurrent/voltage , and the frequency of this ac current/voltage
AAT AA Al OAOAA AT A OE Aby idamsiob tbe Eleckddimi¢ald A
ImpedanceSpectroscopy (El$technique.As the responseof the cellis dependent on the ac
frequency, sweeping the frequency provides a rich daset which can be used to improve
our understanding of sensing behaviour orthe underlying electrochemical processes

occurring in the cell.
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EIS B a nondestructive techniquethat can be used t@nalyseelectrochemical systems both

at rest and in responsdo external measurandsElScan be Galvanostatic, when an atrrent

is applied to the dectrochemical system, and an agoltage is measuré, or Potenticstatic,
when anacvoltage is applied to theelectrochemical system and an acurrent is measured.

In this work, a Potentiostatic EIS was used. The reason for this is that the Potentiostatic EIS
is selflimiting, avoids electrical breakdowns and applies vitage, which is easier to apply
than current using electronics.In Potentiostatic EIS, the frequencydependent current
response of the sensor cell, I(t), is measured during an applied, timearying voltage
excitation, V () [71]:

w0 wAT100, Eq 52
‘0 OAT100 - 7

Here, ® and O are the amplitudes of the applied voltage and measured current
respectively,» 1 is the frequencydependent phase difference betwee 6 and“0o , and
1 ¢* "6 the radial frequency of appliedac voltage. The electrical impedance of the cell,

Z,which is a complex quantity can be defined using Euler notation agr1]:

@ — & AlTO Qi o Q, Eq.5.3

Where Qs the imaginary unit,d ] Lxis the frequencydependent magnitude or
modulus of the impedence, and @i ® is the phase angle between real and imaginary
components The real component of the impedancep Y@ , is the electrical
resistance of the cell, while the imginary component,® ‘0O4a® , is its reactance.
Inductive elements in a sensor cell), cause current changes to lag behinapplied voltage,

as® " .0Capacitive elements), meanwhile, cause current changes to lead the

voltage as® —. Acquired EIS impedance data are typically assessed using a

combination of Bode plots (plots ofd  ande against swept frequency), and Nyquist plots

(plots of ® against®d ).
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5.3.2.1. The electrical impedance of geopolymers

The impedance response of electrolytic cells can bmodelled using equivalent circuits
comprised of resistors, capacitors and inductors in series and/or parallePrevious studies
[72, 73] have shown that electrolytic cells made using alkalactivated binders can be
modelled using the equivalent circuit shown in Figure 5.4 a). The elements in this circuit

include the:

1 Resistance of the Electrolytey : the resistance of the liquid electrolyte within the
geopolymer pores. This resistance depends on the numbelf @ns (i.e. the ion
concentration and volume of the cell, both of which are often constant), and the
mobility of the ions (a function of ion concentration, metal ion type, and

temperature) [74].

1 Connected pore resistanceY , and unconnected pore resistancéy : the resistance
of the ion conducting pathways between the connected (percating) and

unconnected pores in the geopolymer matriX75].

1 Solid phase, obulk capacitancep : the dielectric capacitance associated with the
solid phase of the geopolymer between the electrodes. This will be comprised of

hardened geopolymer paste and unreacted fly ash particles.

1 Interface resistance,Y, and double layer apacitance0 , at the specimerelectrode
interface: a single layer of) @ ions in the geopolymer will adhere to the negatively
charged surface of the metal electrode. This layer acts as a dielectric, separating the
electrons in the metal electrode fran the 0 & in the geopolymer.

1 Pore wall capacitance,0 : a double layer capacitance present between the

unconnected pores of the pore solution.

In the present work, modiications have been made to this standard model fwroduce a new

equivalent circuit shown in Figure 5.4 b). The changes are judiied as follows:

1. The solid phase capacitance is described by:

5 - — Eq. 5.4
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where - is the effective dielectric constant of the solid phase of the geopolymer cell,
0 is the shared area between the electrodes in the specimen, aifdis the
separation between the electrodes. In the present work, the elecides embedded

in the geopolymer cell are stainless steel wires of diameter 0.4 mm, embedded at a
depth of 7.5 mm, and their separation d = 55 mm. This set up, specific to our sensor

design, means thab << 'Q andé 1O Capacitord is therefore removed.

Double layer capacitances in electrolytic systems can be motlsd using constant
phase elements (CPESs), represnted as elements Q ifrigure 5.4 b). In this work, all
double-layer capacitances are modelled using CPEs which have an impedance

described by:

A — Eq.5.5

where @ and | ntp are fitting parameters. While the use of BEs in
electrochemical circuit modelling is common, it is a slightly controversial approach
as® and| do not have widely accepted physical meanings. Howevélfris accepted
that equation 5.5 describes the net result of ion dynamics in electrochemical
systems [69, 76]. When ions make forward hops between vacant sites in the
geopolymer, they make a positive contribution to conductivity. However, because
ion movements within geopolymers are highly correlated, forward hops are often
soon followed by backwards ionic hops which cancel out the conductivity
contribution. This is why CPEs describe a low conductivity at low EIS frequencies.
At high EIS frequencies, there is no time for backwards ionic hops before the polarity
of the electrodes switches, so all ionic hops are forwards, and all contribute

positively to conductivity.

Eledrolytic cells often exhibit inductive loops at high frequencies. While
inductances are commonly attributed to experimental artefacts such as electrode
crosstalk, particularly when measured currents are small, some research has

suggested that it could als stem from genuine electrochemical processes, such as
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relaxation of adsorbates on the electrode§77]. Regardless of the cause, inductive
effects were seen in our system, and so an inductance terip,and corresponding

resistance,Y , was added to the equivalent circitL
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A
()

Figure 5.4 - a) The equivalent circuit previously used to describe alkalactivated materials. b)
The equivalent circuit used to describe the geopolymer cells in this work.

The overall impedance respase of the geopolymer sensor modelledybthe circuit shown

in Figure5.4 Db) is:
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O Y O & , Eq. 5.6

where © and @ , found through parallel sums of components, capture the

total impedance of ion transport and electrode effects respectively.

After this theoretical description ofthe electrical impedancefor the sensor cell probtype in

Figure 5.3, the following section introducesthe moisture and temperature sensing principle.

5.3.3. Temperature and moisture sensing principle of
geopolymer system

Previous work has already outlined geopolymer strain and temperature sensings shown
in section5.2.1 For a geopolymer cell consighg of metal electrodes (copper, stainless steel,
A O A Bonnlectedto an EIS interrogation system the equation for the magnitude of the
impedance @ ,is:
& gs & 2 Eq. 5.7

$s
where A is the contact area of each electrode with the geopolymer, L is the distance between
the electrodes in the geopolymer material and’ is the resistivity of the geopolymer
material. Assuming no changes in strairand ion concentration are happening,fractional
changes in impedance are induced by changesnmoisture and temperature, as described

by the following equation:

aYe Yy Eq. 5.8

where ) and j are two functions, which describe the geopolymer sensor'snoisture and
temperature sensitivity respectively, Yo is the change in moisture, and"Vis the change in

temperature.

However, no previous literature is available on geopolymebased moisture sensorsso far
As such, the theoretical sensing principle for geopolymer moisture sensors that we use must

begin bydrawing on the literature for concrete and othersimilar cementitious materials.
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Bulk electrical conductivity in cementitious materials is a function ofhe conductivity of the
pore solution,, , the volume of the pore network filled with pore solutions , and the

connectivity factor of the pore network,! [42]:

e Eg.5.9

If geopolymers follow this same principle, then their conductivities,, , will depend on

measurands which alter the hree factors on theright hand side of equation 5.9

Increasing the temperature of a geopolymer enhances ion mobility and encourages
electrolytic dissociation, both of which increase, . Therefore, provided there is no
evaporation of water at high temperdures, the relationship between geopolymer
conductivity, ,, , and temperature,’Y is expected to followone similar to that of other cement

systems[78]:

i1, — oY 0, Eqg. 5.10

where O ,’'O and’O are constants.

The admittance of a geopolymer sensor is defined as the inverse of impedance:

o -. Eq. 5.11
For a fixed cell geometry, the modulus of admittance) s, is proportional to
conductivity, ,, .

While the first term in equation 5.10, i.e. /T, has been used on its own to describe the
O! OOEAT EOO AADPAT AAT AA3 oh t@nperétiredn preuidusli@ratdré T A OA C
[2,27,28], in this work the full form of equation 5.10is used.

Geopolymer -based moisture sensors 125



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

Water content within the geopolymer, meanwhile, can affectlhathree factors in equation
5.9. It reduces the conductivity of the pore solution, , by diluting it, but meanwhile
increases pore fill volure,» , and connectivity,! [40]. At very low water contents,
conductivity can decrease dramatically as the liquid electrolyte cannot cover the internal
surfaces of the poreqg40]. Given the lack of previous literature on geopolymer moisture
sensors, a reference tgrevious studies of ordinary Portland cement systemss made. In
most of these studieselectrical conductivity was found to have an exponential dependence

on water content[34], which can be described by the following equatian
., “©zQ?2 Eq. 5.12
x E A O Athefonduivity of concrete, W is the water content andd and ¢ are constants.

In this work, the decreasing of impedance with water content was found to be describeg b
equation 5.13 which providesa goodfit to the impedanceexperimental data, as Bown in

sectionb5.5;

& Bz Eq.5.13

where @ is the impedance modulus of the geopolymer cell, W is the water content and

® and @ are constants.
Equation 5.13ca be reexpressed as:
& — 0, Eq. 5.14

where'O and'O are constants.

Equations 5.10, 5.11 and 5.14an then be combined to produce a characterization equation

for the geopolymer sensor:

— 0°Y — 0¥ 0O, Eqg. 5.15

where "Og 4 are constant. Equation 5.15ncludes an additional crossdependence term
between moisture and temperature(G4T/W) . The equation considers shifts in the modulus
of the impedance only, and furthermore normalizes alb ~ values by® ,whered®
is the impedance of the sensor in ambient conditionsirf this work, defined asa water

content of 60wt% and at a temperature of 20 °C). This normalization makes the
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characterization equationless sensitive tovariations in sensor geometry.These @uations
have been used in theesults section for the moisture and temperature characterization of

the sensor protaype.

Next section describes the materials used and the methodology of the moisture and

temperature sensor characterisation experiment.

54. - AOAOEAI O AT A - AOEI AO
This section presents a detailed description of the materials and methods used for the

manufacture, setup, chaacterisation and testing of a newly developedow calcium fly ash

geopolymermoisture and temperaturesensor prototype.

5.4.1.Sensor fabrication

The geopolymer binder used in this work was synthesized from low calciurity ash and an
alkaline solution made from sodium hydroxide (SH) and sodium silicate (SS), with a liquid
to solid ratio, L/S = 0.5, and SH/SS = 0.4A detailed description of the geopolymer binder's
fabrication, its mechanicalproperties and suitability as a repair is desribed in chapter 4.
The mixed binder was poured into rectangular gicon moulds (dimensions 55mm x 30mm
x 15mm) with electrodes penetrating 2 mm into the corners to cast thegeopolymer cells
shown in Figure 5.3, and schematically shown irFigure 5.5. The electrodes were fwire
braided stainlesssteel wires of diaméer 0.4 mm. The geopolymer cells were cured for 30
days at20 °C and 95% relative humidity in an environmental chamber prior to testingrhe
reasons for this choice were detailed in chapter 4, and are related with the naelr context

where the sample isgoing to be deployed in future.
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Figure 5.5 7 Schematic representation of the geopolymer cell shown iRigure 5.3.

The four-electrode corfiguration shown in Figure 5.3 and in Figure 5.5 is known as Van Der
Pauw corfiguration. It minimizes lead and contact resistance aftts, and theinfluence of
electrode polarization at low frequencies[79, 80]. It wasalso found inpreliminary work

that this configuration reduces stress and the probability ofmicro-cracking in the samples
at the electrodegeopolymer interface as samplescure and shrink, partly because it

maximizes the distance between adjacerglectrodes.

5.4.2.Interrogation system

During potentiostatic EIS a 10mV voltage was applied to geopolymer cell¥he low
magnitude of the voltage produces a pseudlinear current response, allowingimpedance
to be calculated more conveniently71,81]. The frequency othe applied voltage was swept

over the range 10 Hz 100 kHz during impedancecharacterization.

5.4.3.Calibration methods

The procedure for themoisture and temperature calibration is sunmarized as a flowchart

in Figure 5.6:

1. The geopolymer sensor cell was immersed in deionized water for 24 houts reach

a highwater content.
2. Surface water was removed from the cell, and its wet mads,; , wasmeasured.

3. Geopolymer cells were sealed in a box for 24 hours to allow water withithe pores
to equilibrate and homogenize as shown inFigure 5.7. This ensured that moisture
measurements were conducted in a steady state regime. The sealed samplas

placed in an environmental chamber and connected to the interrogatiogystem. A
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separae data logger was placed within the box to verifgemperature and relative
humidity measurements (resolution of 0.5 °C and0.5% RH). The schematic

representation of this experimental setup is shown inFigure 5.8.

Temperatureswithin the chamber were cycled in~ 5°C steps from~ 5°Cto ~ 30°C
and back to ~ 5C. For each temperature point, temperaturesere held for 2 hours
to allow the system to reachthermal equilibrium. Once thermal equilibrium was
reached, impedance spectra were measuretiventy times over a 20 minutes

duration, to allow an average to be taken.

After temperature cycling, the geopolymer sensor was taken out of theealed
container andits wet mass,0 j, was weighed a second time. Theet massd was
then defined as the mean value dd ; and 0 , while the variation was used to

establish an error in moisture content.

The sensor was placed in a desiccator with silica gel toide water out ofthe sample
through evaporation. The sensor was regularly weighed untif new target mass
(target moisture level) was reached This cycle was repeated for all target moisture
contents. Some samplesinderwent several drying and wetting cycle and several
temperature cycles toassess sensor repeatability. Once the characterization was
complete, each samplevas completely dried in an oven at 105 °C for 24 hours and
its dry mass0 was measured. This allowed the gravimetric water contento of

the samples to bequantified [82]:

w xOb —— pmm Eq.5.16
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1. Water immersion

A 4

4

2. Mass measurement (M 1)

A

3. Sealing the sample

A J

4. Impedance measurement

h A

5. Mass measurement (M;2)

v

-

Repeat for each water content

6. Drying the sample until target mass |-

Y

7. Oven drying the sample at 105°C

Figure 5.6 - Flowchart showing the steps in the water and temperature characterization

experiment.

Figure 5.7 7 (a) Geopolymer cell inside the plastic box, connected to the electrodes of the
interrogation system, before sealing; (b)geopolymer cell inside the sealed plastic box.
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Figure 5.8 z Scheme of the experimental geup for the EIS measurement of the geopolymer cell
sample at each water content.

5.4.4.Postmortem examination of ion leaching

The drying and wetting cycles could causé @, Yandd dions from the geopolymer to
leach from samples, reducing their ioniconductivity over time. To assess this, inductively
coupled plasma optical emission spectrometry (ICPOE&hd ion chromatography (IC) were
used to measure ionic leaching fromgeopolymer cells. Sensors were immersed three
consecutive times in 1.1 L ofleionized water for 24 hours. After each wash, water samples
were collectedandfii OAOAA xEOE A filte8priar to prialys® of @i cordeitl) A

Geopolymer -based moisture sensors 131



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

55. 2A001 OO0 AT A AEOAOOOEI I

5.5.1.Geopolymer cell impedance response

Figure 5.9 shows a typical Bode plotoD EA OA ¢§ fola gdopolymersensor, taken at
a water content ofw Y Yo and temperature of”Y ¢ 1@0. The fits shown use the
equivalent circuit model given inFigure 5.4 b), and thevalues for eaty component are given
in Table5.3. The fits of Figure 5.9 show that the circuit model inFigure 5.4 b) well describes

the geopolymer cell.
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Figure 5.9 7 Bode plot fordd  and phases obtained for sensor ato ¢ Y Rnd”Y ¢ T0GJ
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Circuit =| - =| & =| 04 J'L_ D =| J'L;;;E b L =| 4
element m m m  [uF] m  [pF] [kuH] m
Value 108 57 33 50 0.7 63 74 0.5 0.7 5

Table5.3 z Values of parameters used in the equivalent circuit model éfigure 5.4 b) for
impedance data shown irFigure 5.9.

5.5.2. Temperature dependence of impedance

Figure 5.10 shows Bode plots for sensors at temperatures ranging from 6 °C 30 °C. In this
figure, isotherms have been plotted on the-gxis by taking theproduct of the modulus of
admittance and temperature, oro JY

-~ T=60  T=11.0 T=155
- T=205 T=255  T=30.0

o
(@)
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ot
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T

Iogm(Amod.T, °C/Q)

-1.4r

-1.8 ' ' |
1 1.5 2 2.5 3 3.5 4 4.5

log . ,(f, Hz)

Figure 5.10 z Bode plots of isotherms of JY Data shown is for samples at a constant water
contentofw x x P
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Figure 5.10 demonstrates that the geopolymer sensors obey a scaling law typical of ionic
conductors known as Summeiield scaling[69]: the shape of each Bode plot independent
of temperature (e.g. the’'Y p @lo line can be shifted up or dowrto superimpose onto any
other temperature line). This means that we canlefine a master curve, arbitrarily déining

a baseline fequency of ' Q p Mg and a baseline admittance ap 1 dof 0 j

0 p @a for each line.This allows us to plot dl of the data shown inFigure 5.10 onto

a single scaledsummeffield plot, which is shown inFigure 5.11.
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Figure 5.11 7 Scaled Summerfield plot representing all data ifrigure 5.10 in a single data series.

The ovelap of the isotherms in Figure 5.11 shows that the number of mobileions is

unchanged between temperature cycles. The linear relationship, meanwhilsypports the
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notion of time-temperature superposition in geopolymers[69]. To conduct an electrical
current, an ion within the geopolymer must hopfrom its existing site to an adjacent site, and
this adjacent site must relax ® accommodate the ion. The longer it takes for an ion to be
accommodated, the higher the probability for a backwards hop. Increasing temperature
speeds uprelaxation, and so essentially speeds up the ion hopping process (hence time

temperature superposition).

Figure 5.10 and Figure 5.11 have consequences for temmerature sensing. In oder to
monitor temperature using geopolymers,it possible to choose ahost any excitation
frequency in the linear region of Figure 5.11. It is not prudent to usefrequencies that are
too low, as his can encourage electrolysigjriving gradual ion migration to one electrode
thus causing corrosive chemicalreactions (and, as might beexpected given the theory
above corrosion at low interrogation frequencies is paticularly pronounced at higher

temperatures).

5.5.3.Moisture dependence of impedance

Figure 5.12 shows Nyquist plots for the geopolymer cell at water contents ranging from
W uvupPtow Yy @, and at a constant temperature ofY ¢ TOJ As the water
content decreases, impedance inceses as expected. Resistive anihductive circuit
elements in the modeled system all increase in magnitude athe water content decreases
(Table5.3).
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Figure 5.12 Z Nyquist plots from 10 Hz to 100kHz, for a geopolymer sample system at 20°C for
different water contents. Fits are obtained using the equivalent circuit model shown iRigure
54Db).

Repeating the scad Summefield plot process for water contents produceshe plot shown

in Figure 5.13. The trend is similar toFigure 5.11, but there is morescatter in the results. It
is clear that water, like temperature, speeds up théon hopping process. This makes
physical serse: as described by equation 5,9vater increases the connectivity of he pore
network and the volume of thepore network filled with electrolyte solution. It is possible
to hypothesise that the addedscatter in the Summefield plot couldbe due to an added non
linear effect: the dilution of the pore solution. A more detailed discussion of the scatter in
the moisture Summerfield scaled plot, together with a critical comparison with the scatter
in the Summerfield plots for temperature and NaCl concentration, is postponed to section
6.4.20f chapter 6
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Figure 5.13 7 Scaled Summerfield plots for water as a colorized set of series for each water
content value.

From the perspectve of sensing, the increased scatter in results at higher frequencies
suggests that this could be a more sensitive region for sensing moistus®ntents and
distinguishing them from temperature shifts. It has therefore been selecied a single
frequency of 10kHz for the remainder of the sensor characterizatiordescribed in this
chapter. As shown byFigure 5.9, this frequency alsacorresponds to the region where phase
angles tend to be at their highest valuesbut the frequencies arenot so high to see the

influence of the inductancehat is currently not possibleto fully explain.
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5.5.4.Sensor response

Figure 5.14 shows plots of sensor response at 10 kHz ta) temperature and b) moisture

contents. Here the sensor responskas been definedas —, where® j is the modulus
h

of impedance of the sensor in ambient conditions (i.e. & water content of 60% and at a

temperature of 20 °C). As shown, equations 50 and 5.14 provide good nortlinear fits to

the data.
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Figure5.14 z a) Plots of®d  #& versus temperature for each water contentNon-linear fits
use equation 5.10b) Plots ofcd ¥&  { versus water content for each temperatureNon-
linear fits use equation 5.14

Geopolymer -based moisture sensors 139



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

The overall response of the sensor for angeneral water/temperature combination is better
characterized by fitting temperature and moisture simultaneously,using equation 5.15

Figure 5.15 shows the data fromFigure 5.14 on a 3Dscatterplot. HereOE A OA Githé A0 06
samplehas beendefined as the inverse ofits moisture content, orpfw . This allowsto fit a

surface describedby equation 5.15, where the parameters of thefit and their standard

errors are given inTable54.

S SRR R
B e
Sy SRR
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S

Dryness, 1/wt% Temperature, °C

Figure 5.15 7 3D plot of calibration curve for sensor as a function of both moisture and
temperature. The surface of best fit sbwn is descibed by equation 5.15

Parameter 1 1

1| | |
Value 0.82 -0.012 163.2 -1.09 -2.24
95% confidence bounds Lower 0.44 -0.016 161.1 -1.20 -2.32
Upper 1.20 -0.001 165.4 -0.97 -2.16

Table5.4 z Parameters and their 95% confidence bounds for thplane of best fit, equation 5.15
shown in Figure 5.15.

Using these parameterization constants, the water contemf a sample carbe ascertained if
a second reference sensor (a nearby thermocouple) is used ftamperature compensation
as:

w Eqg. 5.17

=

Geopolymer -based moisture sensors 140



Geopolymer -based moisture and chloride sensors for nuclear concrete structures
Lorena Biondi- July 2020

5.5.5.Sensor precision

The nortlinear dependence of the sensoirom water content and temperaturemeans that
the precision is notfixed for all water contents and temperatures. In general, precision is
higher whenthe changes in impedance are large, i.e. when the conductivity of the sample is
high, at high temperatures andmoisture contents. Nevertheless, the precision can be
calculated by mapping the impedancéluctuations of the EIS interrogator onto the moisture
and temperature axes,using the calibration surface shown in Figure 5.15. These
calculations are shown in detail in Appendix I(sections A1.1 and Al.2). The fractional

errors in the impedance values measured using thaterrogator are typically 0.1 0.8 %.

As such, the resuls of this exercise, shown ifmable 5.5, demonstrate that, evenn worse
case conditions, the precision of the sensor is acceptable,jatw T 0 ¢ and|] “Y

] JO. In typical conditions, precisionsof @ 1O & and| Y 1 JO are achievable.

Moisture precision Temperature precision
# 5 R # %JF
Worst case 0.26 0.18
Typical case 0.09 0.10
Best case 0.02 0.06

Table5.5 z Worst case, best case and typical precisions for moisture and temperature sensing.

5.5.6.Sensor repeatability

Figure 5.16 and Figure 5.17 demonstrate the excellent repeatability of the sensors in
response to temperature and wetting cycles. However, in order to quantitatively evaluate
this repeatability, Poolad Repeatability of the temperature and wetting cycles
measurements has been calculated. The mathematical formulation of Pooled Repeatability
is found in Appendix 2. For the two temperature cycles shown, the response has been found
to be repeatable to withnh a maximum deviation ofp ¢ b For moisture, sensor pooled
repeatability between all three wetting cyclesiss T P This corresponds to a repeatability

in moisture measurement offi® z p® 0 @ 8
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Figure 5.16 7 Sensor response for increasing and decreasing temperature cycles tor
Y &b & . Non-linear fits use equation 5.1Cfor Z.
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Figure 5.17 z Sensor response for three consecutive wettingrying cycles.Non-linear fits use
equation 5.13for Z.
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5.5.7.Critical comparison with other sensors

The moisture content values queted as wt% in this work can beconverted to vol% by
multiplying by the relative bulk density of the geopolymer matrix (measured to be
RD=1.535). This allows the precision and repeatalility of the sensor to be compared to
other common moisture sensorsfor soils reviewed in [83]. As shown inTable 5.6, the
precision of the geopolymersensor compares favourably with competing methods, with a

comparable or lower repeatability.

Precision Repeatability Continuous
(o =bm) (o =) measurement?
Neutron scattering 0.01 4 0.02 No
Time-domain reflectometry 13 0.2 Yes
Frequency domain reflectometry 13 0.2 Yes
Geopolymer sensor 0.03 0.5 0.2 2 Yes

Table 5.6 z Critical comparison of sensor developed in this work with other common moisture
monitoring techniques from [83].

5.5.8.lon leaching

The good repeatability of the impedance response with nisture shown in Figure 5.17
suggests that ion leaching is minimal. However, IC&d IC analyses were conducted to
assess longerm moisture sensingperformance. The resilts, shown in Table 5.7, suggest
that Na* ions doleach in small quantities from the geopolymer when it is submerged in
water, along with silicon and chloride ionsDespite this, their percentagesre thought to be

a small fraction of the sodium that the geopolymebinder contains. Whether Na exists in
the bulk pore solution oradsorbed onto the pore walls is unknown and beyond the scope of
this work but the very low levels of Na being leached during the wasleycles (15251 mg/L)

shown in Table5.7 is an encouraging sign for théong term performance of the sensor.

Wash cycle T4 [%] Ik F m[%]
1stwash 0.06496 0.00393 0.00062
2rdwash 0.03716 0.00262 0.00018
3rd wash 0.12294 0.01382 0.00031

Table5.7 7 Percentage of) &, Y"@ndd aions leached from the geopolymer sample into
deionized water.
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5.5.9.Sensor drift

Another important parameter to investigate is the longterm stability of the sensor's
response. Low frequency changes in the sensor respongsensor drift) were extracted
independently of high frequency changes (noise), using a lowpass filter: the signal was
smoothed with a 20 sample (20 minute period moving averagewith a window of 5
minutes. The drift is definedas the maximum fractional shift in this smoothed signal. Using
this approach allowedto extract a drift indicator for all temperature and moisture points
over a total sampling period of 28 days. The resukhown in Figure 5.18, shows that sensor
drift is usually negative, and worst athigh temperatures and low moisture contents, but is

always < 3% overeach 20 min period.
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Figure 5.18 - Sensor drift as a function of time, temperature and moisture. Data labels show
each moisture content as samples were dried over 28 days. Meanwhile, each temperature is
plotted as a new series. The data shown here cover the same datarpgsiplotted in Figure 5.15.

56. 301 i AOu AT A A£OOOOA xI OE
This chapter has provided the first time demonstration in literature of the viability of

monitoring moisture content in low calcium fly ash geopolymersin this work, a sensor

prototype was developed. It is mad®f ageopolymer block with stainless stel electrodes
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in a Van Der Pauveonfiguration, coupled with an electrical interrogation system to measure
electrical impedance. A laboratory experimental campaign of impedancmeasurements
was conducted in order to characterize thesensor and assess its performance (precision,

repeatability, and drift) at varying moisture contents and temgratures.

The results showed that, as expected from theory, changes in water content of the
geopolymer cell result in changes in impedance, with an exponential dependence. It was
demonstrated that it is possible to find the water content of the geopolymer cell protgpe

for each impedance value measured and for each given temperature, through a calibration
equation which describes a 3D fit surface for the experimental points. This result constitutes
a remarkable scientific result, and at the same time demonstrates ¢hcapability of such
sensor to detect water contents and temperatures which are in the range of those found in
nuclear storage structures, such as SPRS. Moreover, ion leaching analygtesved that a
high sensor repeatability stemmed from the fact thatelatively low levels of Na (the main

ionic charge carrier in the sensor)are leached during wetting/washing cycles.

It was found that, in general,sensor performance is lowerat low moisture contents (25
wt%). Electrical conductivity (and so sensitivity) degeases as the sensor iglried, and this
leads to a lower achievable precision. Low moistureombined with high temperature (30
°C) was meanwhile found to leado a higher sensor drift. This may partly be due to some
change in thephysical mechanisms behindyeopolymer electrical conductivity whenpore
connectivity is low and ion mobility is high.The affordability of the technigue outlined in
this work is on par with direct measurements of concrete impedance, but the higher
electrical conductivity of geopolymers could allow for monitoring over abroader range of
moisture contents with affordable electronics. Thesensor prototype outlined constiutes a
solution for structural health monitoring applications in damp, critical environments, such
as nuclear repositories, where the sensors could be deployed and either routinely

monitored or continuously interrogated with a wireless system.

Future work will characterize the response time of theensor,investigate field deployment
methods, andexplicitly demonstrate that moisture can be ascertained independenthyof
temperature when a second reference sensor (a nearby thermocouples used for

temperature compensation .

The same sensor prototype developed and characterised for moisture and temperature in

this chapter can be used for chloride sensing. As for moisture, there is no literature so far
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on geopolymerbased chloride sensors. A preliminary work on the feasibility and

characterisation of geopolymer sensors for chloride is described in next chapter.
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6.1. ) T OO1 AGAOGET 1
Degradation of reinforced concrete structures is a problem of primary importance for the
ageing population of structures of many developed countries, and for safetyitical
structures, such as those in nuclear contexbne of the major cause®sf reinforced concrete
degradation is chloride ingresq1-3], together with moisture content Exposure of concrete
structures to chloride-bearing solutions such as sa water or deicing salts can lead to

corrosion of steel reinforcement, thus causing concrete degradatigm].

According to statistics, many reinforced concrete structures andnfrastructures were
damaged by chloride penetrating from the surrounding environmentover longer duration
of exposure especially in tidal zones and coastal areg4-8]. Corrosion induced by chloride
has led to very high repair costs, which sometimes overcome the initial constructiocost,
and when left under-maintained in extreme situations can result in the collapse of the
structure [9].For this reason, chloride and water ingress into reinforced concrete structures
requires measurement, controland mitigation. This is particularly valid for safety critical
structures, suchas those inanuclear context, where concrete assets are usually coastal, and

often play the crucial role of containment of adioactive packaged materials.

Section2.4.1outlined that no chloride content monitoring inside concretehas been applied

to reinforced concrete nuclear stores so farThe techniques used so far in nuclear store
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structures, such as steel sample plates and chloride candles measuring atmospheric salt
provide a value for the chloride content of the concrete As already seen in chapter 2he
absence of air filtering mechanisms in some of those structures makes the need for forft

monitoring technologies even more urgent and fundamental.

Chloride monitoring is challenging. Some d@chnigues for measuring chloride content in
reinforced concrete havealready been investigated. Some of them armgestructive or semi
destructive, time-consuming and costly, such as potentiometric and Volhard methods,
which measure free and total chlorides in concrete cores extracted from in service
structures [2]. Currently, there is a growing inerest for non-destructive techniques (NDT)

to measure chloride content in reinforced concrete, such den selective electrodes (ISE)
[11-16], Optical fiber sensors (OFS)17-19] and Electrical resistivity (ER)[20-26]. These
methods consist of external or embedded equipmento concrete or other cementitious
materialsto which they are applied[11,27]. Embedded sensor$iave been used tanonitor
the initiation of corrosion of steel reinforcement with time, and measure the open circuit
potential and pdarisation of steel reinforcement, humidity inside the concrete chloride
content and other properties [4]. Among these techniques, electrochemicalripedance
spectroscopy (EIS) hadeen used for corrosion assessmerj8], andfor chloride diffusion
coefficient estimation [29-31] in laboratory concrete specimens. Most othe existing
applications of these techniquespresent the drawback of needing the sensor to be
embedded into concrete(which requires forethought or drilling). More detail on these

competing sensor mehods is providedin section 6.2.10of this thesis.

This chapter represents dirst time demonstration of geopolymer-based chloride sensors.
In this system,Electrochemical Impedance Spectroscopis applied tolow calcium fly ash
geopolymer binders rather than directly to concrete This solution takes advantageof the
electrolytic nature of geopolymers, which show higher conductivities than concreteas
already shownin the previous chapter. Thisallows them to be used without the need of
conductive additives. Another advantage of applying EISa geopolymers is given by the
advantageouschemical and physical properties of such materialand their strong adhesion
to concrete, as already shown in chapter 3, 4 and 5. Moreover, in chapter 4 it has been
demonstrated that geopolymer binders cured at room temperature and high Relative
Humidity (RH) levels, and manufacturedwvithout any additive or grinding processescan be

applied as thin coatings onto concrete, andchieve mechanical properties which makéhem
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suitable to be used as nosstructural repair . Avoiding heating and additives, such as plastic
fibers, makes this system suitable to be used in safetyitical applications, in a nuclear

context.

This sensing system can be produced as both skin sensors applied onto concre(a
preliminary laboratory characterisation of such system is provided in chapter 7)r
independent sensor prototypes tobe deployed near concrete structures. The moisture
sensing capability of @opolymers has alreadybeendemonstrated in chapter 5. The work
outlined in this chapter has the aim of demonstratingthe chloride sensing capability of
geopolymers. It nvestigatesthe chloride sensingcapability of the same geopolymer sensor
prototype described in chapter 5This study constitutes the first step in thedevelopmentof
a system which has thduture aim of beingapplied as adistributed geopolymer skin sensor

for concrete structures.

The remainder of this chapter starts with section6.2, where the state of the art of the
existing chloride sensing methods for structural health monitoring is pesented in detail
(section 6.2.1), the new chloride sensing system proposed in this work is introduced
(section 6.2.2) and the theory behind the sensing principle of thechloride sensor presented
and characterised in thischapter is outlined (section 6.2.3). Section6.3 describes the
materials and methods used for the experimental characterisation of the sensor. The results
of the experiment and the rdative discussion are presented in section6.4. Finally,

conclusions and future work are found in sectior6.5.

6.2. 4EAT OU AT A OOAOA | &£ OEA AO0OO
A review on the existing methods to measure chloride in concrete for structural health
monitoring (SHM), thechloride sensing system characterised in this chapteand the theory

behind its sensing principleare presentedrespectively in section6.2.1, in section6.2.2and

in section6.2.3

6.2.1.State of the art chloride monitoring methods for SHM

According to the critical review madeby Torres-Luque et al[2],the most common chloride

content measurement techniques have been broadly classified as field and laboratory
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techniques.Some lab techniques characterize concrete before it is used time field: they
determine OEA AT Tchldbide @#fdsion coefficient to predict the rate of diffusion
processes, and are useful for decisiemaking. Field destructive tests meanwhile, take
samples from inservice structures and determine chloride profiles by using chemical or
physical lab techniques.Destructive techniques are mostly used for short term decision
making (e.g., urgent, reactive repairs and mai OAT AT AA 8 3 Bdmé Aon OE A
destructive techniques have been developed and applied to chloride content measurement

in reinforced conaete structures: they consst of external techniqgues and embedded
sensors. All the mentioned techniques are shownin Table 6.1, and classified by
measurement output (i.e. what the techniques diretly measure), method (use of lab

specimens/destructive/non -destructive), and type (laboratory/field).

Measurement techniques Measurement output Method Type

Rapid chloride permeability test (RCPT) Chloride penetrability

Non steady state diffusion test

Electrical migration test Chloride diffusion coefficient Specimens Laboratory

Electrochemical Impedance Spectroscopy (H

Ponding test One-dimentional chloride ingress profi

Volhard method Total chloride content .

Destructive
Potentiometric evaluation CiSes

Free chlorides Destruciive

Quantitative X-Ray Diffraction analysis :

Physical Field
lon-selective electrode
Electrical resistivity Chloride content Non Destructive

Optical fiber

Table 6.1 - Common techniques for measuring chloride contentchloride ingressand estimating
diffusion coefficient in concretespecimens andstructures, according to[2]

Recent interest has focused more on nofdestructive techniques, which are of interest for
this work. For this reason, the following three subsections present a detailed description
of the most promising non-destructive techniques for chloride sensing in concretelon

selective electrodes (ISE)[11-16], Optical fiber sensors (OFS)[17-19] and Electrical

resistivity (ER) [20-26].

6.2.1.1. lon selective electrodes (ISEdlevice

An ion selective electrode (ISE)s a transducer that converts the activity of a spefic ion

dissolved in a samplénto an electrical potential. The ISE selects a specific ion by a selective
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membrane, which can be of four typeq32, 33]: glass, solid state, liquid based, and
compound electrode.The lon selective electrale is coupled with a reference electrode (RE)
(which is usually a calomel electrod®. These embedded sensordetermine free chloride
concentration near the rebar by measuring changes ithe potential difference. Those
potential difference changes are releged to chemical activity and chloride ion concentration

by Nernst equatior{2]:

O O ®w —J3I0 ® Eq. 6.1

where V is the measured potentialg is the standard electrode potential, R is the gas
constant, T is the absolute temperature, n is the number of electrons, F is the Faraday
constant, is the chemical activity of chloride ions, andv is the standard potential of

the referenceelectrode.

Elsener et al[11] used an ISEcommercial sensor elemento monitor the chloride uptake
into mortar specimens. The sensor element waa silver wire coated with electrochemically
deposited silver chloride (AgCl), with an internal glass reference electrode. They
demonstrated advantages of the sensor, such as good reproducibility and long term
stability, but also some issues, such as a questionaldtang term stability of the reference
electrode over several yearsand the influence of electric fields on the potential readings of
the sensors Atkins et al.[12, 13] demonstrated the use okilver/silver chloride electrodes
as a chloridemonitoring device in concrete to determine free chloride ion concettration in
pressure-extracted cement pore waterand in concrete. Some issues were found to be:
errors due to the difference in temperature between the measurement and refence
electrode; an over estmation of bromide in seawater; potential shifts due to the potential
field between the Luggin probe & small tubewhich represents the sensing point for the
reference eled¢rode near the working electrode) and the silver/silver chloride electrode.
Duffo et al.[14, 15] demonstrated that laboratory-made Ag/AgCI electrodessmbedded in
concreteare chloride-sensitive, and the feasibility of an integratedgembedded into concrete
and costeffective sensor systermable tomonitor the state of reinforced concrete structures
from the corrosion point of view, and to measure thechloride ions concentration and the

temperature inside the concretestructure.

6 A calamel electrode is a type of haitell in which the electrode is mercury coated with calomel (HgCk) and
the electrolyte is a solution of potassium chloride and saturated calomel.
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The general alvantagesand disadvantages of ISE devicesmn be summarised andisted in

the following Table 6.2:

Advantages Disadvantages
1 Temperature can lead to measurement shifts
1 Chemical stability in aggressivéEnvironments (since they are sensitive to temperature
changes)
1 Easy fabrication 1 High alkalinity of pore sdution can interfere

with the potentiometric response

1 It can be used tesense other parameters, such
astemperature 1 The presence of electrical fields produces shifts
in the potential difference measurement

1 It has been widely used in Electrochemistry
1 A prior calibration of the reference electrode is
necessary, since not in any experimental

conditions it shows bng term stability

1 The sensors need to be embedded directly into
concrete samples or structures

Table 6.2 Z Advantages and disadvantages of lon Selective Electrode sensors, accordin@}o

6.2.1.2. Fiber optic sensors

Fiber optic sensors(FOSs)have been developed to detect changes in chloride concentration
of concrete.This is possible because a change in the chloride concentration of concrete
results in a change in the refractive index of the surrounding medium, and in the refractive
index of the cladding[34]. An ultraviolet or laser incident light is sent through the fiber, and
the output light is analysed by an optical spectrum analyser, which gives back the value of
the central wavelength,_ , which is related to both the refractive index of the surrounding
medium and of the claddingFuhr et al.[17] monitored chloride penetration in a steel bridge

in Vermont, USwith FOSs embedded at various points along the bridgihe chloride sensor
was based on the interaction between thechloride ions and a sokgel film, which was
positioned between the inputzoutput fiber. Some authors [18, 19] have improved the
sensitivity of fiber optics sensors for chloride detection by using gold nanoparticles
deposited on the active grating surface of the fiberghey measured chloride ions in a typical
concrete sampleimmersed in salt water solutions with different weight concentrations by
usinglow-cost long-period fiber grating (LPG) sensos. LPGis an optical fiber structure with
the properties periodically varying along the fibet it couples light from a guided moe into
forward propagating cladding modes where it is lost due to absorption and scatteringhe
loss is spectrally selective, sincehe coupling from the guided mode to claddingnodes is
wavelength dependentThe period of such a structure is much largethan the wavelength,

and this makes easier their manufactureThe transmission spectrum has dips at the
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wavelengths corresponding to resonanes with various cladding modes. It was
demonstrated [18] a linear decrease in the transmission loss and resonance wavelength

shift when the concentration increased, with araccuracyof 0.6%.

Advantages and disadvantagef®or FOSs arsummarisedin Table6.3:

Advantages Disadvantages

1 They need adequate protectiorduring casting
and service life

T Sensitive to small chloride concentrations 1 They need additional protection to isolate the

fiber from corrosive environments and high
1 Measurements are not affected by temperatures

electromagnetic fields

. 1 Theyare snsitive to temperature changes;
1 The long and thin geometrycan makethe

distribution of this sensor more convenient for

somelarge structural applications T High cost

1  Power requirements of the interrogation
systems

Table 6.3 - Advantages and disadvantages &fiber optic sensors (FOSs)according to[2].

6.2.1.3. Electrical Resistivity (ER)

Electrical resistivity measurements have been applied to the estimation of chloride profiles,
since chloride presence in concrete increases electrical currengnd reduces concrete
resistivity [2]. By applying a volage V and measuring a currentth  / E1 8 O  Ith& x

resistance of the materialtto be found

Y - Eq. 6.2
Which is related to resistivity” by the following equation:

Y -0 Eq. 6.3
where 0 is the electrode area, andiis the distance between the electrodes.

Four different configurations have beermostly used for the Electrical Resistivity methodo
assess corrosion and/or chloridecontent [2]: (a) Wenner array configuration[35]; (b) Disc
configuration [25]; (c) Embedded electrogs configuration [26, 36]; (d) Multi-electrode

resistivity probes [37]. They areschematically shown in Figure 6.1.
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Figure 6.1 7 Schematic representation of the four configurations of the Electrical Resistance
technique[2]: (a) Wenner array; (d) disc; (c)Embedded electrodes; (d) Multielectrodes
resistivity probes.

Some authorgd22] demonstrated that resistivity not only depends on the geometry, but also
on the capillary connectivity, level of pore saturathn, and concentration and mobility of ions
in the pore solution. For this reason, con@te is wet for most of electrical resistivity
measurements, in order to improve the effectiveness of the techniquélhe concrete
surfaces shown inFigure 6.1 (a) and (b) are intended to be wet, as the blueolour on the
surfacesymbolises. All the fourconfigurations aboveconsist of directly applying electrodes

onto the concrete substate.

The work of Basheer et al[26] applied ER measurements tadifferent concrete mixes
subjected to a cyclic ponding regime with 0.55 M sodium chloride solution anthé¢ changes
in concrete. Riirs of stainless steel electrodesvere embedded in the concrete atifferent
depths from the exposed surface and théest was continued for nearly one yearThis
experiment has shownthat, in concretes with alternative cementitious materials (ACM),
resistivity can changealsobecause of continued hydration of concret§26]. Fares etal.[20]
used Electrical Resistivity Tomography (ERT) in a Wenner configuration to measure

resistivities and obtain resistivity profiles versus chloride and versus depth for each type of
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concrete.There arealsosome authors which have made usef the ER technique by applying

a thin film on the concrete surfacePark et al.[21] developed a hin-film screenprinted Ag

pasteand iron powder sensor. The task of their work was to monitor chloride penetration

in concrete mortars at different depths. This was possible because the thin sensor film
reactedto chloride ions in cement morta's at different salinity levels,in a similar manner to

a steel reinforcement.They measured the change in electrical regisnce of the sensor as it

corroded with salinity penetration from the mortar surface over time. However, tis

i AOET A AT AOT1 80 CEOA A1l AOOEI AGEITT 1T &£ AEIT OE/
mortar.

A summary of theadvantages and disadvantages of the ER technique for chloride content

and penetration measurements found in Table 6.4.

Advantages Disadvantages

1 Verysensitive to moisture content

1 Measurements depend on the geometry and thg

1  Good sensitivity to chloride ions reinforcing configuration (rebar presence and

corners can modify the electrical field)

§ Can be used to determine chloride diffusion
coefficientsand chloride penetration in 1  Not enough information about the durability of
concrete these devices in field

1 In most of the cases, dectly embedded onto
concrete

Table 6.4 - Advantages and disadvantages &lectrical resistivity sensors, according td2]

6.2.2.Development of a new geopolymer chloride sensor for
nuclear stores

All the methodsreviewed aboveshow some advantages, such as the good chemical stability
in aggressive environments for the ISE, the good sensitivity to the chlde presence for the
ER and OFS, but also some disadvantages, suclisages related with the sensitivity to
changes in the concrete structure environmental conditions (temerature, relative
humidity, pH), interference due to electrical fieldsadditional costs for protective packaging
for FOSsand first of all the fact that the sensors most of th times need to be embedded
directly onto concrete. The same thing applies tathe existing works on the use of the

Electrochemical Impedance Spectroscopy (EIS) techniquéor the chloride diffusion
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coefficient estimation in both mortars samples in laboratory [29, 30] and concrete

structures [38, 39], where electrodes are directly applied onto concrete.

All these methods present a certaitevel of invasiveness for concrete, since they are directly
embedded or parts of them are directly applied (i.e. by means of drilling holes) to concrete.
This makes these methods more suitable for newuild structures, and not suitable for
retrofitting wit hin nuclear stores. This section introduces the development of a new
geopolymer chloride sensor, which is based on EIS measurements,able to measure
chloride content in concreteand is no invasive for concrete and thusmore suitable to be

applied in nudear stores than the other reviewed existing techniques.

As already mentionedin detail in chapter 2, there is a growing demand for easy to apply,
affordable, multifunctional, non-destructive technologies to monitor chloride content in
concrete structures, especially ina safety-critical context, such as nuclear store buildings.
Nuclear store buildings, such as the SPRS detailed described in sectiB.4, are existing
structures, intended to last for 100 years, placed in coastal locations and made oinferced
concrete. Embedding electrodes directly onto those structureis not recommendedas it
would undermine function and structural integrity. The ideal sensing system tde applied
to concrete surfaces of such structures (i.ewuclear O O 1 ©ohdiet® surfaces of ducts and
air corridors) would be a noninvasive system, where the electrodes could be applied to
another highly conductive medium. The technology proposed in this work of thesis, and

already introduced in chapter 5 for moisture sensing, beings to this category.

The future aim of this work is to develop a distributed system of geopolymer skin sensors
based on EIS measurements and applied onto concrete surfaces for moisture and chloride
content monitoring. The electrodes of suclasystem will be applied to the geopolymer layer,
and no drilling will be required. At the same timethe geopolymer cating will act also as a

protection and a repair for the concrete itself.

In comparison with the existing reviewed methods, the sensor proposed in thRhD project
is affordable, sensitive to both chloride and moistureapplicable to any surface and shape,
non-invasive, and it combines a monitoring and maintenance technology:he advantages
of this technology for the application in nuclear stores, comparckwith the existing reviewed

chloride sensing technologiesaresummarised indetail in the following Table6.5.
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Geopolymer chloride sensor Other chloride sensing techologies
1 Notinvasive 1 Invasiveinstallation during retrofit, o r requires
new build
1 Cheapthe cost per patch could be less than £1
(geopolymer material costs are almost 1 Tend to bemore expensive
negligible)
1 More complicated manufacture and
1 Minimal manufacturing and deploymentsteps deployment
(no thermal curing, no fly ash grinding, no
additives) 1 Limitation given by the use of standardised
shape and size of elements (such as the
1 The possibility to make differentsizes of reference electrode for ISE, the embedded FB(Q
patches and samplescanbe applied to for FOSs, thalrilled holes for electrodes in
structures of any shape and size concrete for ER)
1  Sensor patch also acts as a maintenance 1 Measurement technologies only
technology

1  Typically only offer point, or quasidistributed
1 Could offer convenient distributing sensing sensing
with the use of tomography over a patch

Table 6.5 7 Advantages of the geopolymer chloride sensor compared with the existing chloride
sensing methods

For all the sensors, also for the system presented in this workhé sensitivity to changes of
environmental conditions, such as temperature and moisture,an lead to unpredictable
measurement shifts in most case$or this reason, he response of the system has been
calibrated also for water content and temperature, so external thermometers and moisture

sensors will allow to correct changes due to moisture athtemperature fluctuations

This chapter provides a preliminary study on geopolymer chloride sensing capability by
using the same rectangular geopolymer sensor prototype used for moisture sensing in

chapter 5, and shown inFigure 6.2.
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Figure 6.2 z Photograph of gopolymer rectangular sensor prototypecell usedfor chloride and
moisture calibration, showing electrodes usedor sensor interrogationin a Van Der Pauw
configuration.

An Electrical Impedance Spectroscopy (EIS) interrogadth system applies an ac voltagé(t)
through two electrodes, and measures an ac current I(t) through the other two electrodes,

as shown inFigure 6.2.

This sensor prototype can be easily deployed nearby concrete structures and constitute an
alternative to the skin sensor solution. In this work it hasbeen used for calibration and

characterization.

The theory behind the sensing principle of the system characterised in this chapter is

outlined in the following section.

6.2.3.Theory: geopolymer chloride sensor

As already outlined in chapter 5, both geopolymer and concete pore solutions are
comprised ofionic electrolytesin which electrical conduction is due to the migration of ions

and cations under an electrical potential gradient.
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In the geopolymersdiscussed in this thesisthe major ionic speciesn the pore solution,and
main carriers of ionic current, are sodium ions (0 & ). The hypothesis for using the
geopolymer as a sodium chloride sensor is thus: ien geopolymer samples are soaked in
sodium chloride (NaCl) solutions, the number of 6 dand0 & inside the pore solutionwill
increase.More ionswill result in more ionic conductivity, particularly when ion mobility is

high at high moisture contens.

However, at very high concentrations,the mobility of each ion isadversely affectedby the
Coulomb interaction betweenthe ion and the surroundingions. In a state of infinite dilution
(when ionic concentration equal to zero with the exception of a single ion), the motion of
the lone ion is limited only by its interactions with the surrounding solvent nolecules, since
there are no other ions within a finite distance. At higher concentrations, the ionic
interactions result in a molecular mean feld acting on each ion and this may play a
limitation effect on ionic motion [40,41]. Less mobility couldresult in less conductivity gain

A more detailed discussion of the ion mobility in electrolytes is behind the scope of this

work of thesis, and can be found ip40].

6.2.3.1. Sensing principle

This work constitutes the first time demonstration of a geopolyme-based chloride sensor.
For this reason, the theory behind this sensor comes from a combination of: (i) previous
works on Electrical Resistivity measurements on concrete; (ii) analgy of electrical
properties of geopolymers with those of concrete (as alrady done in section5.3.3); and

(iii) the experimental evidence in this work.

The moisture and temperature dependence of geopolymer impedance has already been
described in detail in section5.3.3. Previous works on electrical resistivity measurements
of concrete have demonstrated an exponential dependence of resistivity on chloride content
[20]. The experimentd results of this investigation,outlined in section 6.4, show that also
for geopolymers the impedance dependence on chide content is exponential.lt can be

described bythe following equation:

©zQ ° o Eq. 6.4
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where® is the modulus of the impedancat different NaCl concentrations s the
modulus of the geopolymer sample before the soaking into the NaCl solutioa is the

concentration of NaClinside the pore solution of the geopolymer sampleand @ are

constants.Note that equation 6.4is normalised ( ) to eliminate the dependence on the

h

geometry and the specific geopolymer sample.

Assuming the contributions to the impedane from each term in equation 6.4are

independent allows theequation to be reexpressed as:

0z@ O Eqg. 6.5

where© and’O are constants.

Also in this case, the water dependence ahpedance is described by the following equation

Oz Eq. 6.6

where @ and @ are constants @ is the water content percentage andd  is the

modulus of the geopolymer sample before the soaking into the NaCl solution, as before.

Also this equation can be reexpressed as:

— ©° Eq. 6.7

where©O and’O are constants.

By combining equations 6.5 and 6.7 the following characterization equation for the

geopolymer sensoris obtained:

0 VI — —26 Eq. 6.8

where 'O are constants Also equation 6.8, as equation 5.15ncludes an additional
cross-dependence term between moisture and NaCl concentration-2 ¢) althoughas seen

in the results, there seems to be little crossdependence between Cl and Moisture.
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Equation 6.8A1T AOT 6 O /Eé rordineArh&nhddW Aue tothe saturation of sensor
response at high oncentration contents, and for this reason a better description of this

behaviour is given by the following equation:

D 0@ — 0z Eq. 6.9

where Oy are constants.In this equation, therelatively weak crossdependence term of
equation 6.8EO OADPI AAA A'0AD S BiEedperidend ivereQrun at a constant

temperature, so a T term is not requiredn the equation.

These equations have been used in the results section for the moisture and chloride
characterization of the sensor prototypeNext section describes the materialsised and the

methodology of the moisture and chloride sensor characterisation experiment.

6.3. - AOAOEAIT O AT A 1 AOEI AO
This section presents a detailed description of the materials and methods used for the

manufacture, setup, preliminary characterisation and testing of the newly developed low

calcium fly ash geopolymer chloride sensor prototype.

6.3.1.Sensor fabrication

The sensor prototype developed and tested in this work is the geopolymer cell already
described in chapter 5,and shown in Figure 6.2. The description of the prototype has
already been described in sectiob.4.1, and it is hee recalled: the prototype is a geopolymer
rectangular sample (dimensions 55mm x 30mm x 15mm), with 4-wire braided stainless

steel wire electrodes penetrating 2mm into the corners, in a Van Der Pauw configuration.

The geopolymer binder, as for the case tiie experiment described in chapter 4 and for the
case of the moistureand temperature sensing characterisation outlined in chapter 5, was
synthesized from low calcium fly ash and an alkaline solution made of sodium Hydroxide
(SH) and sodium silicate (SS)with a liquid (L) to solid (S) ratio, L/S = 0.5, and the ratio

between sodium hydroxide and sodium silicate, SH/SS = 0.4. Also in this case, the
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geopolymer cells were cured for 30 days at 20°C and 95% relative humidity in an

environmental chamber prior to testing.

6.3.2.Interrogation system

As for the case of moisture and temperature sensing calibration, |detrochemical
Impedance Spectroscopy (EIS) was applied to the geopolymer cells inpotentiostatic
mode: a 10mV voltage was applied to geopolymer cells, arlde resulting pseudclinear
current response was measured, thus obtaing the impedance of the systenThe frequency
of the applied voltage was swept over the range 10Hz 100kHz during impedance

characterization.

6.3.3.SodiumChloride solutions

In order to calibrate the sensor prototype for chloride sensing, NaCl solutions with nine
different concentrations were used plus nangure water for the case of 0% NacCl
concentration. The solutions were made by adding a certain amount oNaCl salt into
nanopure water by using avolumetric flask of 1 liter. Theconcentrations of these solutions
AOA AAIT T AA OADPBIhREAETAMA AMEACAIETTITAIT A@24AAT T O
hours. After the oven drying of thegeopolymer samples which is the last step of the
calibration procedure outlined in section 6.3.4, the amount of salt in eachsample was
measured by the lon Cromatography analysis (IC) each cell wascrushed in powder, and
leached in nanopure water that was then analysed by means tife IC device to find the
guantity of 6 & ions leached This provides a measurement of theactual chloride
concentration within the sample. This differs fom the applied concentration because the
geopolymer sample itself contains water prior to soaking, and the leaching of chloride into

the sample is a timedependent process

The measuredmass of saltfrom the leaching IC analysisy ,the mass measrements of
the geopolymer &lls after soaking & , and the geopolymer cell massafter oven
drying, & , were used to calculatethe actualinternal NaCl concentrationd in the pore

solution of each cellas:

w — Eq.6.10
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where & is the mass of water inside the geopolymer cell after soaking in the solutiofihis

massis given by

a a

Eqg. 6.11

The error associatedwith each actual concentration valuej is given bythe propagation of

error s formula:

01 1 ¢ 1w

Eq. 6.12

The applied NaCl concentration @ , and the corresponding actual internal NaCl

concentration, J)just after soakingare listed in Table 6.6.

Applied NaCl concentration Actual intern?LI Nagl concentration
"o Value Error
0 0.002 0.002p 1
0.520 0.139 0.809p 1
1.202 0.473 0.003
2.169 0.939 0.006
3.412 1.371 0.008
5.293 2.507 0.015
8.041 3.327 0.020
12.002 5.676 0.034
16.175 10.032 0.064
28.568 15.266 0.103

Table 6.6 7 NaCl applied and actuainternal concentrations

The actualinternal NaCl concentrations for each drying poincalculated by equation 6.10
where & is the mass of the water inside the sample at each drying poingnd the
corresponding water content calculated by the gravimetric formula 6.13 are listed

respectivelyin Table Al and in Table A2 of Appendix 3.

6.3.4.Calibration method

The procedure for thechloride and moisture calibration is summA OEUAA AO A
Figure 6.3:

1. NaCl solutions of different concentrationg(listed in the first column of Table 6.6

above)were made bydissolving solid NaClinto nanopure water. Each solution was
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poured into sealed containers each of them containing thevolumes of solution
listed in Table A3 of Appendix 3

The geopolymer cells were removed from thewring environmental chamber,and

their initial mass, 0  ,was measured

Sample cellswere placed into empty sealedboxes, placed inside a Faraday cage at
20°C and connected to the interrogation systemHigure 6.4), in order to measure
the initial impedance value® f: the EIS cyle was run and the impedance spectra

were measured five times over a 5 minute duration to allow an average to be taken;

Each geopolymer samplevas then soaked in a different NaCl solutioinside the

sealed containers for 24 hours to reach a high solutiocontent;

After soaking, thesamples were taken out of the solution, wiped to remove excess

solution from the surfaces, and their mas® j, was measured

Then, the samples were sealed iampty boxes (as shown in Figure 5.7 of chapter

5) for 24 hours to allow the solution inside the poresto equilibrate and homogenise;

The sealed boxcontaining the samplewas placed irside a Faraday cagat 20°C and
connected tothe interrogation system (Figure 6.4), and he ElScycle was runand
the impedance spectra were measured five times over a 5 minute duration to allow

an average to be tken;

After the EIS measurement, each geopolymer sensor was taken out of the sealed
container and its wet massp , was weighed a second time. The wet masswas
then defined as the mean value d§ ;and 0 , while the variation was used to

establish an error in moisture content.

The sensor was placed in a desiccator with silica gel to drive water out of the sample
through evaporation. The sensor was regularly weighed until a new target mass
(target moisture level) was reached. This cycle wasepeated for all target moisture

contents.

Once the characterization was complete, each sample was completely dried in an
oven at 105 °C for 24 hours and its dry mads was measuredD is the mass of the

solid geopolymer plus the mass of the NaCl salt inside the sampig ( 0
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0 ). This allowed the gravimetric water contentw of the samples to be quantified

by means ofthe equation:

w — pThT Eq 6.13

Adifferent geopolymer cell wasused for each NaCl concentration valuén order to remove
the dependence on the specific geopolymer cell, and to compare the measured values of

impedance for different NaCl concentrations, the normalized values— were used:the
h

value of impedance modulusd  of each cell was dividedy theinitial value of impedance
of the samecell before being soaked in the solution  (impedance value of tle sample
just after curing, corresponding toa water content of~77+1 % and 20+1 °C,without any

NaCl contenj.
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1. NaCl solution making

2. Initial mass measurement (M;)

3. Initial impedance measurement (Z,,,,4 o)

!

4. Samples immersion in each NaCl solution

!

5. Mass measurement (M; ;) -

-

6. Sealing the samples for 24 hours

7. Impedance measurement (Z,,,,, ;)

v

8. Mass measurement (Mi,z)

!

9. Drying the sample until target mass

A J

10. Oven drying the samples in the oven at 105°C

Figure 6.3 - Flowchart showing the steps in the chloride and moisture characterization

experiment.

Repeat for each water content
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Figure 6.4 - Scheme of the experimental setip for the EIS measurement of the geopolymer cell
sample at each water content and NaCl concentration.

64 2A001I OO AT A AEOAOOOEIT I
This section outlines the results of the chloride and moistureensing calibration experiment
of the geopolymer cell prototype inFigure 6.2. The results are preliminary because the main
task of this work is to demonstrate the feasility of a geopolymer-based chloride sensor at
20°C, while a more complete calibration would take into consideration also a chloride and

temperature calibration for each moisture leve] and a repeatability evaluation The EIS

measurements werealso taken over 5 minutes time (5 measurements), while a more
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complete evaluation of the stability and drift of the sensor system would need an average

over a longer time.

The remainder of this section starts with subsection6.4.1, which describes the impedance
response of the sensor cell when it contains NaCl solutions aifférent concentrations for
the investigated frequency range. @section 6.4.2 outlines the chloride and frequency
dependence of impedanceand the sensor response and sensor precision are described in

subsections6.4.3and 6.4.4respectively.

6.4.1.Impedance response othe sensor cell plus NaCl solution

Figure 6.5 and Figure 6.6 show the typical Bode plosof D E A OA ¢3 fohagebpolymer
sensorcell with 2.5wt% and 15.3wt% actual internal NaCtoncentration respectively. The
EIS measurements werdaken at awater contentw* Y @ p0 ¢ and temperature”Y

¢ m pJo. Thefits madeuse of the equivalent circuit model given inFigure 5.4 b) and the
values for eatr componentof the circuit are given inTable A4 of Appendix 4.For all the
other concentrations inTable 6.6, the Bode plots, their fiswith the equivalent circuit model
given in Figure 5.4 b), and thevalues for eath component of the circuitcan be found in

Appendix 4.

The results show that the geopolymer sample cells coniaing NaCl solution can be well
modelled by the same circuit modegiven in Figure 5.4 b) of chapter 5. Thisperhaps should
be expectedbecause thephysical geopolymer matrix itself is not changing: all that is
changing is the electrolyte concentration, i.ethe number of 0 ®ions andthe presence of
0 aions inside the geopolymer pore solutionso there is no reason why the electrochemical

description of the system should not remain valid

By comparing the®  values for a geopolymer sample with no NaCl irigure 5.9, with the

&  values inFigure 6.5, for a geopolymer cell with an actual interal concentration of 2.7
wt%, it is possible to see lower values in case of NaCl presence inside the pore solution of
the samples (i.e. at a frequency of 1 kHz® & & woxxwmnor® i and

O & PO woxap ¢ orh i). Besides,w  values decrease at the increasing of NaCl
concentration, as is expected from the presence of more charge carriers. This is shown in
the following section 6.4.2, where the results of the dependence of impedance on NacCl

concentration are presented.
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Figure 6.5 7 Bode plots for(d  and phases obtained for a geopolymer sensor cell with 2.5
wt% actual internal NaClconcentration (applied NaCl concentration = 5.3 wt%), at water
content@* Y@ pL & and temperature”Y ¢ T p J8. Thefits usethe equivalent circuit
model given inFigure 5.4 b).
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Figure 6.6 - Bode plots for®d  and phases obtained for ageopolymer sensor cell with 15.3
wit% actual internal NaCl concentration @pplied NaCl concentration = 28.6nt%), at water
contentw* Y@ pL & andtemperature”Y ¢ T p J0. Thefits usethe equivalent circuit
model given inFigure 5.4 b).

6.4.2.Chloride and frequencydependence ofimpedance

Figure 6.7 shows Nyquist plots for the geopolymer cells atvater content@w* ¢y @ p0 &
and temperature”Y ¢ 1 pJo, for the actual internal NaCl concentrationsolisted in
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Table6.6. The data inFigure 6.7 are the same of sectioi®.4.1: the circuit model for the fitting

Nyquist curves is the circuit model inFigure 5.4 b), as perFigure 6.5 and Figure 6.6, and the
values of the circuit parametersare given inTable A4 of Appendix 4 Figure 6.7 shows that
impedance increases as NaCl concentratiabdecreases, as expectedhe overlap of some

lines in Figure 6.7 can be eliminated once the correction for the initial impedance of each

sample,& ,is applied, as it is shown irFigure 6.12, where is plotted against NaCl

h

concentrations @

—¢=0002 —¢c=0139 —¢c=0473 — ¢c=0939 — c=1.371
— ¢ =2.507 c=3.327 c=5.676 c=10.032 c=15.266

14 \ 1 T 1 I

0 | | | | |

40 60 80 100 120 140 160 180
Re(Z)

Figure 6.7 - Nyquist plots from 10 Hz to 100kHz, forgeopolymer sample cellsat a temperature

of 2041 °C, a water content 0f86+1 % andfor the different NaClactual internal concentrations
listed in Table 6.6. Fits are obtained using the equivalent circuit model shown iRigure 5.4 b).

Figure 6.8 shows Bode plots for sensorsoaked in the NaCl solutins of Table 6.6, where in
the y-axisthere iso Q, which isthe product of the modulus of admittanced  , and
the NaCl actual internal concentrationsafter saturation, & Water contents for each sample
are ~ 86 £ 1 wt%, and all measurements were conducted at a constant temperature of 20
1 °C.
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Figure 6.8 7 Bode plots of isotherms o 3. Data slown is for samples at a water content of
~86+1 %, and temperature T=20t1 °C.

From the observation offFigure 6.8, it is possible to hypothesise thatlso in this case, as for
moisture and temperature,the sensorscan follow the Summeffield scaling[42]: the shape
of each Bode plotin Figure 6.8 seems to benot too dependenton chloride concentration
(e.g.the® ¢& U & line can be shifted up or dowrto superimpose onto any othermvline).
Also in this case, the data shown irfrigure 6.8 can be plotted onto a scaledcoloured
Summeffield plot, shown in Figure 6.9, byarbitrarily de fining a baseline frequency ofQ

p Tt '@and a baseline admittance ap T a0f 0 j 0 p m@a for each line
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Figure 6.9 - Scaled Summerfieldode plots for NaClconcentrationsas a colorized set of series
for eachNaCl concentrationvalue c.
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The colorization of the data points for each NaCl concentrationin Figure 6.9 shows that
for high frequencies>1 kHz, the curves corresponding to the highest concenditions (¢ > 9
wt%), tend to follow the lower concentration curves.This effect is morevisible in Figure
6.10, where the curves ofFigure 6.9 are limited to the range of frequencies betweed00 Hz
and 10 kHz No owerlap is found for frequencies up to 1 kHz. Thereforehis could be a more
sensitive region for sensingNaCl concentrationsand distinguishing them from moisture
shifts. It has therefore been selecked a single frequency of kHz for the remainder of the

sensor characterizationdescribed in this chapter.

As shown byFigure 6.5 and in Figure 6.6, a 1 kHzfrequency alsocorresponds to the region
where phase angles tend to be at theiminimum values,so in this region the capacitve
effects, due to the electrodes and th@inconnected pores of the pore solutionare less

important, and the frequencies arenot so high to see the infience ofinductive effects.

——¢=0.002 =*—¢c=0.139 - ¢c=0473 —*—¢c=0.939 —&— ¢c=1.371
c=2.507 c=3.327 c=5.676 c=10.032 c = 15.266

0k ; | I | I 1 I I
0 0.2 04 0.6 0.8 1 2 1.4 1.6 1.8 2

10910 (w/u;o)

Figure 6.10 - Scaled Summerfield plots foNaClas a colorized set of series for eaddaCl
concentration value, in the range of frequecies from 100 Hz to 10 kHz.

An interesting exercise, at this pointjs to compare the scatter in the Summerfield scaled
plots for NaCl concentration(data in Figure 6.9), with those for temperature(data in Figure
5.10) and moisture (data in Figure 5.13) found in chapter 5. To do thisfor each case, all the
points are considered as a unique single series, aradlinear fit through these points is
performed. The linearity of the scatter of the pointsis quantified by means of the Root Mean

Square (RMS) parametenf the fit. The three graphs obtained are shown inFigure 6.11,
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along with the RMS prameter value for each of them: (aYemperature series (from dataof

Figure 5.10 of chapter 5); (b) moisture series (from dataof Figure 5.13 of chapter 5); (c)

NaCl concentration series (data irFigure 6.9). The RMS values for each series arethsl in

Table6.7.

Temperature Water content NaCl concentration
RMS 0.0019 0.0058 0.0041
Table 6.7 7 RMS values for the linear fit goodness evaluation of the serieskigure 6.11 (a), (b)

and (c).
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Figure 6.11 - Scaled Summerfield plat as a single data series for: (alemperature (data in
Figure 5.10); (b) moisture (data in Figure 5.13); and (c) NaCl concentration (data inFigure 6.9),
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From the observation ofFigure 6.11 and Table 6.7, it is evident that the temperature series
shows the lowest scattering, the moisture series shows the highest scattering, while the
NaCl concentration series shows an intermediate scatteringebween the other two series.
According to[43], for the Summerfield Scaling Theory, the scaled Summerfield plot’Y

versus frequency is linear if:
O, ©&éEio Eq. 6.14

where 0 is the total ion concentration, 1 is the fraction of the ions which are mobiler) is

OEA AEAOCA 1T &# OEA EiTO6h AT A v EO OEA AEAAOOE

Although the Summerfield Scaling is defined for temperatur§42-44], the use of this tool
here also for moisture and NaCl concentration allows to further distinguish the response of

the sersor to these three parameters (temperature moisture and NaCtoncentration).

In the case of the temperature seriesKigure 6.11 (a)), the ion hopping process is sped up
with temperature, and the linearity is guaranteed by timetemperature superposition, as
already seen in sectiorb.5.2 Moreover, @uation 6.14 is valid, since the concentration of
the ions, their diffusion length scale and the number of mobile ions should not change in the
range of temperatures investigated in chager 5 (from 5 to 30 °C). Thisfurther explains the

linearity of the plot and the RMS low value.

In the case of the moisture seriesKigure 6.11 (b)), where from one curve to the other the
number of O @ ions is the same, the concentration of ions in the pore solutiod, , and their
AEEAAOOEIT T 1 AT C @ith thé® Aehreadity ofutiie watdt Aoht€hfsince the ion
atmosphere surrounding each ion becomes more dee, thus introducing a nonrlinearity in

the plot.

Finally in the case of the NaCl concentration serie§igure 6.11 (c)), where from one curve

to the other the concentation of the 0 cdand0 aions in the pore solution changesy) and

OEA EIT O AEAZAEZEOOEIT 1 AT GCOE OAAIT A v AEAIT CAS
increases, thus increasing the number of the charge carriers, but limiting their mobility path,

for the influence of the surrounding ions (as seen in sectiof.2.3).

The higher scattering in the case of moisture variationmay be interpreted as aslightly
better sensitivity of the sensing system to moisture. This can be elgined perhaps with

eqguation 5.9 that can be recalled here:
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woowoe T Eqg. 6.15

where ,, is the bulk electrical conductivity,,, is the conductivity of the pore soluton, ¢ s
the volume of the pore network filled with pore solution, and is the connectivity factor of
the pore network [45]. The water content plays a critical role in all the three factors of the
right hand side of equation 6.15the connectivity factor of the pore network, the volume of
the pore network filled with pore solution, and the conductivity of the pore solution, since
it depends on the concentrationand mobility of the ions in the pore solution. On the other
hand instead, NaCl concentration plays a critical role only gn . These results may warrant

further investigation in future work.

6.4.3.Sensor response

Figure 6.12 shows the plot of the sensor response at kHz to the actual internal chloride

concentrations Qlisted in Table 6.6, for saturation water content only (~ 86 + 1 wt%), and

at a constant temperature of 20 + 1 °CHere the sensor responsdias been definechs

h

where @ j is the modulus of impedance of the sensdyefore soaking inNaClsolution, at
a water content of 77+1wt% and a temperature of 201 °C. As shown, equatior6.4
provides a goodfit to the data.The datapoints further from the curve can be attributed to

experimental noise in temperature, water content values or chloride concentrations.
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1.1 \ I T
4L Fit model: f(x) = a*exp(-b*x)+c |
Coefficients (with 68% confidence bounds):
09~ a=0.6119 (0.5804 0.6435) ,
b =0.1528 (0.1343 0.1714)
08+ ¢ =0.2719 (0.2382 0.3055) -
<
8 07" Goodness parameters of the fit: J
Na SSE = 0.0020
~g RSQUARE = 0.9942
206 RMSE = 0.0169
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041 .
03r B e
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Figure 6.12 7 Plot of —ﬁversusactual internal NaCl concentrationsc (Table 6.6). Non-linear
fit uses equation 6.4
Figure 6.13 shows the sensor response as a function of water comtefor each chloride
concentration. As shown, theexponential fit (equation 6.6) used for moisture calibration is
still valid for each sample (each starting actual internal NaCl concentrationc). The
parameters of thefit in Figure 6.13 and their standard errors are given inTable A7 of

Appendix 5.

Figure 6.13 - Plots of—— versus water content for eachactual internal NaCl concentrationc.
h
Non-linear fits use equation 6.6.
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