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ABSTRACT

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 of degradation — reinforcement corrosion, accelerated by moisture and
chloride exposure — costs the global economy a staggering $2.3 trillion per year (3.4% GDP,
2013). The nuclear industry faces a particular challenge, as concrete assets are usually
coastal and can underpin 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, industry requires both
moisture/chloride sensors and concrete repair materials. To date, monitoring and
maintenance have been viewed as separate challenges. The work in this thesis
demonstrates that geopolymer binders — a class of adhesive concrete repair materials —
can be electrically interrogated and used to monitor moisture and chloride concentrations
on concrete surfaces, or as stand-alone sensors. This can be achieved without sacrificing the

ability of the geopolymer to form an effective repair.

This thesis outlines first-time demonstrations of moisture and chloride sensors based on fly
ash geopolymers, and the fabrication of additive-free, ambient-cured, non-structural
geopolymer repairs. In achieving these aims, the work demonstrates that affordable,
combined monitoring and maintenance technologies for concrete can be delivered.
Reducing the number of steps in deploying repairs and sensors will allow more of our ageing
concrete infrastructure to be updated and repaired, so that it can meet modern expectations

of safety, and remain resilient in the face of climate change.
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1. INTRODUCTION

1.1. Context of research

Reinforced concrete is globally the most used material in construction today, prized for its
high strength and relative affordability [1]. Most concrete structures are durable enough to
withstand 50-100 years of service life, but they are often life-extended, or exposed to
external factors that accelerate degradation. Concrete infrastructure maintenance in the
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 for ensuring structural health, and managing risk [3].

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

critical structures, such as nuclear structures.

Nuclear structures are coastal, often made from reinforced concrete, and in most cases play
some role in the containment of radioactive material (e.g. nuclear containments and stores).
These structures are intended to last for more than 100 years, despite the presence of
radioactive packages (sources of heat and high ionising radiation levels), close proximity to

the sea, and the absence of air filtering in some cases. Providing non-invasive monitoring
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and maintenance technologies for concretes facing these environments is, unsurprisingly,

not a solved problem.

Most of the existing water and chloride sensing methods for concrete in academic and
commercial literature are somewhat invasive (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 Humidity (RH) sensors and
environmental chloride sensors: no sensing systems are applied directly to concrete for
water and chloride content monitoring [9]. The need for an affordable, distributed, non-
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 alkali-activated materials, are a promising
technology for solving this challenge. Geopolymers are often viewed as a low-carbon
ordinary Portland cement replacement, with most research groups developing geopolymer
concretes [10]. These materials can, however, form concrete repairs, may have a high
radiation resistance, and also exhibit an underutilised 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 content. One
challenge is that geopolymers are often cured at elevated temperatures (at or above 40 °C)
and at intermediate relative humidity, quite different to the cool and humid ambient
environments found in most parts of UK nuclear facilities. Bringing heat sources or more
complex additives into nuclear facilities represents a risk that would hinder the

technology’s deployment.

The main goal of this project is therefore to produce a first time demonstration and
characterization of a moisture and chloride sensor based on ambient-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), which is one of the largest civil nuclear storage facilities in the world. It is intended

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

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

moisture and chloride levels over large concrete surfaces. The work outlined in this thesis
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constitutes the first important step: development and characterization of the technology for

point location sensing. The contributions to knowledge which this thesis provides are

outlined in the following section.

1.2. Contributions to knowledge

This thesis provides a number of important knowledge contributions in the following three

fields of research:

1.

2.

3.

structural health monitoring in a nuclear context;

ambient-curable geopolymer coatings for concrete;

moisture and chloride geopolymer sensors.

The unique industry-challenge- and scientific-knowledge- contributions of this thesis are:

A detailed literature review of the research context (reinforced concrete
degradation causes, existing monitoring systems in nuclear stores, nuclear store
requirements, and current technology limitations) reveals the unmet need for
structural heath monitoring technologies in a nuclear context. It highlights the need
for non-invasive, affordable, radiation resistant, and easy-to-use methods for

monitoring moisture and chloride content.

A review of existing moisture and chloride sensing technologies and methods

highlights the limitations of each technology for nuclear applications.

A review of geopolymer materials as sensors for concrete outlines environmental
parameters already investigated for geopolymer sensing (temperature and strain),
highlighting the lack of investigation of chemical sensing (such as moisture and
chloride). This review also highlights the added advantage of simultaneously using

geopolymer sensors as repairs and protective materials for concrete.

An experimental investigation to develop ambient-curable geopolymer coatings for
concrete, explicitly showing that coating integrity and mechanical properties make

them suitable for use as non-structural repairs for concrete (as defined in
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harmonised British-European standards). The coatings are produced by altering
only the composition of the material, the coating thickness, and the mixing time. This
is a novel result, since it demonstrates that heating and additives are not required

to deploy this material in cool and humid environments.

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

application.

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

important contribution for the future development of a distributed skin sensors.

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

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

1.3. Thesis structure

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 technologies in a nuclear context is demonstrated.

Chapter 3 provides an introduction and description of geopolymer materials and

applications, highlighting why they are a suitable choice for this application, and describing

the properties they have which are of interest for this work.

Chapter 4 focuses on the experimental investigation of ambient cured geopolymer coatings,

describing the issues encountered and demonstrating that high-integrity repairs can be

achieved with an affordable, minimal-steps procedure.

Introduction 4



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

Chapters 5 and 6 present, respectively, detailed experimental investigations of stand-alone
(i.e. non-coating) geopolymer moisture sensors and chloride sensors. These chapters also
provide a literature review of existing geopolymer sensors (originally limited to strain and
temperature sensing), and the state of the art of competing moisture and chloride sensing
methods. These two chapters demonstrate the 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 provides an assessment of sensor performance.

Chapter 8 provides an overall summary, conclusions, suggestions for future work, and an

overview on future applications of the technology.

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

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

1.4. Publications arising from this thesis

1.4.1. Journal papers

L. Biondi, M. Perry, C. Vlachakis, Z. Wu, A. Hamilton, and ]J. McAlorum, "Ambient Cured Fly

Ash Geopolymer Coatings for Concrete," Materials, vol. 12, p. 923, 2019.
https://doi.org/10.3390/mal12060923.

L. Biondi, M. Perry, ]. McAlorum, C. Vlachakis, and A. Hamilton, "Geopolymer-based moisture
sensors for reinforced concrete health monitoring," Sensors and Actuators B: Chemical, vol.
309, p. 127775, 2020.

https://doi.org/10.1016/j.snb.2020.127775

C. Vlachakis, M. Perry, L. Biondi, and ]J. McAlorum, "3D printed temperature-sensing repairs
for concrete structures,” Additive Manufacturing, p. 101238, 2020.
https://doi.org/10.1016/j.addma.2020.101238

L. Biondi, M. Perry, ]. McAlorum, C. Vlachakis, and A. Hamilton, "Geopolymer-based NaCl

sensors for reinforced concrete health monitoring”, writing in progress.
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1.4.2. Conference papers

L. Biondi, M. Perry, C. Vlachakis, and A. Hamilton, "Smart cements: repairs and sensors for
concrete assets," in Sensors and Smart Structures Technologies for Civil, Mechanical, and

Aerospace Systems 2018, 2018, p. 105982U.

C. Vlachakis, L. Biondi, and M. Perry, "3D printed smart repairs for civil infrastructure,” in

9th European Workshop on Structural Health Monitoring Series (EWSHM), 2018, pp. 1-12.

J. McAlorum, M. Perry, C. Vlachakis, and L. Biondi, "Autonomous Application of Smart
Cement Sensor-repairs,” Structural Health Monitoring 2019, 2019.

C. Vlachakis, L. Biondi, J. McAlorum, and M. Perry, "Self-Sensing 3D Printed Repair for

Concrete Substrates," Structural Health Monitoring 2019, 2019.

1.5. Funding

This work was funded in part by the National Nuclear Laboratory ICASE award
(NNL/UA/022), EPSRC (EP/L014041/1), the Royal Society (RG160748) and the Scottish

Funding Council's Oil & Gas Innovation Centre.
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2. RESEARCH CONTEXT AND
MOTIVATION

2.1. Introduction

The main task outlined in this thesis is to address the problem of monitoring and
maintenance in reinforced concrete structures, and in particular in a nuclear context, where
environmental conditions and containments systems may lead to critical configurations for

corrosion of steel rebars and 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 some nuclear buildings. In this context, preventive actions are
needed, such as monitoring of the ingress of both chloride and moisture and, at a later stage,

maintenance.

This chapter gives a detailed overview on the context and motivation for this research work:
it provides a technical description on the role played by water and chloride in reinforced
concrete degradation (section 2.2), details the reasons for water and chloride monitoring
and maintenance in nuclear store structures made by reinforced concrete (section 2.3), and
highlights the key needs which the technology developed and characterised in this work

aims to solve, its novelty and efficacy (section 2.4).
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This chapter essentially highlights the research need: it explains why there is a lack of
systems which can provide effective moisture and chloride monitoring role in a nuclear
context, and outlines a need for multifunctional systems which can also protect and repair

concrete while monitoring.

2.2. Concrete degradation: role of water and chloride

Water content and chloride in reinforced concrete are two highly interconnected factors,
and their combined action on reinforced concrete leads to structural integrity issues which
have a high cost and impact [1-4]. This introductory section describes the concrete
degradation issue from a technical point of view, giving an overview of its 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 material consisting in a dense coherent mass, obtained 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 a mouldable substance (can be made into

any structure of complicated shape and different sizes) [7].

Concrete also has weaknesses: it has a low tensile strength, and a low cracking resistance.
For this reason, the combination of concrete with a proper quality and quantity of steel
reinforcement, together with other technical measures (selection of raw materials, mix and
cure technique, construction management, pre-stressing, 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 the behaviour of both materials,
concrete and reinforcing steel, leads to a structural material with high strength, good

integrity, corrosion and fire resistances and flexible use [7].

For some time it was actually believed that reinforced concrete structures could last
“forever”, 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
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several different processes of deterioration [8]. A number of durability-related problems
for concrete have emerged and stimulated research investigation: alkali-silica reactions,

sulphate attack and reinforcement corrosion.

Among degradation causes, the primary cause of deterioration in reinforced concrete
structures is considered to be the corrosion of steel reinforcement, primarily due to two
independent reasons: (i) the carbonation of the cover concrete and (ii) the presence of
chloride ions at the steel surface [6]. In particular, water content (or moisture) of concrete
has a key role in degradation mechanisms of 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 corrosion mechanisms since they are the most important cause
of concrete degradation for reinforced concrete structures, both in general, and for the

specific application of this work, which will be described in detail in section 2.3.

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 structures
[9]. However, water content (or moisture) has a key role in all the chemical mechanisms
which lead to concrete deterioration mentioned above, not just the corrosion mechanisms
of reinforced concrete. For this reason, the next section will give an overview on the role of

moisture in the minor causes of concrete degradation.

2.2.1.1. Other concrete degradation causes

The other (less frequent or minor in this context) concrete degradation causes where water
plays a key role are: Alkali-Silica 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 completeness, 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 develop) which occurs during the service life of a structure,
giving visible external warnings of internal damage, and it may affect strength, stiffness,
serviceability, safety, and stability. ASR is a particular variety of chemical reactions within

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

moisture [10].

The phenomenon of ASR is complex and, although there are many interacting and
interdependent parameters that influence its occurrence, it has been recognized the
simultaneously conjunction of three conditions necessary for the initiation of the alkali-
silica reaction, such as: a) presence of high levels of water (relative humidity greater than
80-85%); b) amount of alkali in concrete; and c) reactive silica (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 the capillary 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 alkalinity arise
from material porosity and permeability, and are determined by conditions such as concrete
placement, variable compaction, moisture/thermal movements and, above all, by
microclimatic conditions of heat and moisture [10]. Therefore, among these conditions,

moisture plays the fundamental role, on which also the other conditions depend.

The other minor cause of concrete degradation is sulphate attack. Sulphate attacks can be
external or internal depending on the source of the sulphate ions [12], and it is possible to
distinguish between internal sulphate reactions (ISR) and external sulphate reactions
(ESR) [11]: ISR can occur only in damp environments, in massive cast-in-place concrete
parts in summer or on heat-treated concrete parts, and it produces -calcium
trisulfoaluminate hydrated mineral species containing sulphates, known as ettringite, and
resulting from the reaction between calcium aluminates and gypsum; ESR is a chemical
breakdown mechanism where components of the cement paste of concrete are attacked by
sulphate ions coming from an external source, such as soils, groundwater, seepage water, or
sulphuric acid rain due to atmospheric industrial pollution. A loss of concrete strength,
severe micro-cracking and overall expansion of a structural element, with surface spalling,
delamination and exfoliation, are caused by the expansion of the products of reaction, such

as the secondary ettringite?.

1 The ettringite formed during sulphate attack on hardened concrete is called secondary ettringite to be
distinguished from the primary ettringite that forms during hydration of cement.
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Sulphate attack does not lead to the 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 water in the case of sulphate attack is
important, not only because water is the mean through which sulphates can enter concrete,
but also for the following reasons [12]: sulphate ions migrate through the capillary pores of
concrete for diffusion, driven by the concentration gradient and thus they trigger complex
chemical reactions with active components of the hardened cement paste, and the 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 > 11.5 (usually 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 passive film becomes
unstable leading to corrosion [1]. The ‘de-passivation’ mechanism happens for two main

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 cross-section 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 dangerous. Corrosion takes place if all the following four

processes are possible:

a) anodic reaction (2Fe — 2Fe?* + 4e™);

b) cathodic reaction (0, + 2H,0 + 4e~ - 40H™);

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

Each process is triggered by specific conditions: the anodic reaction, which is the dissolution

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

between the sites of the two reactions [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 products of
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 reaction b) 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 factors: (i) moisture
content and concrete resistivity; (ii) temperature; (iii) oxygen availability; and (iv) pH of
concrete pore water [3]. It must be noted that oxygen availability and concrete resistivity
depends on concrete permeability and moisture content: at high moisture content, the
diffusion coefficient of oxygen is very low. The transport of gases (02, CO,), water and ions
(Cl7) in concrete depends on: water suction and penetration; 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 may occur either simultaneously or in succession [13]. The two following

sections describe in detail the two processes.

2.2.2.1. Carbonation

Carbonation is a chemical phenomenon due to chemical reactions between the carbon
dioxide, CO2, which comes from the atmosphere and dissolves in the pore solution of
concrete, and the alkaline components of cement paste, such as NaOH, KOH, Ca(OH); and
calcium-silicate hydrates (bases which give the water in the pores of concrete a high pH,
around 13) [3]. These reactions cause a reduction of the pH in the concrete pore solution by

neutralizing alkaline components.

In detail, carbonation in concrete can be divided into three main stages [11]: a) CO; diffuses

in concrete; b) CO; dissolves in pore water; c) chemical reactions between dissolved carbon
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dioxide and alkaline components, which result in carbonate production, thus lowering the
pH of the interstitial solution from about 13 to about 6-9. The full carbonation reactions are

described by the following equations [3]:

2NaOH + Hy0 + CO, — Na,COs + 2H,0 Eq. 2.1
2KOH + HyO0 + COy — K,CO5 + 2H,0 Eq. 2.2
Ca(OH)Z + H20 + COZ d CaC03 + 2H20 Eq. 2.3

Among the carbonation products, only CaCOs is deposited, since it has a much lower
solubility compared with Na,CO3; and K,CO3, which remains dissolved in the pore water.
These products occupy a greater volume than does the original non-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 CO; and water, the carbonates react further, thus leading to a further
reduction of the pH of concrete [3]. Therefore, water plays a key role in triggering the
carbonation reactions, and also the speed of carbonation depends on the moisture content
of the concrete: transport of CO2 in concrete is very slow in pores filled with water, but the
carbonation process can’t take place without water, because water is necessary for the
dissolution of CO;. For this reason, the most dangerous range of moisture for 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 unavoidable as it is everywhere in the air and the

content of carbon dioxide in the air is rising.

Furthermore, it is important to note that the carbonation process can also have an impact
on chloride transport, ingress and distribution in concrete [13]: carbonation of chloride
contaminated concretes results in a decrease of the chloride binding capacity, that causes
the release of the bound Clin concretes and pushes chlorides inwards; carbonated concretes
exposed to chlorides results in an increased penetration of chlorides much deeper into the
concrete due to possible presence of carbonation induced micro-cracking in the near-

surface region.
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2.2.2.2. Chloride contamination of concrete

In concrete, chloride may come from internal sources, for instance the mix ingredients, or
from external sources, such as sea water, water with dissolved de-icing salts, or floors
containing chloride. The fastest ingress of chloride into concrete is caused by capillary
suction of water which contains chloride, and the chloride ingress is accelerated by wetting

and drying cycles of concrete [3].

In many countries the most important degradation mechanism for reinforced concrete
infrastructures is the penetration of chloride ions from seawater or de-icing salts into
concrete and the associated risk for reinforcement corrosion. For this reason, many studies
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 a sufficient concentration of chloride ions
measured at the rebar depth that can cause the 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:

Fe?* + 2C1™ + 4H,0 — FeCl, » 4H,0 Eq.2.4

FeCly » 4H,0 — Fe(OH), + 2Cl~ + 2H* + 2H,0 Eq.2.5

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 areas. This is

known as the macro cell phenomenon [16].

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 steel. Therefore, the chloride threshold value shows
a complexity and a variety which make its 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 surface-treated concrete, 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 starvation. Therefore, corrosion can be initiated by relatively low levels of
chlorides (threshold level of about 0.2% chloride by weight of cement), if water and oxygen
are available, instead a higher concentration of chloride (up to 1.0% or more) is required if

water and oxygen are excluded [2, 16].

2.3. Structural health of nuclear store buildings

As seen in the previous section, chloride and water content are two fundamental
interconnected parameters which play a key role in reinforced concrete degradation, and
their ingress into reinforced concrete structures requires limit and control. For this reason,
structural heath monitoring solutions for concrete should monitor water and chloride. This
is particularly important in nuclear context, where concrete assets are usually coastal, and
often play the crucial role of containment of radioactive packaged materials. This is the case

of radioactive products and waste store structures.

The term storagein nuclear context describes the holding of radioactive 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 context is to store packaged radioactive material
in a manner that protects workers, the public and the environment from hazards associated
with the interim storage of radioactive materials or waste packages until they are exported
[17]. For this reason, the store buildings are subjected to 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 the primary importance requirements to 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 the target design life, which should typically

be at least 100 years for both new and existing stores. For new stores, any requirement for
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an earlier store replacement should be avoided, while for existing stores, where the design
life does not meet the design target, store refurbishment or the transfer of packages into a

modern store should be considered.

In order to meet the target design life, a store should be subjected to appropriate quality
standards and control. Among them it is worth to mention: a) the use of appropriate
concrete grades, where levels of chlorides and other components within the mix during
construction and level of penetration post construction are key components to meeting the
design life; b) provision of additional concrete cover over any rebar; c) use of high
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 associated with 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 future stores is to identify these features and
components. They can be classified depending on three aspect of the store and its
equipment: design, management and continued operation. The features for each aspect of
the store and the factors affecting each feature are presented in Table 2.1 [17]. Among them,
particular attention should be given to the continued operation features, where structural
integrity plays an important role: it can be a life limited feature, and the main factors
affecting it (as already seen in detail in section 2.2) are considered to be concrete

degradation and corrosion of steel reinforcement.
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Aspect Features Factors affecting features
External factors, such as floods, earthquakes,
tsunami, etc...
Design life; Storage capacity;
Siting Hydrogeologica propertes
1 Design requirements; ydrosg g prop '
Regulatory and . Planning and permitting issues;
. Environmental and safety considerations;
stakeholder views. : . .
Socio-economic factors and cost issues;
Changes in regulatory requirements.
Staff with appropriate skills, knowledge and
Knowledge of experience;

2 | Management | management of

issues and security.

Organisational learning;
Records management for waste packages,
environment, store equipment and store
maintenance.

Structural integrity
of the facility;

3 Continued Operation of plant

operation .
p and equipment

Subsidence and settlement;
Concrete degradation, strength, hardness and
carbonation;

Corrosion of concrete reinforcing bars;
Structural elements to bear loads;
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 - Features limiting the life of a store building and factors affecting the features, for
each aspect of the store and its components.

Finally, at the design stage the plan is to replace or refurbish various components of the store
periodically. For some the components replacement and refurbishment is considered
relatively straightforward (e.g. building envelope fabrics, external ventilation systems and
power supplies), while for others, like the reinforced concrete structures, it is potentially

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

concrete or structural steelwork building structures.

After having described all the steps and factors which play a role on the store longevity, it is
clear that this is determined by the life-limiting feature with the shortest lifetime and which

cannot practicably be replaced or refurbished. In this context, environmental control plays

a fundamental role in extending the life-time 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 note that the store
may have some constraints, such as particular weather conditions over the 100 years of
operation, and the location 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 water [18].

As we can expect from the detailed description of the reinforced concrete degradation
causes and mechanisms in section 2.2, among the main key parameters which 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 necessary required

control methods, according to [17].
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Key parameter Key aspects to consider Controls
Connected to the risk of e  Passive controls;
cycles of condensation and to
1 Temperature | the contaminants potentially |e  Actively managed Heating,
and RH deposited on store life- Ventilating, and Air Conditioning
limiting features and waste (HVAO);
packages.
e Contingency plan.
Internal sources:
e  store materials (concrete);
e  waste packages conditioned
with hydraulic cements or
encapsulating ‘wet wastes’;
e Designing out the risk of moisture
e  concrete overpacks. ingress;
External sources: e  Providing detectors;
e  migration from surrounding |e  Proscribing practices that may
2 Moisture soil into the foundation, or foster water ingress;
transfer tunnels;
e  Maintenance of store components;
e unconditioned damp air
condensing on ‘cold’ e  Dehumidification on inlets to the
surfaces; store.
e inadequate performance of
guttering, roofs, or cladding
or other advantageous
openings leading to
infiltration;
e infiltration of rainwater
during import and export
operations.
Internal sources: e  Limiting practices that may result
. in deposition of salts onto
Contaminants o . .
(corrosive e  Salts arising from concrete; containers or concretes;
rr}ll.';lterclla@: External sources: e  Filtration of inlet air to prevent
3 chloride 1s ' ingress of saline;
prevalent for
Coa_Stal ¢ Seasaltsaerosols; e (ladding or coating the
locations) internal/external store walls;
e De-icing salts.
e  Monitoring.

Table 2.2 - Key parameters to control in the store environment, key aspects and control
methods proposed by the guidance [17].

As we can see from the control measures in Table 2.2, two other important parameters to

be controlled in the store environment, which have great impact on moisture and

contaminants ingress and deposition on concrete surfaces, are: ventilation/cooling 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 depends on the ventilation/cooling method
used in the store. Ventilation is the process of exchanging or 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 by fan motors, actuators for vents and valves, and runs

on electricity;

2) Passive system, which is a natural 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 methods is
presented in paragraph 2.3.4.3, where the case of a specific nuclear store is 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 packages. The
radioactive material which is stored can be of different types (spent fuel, radioactive waste
generated from nuclear reactor activities, or separated plutonium), which are introduced

and described in the next paragraph.

2.3.3. Nuclear radioactive products: waste and assets

Radioactivity is the tendency of unstable nuclei to transform themselves into other more
stable elements, through the radioactive decay process, by emitting high energy charged
particles (a, ) or ionising radiations (y). Every radioactive species decays with a specific
activity, which is defined as the number of nuclei which decay in the time unit, following the

exponential law of Eq. 2.6:

N(t) = Nje Eq. 2.6

where N(t) is the radioisotope population at the time t, Ny is the radioisotope population at
a chosen initial time, and A4 is the decay constant characteristic of each nuclear species, on
which other two important parameters depend (the average life and the half-life, which is

the period of time needed to reduce the initial population of nuclei to 50%) [20].
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The production of energy in nuclear reactors is the human activity where the biggest
amounts of radioactivity are produced [21]. In nuclear reactors, the fission reaction of 235U
and 23%Pu is induced by neutrons, and huge amounts of heat are produced, which is
converted in electric energy. The fission products are the radioactive isotopes 137Cs and 9Sr,
which are responsible of heat and penetrating radiation production, and which show half-
lives of 30 years. The fission products are disposed as High Level Waste (described in
paragraph 2.3.3.1) [22]. The main products of nuclear activities are radioactive waste and

plutonium ‘asset’.

2.3.3.1. Radioactive waste

According to [AEA (International Atomic Energy Agency) [23], radioactive waste coming
from nuclear facilities can be classified, according to their half-life and their activities, into
three main classes: LLW (Low Level Waste), ILW (Intermediate Level Waste) and HLW
(High Level Waste). LLW has limited amounts of long lived radionuclides, requires robust
isolation and containment for periods of up to a few hundred years and it is suitable for

disposal in engineered near surface facilities.

ILW contains more long lived radionuclides, and it needs no provision, or limited provision,
for heat dissipation during its storage and disposal. ILW requires 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 process, or 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, GDF). However, the GDF concept may include a
significant period of storage / care and maintenance of packaged wastes before the
backfilling of the repository is completed. Wastes are therefore expected to be kept in

“interim storage” for many years [17].

Another source of waste which need disposal and/or temporary storage is the
decommissioning activity of many nuclear power plants and nuclear facilities which
recently reached the end of their lifetime. The term decommissioning describes all the
management and technical actions associated with cessation of operation and 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 temporary 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 as 239Pu (transuranic elements), which
show a half-life of about 24000 years. Reprocessing activities, which are carried out in
appropriate reprocessing nuclear facilities, separate residual uranium and plutonium from
fission products and irradiated fuel, thus allowing their re-use as fuel [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 site2 (mostly reprocessing of
Magnox3 and Oxide* fuel). The UK government has designated this material as an assetand
it must be stored in a form which does not exclude future re-use 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 be stored in purpose-built engineered storage facilities which meet relevant safety
and security requirements. To ensure its safe and secure storage, all plutonium products
and residues which have been generated during operations on the site, until the end of the
operations at Sellafield, are/ will be stored at a new purpose-built facility, described in

Paragraph 2.3.4: the Sellafield Product and Residue Store (SPRS) [27].

2.3.4. Sellafield Product and Residue Store (SPRS)

Sellafield Product and Residue Store (SPRS) has been designed and constructed to ensure

the safe and secure storage of Plutonium (Pu0;) and plutonium residues produced at the

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

3 Magnox (Magnesium non-oxidising) is an alloy of magnesium with small amounts of aluminium and other
metals, which is used in cladding unenriched uranium fuel with a non-oxidising covering.

4 The fuel of fission reactors is usually based on metal oxide, since the oxide melting point is much higher than
that of metals and because it cannot burn.
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Sellafield nuclear site since reprocessing activities began in the mid 1960s. This material
will be stored there until the government makes a decision on the final disposal of 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 is the first naturally-cooled plutonium store on the Sellafield
nuclear site, demonstrating a new approach to the storage of separated plutonium. The
following paragraphs describe the features and the working principle of this store, aiming
to identify the potential risks for its structural health, and their provenience. The main
reference for the following section is a paper dedicated to the safe storage of UK Plutonium,

and to SPRS in particular, from the Nuclear Institute Congress 2013 [27].

2.3.4.1. SPRS packages

The plutonium stored at SPRS comes from two streams of plutonium production on the

Sellafield nuclear site:

1. Plutonium powder from the reprocessing of Magnox reactor fuel has a moderate
decay heat, and it is stored in Magnox packages which comprise of a nested can
design (an aluminium screw-top inner can, a polythene bag and a weld-sealed

stainless steel outer can);

2. Plutonium powder from the reprocessing of oxide fuel from the Thermal Oxide
Reprocessing Plant (THORP) has a typical decay heat higher than the Magnox one,
and it is stored in a THORP package which share a similar nested can design (a
stainless steel screw-top inner package, a stainless steel breathing intermediate and

a welded, sealed, stainless steel outer).

Since the packages stored in SPRS release decay heat, a cooling system is provided, together

with particular precautions for heat dissipation.

2.3.4.2. SPRS internal configuration and working principle

The product packages in SPRS are placed in extruded aluminium storage tubes which allow
the packages to rest on conductive rails, allowing heat to be transferred to the aluminium
extrusion. The extrusions themselves act as a heat sink, allowing 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 the airflow or the
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cooling system cools the extrusions and never comes into direct contact with the packages
themselves. Figure 2.1 below shows a schematic representation of an extrusion section with

three THORP or Magnox product packages.

Extrusion

Inner Can

Middle Can
Outer Can

Powder

Air between
packages

Figure 2.1 - Schematic representation of an extrusion section with three THORP or Magnox
product packages [27].

Unlike the other plutonium stores on the Sellafield site, which operate with a mechanically
driven airflow cooling system (active), SPRS is the only plutonium store in Sellafield which
uses a natural 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 high thermal conductivity

(209.4 W/mK [28]).

SPRS is 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 encouraging a
positive air flow across the cooler Magnox packages. Figure 2.2 (a) shows the schematic
configuration of a storage cell in SPRS, where the cooling airflow enters through ducting at
the base of the cell, as the buoyancy force draws air up through the cell. The airflow removes
heat from the extrusions, rising its temperature, to be then removed from the store through
outlet stacks on the top of the building, with a difference AT between the temperature at the
cell outlet and the temperature at the cell inlet. A measure of how effectively the store works
was monitored throughout active commissioning, by calculating the heat carried by the

cooling airflow. To demonstrate that the store could be safely operated, it 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, since SPRS represents the first time that a naturally-
cooled plutonium store had been considered, in the Sellafield nuclear site. Two pairs of CFD
(Computational Fluid Dynamic) and FE (Finite Element) models were generated during the
design and commissioning of SPRS, with the purpose of demonstrating that temperatures
within the store would have not 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
L W o
- 49°C
47°C
45°C
NN NN 43°C
41°C
H NN 39°C
‘E R EN g;g
NN NEN 32°C
- 30°C
28°C
HEENEN 26°C
24°C
N EEN 290
PR ﬁgg
HE B EMN 16°C
Inlet 14°C z"'_ X
12°C
(a) (b)

Figure 2.2 - a) Schematic representation of a storage cell in SPRS [27], b) CFD thermal model of
a full loaded storage cell at SPRS [27].

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

operationally since then.
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2.3.4.3. SPRS passive cooling system: risk for structural health

The use of a passive cooling arrangement in SPRS has significant benefits, since it does not
require any maned intervention to operate (it-self regulates): this effectively eliminates a
Loss Of Cooling Accident (LOCA) scenario, because, as it operates passively, it does not have
any credible scenarios which would prevent airflow moving through the store. However, it
is worth noting that passive cooling system operates at very low flow velocities, compared

to active (mechanically forced) cooling systems, and this has three main consequences [29]:

1. Ifthe 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 used, due to the increase
pressure differential this would place on the airflow.

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

4. For the absence of such filtering systems in 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 even more important, since the average
value of RH measured annually in the store air corridors is around 70-80%,
according to internal Sellafield reports.

5. In this case, monitoring and maintenance are the most effective and
applicable control measures among those listed in Table 2.2. For this reason,
nuclear industry shows an increased interest to technologies which can limit
and monitor the ingress of chloride and moisture directly onto concrete
structures, and which can play a maintenance role when the concrete shows

degradation signals.

2.4. Maintenance and monitoring in nuclear stores: a novel
solution

The process of determining and tracking structural integrity and assessing the nature of
damage in a structure is known as Structural 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 in

concrete, as seen in section 2.3.4.3.

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 monitor moisture and chloride ingress. It is useful at this point to give an
overview on the existing moisture and chloride control systems in nuclear stores, the lacks
that they present, and the environmental requirements. This overview is given in section
2.4.1. Section 2.4.2 introduces the technology proposed in this work, and briefly highlights

its novelty and advantage in comparison with the existing methods.

2.4.1. Chloride and moisture control in UK nuclear stores

In UK nuclear store buildings, the environmental control, intended as monitoring, 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 coupons [31]. So far,
chloride monitoring of the storage facilities have been carried out using techniques which
give representative surface salt deposition measurements, such as: (i) vertical and
horizontal plates of 304L Stainless steel coupled with a salt contamination meter, and (ii)
chloride candles, which is a wet chemistry method measuring atmospheric salt content [32].
Therefore, the monitoring of chloride levels is applied to the deposition of chloride onto the
steel surface of radioactive packages, and on atmospheric salt content, not on chloride

content in concrete.

The strategies 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 RH. The
British Nuclear Group (BNG) extant guidance [33] suggests 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 guidance [34] (which is an update of Reference [33])
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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 combination with recommended values for waste

package temperature) [31].

We can conclude that in nuclear store buildings RH and temperature monitoring are
applied, and chloride levels are measured in the atmosphere and as deposition on the steel
surfaces of radioactive packages, while no monitoring is directly applied to concrete to
measure the levels of water and chloride ingress. The same thing applies to the inlets/ducts
(air corridors) of the stores, which are in direct contact with the outside air, and thus cooler
and more humid. Therefore, the structural health monitoring of concrete in such store
buildings shows a clear need for chloride and moisture content sensing technologies. Also -

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

2.4.2. Novel solution: combined multifunctional technology

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

requirements of different nature:
e Affordable costs;
e Much flexible to apply to any surface and shape;
e Forefront performances in terms of resolution, repeatability and precision;
e 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 times [36, 37]. A detailed review on the existing methods
to sense moisture and chloride in concrete will be presented respectively in chapter 5 and
6. Here the main methods are 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], non-destructive methods to monitor chloride ingress into concrete are
mainly Ion Selective Electrodes (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 measurements,

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

The sensing methods based on electrical resistivity and impedance measurements,
mentioned above, have been directly applied onto concrete so far. These methods would be
more effective if applied onto an electrolytic material more conductive 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 of alkali-activated materials (called here geopolymers)
coupled with stainless steel electrodes and an electrical impedance interrogation system for

Electrochemical Impedance Spectroscopy (EIS).

This system is novel because it represents the first time demonstration of the feasibility of
moisture and chloride geopolymer sensors. This technology takes advantage of existing
techniques and materials to make a novel use of them. More specifically, this work combined
the demonstrated performances as repair and protection for concretes of geopolymer
materials (that it will be shown in detail in chapter 4) with their most advantageous
properties, such as electrical conductivity among the others, to design and develop a
combined technology which can play at the same time a maintenance and a sensing role.
Therefore, this new system combines the chloride and moisture measurements through
changes in the electrical impedance of geopolymer binders, playing also the role of repair

and protection to concrete.

As the reader can already assume, this leads to the development of a multifunctional
technology easily applicable to any surface and shape. The geopolymer used for this system
is obtained by cheap components, and with a simplified manufacture process which doesn’t
require additional steps or materials, as we will see in detail in chapter 4. This makes the
technology also highly affordable ($USD 5/kg), satisfying the requirements the most
convenient technology should have. All 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 nuclear context, but for a wide
range of structures where maintenance, and chloride/moisture monitoring can support
structural health. Moreover, this technology doesn’t constitute only an important research
achievement from the application point of view (e. g. for structural health monitoring), but
it also represents a further step in scientific knowledge, since this is the first time
demonstration in literature of geopolymer materials as moisture and chloride sensors, and
it also investigates and extends the knowledge of the electrical conduction mechanism of
geopolymers, by outlining a proper model to describe the system, validated by experimental

evidence.

2.5. Summary

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 conceived. As already mentioned in
the previous paragraph, the technology proposed and characterised in this work of thesis
consists of geopolymer materials coupled with an electrical interrogation system. Despite
the technology can be applied to any concrete structure, the design and development of this
technology has taken into account the specific needs and limitations of the nuclear context.
This chapter has shown some of the limitations of nuclear store buildings, and in particular
the specific limitations of the SPRS store 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 nuclear 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 particular in the inlets and

ducts of the building;
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(i) the presence of radioactive packages inside 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 produce y -products under interactions with radiation are

prohibited;
(iv)  radiation resistant materials are preferred;

V) in the UK in particular, ambient-cold temperatures are more likely to be

prevalent;

(vi)  internal datareports of temperature and RH in the air corridors and ducts of the

SPRS store show low temperatures and high RH levels.

For all these reasons, adding additives / heat treatments to geopolymers has been avoided
in this work, not just because of cost, but because of the nuclear context. Geopolymers
indeed can cure at room temperature [38]. Moreover, previous work in literature has
demonstrated the radiation resistance of geopolymer materials (especially for fly ash
geopolymers, where changes in pore structure due to y-rays irradiation were found to be
minimal) and their suitability for the encapsulation of radioactive waste [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 proximity of

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 high RH 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 material. For the same reason, in chapter 5

and 6, intermediate-high moisture levels are considered and temperatures 5°C < T < 30°C.

In order to fully understand the geopolymer system proposed in this thesis, the 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 concrete. A

more detailed review on geopolymer sensing applications will be presented in chapter 5.
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3. GEOPOLYMER MATERIALS
AND APPLICATIONS

3.1. Introduction

Alkali-activated materials (AAMs) are a class of cementitious binders which can
demonstrate similar properties to ordinary cement, ceramic materials and zeolites, and are
potentially an important and cost-effective component of the future toolkit of sustainable
construction materials [1]. Their properties, such as high thermal and chemical stability,
compressive strength, adhesive behaviour, and high electrical conductivity, have brought
AAMs to be intensively studied as a viable economical alternative to organic polymers and
inorganic cements in several different applications [2]: military [3]; aircrafts [4-7] ; thermal
insulating and thermal shock resistant materials [8-11]; fire-proof building materials [12,
13]; hybrid inorganic-organic composites [14, 15]; encapsulation of radioactive waste [16,
17]; protective coatings [18-22]; infrastructure rehabilitation and reinforced concrete
repair [23-28]; self-sensing materials for structural health monitoring [2, 29-34]. Some of
them are reviewed in section 3.3, while the ‘smart sensing’ applications are reviewed in

chapter 5.

For completeness it must be said that there are controversial opinions on the nomenclature
to describe alkali-activated materials: they are commonly referred to as ‘geopolymers’, low-
temperature aluminosilicate glass’, ‘alkali-activated cement’, ‘geocement’, ‘alkali-bonded
ceramic’, ‘inorganic polymer concrete’ and ‘hydroceramic’ [35]. In this work, they are

referred as geopolymers.

This chapter has two main sections, section 3.2 and section 3.3, which aim respectively to:
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1. give an overview of geopolymer materials (the geopolymerization process,
geopolymer properties, and in particular fly ash geopolymers which are used in this
work), thus giving the necessary theoretical background for the scope of this thesis
(for a more detailed description of geopolymer systems, in general readers are

directed to [36, 37]);

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

applications.

Finally a chapter summary is presented in section 3.4.

3.2. Geopolymer materials

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, melt-quenched
aluminosilicates, natural minerals, or mixtures of 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 are alkali metal hydroxides (MOH) and/or silicates, typically a combination of
Sodium Hydroxide (SH or NaOH) and Sodium Silicate (SS or Na,SiO3) [42, 43]. Filler
materials, including conventional concrete aggregates (such as basalt), sand or fibers, may

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

The ground work on alkali-activation was completed in the 1950s by Prof Glukhovsky and
co-workers, and then, Joseph Davidovits reinvigorated the area in the 1970s, and to him is

attributed the paternity of the name ‘geopolymers’ [44].

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

formation of geopolymers, as this is useful to understand their macroscopic behaviour.

3.2.1. Geopolymerisation

Geopolymerization is the name given to the process which 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 semi-crystalline three-dimensional polymeric structures and
crystalline Al-Si particles. The geopolymerization reaction is exothermic and takes place

under atmospheric pressure at temperatures below 100 °C [45].

The exact mechanism which takes place during geopolymerization is not yet fully
understood. One theory proposed by Glukhovsky in 1967, and then extended by studies of
other authors [35, 46], describes a general model for the mechanisms that govern the alkali
activation of aluminosiliceous materials, schematically shown in Figure 3.1. Glukhovsky
divided the key processes occurring in the alkali activation of aluminosilicate materials into
three main stages, which are largely coupled and occur concurrently [35, 36]: 1)
destruction-coagulation; 2) coagulation-condensation; 3) condensation-crystallization.

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

3.2.1.1. First stage: Destruction-Coagulation

In the first stage, known also as nucleation, the first disaggregation process consists of the
severance of covalent bonds Si-0-Si, Al-O-Al and Al-0-Si in the starting raw material (e.g. fly
ash). The OH™ ions coming from the alkaline solution initiate the rupture of the bonds,
redistributing the electron density, and the presence of alkaline metal cations (M+*, most
commonly Nat) neutralises the resulting negative charge: the OH™ ion acts as a reaction
catalyst, and the alkaline metal cation (Na™) acts as a structure-forming element, balancing
the negative charge of the tetrahedral aluminium. The first stage of reaction is controlled by
the aptitude of the alkaline compound to dissolve the solid fly ash network and to produce

small reactive species of silicates and aluminates. There is the formation of intermediate
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complexes, called oligomers, that decompose into Si(OH)4, AL(OH), , anionic species
containing = Si0~ groups, and = Si — O — —Na*which create conditions suitable for the

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

3.2.1.2. Second stage: Coagulation-Condensation

In the second stage, accumulation 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
dissolution are incorporated into the aqueous phase (which may already contain silicate
present in the activation solution). This contributes to the formation of a complex mixture
of silicate, aluminate and aluminosilicate species, and the speciation equilibria within these
have been extensively studied [47, 48]: a supersaturated aluminosilicate solution is quickly
created by the rapid dissolution of amorphous aluminosilicates at high pH. When a solution
is so concentrated, the formation of a gel takes place, due to the condensation of oligomers
in the aqueous phase. These form large networks, releasing the water that was consumed

during dissolution, and starting the third stage.

3.2.1.3. Third stage: Condensation-Crystallization

In the third stage, the supersaturated aluminosilicate solution forms a continuous gel which
varies considerably with raw material processing and synthesis conditions [49]. Initially,
from the first few minutes to the first four or five hours, the formation of an aluminium-rich
gel takes place, known as Gel 1 [50]. 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 place
when more Si-O groups of the initial solid source dissolve, increasing the silicon
concentration in the medium. This forms a zeolite 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 network typical of Geopolymers. When
the nuclei reach a critical size, some crystallization starts to take place. The final geopolymer
binders are mainly comprised by an X-ray amorphous gel with some unreacted raw material
and some crystals. The degree of crystallinity 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 therefore 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 solution on

geopolymers’ properties.

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 addition of soluble silicon to the activating solution [35, 38]. By
doing experiments using only NaOH as activator and other experiments by using a sodium
silicate solution, it has been found that the presence of soluble silica in the activating
solution plays an important role in microstructure development, mainly affecting the

chemistry of phases and the kinetics, not the mechanism governing the reactions [43].

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), the two most commonly 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 and the 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 in the acqueous phase enhances the hardening of

the geopolymer system [45].

For all these reasons, a combination of Sodium Hydroxide (SH) and Sodium Silicate (SS) is

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

The chemistry and resulting wet / cured properties of the fly ash geopolymer are mainly

defined by [41, 52]:

1. the mass ratio L/A;

Geopolymer materials and applications 41



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

2. the mass ratio SH/SS;
3. the molarity of the SH (which typically ranges from 8 -14 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 chemical composition of the fly ash. This is
a significant drawback for fly ash geopolymers, as: i) since fly ash is a waste product of coal
combustion, fly ash composition can vary significantly between coal plant sources; and ii)
unlike with Portland cement systems, at the time of writing, there are no simple numerical

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

The ratios used in this work, outlined in section 4.3.2, were found through a process of trial

and error over a testing matrix, and on the basis of literature findings, according to [54].

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

including:

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

enforcing effect of unreacted fly ash particles [50, 51].

o Low cost: As fly ash is a by-product 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 additive [55], 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 utilised in beneficial

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

detailed description of fly ash chemical composition and classification.

3.2.3.1. Fly Ash: chemical composition and classification

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. The mineral composition of
the coal burned and the combustion conditions has a significant impact on the constituents
present in the fly ash and thus the properties of the final geopolymer [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 pulverised coal is burnt and the
method of precipitating the ash from the combustion gases. In principle the furnace acts as
a particle separator: about 20% of the ash particles either form together or combine into a
form of clinker, which falls to the bottom of the furnace and is known as ‘furnace bottom
ash’; the remaining 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 of elements 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 (Fe;03), lime (Ca0) and periclase (MgO). The mineral quartz
(Si02) 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 alumino-silicate crystalline and non-crystalline
(glassy) materials. The most reactive glassy phases present in low calcium coal fly ashes are

formed from the melting of clays present in the coal [36].

The distinction between crystalline and amorphous materials is important when
considering dissolution behaviour in an alkaline solution, 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 alkali-silicate solutions is
extremely slow when compared to the amorphous phase. X-ray diffraction analysis (XRD)
of fly ash allows to identify the major crystalline constituents of fly ash and the X-ray

amorphous phases and to give a quantitative estimation of these [36, 45]. Other key factors
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influencing the potential reactivity of fly ashes are: reactive silica content, vitreous phase

content and particle size distribution [35].

Fly ash particles can be divided into different classes depending on their composition. Mehta
[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 sub-bituminous coal with CaO up to 15-35%.

Currently the system defined by the American Standard ASTM C 618 [61] is the most
commonly used classification system for fly ash. It distinguishes two classes of fly ash, on

the basis of the sum of the total Si, Al and Fe (Si02+Al203+Fe203):
1. Class C, known as high calcium fly ash, since 50% < (Si02+Al;03+Fe;03) < 70 %;
2. Class F, known as low calcium fly ash, since (5i024Al;03+Fe;03) = 70 %.

In UK all fly ash is low calcium fly ash (class F).

BS EN 450 [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) values 5[58]:

e Category A: LOI not more than 5.0%;
e (Category B: LOI 2.0% to 7.0%;
e (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 for fly ash fineness:

e (Category N: not more than 40% retained on a 45 micron sieve and a limit of + 10%

on the supplier’s declared mean value is permitted.

5 Loss on Ignition value is the mass obtained by a test which consists of strongly heating ("igniting") a sample of
the material at a specified temperature, allowing volatile substances to escape, until 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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e Category S: not more than 12% retained on a 45 micron sieve.

The fly ash used 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 in the following section.

3.2.3.2. Fly ash geopolymers structural analysis

The review carried out by Provis et al. provides an overview on the existing results on the
structure of geopolymer binders [35, 38]: the application of techniques such as X-ray
Diffraction (XRD) analysis, Fourier-transform infrared (FTIR) spectroscopy, Nuclear
Magnetic resonance (NMR), Scanning Electron Microscopes (SEM), and Optical Microscopy
on geopolymers has provided valuable nanoscale information on geopolymer structure.

Rheological and calorimetric analysis have brought additional insight [36].

The alkali activation of fly ash gives rise to the formation of crystalline phases identified as
herschelite (Na-chabazite) and hydroxysodalite-type zeolites in fly ash geopolymer binders
[63]. The transition of these materials from apparently amorphous to well-defined 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 increases in synthesis
temperature result in a readily observable increase in long-range ordering in geopolymers
binders, by analysing XRD diffractograms of geopolymers [48]. 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 also [65]. This is important to take in mind in this work where, for
the reasons highlighted in section 2.5, the geopolymer binder is cured at ambient

temperature.

A recent study [45] used XRD analysis, FTIR spectroscopy and SEM to investigate the result
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 the geopolymeric matrice,

and undissolved fly ash particles in the final geopolymer. It has provided information on
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micro and nano-structure of geopolymers as well. The results obtained can be synthetised

in the following points [43, 45, 66, 67]:

e 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
toward higher values (26=25°-35°) in the XRD spectrum of geopolymer of the broad
hump registered between 26=20° and 30° in the fly ash XRD spectrum.

e the formation of new zeolites phases in the geopolymer (26=5°-15°).

o There is evidence of micro and nano-porosity, developed during the

polycondensation stage and during the curing process.

e 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 geopolymer

during the mechanical strength test.

All this information is important for the properties of the geopolymers to be used as repairs
and sensors. The presence of crystalline zeolites phases and unreacted minerals, such as
quartz and mullite, inside geopolymer binder will result in a higher mechanical strength,
since these crystalline phases themselves show a Young Modulus of the order of GPa [68].
However, since the geopolymer binder manufactured in this work is cured at ambient
temperature, it won’t show high mechanical strength that it can be used as a structural
repair, but this doesn’t constitute a drawback for the technology, since it is conceived to play
a non-structural role of protection and sensing of moisture and chloride content. On the
other hand, porosity in geopolymers are known to cause a decrease in the mechanical
strength [69]. Moreover, for the particular sensing application of this work of thesis, the
presence of porosity in the material can affect its electrical 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 two 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 of geopolymer materials, with a
particular focus on the first application above is presented in the following section, while

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

3.3. Geopolymer applications: state of the art

Geopolymer materials were originally developed as a fire-resistant alternative to organic
thermosetting polymers following a series of fires in Europe in 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
the geopolymers’ binders and concretes present a number of important advantages
compared with the conventional cementitious materials and concretes, such as OPC
concretes [72]. Advantages include abundant raw materials resources; energy saving and
environment protection (since little CO, is emitted and less energy consumed in
geopolymer production compared with OPC); simple preparation technique; good volume
stability, since geopolymers have lower shrinkage than Portland cement; reasonable
strength gain in a short time; excellent 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 resistance [16, 17], geopolymers are regarded
as useful for 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 cars [73].

Only recently some researchers have looked at geopolymer binders as ‘smart cements’ for
structural health monitoring applications [2, 29-31, 33, 34]. Some of them take advantage
of the ‘electrolytic nature’ of geopolymers. A detailed description of the electrical properties
of the geopolymer material and the theory behind it will be presented in detail in chapter 5,

together with a review on the use of geopolymers for structural health monitoring.
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Another application connected to structural health is the use of geopolymers as reinforced

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 (sensing and repair/protection for concrete): it can be applied
as skin-sensor onto concrete. Previous applications of geopolymer coatings as repair for
concretes, reviewed in section 3.3.1 below, demonstrate that the system developed in this

work can play also a maintenance, protective and repair role for concrete.

3.3.1. Geopolymers for concrete maintenance, repair and
protection

Several authors have studied geopolymers as maintenance materials, repairing and
protective coatings materials for marine concrete and transportation infrastructures. This
is possible because of their high strength, corrosion resistance, water resistance, high
temperature resistance. Besides, geopolymer properties, such as modulus of elasticity,
Poisson's ratio and tensile strength, are similar to those of OPC concrete, thus making them
compatible with OPC concrete [14, 27]. However, geopolymers’ brittle nature limits their
extensive applications [14], and research has focused on increasing their mechanical

performance, and the bond strength between geopolymers and the concrete substrate [27].

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 bond the carbon fabrics to concrete. Huseien et al. [27] have made a
comprehensive review on geopolymer mortars as repair materials for concrete compared
with OPC and other commercial repair materials: the main advantages of geopolymer
mortars are reported to be the relation between carbon dioxide footprint (less CO:
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, stiff workability behaviour (arising from the use of viscous
compounds such as sodium silicate and sodium hydroxide). Phoo-ngernkham et al. [28]
used high calcium fly ash geopolymer mortars containing OPC for use as an alternative
materials for Portland cement concrete repair: they demonstrated sufficiently high shear
bond and bending strengths compared with commercial repair binders. Hu et al. [26]

demonstrated that geopolymer materials have better repair characteristics than cement-
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based repair materials, and that the addition 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, other authors
focused on the utilization of geopolymer materials as protective coatings and non-structural
repairs for exposed concrete structures and infrastructures: surface deterioration of
exposed concrete structures in most cases leads to structural problems because of the loss
of cover and ensuing reinforcement corrosion, especially for concrete exposed in rigorous
marine environment which is readily damaged by the erosive ocean-atmosphere and
seawater. The coating material itself should be durable, should bond well to the parent
surface, and be compatible with parent surface in terms of expansion/contraction during

temperature changes.

Balaguru et al. [18] demonstrated that geopolymers are compatible with various concrete
surfaces, steel, and wood and constitute an excellent promise for the application as
protective and graffiti-resistant coatings on transportation infrastructures, providing
durable coating, under wet-dry and freeze-thaw conditions. The geopolymer binders used
consisted of alkaline solution, silicafume, carbon and organic fibers and water repellent
agent. Zhang et al. [20-22] investigated the possibility of using geopolymers as inorganic
coatings for marine concrete protection. They did a laboratory study, by evaluating setting
time, permeability, anticorrosion, bond strength, volume stability, and pore structure of
geopolymers. They used a metakaolin (MK) geopolymer with the addition of granulated
blast furnace slag (GBFS), ordinary Portland cement (OPC), standard sand and
polypropylene (PP) fibers. Geopolymers were chemically stable in sea water and in air, they
made it difficult for sea water to penetrate and provided a sustainable protection for marine

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. Summary

This chapter provided a general overview on the properties, advantages, theoretical

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

geopolymers, used in this thesis. The key factors, useful in the experimental development

and fully understanding of the geopolymer system proposed in this thesis, have been

highlighted in this chapter. They can be summarised in the following points:

the physical and structural properties of geopolymers are closely connected with

their chemical composition and with the stages of the geopolymerisation process;

the type and composition 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 microstructure development;

the increase of Si and Al concentrations in the aqueous phase enhances the

hardening of the geopolymer system;

sodium hydroxide possesses a greater capacity to liberate silicate and aluminate
monomers than potassium silicate, is the cheapest and the most widely available

among the alkali hydroxides;

the increase of sodium hydroxide molarity promotes the early stages of 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 composition 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 case of crystalline phases (considered unreactive);
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e key factors influencing the potential reactivity of fly ashes are: reactive silica

content, vitreous phase content and particle size distribution;

e UK fly ash is only low calcium fly ash;

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

binder may result in a higher mechanical strength;

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

the reaction products;

e 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 this 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 high chemical and thermal stability,
adhesive behaviour, high electrical conductivity, and affordability, made their use
widespread in several different fields (military, nuclear, infrastructure rehabilitation,
sensing, etc...). In particular, previous works demonstrated that geopolymer coatings with

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 nuclear stores, air inlets and ducts in nuclear context. The
introduction of heat sources to cure the geopolymer coatings in such a nuclear context is
not allowed, and the presence of additives, such as plastic fibers, can compromise the
operability of the technology in case of 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. This was challenging, a process of trial and error, and a laboratory testing
study to face several issues were necessary. The next chapter demonstrates the ambient
curing of fly ash geopolymers for use as protective coatings and non-structural repairs for

concrete, with focus on challenges and achievements of the investigation.
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4. AMBIENT CURED FLY ASH
GEOPOLYMERS AS COATINGS
AND REPAIRS FOR CONCRETE

4.1. Introduction

Coating technologies are an effective means of protecting concrete structures from chemical
attack and rebar corrosion. Inorganic coatings in particular have been widely applied as
anticorrosive and decorative materials for concrete and steel structures [1-4]. These
materials show a high long-term durability even under acid and alkali attack and at elevated

temperatures [5].

Emerging solutions for concrete protection are based on alkali-activated materials, which
show rapid setting and hardening, excellent bond strength and durability, low chloride
permeability, and high freeze-thaw and chloride resistances [5-20]. Geopolymers are
physically compatible with concrete substrates in most regards [21]. However, there are
technical issues that are particular to geopolymer coatings on concrete substrates,

particularly those cured at ambient temperatures.

Regardless of the application, a good coating for concrete should be free of cracks and
defects. In the work presented in this chapter, the aim was to develop high-quality, ambient-
temperature-cured fly ash geopolymer coatings, and assess their potential as non-structural

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

manufacturing costs and complexity.

As already mentioned in previous chapters, the minimization of costs and complexity is not
the only reason for the ambient curing of geopolymers and for the absence of additives,
despite to the issues this introduces to the process. The main reasons are connected with
the nuclear context: ambient curing avoids the introduction of heat sources to thermally
cure geopolymers in radioactive environments, and additives are avoided since they can be
damaged by gamma (y) irradiation (e.g. plastic fibers) and some of them can produce
further y radiation when irradiated. The ambient curing of geopolymers is challenging since
they are typically cured at elevated temperatures to accelerate geopolymerisaton, as rapid
curing allows coatings to achieve a higher early-age strength [12, 22-25], but this can make

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

For these reasons, some researchers have already 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 room-temperature 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 moisture [23].

These previous works have studied the ambient temperature curing of fly ash geopolymers
cast in moulds. Their aim is to deliver geopolymers 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 presented in this
thesis is distinct, as it outlines the development of fly ash geopolymer 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 1504-3:2005 [38].

The primary objective of this work is to investigate the development of a non-structural
ambient-cured repair material that can be later developed for use as a sensor (chapter 5, 6
and 7), as in [39-43]. To achieve this, several experimental tests were conducted in order
to: (i) obtain geopolymer coatings of high integrity; and (ii) test some of the mechanical

properties of the material.

The notable contributions of this chapter are five-fold: i) we present an affordable process
for ambient-temperature geopolymer synthesis that 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 minutes [22-25]); 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 order to evaluate its potentiality as repair material, and v) perhaps most
importantly, this chapter provides a frank discussion of the challenges faced during
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 art on the factors affecting geopolymer
coating integrity when placed onto concrete, and an outline of repair materials’ properties,
classification and requirements, in section 4.2. Section 4.3 describes the materials and
methods used for geopolymer manufacture, the testing methods and the analysis
conducted. Section 4.4 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 as repairs. Section 4.5 contains a further detailed
discussion on the results. Finally a chapter summary and future work are presented in

section 4.6.

4.2. Theory and state of the art

This section presents a paragraph on the main factors affecting the integrity of geopolymer
coatings when they are placed onto concrete substrates (section 4.2.1), and a paragraph on

the requirements and classification of repair materials (section 4.2.2).

4.2.1. Factors affecting geopolymer 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 the field. Some common issues faced include cracking due
to shrinkage, changes to setting times, and efflorescence [8, 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 facilities. Note that
the issues outlined in the following subsections are common across most geopolymer

systems, not just those made with fly ash precursors.
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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 defined 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 geopolymerisation [48].

Drying shrinkage is the result of a loss of water from the geopolymer’s capillary pores. This
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 undergo 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 stresses will exceed the
strength of the geopolymer [49], leading to cracks and debonding 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
alow 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. Control of the

moisture content of the substrate is thus essential to control cracking [51].
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Figure 4.1 - Illustration of the main water loss mechanisms from geopolymer coatings on
concrete substrates.
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As both drying mechanisms are a surface-area dependent processes, the edges of
geopolymer patches are particularly 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 ash particles to improve
their reactivity and allow room temperature curing, as in [22], may appear to be another
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 conditions [50], but they are avoided in this work for
reasons connected to the nuclear context. Plastics tend to swell, 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 cementitious 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 printing [41]. Regardless of the method
used, one must consider the interplay between a geopolymer’s adhesion to concrete, its
workability and its setting time (and by extension, its behaviour during curing and
shrinkage). Geopolymers are highly tuneable materials, but the majority of mixes will

display:

e 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 adhesion [53]. 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].

e 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].

e 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 by increasing
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 among silicate species is slower than that between aluminate and

silicate species, setting is delayed with higher Si/Al ratios [57].

The impact this has on coatings is that it can be challenging to independently tune adhesion,
rheology, setting time and shrinkage behaviour, as the properties 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 that 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 ensured [62, 65]. Among the available surface
preparation methods, a high bond strength can be achieved with sand-blasting and wire
brushing [58]. Morgan [66] states that the degree of roughness and means of roughening
both affect long-term performance. Before applying the geopolymer repair material Zanotti

et al.,, for example, roughened the surface using the sandblasting technique [67].

Some authors [66, 68, 69] have shown the 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
pore structure, to allow the absorption of the repair material into the substrate’s pore
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 coating [70].
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Today, opinions diverge about the most appropriate practice when coating and repairing
concrete substrates. Even between international codes of practice, reccommendations are
contradictory. The AASHTO-AGC-ARTBA Joint Committee recommends 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 factors
[46]: wet conditions, the reactivity of raw materials, the alkali metal type, and reaction
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 the dissolution rate of the fly ash by the alkaline solution. Any excess

alkaline solution is therefore more likely to crystallize on the surface [14].

4.2.2. Repair materials, requirements and classification

In the field of concrete structure rehabilitation, cracking and spalling are the major causes
of deterioration of concrete structures, and so coating or patching is a common repair
method [72, 73]. BS EN 1504 is the European and British Standard of products and systems
for the protection and repair of concrete structures [38]. 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 1504-3:2005) [38]
lists the requirements and performance characteristics of structural and non-structural
repair products. Table 3 of this standard lists the requirements for 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 1504-3:2005 have been tested, to give a preliminary evaluation of the
geopolymer binder as a concrete 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 in this work are highlighted: compressive strength,
bond strength and coefficient of thermal expansion (tested according to the standards BS

EN 12190, BSEN 1542 and BS EN 1770:1998 respectively for each of the three tests).

Performance Test Requirement
characteristic method Structural Non-structural
Class R4 Class R3 Class R2 Class R1
Compressive
strength EN 12190 245 MPa 225 MPa 215 MPa 210 MPa
Chloride ion
content EN 1015-17 <0.05% <0.05%
Adhesive 20.8 MPa
bond EN 1542 22.0 MPa 21.5 MPa
* 2 0.5 MPa for cohesive failure
Restrained Bond strength after test
i i EN 12617-4 No requirement
shrinkage/expansion >2.0 Mpa >1.5 MPa >0.8 MPa g

Carbonation

resistance EN 13295 dk < control concrete (MC(0,45)) No requirement
Elastic
modulus EN 13412 220 GPa 215GPa No requirement
Thermal compatibility: Bond strength after 50 cycles Visual inspection
art 1 - freeze-thaw | EN 13687-1
p 2.0 Mpa >1.5MPa >0.8 MPa after 50 cycles
Thermal compatibility: Bond strength after 30 cycles Visual inspection
art 2 - thunder shower | EN 13687-2 after 30 cycles
P > 2.0 Mpa 21.5MPa > 0.8 MPa Y
Thermal compatibility: Bond strength after 30 cycles Visual inspection
part 4 - dry cycling EN 13687-4 after 30 cycles
>2.0 Mpa > 1.5 MPa >0.8 MPa
Skid resistance Class I: > 40 units wet tested Class I: > 40 units wet tested
EN 13036-4 [Class II: > 40 units dry tested Class Il: > 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 <0.5Kg:-mA-2-h”-0.5 <0.5Kg-m”-2-h”-0.5 No requirement

Table 4.1 - Performance requirements listed in table 3 of BS EN 1504-3:2005.

According to another standard BS EN 1542:1999 for measurement of bond strength by pull-
off of repair materials, the bond strength value (load) measured at failure is valid for all
combinations of failure type, except abnormal failures. According to BS EN 1542:1999,
abnormal failures, shown in Figure 4.2, are respectively defined as: (a) adhesion failure
between the last layer of the repair material and the adhesive layer; (b) cohesion failure in
the adhesive layer; and (c) adhesion failure between the adhesive layer and the dolly.
According to the same standard, the types of failure considered valid for the assessment of

the bond strength, shown in Figure 4.3, are respectively: (a) cohesion failure 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 - Abnormal failure types of pull-out 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 adhesive layer.
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Figure 4.3 - Valid failure types of pull-out 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 commonly used for concrete repair have been categorized in three generic
types [68, 74]: (i) Resinous materials; (ii) Polymer modified cementitious materials; and
(iii) Cementitious materials. Geopolymers are categorized under the cementitious materials
class [72]. Their potentially high durability, the highly versatile range of their physical
properties, their endurance to extreme environmental conditions and their 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 the geopolymeric phase by means of two processes

[75]:

Q) the ions Ca2?* coming from the OPC substrate balance the negative charge in the

geopolymeric network cavities due to the presence of Al3+ ions;

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

dissolution from aggregate surface.

Another property of geopolymer materials that impacts repair performance is the
coefficient of thermal expansion (a) [66, 76]. According to Davidovits [77], formulations of
castable geopolymer materials, without any additional filler, vary in degree of thermal
expansion: the coefficient of thermal expansion values are a function of the Si/Al ratio, and
range from 4 - 107° to 25 + 107® K~1. This range comprises the value of the coefficient of
thermal expansion for concrete: 13- 107 —14 - 107® K~1[133] . Similar thermal
expansion properties between the coating material and the substrate are preferred for

repairs [66].

This section has provided the theoretical background which was of key importance in the
development of the experimental investigation for the achievement of: the coating integrity
of ambient cured fly ash geopolymers, the solution of the issues outlined in section 4.2.1
above, and the evaluation of their mechanical properties for a preliminary repair
performance evaluation, according to the requirements described in section 4.2.2. The
experimental investigation is described in the following three sections: section 4.3 outlines
the materials and the methodology used for the experiment, section 4.4 presents the results

and discussion and section 4.5 provides a further discussion on the results obtained.
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4.3. Materials and methods

This section provides the guidance needed to formulate and assess the integrity of fly ash
geopolymer coatings onto concrete, as repair materials. Based on this guidance, a repair
which meets the requirements of the BS EN 1504-3:2005, 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 EN 450, the fly used was class B for loss on ignition (LOI 2.0% to 7.0%), and category S
for fineness (no more than 12% retained on a 45 micron sieve). Under US notation,
according to ASTM C 618-19, the fly ash used in this work would be considered class F. The
chemical compositions of the fly ash used is given in Table 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
SiO2 52.70
Al;03 21.70
Fe203 7.10
Ca0 4.10
Loss of ignition 4.20
Naz0 1.10
K20 2.50
SO3 0.90
MgO 1.80
Total phosfate 0.58
Free Ca0 0.10
Si/Al ratio 2.1
Median particle size, um 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 ash, measured as part of this work.
The median value in Table 4.2 is the D50 or d(0, 5) value, defined as the intercept for 50%

of the cumulative mass.
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Figure 4.4 - Particle size distribution of the fly ash

The X-ray diffraction (XRD) spectrum of the fly ash is shown in Figure 4.5. It was acquired
using the method which will be detailed in Section 4.3.6.3. 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 amorphous halo 26 = [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 (another iron oxide), the phase present is likely magnetite, as it is

more common in UK fly ashes [24]. As mentioned in section 3.2.3.2, 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 binder will be presented in section 4.4.1.4.
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Figure 4.5 - XRD spectrum of Cemex Fly Ash. The legend of the figure is described here: Quartz
(solid black line), mullite (dashed black line), magnetite (dotted black line), hematite (dot-dash
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/SS ratio
equal to 0.4. This is in accordance with [43], a work based 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% Na,0 and 27.8 wt% SiO., in distilled water. The Na,0 and SiO; 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 the heat of any

exothermic reaction heat to dissipate.

4.3.2. Geopolymer synthesis

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, without having a
significant effect on compressive strength [50]. 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].

Figure 4.6 summarizes the steps taken to mix and apply geopolymers to concrete substrates.
The mixing procedure consists 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 min-! (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) (b)
Figure 4.6 - Geopolymer synthesis process: (a) adding fly ash powder into alkaline solution; (b)
manually mixing the geopolymer binder by means of a spatula; (c-d) 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 were vibrated on a vibrating table for a couple of minutes before being applied
onto the concrete substrate or being casted into the moulds for testing. These tests were
conducted to provide comparison against BS EN 1504-3:2005. The binder was vibrated to
remove air bubbles, because the 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 applied to concrete substrates in this work.
Thin coatings were around m = 1 mm high, and thicker coatings were m = 3 mm high.
These thicknesses were chosen in accordance with the requirements for sensing [43] and
with the typical thicknesses for non-structural surface protective coatings for concrete
(typically 0,1 mm — 5,0 mm, and only for particular applications > 5,0 mm) outlined in
standard BS EN 1504-2:2004 [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

coatings were applied to concrete samples with varying age ranges:
e Newly cast, or “young” concrete samples, left to cure for 1 - 5 months;
e Intermediate-aged concrete samples, 5 - 12 months of curing;
e 0Old concrete samples, over 1 year of curing.

The hypothesis was that the changing pore structure of the concrete substrate 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 C-S-H and portlandite. Bentz et al. comment that when the volume fraction
porosity has been reduced to c. 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 higher [83, 84]. As a greater percentage of
filled pores results in less capillary suction, the more mature concrete might be expected to

drain less water from the geopolymer.

4.3.4. Concrete substrate roughness

The surface roughness of each concrete substrate used was measured by 3D laser scanning
(using a Micro Epsilon Scan Control 2700-100, an exposure time of 1 msec, 56 profiles per
second, and 1600 buffered profiles). Some surfaces of old concrete samples which were
used for the pull-off 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 mean square deviation of the point cloud from a
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mean plane, which represents the fitting plane of the cloud of points. The method is shown
in Figure 4.7, where the two 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.
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Figure 4.7 - Graphic mapping of the distances between the cloud of points of the concrete
surface and the mean fitting plane, for the calculation of the roughness as root mean square
deviation method. (a) Example of an un-scored 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 shown in Table 4.3. They are
subjected to high variability depending on the presence of holes due to air bubbles on the
concrete surface. The results in Table 4.3 are presented for surfaces with an intermediate
configuration of holes (such as those shown in Figure 4.7). Values of the first three columns
correspond to the average roughness of the smooth surface that one would expect from un-
scoured concrete [85], while the last column corresponds to the average roughness value of

a brushed old concrete surface.

Age of concrete Young Intermediate 0ld (untreated) 0ld (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 shown 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 application, 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 to cure 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) Average RH
%
1 Laboratory bench 20+ 2 28 50
2 Environmental chamber 20+1 28 95

Table 4.4 - Curing conditions of geopolymer coatings, 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 subsections.

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 3 [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 well-accepted and easy-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, together 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, I-CAL 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 instrument. Data for Rietveld refinement was collected
in Bragg-Brentano geometry in the range 26 = [10° - 60°], with 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 plastic sample holder. The sample was rotated to improve

particle statistics.
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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 using a Goebel mirror to reduce sample displacement error. Data was collected in the
range 20 = [10° - 60°], with an increment of 0.02 °/second and a step time of 8s. XRD data
was analysed using Diffrac EVA, TOPAS software and MATLAB scripts.

4.3.6.4. Compressive strength

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 days for the non-vibrated binder used to assess the
coating integrity of coatings. A further 56 day test was added for the test 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. Visual inspection and quantification of cracks

Avisual inspection was often enough to provide a binary “yes/no” assessment of whether a
geopolymer coating had cracked after curing. However, to quantify the relative levels of
cracking between specimens in a 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 were taken 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 comparison. The colour images obtained were converted to
grayscale images. This eliminated 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 were the darkest part of the image, a pre-processing step
of intensity adjustment was required. The bottom 1% and the top 1% of all 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 distinguished foreground of

cracks was obtained, as shown in Figure 4.9.
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Figure 4.9 - (a) Original image and (b) grayscale image after intensity adjustment.

During the image acquisition step, an inconsistent amount of light in the background was
difficult to avoid. In order to correct for this non-uniform illumination, adaptive binarization
was used. By applying Bradley’s method [87], each pixel in the integral image was compared

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

() (b)

Figure 4.10 - Binary images: (a) morphological operation; (b) dot detection.

Due to the special characteristics of cracks in our samples, morphological operations and
dot detection could be used to reduce noise that could interfere with the final quantification
of cracking [88]. One pixel with more than 4-connected 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 from the
calculation. The Hough method is one of the standard methods for image recognition [89].

The images after morphological operations and dot detection are shown in Figure 4.10.
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The final step was to 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 provided a percentage of the image that shows cracks.

4.3.6.6. Bond strength test

The bond strength of the geopolymer coatings onto concrete surfaces was measured using
a pull-off portable tester, the Elcometer 106-6, in accordance with the following National
and International Standards: ASTM D 7234, BS 1881-207, EN1542, EN 12636. The Adhesion
Tester employs a pull-off method to determine the force required to pull a test dolly of fixed
area coated away from the concrete. The pull-off force is provided by the progressive
compression of Belleville washers. The range of force measurable by the instrument is
0 MPa — 3.5 MPa, and the accuracy is +15%. This accuracy is worse than that (+2%)
recommended by the standard BS EN 1542:1999 on the pull-out testing method for repair
materials onto concrete. Besides, among the available methods for bond strength, it
provides the most conservative results [90], and shows a larger scatter of results due to glue

issues, eccentricity in the load application and damage during coring [59].

Nevertheless, the Elcometer has been chosen because it is a convenient and simple method
which provides a preliminary evaluation of the in-service performance of the coatings. The
method is useful because the patches manufactured in this work are thin (1-3 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 specimens under 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 concrete. Untreated and

treated samples returned the average roughness values listed in Table 4.3.

2. Ageopolymer coating of 1 mm was applied onto the surface with a trowel, and cured

for 28 days in an environmental chamber at 20°C and 95% RH (batch 2 of Table 4.4).
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3. After curing, the sample was drilled with a 50.8 mm diameter corer, by means of a

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

4. The day after, a test dolly made from high-tensile strength aluminium, with a
diameter of 50 mm, was attached using an adhesive, after having prepared the
surface of the dolly by roughening it with an abrasive paper. A two-part Araldite

epoxy paste was used.

5. When the adhesive had cured (after about 24 hours at 25°C) and the adhesion tester
claw engaged onto the dolly, the force was applied uniformly and without stopping,
and the resulting stress recorded by means of a dragging indicator on an engraved

scale.

6. The value 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 3 years old used for the test were concrete cubes of
side 150 mm. The 5 bond tests required by the standard BS EN 1542:1999 [76] were
conducted on 5 cores, each of them in the centre of one face of the cubic concrete specimens.
The final value for bond strength was calculated as the average of the 5 samples. An example
of a sample specimen is shown in Figure 4.11, where (a) shows the old concrete cube with
the fly ash geopolymer coating, and the drilled core in the centre of the face, (b) shows the
dolly attached, and (c) shows with the pull-off Elcometer tester in testing position on the
dolly.

(b)

Figure 4.11 - An old concrete cube with fly ash geopolymer coating from the vibrated batch 2 of
Table 4.4, and the drilled core in the centre of each face, (a) without and (b) with the dolly
attached, and (c) with the pull-off Elcometer tester in testing position on the dolly.
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4.3.6.7. Thermal expansion measurement

The thermal expansion test of the ambient cured geopolymer manufactured in this work
was conducted by following standard BS EN 1770:1998 [91] as closely as possible. The test
was conducted on three geopolymer specimens, obtained from the binder manufactured as
described in section 4.3.2, and then cast in cylindrical moulds with dimensions of 50 mm
length and 25 mm diameter. The specimens were cured for 28 days in the environmental
chamber at 20 °C and 95% RH (batch 2 of Table 4.4). After 28 days of curing, the specimens
were drilled in 3 points along the vertical direction of the cylinder with three holes equally
spaced, with a diameter of 3 mm and a horizontal depth of about 10 mm, as schematically
shown in Figure 4.12 (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 thermostated 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 operation is shown in Figure 4.12 (b).

50 mm

(@) (b)

Figure 4.12 - (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 chamber set-up with the sample, the LVDT and the

tempocouples in the measurement position is shown in Figure 4.13.

LVDT
Thermocouples = H =1
—
L] = Sample-
— holder
q

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

The coefficient of thermal expansion, a, for each geopolymer cylinder was then calculated

by means of the formula[92]:
a=—"—= Eq. 4.1

where L is the length of the sample, AL is the displacement measured by the LVDT (after the
conversion from Volts to pm by means of a calibration equation for the LVDT), and AT is the
difference between the initial and the final temperature measured by averaging the values
given by the thermocouples. The final value for a was then obtained from the average of the
values calculated for three specimens tested, and the respective error was obtained from

the standard deviation of the three a values.

4.4, Results and discussion

The results of this work are presented in two sections, referring to the main tasks of the
research work described in this chapter: achieving a high integrity low calcium ambient-
cured geopolymer coating, and giving an indicative evaluation of the potential of these

coatings for use as repairs for concrete substrates in nuclear containment environments.
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4.4.1. Coating Integrity

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

been tested.

4.4.1.1. Coating thickness

The main finding of this investigation was related to the thickness of the geopolymer
coatings applied onto the concrete specimens. These results are shown in Figure 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 conditions. 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 on the mixing time, but is 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 image in Figure 4.15.
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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 40 mm X 40 mm area on the sample. The crack
quantification algorithm found negligible cracking in all samples (typically 0.001%).
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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. The numbers
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 result is also at odds with
previous work by Zhang et al. [8], who concluded that increasing the thickness of the
coatings from 3 mm to 5 mm reduced shrinkage. On the other hand, according to [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 general [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 in Figure 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 unreacted fly ash 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 that the agglomerates of unreacted fly ash particles are acting as
‘micro aggregates’ [83] for the coating, thus enhancing 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 using Figure 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 solid ratio. 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 ambient-cured
geopolymer, mixing for 1 hour is preferable, as it allows the majority of the heat release 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 ambient-cured
geopolymer are more gradual. This hypothesis is also supported by the slower strength

development (see section 4.4.2.1 and Figure 4.22).
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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 release of geopolymer binder over 4 days.
Finally, a Vicat Needle test produced the setting times shown in Figure 4.18. It appears that
mixing for longer durations (1 hour, as opposed 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 initial 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 coating thickness 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 rate-of-
hydration and pore-size-change within concrete substrates is strongly dependent on the
concrete’s water/cement ratio, the cement particle size, and the curing conditions.
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 ranges. It could therefore be a promising technology for both

existing and new built nuclear 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 of Table 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 surface 3-8 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. Figure 4.19 shows that efflorescence can be accompanied by the presence of cracking,
butitis likely that both efflorescence and cracking are both symptoms of moisture transport

within the sample, mainly due to the drying process.

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

The samples with efflorescence crystals were analysed using XRD, as described in section
4.3.6.3. The results of the XRD analysis are shown in Figure 4.20. Solid black lines below the
pattern are gaylussite (Na;Ca(CO3)2'5H20), dotted lines are quartz and dashed lines are
mullite. The background has been removed as the main feature of interest is the crystalline

salt. The data is smoothed using a moving average method with a span of 9.
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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 (Na2Ca(C03)2'5H20), dotted lines are
quartz and dashed lines are mullite.

The results reflect the literature findings discussed in Section 4.2.1.4. Excess Na;O is mobile
and on the surface of the coating can react with atmospheric CO; to form Na,CO3 phases. In
this case, the XRD analysis showed that the reaction product is gaylussite -
Na;Ca(C03)2'5H20. This result suggests that Ca has been dissolved from the cement
substrate, forming with the Na;0, by evaporation and reaction with atmospheric CO;, the

crystalline gaylussite phase at the geopolymer surface.

[t 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 2, Table 4.4), shown in Figure 4.21, no
C-S-H is clearly present which is consistent with the low CaO content of the fly ash. In Figure
4.21, the amorphous halo is present from 26 = 25° and 26 = 40°, consistent 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 analysis. 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
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consistent with the destruction of crystalline bonds during geopolymerisation, and with the

fact that minerals such as quartz and mullite don’t react during geopolymerization.

7 e

10 20 30 40 20 60

°20

Figure 4.21 - XRD spectrum of geopolymer sample of batch 2, Table 4.4. 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 c. 20 - 35 degrees 2theta.

4.4.2. Preliminary repair performance evaluation

The results of compressive strength, bond strength and coefficient of thermal expansion
tests and the indication they give on repair performance of the materials are outlined in the

following sub-sections.

4.4.2.1. Compressive strength

The evolution of the compressive strength of the geopolymer binder manufactured in this
work is shown in Figure 4.22, with a non-linear fit obtained as outlined in detail in [98]. The

fit follows concrete Carino’s equation [99]:

kth't

S(t) = SU . T+ knt Eq 4.2
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where Sy is the limiting compressive strength of the concrete (at a theoretical ‘infinite age”)
and k;, is a rate constant [days~!]. This equation accurately models the strength
dependence of traditional OPC based concretes before 28 days, and then becomes less
accurate for late stage strengths [98, 100]. It must be noted that this procedure is valid for
concrete, but it has been found that it fits quite well also for the non-vibrated 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 potential to meet standard BS EN 1504-3:2005 [38] for a non-
structural class R1 repair (= 10 MPa), but there is a growing degree of strength variability
in samples as they cure and it must be noted that the measurement was not strictly
complying with the standard BS EN 12190 for compressive strength testing methods for

repair materials.

16

14

~12
®

M
o

(0]

Strength, S (

o N OB O

0 5 10 15 20 25 30
Time, t (days)

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

[t is also interesting to investigate the compressive strength evolution over time in case of
vibrated geopolymer binders before being casted into the cubic mould. In this case, the fit

with Eq. 4.2 doesn’t work well, and the results are shown in Figure 4.23 without fitting, over
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56 days. In this case, the mean value of compressive strength for 28 days is between class
R1(=10 MPa) and class R2 (=15 MPa) for non-structural repair, while the mean value of
compressive strength for 56 days it’s between class R2 (=15 MPa) for non-structural repair,
and class R3 (=25 MPa) for structural repair, according to the standard BS EN 1504-3:2005
[38].

These results show that air bubbles are a limiting strength factor on a non-vibrated mix.
However, there is a growing degree of strength variability in samples as they cure, and so
these results need to be taken with caution. Therefore, it is more safe to consider the
material as a potential 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 1504-3:2005 [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 coatings were not cured at elevated temperatures, the mechanical properties
tested for the sample specimens could allow the material (vibrated and non-vibrated) to be

classified as a non-structural repair of the standard BS EN 1504-3:2005.

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

Figure 4.23 - Compressive strength values for geopolymer vibrated cubes as a function of time.
Error bars show the standard deviation, taken over three cube tests 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 4.3.6.6 for vibrated geopolymer binders, are shown in Table 4.5. For roughened
concrete surfaces (first row), an average strength value of 1.82 + 0.67 MPa has been found,

while un-treated concrete surfaces (second row) show an average value of 2.30 + 0.39 MPa.

The two values are quite close if we consider the errors associated, but the coatings applied
onto un-treated concrete surfaces show a slightly higher bond strength value than those
applied onto roughened concrete surfaces. This result is opposite to that expected, since a
roughened surface should create a better bond with the coating material. Besides, the
measured values for roughness of both un-treated and treated old concrete surfaces, shown
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 where the
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 in Figure 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 un-scoured surfaces show deeper 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 un-scoured surface. Moreover, from
the visual analysis of the types of failure in the two cases (see Table 4.5), one can see a
higher percentage of cohesion failure in the concrete substrate in the case of scoured
concrete surface specimens, and a prevalence of cohesion failure in the geopolymer coating,
in the case of un-scoured surface specimens. The cohesion failure in concrete is an index of
a better bond strength of the coating to concrete, and the lower result found for the first
row’s specimens of Table 4.5 may be due to slight uncertainties in the manual process of
applying the loads. In any case, both the bond strength values found are > 0.8 MPa, which

is a requirement to classify a material as a non-structural repair.

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

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

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

Type of Sample specimens Bond strength
bstrat

sul e 1 2 3 4 3 [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 vibrated before
application onto scoured (first row) and un-scoured (second row) concrete substrates.

4.4.2.3. Thermal expansion

The results for the coefficient of thermal expansion, a, measured according to the procedure
described in section 4.3.6.7, are shown in Figure 4.24. The graph shows the plots of the
contraction of the three samples G1, G2 and G3, measured by the LVDT, as the temperature
of the samples was lowered from 20 °C to 2 °C. The a value for each sample was calculated
from equation 4.1, where AL is the displacement measured between T =20°Cand T =2 °C
(the two extremities of the curves in Figure 4.24). This range of temperature was chosen
because they are representative of the storage facility temperatures in ducts and air inlets,
as internal reports for temperature and RH monthly measurements in the SPRS store in
Sellafield show. The final value and error for « is obtained from the average and standard
deviation of the three values: it is @ = 10.6 - 107® + 0.7 - 107 K=% . This result is in
accordance with the range of variation of the coefficient of thermal expansion for
geopolymer materials, already reported in section 4.2.2. It is also close to the known values

for concrete (13 - 107 —14- 107% K=¢[101]).
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Figure 4.24 - Displacement measured by the LVDT over a range of temperature 2 °C — 20 °C,
for three cylindrical geopolymer samples, and the average value of the coefficient of thermal
expansion a.

4.5. Further discussion

The challenge of ambient-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 in 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. The actual
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 reaction [103]. In order to have an idea of the Si/Al ratio
of the final geopolymer, 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 role in 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 cement-based self-sensing coatings for loading applications. Baeza et al.
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reported thinner patches had higher sensing capacity [104] 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 capabilities, it
can be assumed that the thickness of self-sensing 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 cracks [66].
Morgan [66] has stated that an ideal repair material should display a similar modulus of
elasticity and thermal expansion to the parent substrate 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 non-vibrated geopolymer binders,
and strictly according to the methods required by the standard for non-structural and
structural repairs. Despite this, the preliminary results obtained in this work are promising:
the measured value for the coefficient of thermal expansion is similar to the one for
concrete; the bond strength value measured satisfies the requirement for a non-structural
repair. As the aim of this work is to demonstrate a non-structural repair, for the time being,

measurements of elastic modulus are not required (according to BS EN 1504-3:2005 [38]).

4.6. Summary and future work

The work presented in this chapter has demonstrated that fly ash geopolymer coatings can
be cured at room temperature and high humidities without any additional grinding steps,
or additives. While ambient-cured coatings do take longer to cure, they are touch-dry within
one day, and are strong enough to have the potential to form a non-structural class R1 repair
from 28 days. For vibrated binders, they can reach a non-structural class R2 repair.
Accelerants (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 its prolonged curing at ambient temperatures.

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

show cracks, the extent of which is dependent on the mixing time;

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 only small 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.

Maturity of concrete: the results show that coating integrity doesn’t depend on
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.

Efflorescence: for low-temperature, 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, this chapter has outlined the manufacture of ambient-cured geopolymer

coatings for concrete, without the use of additives, that may be restricted in a nuclear

context. The most important consideration was the interaction between water-transport

processes and the geopolymerisation reaction 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 focus on further research in order to investigate and comply with the

following points:

solutions to the issues of efflorescence in humid environments;

the influence of a concrete substrate water saturation;

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

and integrity after prolonged geopolymer mixing;

e testing all the required properties for the assessment of non-structural repairs
strictly according to the methods required by the specific standard, and for vibrated

and not vibrated binders.

Moisture and chloride sensing feasibility and characterisation of the 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
worKk is to use the ambient cured low calcium fly ash geopolymer binders developed in this
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 chapter outlines the experimental characterisation of the geopolymer-based moisture
sensor developed in this work, providing a literature review on the existing moisture
sensing methods for structural health monitoring, and investigates the use of geopolymer
binders as sensors, providing a literature review 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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5. GEOPOLYMER-BASED
MOISTURE SENSORS

5.1. Introduction

The economic and social effects of aging, deterioration and extreme events on concrete
infrastructures have led to the awareness of the need for advanced structural health
monitoring and damage detection technologies [1]. Reinforced concrete structures can
employ a network of optical or electronic sensors to monitor the main causes of
deterioration [1, 2], and automated measurements of strain, temperature or chemical
contamination have been previously used to provide assessments of structural health. The
goal of these techniques is to allow in-operation monitoring, in order to optimise
maintenance and inspection [3]. This has been also demonstrated by integrating smart
material technology into health-monitoring systems [3, 4]. Smart materials are defined as
materials with built-in sensing and/or actuation functions [5]. They can serve as sensors,
with the advantage that they can be placed with different sizes even in remote and

inaccessible locations of various types of structures [3].

In particular, moisture plays a critical role in reinforced concrete corrosion, underpinning
structural degradation which costs the global economy a staggering $2.3 trillion per year
(3.4% GDP, 2013)[6, 7]. This growing sum must be added to the significant social and

environmental costs of continually maintaining concrete, especially as it underpins 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 freeze-thaw damage [8-10], as already discussed in 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 concrete
health monitoring [12-21]. The level of interest is particularly keen within industries with
significant inventories of safety-critical coastal, marine and riverside concrete assets, such
as nuclear, transport, and off-shore energy generation sectors. This 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 first-time demonstration of moisture sensors based on low calcium
fly ash geopolymers. As already seen in chapters 3 and 4, such materials are a class of
cementitious materials, which can be used as repairs for concrete. As shown in the previous
chapter, they exhibit similar thermal and mechanical properties to ordinary Portland
cement and adhere strongly to concrete substrates [22]. Geopolymers are also chemically
stable and show electrical conductivities in the range 107 — 1072 S/cm depending on mix
design [23-25]. The electrical conductivity of geopolymers is due to the presence of the
alkali metal ions (Nat, in the case of this work) introduced by the activator solution. This
has allowed to utilize them as ionic conductors, to correlate their electrical properties with
physical and chemical measurands. For this reason, geopolymers are highly suited to
concrete monitoring and maintenance applications, as ‘smart materials’: they have already
been developed as sensors for strain and temperature based on impedance measurements
[25-29]. At the time of writing, no literature has been found on geopolymer sensors for
water and chloride content. This constitutes one 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 ionic conductivity of alkali-activated materials.

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

content and temperature. This work is 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 monitoring in concrete have already been
proposed by previous authors, including: fibre-optic sensors [30, 31]; concrete electrical
resistance/conductivity/impedance measurements [32-43]; dielectric permittivity and
capacitive sensors [44]; and NEMS/MEMS (nano-/micro- electro-mechanical systems)
sensors [45]. It must be noted that most of these methods are directly applied onto concrete,
and they often consist of embedding electrodes or other sensing systems (such as optical
fibres) directly into concrete. A more detailed overview on the state of the art of existing
moisture sensing methods is provided in section 5.2.2. 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 directly embed electrodes into 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 of parameters
[46]. Before distributed moisture sensing can be explored, one must first demonstrate that
moisture sensing using geopolymers is feasible. This 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 chapter is organised as follows:

e Section 5.2 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 (section 5.2.2);

e section 5.3 describes the theory behind the principle of geopolymer sensing, with a

particular focus on moisture sensing;

e section 5.4 describes the materials and methods used for the geopolymer moisture

sensing characterisation;

e section 5.5 presents the results and discussion of this system characterisation,

e Section 5.6 concludes the chapter with a summary, and outlines future work.
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5.2. State of the art

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 sensors [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 self-sensing 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 section 5.2.2, while section 5.2.1
below provides a review on the existing geopolymer-based sensing applications applied to

structural health monitoring (SHM).

5.2.1. Previous geopolymer-based sensor applications

The research into low-cost, durable sensors for SHM has led to the use of piezoresistive
strain sensors based on conductive composites (typically polymers) or self-sensing
cementitious materials, in most cases with the addition of conductive fillers, such as carbon
fibers/nanotubes/nanofibers and graphene [49-55]. In these sensors, mechanical
deformation causes a change in electrical properties. They 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 concrete, both as conductive composites to
couple with concrete structures, and self-sensing cementitious materials. Geopolymer was
demonstrated to possess a direct piezoresistive effect originating from the migration of
mobile hydrated cations in the pores of the geopolymeric structure under loading [56, 57].
A preliminary study conducted on both Portland cement and geopolymer concrete [58]
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 self-sensing capability of a geopolymeric material
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[57, 59]. The following table summarises the main geopolymer-based sensing applications

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

Measurands Shown in
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 - 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 sensing methods are based on optical
fiber sensors and impedance measurements. Optical fiber sensors require geopolymers as
adhesives to be fixed onto concrete, and as shielding materials. Despite their advantages,
such as high accuracy and resolution among the others, optical fibers show the technical

challenge of providing affordable, long-term packaging to the fibers.

Impedance based sensors can be both self-sensing geopolymer composites and geopolymer
patches applied onto concretes. Despite the 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 in Table 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 materials for structural health monitoring applications
[26, 28, 53-55]. However, it must be noted that large-scale deployment of conductive fillers
in cementitious composites is limited due to serious issues including poor dispersibility,
incompatibility with the host materials, costs and health risks [25]. Moreover, the addition
of such fillers in safety-critical applications, such as those in nuclear context, introduces a
further issue, connected with 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 is to 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 here: fiber-optic sensors [30, 31]; concrete electrical
resistance/conductivity/impedance measurements [32-43]; capacitive sensors [44]; and

NEMS/MEMS (nano-/micro- electro-mechanical systems) sensors [45].

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

following Table 5.2. 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 to transmit signal over
along distance

Immune to electromagnetic
wave interference

Technical challenge of
providing affordable, long-
term packaging

Invasive: Mostly embedded
into concrete

Concrete
conductivity/resistivity /im-
pedance measurements

Simple procedure that uses
cheap equipment

Less accurate

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 of Relative
Humidity, not water content

NEMS/MEMS

Small and robust integrated
technology

Moisture and temperature
monitoring

Invasiveness: A number of
devices embedded into
concrete

More suitable for early age
concretes

Table 5.2 - Advantages and disadvantages 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 small
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 relationship between
relative humidity, the amount of moisture present in the sensor, and sensor capacitance. A

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

presents a reduced accuracy at RH values exceeding 90% [32].

Molina et al. [44] used a capacitive hygrometer to assess the moisture state of cementitious
materials, by drilling 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 cases the insertion of test tubes
directly after casting is recommended to 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 even weeks in the
worst case scenario, while only for early age materials it needs about 3 hours for the
measurement. Moreover, relative humidity (RH) of concrete is not equivalent to moisture
content, even if it can be related to it. All these points make the use and application of this
type of sensor less direct and easy, despite for early age samples measurements it showed

an accuracy ofup to +1 — 1.7 % RH.

5.2.2.2. NEMS/MEMS (nano-/micro- electro-mechanical systems)
Sensors
Nano-/micro- electro-mechanical systems are devices made of nano and micro components
and usually consist of a central unit that processes data (an integrated circuit chip such as
microprocessor) and several components that interact with the surroundings (such as
microsensors) [62, 63]. Their small dimensions allow them to 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 are needed 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 piezoresistor circuit

coupled with microcantilever beams with a vapor-sensitive 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 Weatstone Bridge
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 hardened material,
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 the technology difficult to
be applied to existing safety-critical 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 moisture absorption in concrete by means of
a fiber Bragg grating (FBG) coated with a moisture sensitive polymer. The polymer-coated
FBG sensor detects moisture through the strain induced on the device as a result of the
polymer swelling caused by moisture absorption. 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 humidity-sensitive material coated on the fiber.

The FBG-fiber optic sensor utilizes the shifting of the Bragg wavelength (A1) caused by the
change of strain (4¢€) which was caused in turn by the expansion of the humidity-sensitive
material coated on the fiber. Bragg wavelength Az is a function of the core refractive
effective index of optical fiber (n) and the lattice period (A) of the grating. A schematic
representation of a FBG is shown in Figure 5.1: the impact of external environment on
lattice, i.e. strain induced by the humidity-sensitive material, will change the Bragg

wavelength, as a consequence of the change of A and n.
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Figure 5.1 - Schematic representation of a Fiber Bragg Grating (FBG) [2].

The equation which relates Agto A and n is:

Ag=2n-A Eq.5.1

An optical interrogator emits a broadband light. The light is guided within the fiber, meets
the grating, and a narrow distribution of wavelengths are back-reflected towards the optical

interrogator.

Yeo et al. [30, 31] demonstrated that optical-fiber-based humidity sensors of this type can
determine the changes in the moisture content in different concrete samples, and react to
the ingress of water, detecting the moisture migrating through concrete. Some works
previous to those of Yeo, such as [64], developed optical fiber sensors capable of detecting
the beginning of composite failure in aircraft structures, such as delamination and moisture
ingress issues. These sensors were embedded directly into the composite part during

manufacturing and based on a Bragg grating system, or on a long period grating 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 may incorporate a series of
interrogated sensors multiplexed along a single fiber [47, 65]. On the other hand, the
technical challenge of providing affordable, long-term packaging to the fibers often
represents a barrier to their widespread use [2, 66]. Electronic sensors, on the other hand,
despite their lower resolution and accuracy, provide a more established, cost-effective route
for health evaluation [2, 65]. Besides, the optical fiber-based sensors reviewed 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 properties of concrete. Most times they directly apply
electrodes into the concrete system [34, 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, as it will 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, which highly depends on

water content.

Spencer et al. [68] and Woelfl et al. [35] demonstrated that electrical resistance can be used
to measure the moisture content of concrete: their study showed that electrical resistance
increases as moisture content decreases. In [35], 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 current 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 concrete are more accurate (i.e. fiber optics), 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 be means 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 - Schematic representation of four point probes resistivity measurement of a
concrete slab, as in [43]

Sanchez et al. [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.

These existing 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 concretes. These 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 to further improve

their conductivity [33].

In this thesis, a sensing solution based on a separate conductive medium acting as sensor
for moisture content and temperature is developed: low calcium fly ash geopolymer
materials are used. As shown in 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 moisture sensing
capability. In order to understand the sensing principle of the system characterised in this
chapter, next section provides some useful theory on impedance-based geopolymer

Sensors.
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5.3. Theory: impedance-based geopolymer sensors

A detailed description of geopolymer electrical properties and geopolymer sensors based
on impedance measurements is presented in this section, with a particular focus on the
theory behind the sensing system prototype developed in this work of thesis (see sections

5.3.2.1 and 5.3.3).

5.3.1. Geopolymer’s conductivity

The electrical conductivity of geopolymers stems from the alkali metal cations (Na* in the
case of this work) introduced by the activator solution [22, 23]. A proportion of the
population of these cations is actively bonded to the negatively charged alumino-silicate
matrix. The remaining ions are mobile, able to move through the matrix, partly because it is
disordered (rather than crystalline) [69]. They increase the ionic content of the water inside
the cured material's pores, migrating along the pore network and acting as carriers of
electrical current under an applied voltage [24]. Geopolymers are therefore often referred

to as solid electrolytes, electrolytic conductors, or ionic conductors.

Measured changes in the electrical properties of geopolymers at varying of physical and
chemical measurands allow these materials to be employed as sensors [2, 25-28]: some
authors have already measured resistance, conductivity and impedance changes in
geopolymer binders to sense physical properties such as strain and temperature [70]. In
this work, Electrochemical Impedance Spectroscopy (EIS) is employed to use geopolymer
samples as moisture sensors. The following section provides a theoretical description of the

electrochemical impedance spectroscopy technique applied to geopolymers.

5.3.2. Electrochemical impedance spectroscopy (EIS)

Geopolymers can be electrically interrogated using metal electrodes, which are embedded
prior to curing. This produces a sensor cell, as the one developed during the work outlined

in this thesis, shown in Figure 5.3.
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Figure 5.3 - Photograph of geopolymer sensor cell showing electrodes used for sensor
interrogation.

While standard circuits are comprised mainly of electronic conductors, geopolymer sensors
are a composite of electronic conductors (the metal electrodes) in contact with an ionic
conductor (the geopolymer). They are therefore classed as an electrochemical system, and
exhibit behaviours that are not present in most standard electronic sensors. As geopolymers
behave as electrolytes, they cannot be reliably interrogated using a dc current/voltage,
since dc current causes electrolysis in electrolytes. For this reason, geopolymers are
interrogated by applying ac current/voltage, and the frequency of this ac current/voltage
can be altered (and the cell’s response measured) by means of the Electrochemical
Impedance Spectroscopy (EIS) technique. As the response of the cell is dependent on the ac
frequency, sweeping the frequency provides a rich dataset which can be used to improve
our understanding of sensing behaviour or the underlying electrochemical processes

occurring in the cell.
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EIS is a non-destructive technique that can be used to analyse electrochemical systems both
atrestand in response to external measurands. EIS can be Galvanostatic, when an ac current
is applied to the electrochemical system, and an ac voltage is measured, or Potentiostatic,
when an ac voltage is applied to the electrochemical system and an ac current is measured.
In this work, a Potentiostatic EIS was used. The reason for this is that the Potentiostatic EIS
is self-limiting, avoids electrical breakdowns and applies voltage, which is easier to apply
than current using electronics. In Potentiostatic EIS, the frequency-dependent current
response of the sensor cell, I(t), is measured during an applied, time-varying voltage

excitation, V (t) [71]:
V(t) = V,cos(wt), Eq5.2
I1(t) = Iy cos(wt — p(w)).

Here, V, and [, are the amplitudes of the applied voltage and measured current
respectively, ¢ (w) is the frequency-dependent phase difference between V(t) and I(t), and
w = 2nf is the radial frequency of applied ac voltage. The electrical impedance of the cell,

Z, which is a complex quantity, can be defined using Euler notation as [71]:

v _
1t

Zmoa(cos(@) + isin(9)) = Zmoae™, Eq.5.3

Where i is the imaginary unit, Z,,,4(w) = |Z| is the frequency-dependent magnitude or
modulus of the impedence, and ¢ = arg(Z) is the phase angle between real and imaginary
components. The real component of the impedance, Z,., = Re(Z), is the electrical
resistance of the cell, while the imaginary component, Z;;,,4 = Im(Z), is its reactance.
Inductive elements in a sensor cell, L, cause current changes to lag behind applied voltage,

as Zimag = iwL. Capacitive elements, C, meanwhile, cause current changes to lead the

voltage as Zjpqg = _wic' Acquired EIS impedance data are typically assessed using a

combination of Bode plots (plots of Z,,,,4 and ¢ against swept frequency), and Nyquist plots
(plots of Zj ;44 against Zyeq;).
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5.3.2.1. The electrical impedance of geopolymers

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

include the:

e Resistance of the Electrolyte, R,: the resistance of the liquid electrolyte within the
geopolymer pores. This resistance depends on the number of ions (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].

e (Connected pore resistance, R, and unconnected pore resistance, R,,.: the resistance
of the ion conducting pathways between the connected (percolating) and

unconnected pores in the geopolymer matrix [75].

e Solid phase, or bulk capacitance, C,: 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.

e Interface resistance, R;, and double layer capacitance, C;, at the specimen-electrode
interface: a single layer of Na* 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 from the Na™ in the geopolymer.

e Pore wall capacitance, C, : a double layer capacitance present between the

unconnected pores of the pore solution.

In the present work, modifications have been made to this standard model to produce a new

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

1. The solid phase capacitance is described by:

Cp =g e Eq.5.4
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where g, is the effective dielectric constant of the solid phase of the geopolymer cell,
A, is the shared area between the electrodes in the specimen, and d is the
separation between the electrodes. In the present work, the electrodes 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 that A << d, and C,, = OF. Capacitor C, is therefore removed.

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

described by:

Zope = = —— Eq.5.5

Yo (iw)e”

where Y, and a' =[0,1] are fitting parameters. While the use of CPEs in
electrochemical circuit modelling is common, it is a slightly controversial approach
as Yy and a’ do not have widely accepted physical meanings. However, it is 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.
Athigh 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.

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

suggested that it could also stem from genuine electrochemical processes, such as
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relaxation of adsorbates on the electrodes [77]. Regardless of the cause, inductive
effects were seen in our system, and so an inductance term, L, and corresponding

resistance, R, was added to the equivalent circuit.
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Figure 5.4 - a) The equivalent circuit previously used to describe alkali-activated materials. b)
The equivalent circuit used to describe the geopolymer cells in this work.

The overall impedance response of the geopolymer sensor modelled by the circuit shown

in Figure 5.4 b) is:
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Z = Re + Ztransport + Zelectrode: EQ- 5.6

where Ziransport aNd Zejectroge, found through parallel sums of components, capture the

total impedance of ion transport and electrode effects respectively.

After this theoretical description of the electrical impedance for the sensor cell prototype in

Figure 5.3, the following section introduces the 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 sensing, as shown
in section 5.2.1. For a geopolymer cell consisting of metal electrodes (copper, stainless steel,
etc...), connected to an EIS interrogation system, the equation for the magnitude of the
impedance, Z,,,4, is:
—|zl= Wl _ pL

Zmoa = |Z| = T Eq.5.7
where A is the contact area of each electrode with the geopolymer, L is the distance between
the electrodes in the geopolymer material and p is the resistivity of the geopolymer
material. Assuming no changes in strain and ion concentration are happening, fractional
changes in impedance are induced by changes in moisture and temperature, as described

by the following equation:
AZmod
— = p(AW) + q(AT) Eq.5.8

where p and q are two functions, which describe the geopolymer sensor's moisture and
temperature sensitivity respectively, AW is the change in moisture, and AT is the change in

temperature.

However, no previous literature is available on geopolymer-based moisture sensors, so far.
As such, the theoretical sensing principle for geopolymer moisture sensors that we use must

begin by drawing on the literature for concrete and other similar cementitious materials.

Geopolymer-based moisture sensors 124



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

Bulk electrical conductivity in cementitious materials is a function of the conductivity of the
pore solution, gy, the volume of the pore network filled with pore solution, ¢.,,, and the

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

0 = 09 Pcon - Eq.5.9

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

measurands which alter the three factors on the right hand side of equation 5.9.

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

systems [78]:

In(o) = % +D,T + Ds, Eq.5.10

where D;, D, and D5 are constants.

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

A= Eq.5.11

1
P
For a fixed cell geometry, the modulus of admittance, A,,,4 = |A|, is proportional to

conductivity, o.

While the first term in equation 5.10, i.e. D1/T, has been used on its own to describe the
‘Arrhenius dependence’ of geopolymer conductivity on temperature in previous literature

[2, 27, 28], in this work the full form of equation 5.10 is used.
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Water content within the geopolymer, meanwhile, can affect all three factors in equation
5.9. It reduces the conductivity of the pore solution, gy, by diluting it, but meanwhile
increases pore fill volume, ¢.,,, and connectivity, § [40]. At very low water contents,
conductivity can decrease dramatically as the liquid electrolyte cannot cover the internal
surfaces of the pores [40]. Given the lack of previous literature on geopolymer moisture
sensors, a reference to previous studies of ordinary Portland cement systems is made. In
most of these studies, electrical conductivity was found to have an exponential dependence

on water content [34], which can be described by the following equation:
o= a; eV Eq.5.12
where o is the conductivity of concrete, W is the water content and a; and a, are constants.

In this work, the decreasing of impedance with water content was found to be described by
equation 5.13, which provides a good fit to the impedance experimental data, as shown in

section 5.5:

a4

Zmod = Q3 * ew Eq.5.13

where Z,,,,4 is the impedance modulus of the geopolymer cell, W is the water content and

as and a4 are constants.

Equation 5.13 ca be re-expressed as:
In(2) = % + D, Eq.5.14
where D, and Ds are constants.

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

for the geopolymer sensor:

In (M) =94 6,T+E+6,TL+6,, Eq.5.15
Zmod,o T w w

where G; s are constant. Equation 5.15 includes an additional cross-dependence term

between moisture and temperature (G.+T/W). The equation considers shifts in the modulus

of the impedance only, and furthermore normalizes all Z,,,,4 values by Z;,,,4 o, where Z,,4 o

is the impedance of the sensor in ambient conditions (in this work, defined as a water

content of 60wt% and at a temperature of 20 °C). This normalization makes the
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characterization equation less sensitive to variations in sensor geometry. These equations
have been used in the results section for the moisture and temperature characterization of

the sensor prototype.

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

temperature sensor characterisation experiment.

5.4. Materials and Methods

This section presents a detailed description of the materials and methods used for the
manufacture, set-up, characterisation and testing of a newly developed low calcium fly ash

geopolymer moisture and temperature sensor prototype.

5.4.1. Sensor fabrication

The geopolymer binder used in this work was synthesized from low calcium fly 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 = 0.4. A detailed description of the geopolymer binder's
fabrication, its mechanical properties and suitability as a repair is described in chapter 4.
The mixed binder was poured into rectangular silicon moulds (dimensions 55mm x 30mm
x 15mm) with electrodes penetrating 2 mm into the corners to cast the geopolymer cells
shown in Figure 5.3, and schematically shown in Figure 5.5. The electrodes were 7-wire
braided stainless steel wires of diameter 0.4 mm. The geopolymer cells were cured for 30
days at 20 °C and 95% relative humidity in an environmental chamber prior to testing. The
reasons for this choice were detailed in chapter 4, and are related with the nuclear context

where the sample is going to be deployed in future.
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Figure 5.5 - Schematic representation of the geopolymer cell shown in Figure 5.3.
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The four-electrode configuration shown in Figure 5.3 and in Figure 5.5 is known as Van Der
Pauw configuration. It minimizes lead and contact resistance effects, and the influence of
electrode polarization at low frequencies [79, 80]. It was also found in preliminary work
that this configuration reduces stress and the probability of micro-cracking in the samples
at the electrode-geopolymer interface as samples cure and shrink, partly because it

maximizes the distance between adjacent electrodes.

5.4.2. Interrogation system

During potentiostatic EIS a 10mV voltage was applied to geopolymer cells. The low
magnitude of the voltage produces a pseudo-linear current response, allowing impedance
to be calculated more conveniently [71, 81]. The frequency of the applied voltage was swept

over the range 10 Hz —100 kHz during impedance characterization.

5.4.3. Calibration methods

The procedure for the moisture and temperature calibration is summarized as a flowchart

in Figure 5.6:

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

a high water content.
2. Surface water was removed from the cell, and its wet mass, M; ;, was measured.

3. Geopolymer cells were sealed in a box for 24 hours to allow water within the pores
to equilibrate and homogenize, as shown in Figure 5.7. This ensured that moisture
measurements were conducted in a steady state regime. The sealed sample was

placed in an environmental chamber and connected to the interrogation system. A
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separate data logger was placed within the box to verify temperature and relative
humidity measurements (resolution of 0.5 °C and 0.5% RH). The schematic

representation of this experimental set-up is shown in Figure 5.8.

Temperatures within the chamber were cycled in ~ 5°C steps from ~ 5°C to ~ 30°C
and back to ~ 5°C. For each temperature point, temperatures were held for 2 hours
to allow the system to reach thermal equilibrium. Once thermal equilibrium was
reached, impedance spectra were measured twenty times over a 20 minutes

duration, to allow an average to be taken.

After temperature cycling, the geopolymer sensor was taken out of the sealed
container and its wet mass, M; ,, was weighed a second time. The wet mass M; was
then defined as the mean value of M;; and M;,, 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 was repeated for all target moisture
contents. Some samples underwent several drying and wetting cycles and several
temperature cycles to assess sensor repeatability. Once the characterization was
complete, each sample was completely dried in an oven at 105 °C for 24 hours and
its dry mass M; was measured. This allowed the gravimetric water content W; of

the samples to be quantified [82]:

W (wt%) = ==2 x 100 Eq.5.16
d
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1. Water immersion

A 4

2. Mass measurement (M 1) A=

A

3. Sealing the sample

A J

4. Impedance measurement

h A

5. Mass measurement (M;2)

v

Repeat for each water content

T T P T L]

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 - (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 - Scheme of the experimental set-up for the EIS measurement of the geopolymer cell
sample at each water content.

5.4.4. Post-mortem examination of ion leaching

The drying and wetting cycles could cause Na*, Si* and Cl”ions from the geopolymer to
leach from samples, reducing their ionic conductivity over time. To assess this, inductively
coupled plasma optical emission spectrometry (ICPOES) and ion chromatography (IC) were
used to measure ionic leaching from geopolymer cells. Sensors were immersed three
consecutive times in 1.1 L of deionized water for 24 hours. After each wash, water samples

were collected and filtered with a 0.45 um pore size filter prior to analysis of ion content.
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5.5. Results and discussion

5.5.1. Geopolymer cell impedance response

Figure 5.9 shows a typical Bode plot of phase ¢ and Z,,,4 for a geopolymer sensor, taken at
a water content of W = 88 % and temperature of T = 20 °C. The fits shown use the
equivalent circuit model given in Figure 5.4 b), and the values for each component are given

in Table 5.3. The fits of Figure 5.9 show that the circuit model in Figure 5.4 b) well describes

the geopolymer cell.
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Figure 5.9 - Bode plot for Z,,,4 and phase ¢ obtained for sensor at W = 88% and T = 20°C.
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Circuit R, R, Ryc Y, a, R; Y; a; L R,
element  [Q] (@] [Q] [WF] [@  [nF] [wH]  [Q]
Value 108 57 33 50 0.7 63 74 0.5 0.7 5

Table 5.3 - Values of parameters used in the equivalent circuit model of Figure 5.4 b) for
impedance data shown in Figure 5.9.

5.5.2. Temperature dependence of impedance

Figure 5.10 shows Bode plots for sensors at temperatures ranging from 6 °C to 30 °C. In this
figure, isotherms have been plotted on the y-axis by taking the product of the modulus of

admittance and temperature, or Ay,,pq * T

-~ 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)

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

log . ,(f, Hz)

Figure 5.10 - Bode plots of isotherms of A,,,,4 - T. Data shown is for samples at a constant water
content of W = 77%.
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Figure 5.10 demonstrates that the geopolymer sensors obey a scaling law typical of ionic
conductors known as Summerfield scaling [69]: the shape of each Bode plot is independent
of temperature (e.g.the T = 11 °C line can be shifted up or down to superimpose onto any
other temperature line). This means that we can define a master curve, arbitrarily defining
a baseline frequency of f; = 100 Hz, and a baseline admittance at 100 Hz of Ay moq =
Amoa(100HZ) for each line. This allows us to plot all of the data shown in Figure 5.10 onto

a single scaled Summerfield plot, which is shown in Figure 5.11.
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Figure 5.11 - Scaled Summerfield plot representing all data in Figure 5.10 in a single data series.

The overlap of the isotherms in Figure 5.11 shows that the number of mobile ions is

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

temperature superposition).

Figure 5.10 and Figure 5.11 have consequences for temperature sensing. In order to
monitor temperature using geopolymers, it possible to choose almost any excitation
frequency in the linear region of Figure 5.11. It is not prudent to use frequencies that are
too low, as this can encourage electrolysis, driving gradual ion migration to one electrode,
thus causing corrosive chemical reactions (and, as might be expected given the theory
above, corrosion at low interrogation frequencies is particularly 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 =51wt% to W = 88wt%, and at a constant temperature of T = 20°C. As the water
content decreases, impedance increases as expected. Resistive and inductive circuit
elements in the modelled system all increase in magnitude as the water content decreases

(Table 5.3).
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Figure 5.12 - Nyquist plots from 10 Hz to 100 kHz, for a geopolymer sample system at 20°C for
different water contents. Fits are obtained using the equivalent circuit model shown in Figure
5.4 b).

Repeating the scaled Summerfield plot process for water contents produces the plot shown
in Figure 5.13. The trend is similar to Figure 5.11, but there is more scatter in the results. It
is clear that water, like temperature, speeds up the ion hopping process. This makes
physical sense: as described by equation 5.9, water increases the connectivity of the pore
network and the volume of the pore network filled with electrolyte solution. It is possible
to hypothesise that the added scatter in the Summerfield plot could be 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

6.4.2 of chapter 6.
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Figure 5.13 - Scaled Summerfield plots for water as a colorized set of series for each water
content value.

From the perspective of sensing, the increased scatter in results at higher frequencies
suggests that this could be a more sensitive region for sensing moisture contents and
distinguishing them from temperature shifts. It has therefore been selected a single
frequency of 10 kHz for the remainder of the sensor characterization described in this
chapter. As shown by Figure 5.9, this frequency also corresponds to the region where phase
angles tend to be at their highest values, but the frequencies are not so high to see the

influence of the inductance that is currently not possible to fully explain.
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5.5.4. Sensor response

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

Zmod

contents. Here the sensor response has been defined as , where Z;,,,4 o is the modulus

mod,0
of impedance of the sensor in ambient conditions (i.e. at a water content of 60% and at a

temperature of 20 °C). As shown, equations 5.10 and 5.14 provide good non-linear fits to

the data.
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Figure 5.14 - a) Plots of Z 04/ Zmoa,0 versus temperature for each water content. Non-linear fits

use equation 5.10. b) Plots of Z;;,4/Zmoa,0 Versus water content for each temperature. Non-
linear fits use equation 5.14.
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The overall response of the sensor for any general water/temperature combination is better
characterized by fitting temperature and moisture simultaneously, using equation 5.15.
Figure 5.15 shows the data from Figure 5.14 on a 3D scatterplot. Here the “dryness” of the
sample has been defined as the inverse of its moisture content, or 1/W. This allows to fit a
surface described by equation 5.15, where the parameters of the fit and their standard

errors are given in Table 5.4.

Dryness, 1/wt% Temperature, °C

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

Parameter G, G, G3 G, G,
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

Table 5.4 - Parameters and their 95% confidence bounds for the plane of best fit, equation 5.15,
shown in Figure 5.15.

Using these parameterization constants, the water content of a sample can be ascertained if

a second reference sensor (a nearby thermocouple) is used for temperature compensation

as:
G3+G4T
W = —5—21% Eq.5.17
In(Zmed \_21_c TG
Zmod,0 T
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5.5.5. Sensor precision

The non-linear dependence of the sensor from water content and temperature means that
the precision is not fixed for all water contents and temperatures. In general, precision is
higher when the changes in impedance are large, i.e. when the conductivity of the sample is
high, at high temperatures and moisture contents. Nevertheless, the precision can be
calculated by mapping the impedance fluctuations 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 1 (sections A-1.1 and A-1.2). The fractional

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

As such, the results of this exercise, shown in Table 5.5, demonstrate that, even in worse
case conditions, the precision of the sensor is acceptable, at §W = 0.3 wt% and 6T =

0.2 °C. In typical conditions, precisions of SW = 0.1 wt% and 6T = 0.1 °C are achievable.

Moisture precision Temperature precision
SW,wt% oT,°C
Worst case 0.26 0.18
Typical case 0.09 0.10
Best case 0.02 0.06

Table 5.5 - 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, Pooled 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 within a maximum deviation of 1 — 2%. For moisture, sensor pooled
repeatability between all three wetting cycles is 3 — 4%. This corresponds to a repeatability

in moisture measurement of 0.2 - 1.5 wt%.
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Figure 5.16 - Sensor response for increasing and decreasing temperature cycles for w =
89 wt%. Non-linear fits use equation 5.10 for Z.
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Figure 5.17 - Sensor response for three consecutive wetting-drying cycles. Non-linear fits use
equation 5.13 for Z.

Geopolymer-based moisture sensors 142



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

5.5.7. Critical comparison with other sensors

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

comparable or lower repeatability.

Precision Repeatability Continuous
(vol%) (vol%) measurement?
Neutron scattering 0.01-4 0.02 No
Time-domain reflectometry 1-3 0.2 Yes
Frequency domain reflectometry 1-3 0.2 Yes
Geopolymer sensor 0.03—0.5 0.2-2 Yes

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

5.5.8. Ion leaching

The good repeatability of the impedance response with moisture shown in Figure 5.17
suggests that ion leaching is minimal. However, ICP and IC analyses were conducted to
assess long-term moisture sensing performance. The results, shown in Table 5.7, suggest
that Nat ions do leach in small quantities from the geopolymer when it is submerged in
water, along with silicon and chloride ions. Despite this, their percentages are thought to be
a small fraction of the sodium that the geopolymer binder contains. Whether Nat* exists in
the bulk pore solution or adsorbed onto the pore walls is unknown and beyond the scope of
this work but the very low levels of Nat+ being leached during the wash cycles (15-51 mg/L)

shown in Table 5.7 is an encouraging sign for the long term performance of the sensor.

Wash cycle Na* [%] Si* [%] Cl™ [%]
1stwash 0.06496 0.00393 0.00062
2ndwash 0.03716 0.00262 0.00018
3rdwash 0.12294 0.01382 0.00031

Table 5.7 - Percentage of Na*, Sitand Cl™ ions leached from the geopolymer sample into
deionized water.
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5.5.9. Sensor drift

Another important parameter to investigate is the long-term stability of the sensor's
response. Low frequency changes in the sensor response (sensor drift) were extracted
independently of high frequency changes (noise), using a low-pass filter: the signal was
smoothed with a 20 sample (20 minute) period moving average with a window of 5
minutes. The drift is defined as the maximum fractional shift in this smoothed signal. Using
this approach allowed to extract a drift indicator for all temperature and moisture points
over a total sampling period of 28 days. The result, shown in Figure 5.18, shows that sensor
drift is usually negative, and worst at high temperatures and low moisture contents, but is

always < 3% over each 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 data points plotted in Figure 5.15.

5.6. Summary and future work

This chapter has provided the first time demonstration in literature of the viability of
monitoring moisture content in low calcium fly ash geopolymers. In this work, a sensor

prototype was developed. It is made of a geopolymer block with stainless steel electrodes
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in a Van Der Pauw configuration, coupled with an electrical interrogation system to measure
electrical impedance. A laboratory experimental campaign of impedance measurements
was conducted in order to characterize the sensor and assess its performance (precision,

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

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 prototype
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 the capability 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 analyses showed that a
high sensor repeatability stemmed from the fact that relatively low levels of Nat (the main

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

It was found that, in general, sensor performance is lower at low moisture contents (25
wt%). Electrical conductivity (and so sensitivity) decreases as the sensor is dried, and this
leads to a lower achievable precision. Low moisture combined with high temperature (30
°C) was meanwhile found to lead to a higher sensor drift. This may partly be due to some
change in the physical mechanisms behind geopolymer electrical conductivity when pore
connectivity is low and ion mobility is high. The affordability of the technique 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 a broader range of
moisture contents with affordable electronics. The sensor prototype outlined constitutes 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 the sensor, investigate field deployment
methods, and explicitly demonstrate that moisture can be ascertained independently of
temperature when a second reference sensor (a nearby thermocouple) is 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 geopolymer-based 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. GEOPOLYMER-BASED
CHLORIDE SENSORS

6.1. Introduction

Degradation of reinforced concrete structures is a problem of primary importance for the
ageing population of structures of many developed countries, and for safety-critical
structures, such as those in nuclear context. One of the major causes of reinforced concrete
degradation is chloride ingress [1-3], together with moisture content. Exposure of concrete
structures to chloride-bearing solutions such as sea water or de-icing salts can lead to

corrosion of steel reinforcement, thus causing concrete degradation [4].

According to statistics, many reinforced concrete structures and infrastructures were
damaged by chloride penetrating from the surrounding environment, over longer duration
of exposure, especially in tidal zones and coastal areas [4-8]. Corrosion induced by chloride
has led to very high repair costs, which sometimes overcome the initial construction cost,
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, control and mitigation. This is particularly valid for safety critical
structures, such as those in a nuclear context, where concrete assets are usually coastal, and

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

Section 2.4.1 outlined that no chloride content monitoring inside concrete has been applied

to reinforced concrete nuclear stores so far. The techniques used so far in nuclear store
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structures, such as steel sample plates and chloride candles measuring atmospheric salt
content [10], are giving representative surface salt deposition measurements. They don'’t
provide a value for the chloride content of the concrete. As already seen in chapter 2, the
absence of air filtering mechanisms in some of those structures makes the need for forefront

monitoring technologies even more urgent and fundamental.

Chloride monitoring is challenging. Some techniques for measuring chloride content in
reinforced concrete have already been investigated. Some of them are destructive 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 interest for non-destructive techniques (NDT)
to measure chloride content in reinforced concrete, such as lon selective electrodes (ISE)
[11-16], Optical fiber sensors (OFS) [17-19] and Electrical resistivity (ER) [20-26]. These
methods consist of external or embedded equipment to concrete or other cementitious
materials to which they are applied [11, 27]. Embedded sensors have been used to monitor
the initiation of corrosion of steel reinforcement with time, and measure the open circuit
potential and polarisation of steel reinforcement, humidity inside the concrete, chloride
content and other properties [4]. Among these techniques, electrochemical impedance
spectroscopy (EIS) has been used for corrosion assessment [28], and for chloride diffusion
coefficient estimation [29-31] in laboratory concrete specimens. Most of the existing
applications of these techniques present the drawback of needing the sensor to be
embedded into concrete (which requires forethought or drilling). More detail on these

competing sensor methods is provided in section 6.2.1 of this thesis.

This chapter represents a first time demonstration of geopolymer-based chloride sensors.
In this system, Electrochemical Impedance Spectroscopy is applied to low calcium fly ash
geopolymer binders, rather than directly to concrete. This solution takes advantage of the
electrolytic nature of geopolymers, which show higher conductivities than concrete, as
already shown in the previous chapter. This allows them to be used without the need of
conductive additives. Another advantage of applying EIS to geopolymers is given by the
advantageous chemical and physical properties of such materials and their strong adhesion
to concrete, as already shown in chapters 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 manufactured without any additive or grinding processes, can be

applied as thin coatings onto concrete, and achieve mechanical properties which make them
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suitable to be used as non-structural repair. Avoiding heating and additives, such as plastic
fibers, makes this system suitable to be used in safety-critical applications, in a nuclear

context.

This sensing system can be produced as both skin sensors applied onto concrete (a
preliminary laboratory characterisation of such system is provided in chapter 7) or
independent sensor prototypes to be deployed near concrete structures. The moisture
sensing capability of geopolymers has already been demonstrated in chapter 5. The work
outlined in this chapter has the aim of demonstrating the chloride sensing capability of
geopolymers. It investigates the chloride sensing capability of the same geopolymer sensor
prototype described in chapter 5. This study constitutes the first step in the development of
a system which has the future aim of being applied as a distributed geopolymer skin sensor

for concrete structures.

The remainder of this chapter starts with section 6.2, where the state of the art of the
existing chloride sensing methods for structural health monitoring is presented 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 the chloride sensor presented
and characterised in this chapter is outlined (section 6.2.3). Section 6.3 describes the
materials and methods used for the experimental characterisation of the sensor. The results
of the experiment and the relative discussion are presented in section 6.4. Finally,

conclusions and future work are found in section 6.5.

6.2. Theory and state of the art

A review on the existing methods to measure chloride in concrete for structural health
monitoring (SHM), the chloride sensing system characterised in this chapter, and the theory
behind its sensing principle are presented respectively in section 6.2.1, in section 6.2.2 and

in section 6.2.3.

6.2.1. State of the art: chloride monitoring methods for SHM

According to the critical review made by 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 in the field: they
determine the concrete’s chloride diffusion coefficient to predict the rate of diffusion
processes, and are useful for decision-making. Field destructive tests, meanwhile, take
samples from in-service 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 maintenance). Since the ‘90s, some non-
destructive techniques have been developed and applied to chloride content measurement
in reinforced concrete structures: they consist of external techniques and embedded
sensors. All the mentioned techniques are shown in Table 6.1, and classified by
measurement output (i.e. what the techniques directly 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 (EIS)

Ponding test One-dimentional chloride ingress profile

Volhard method Total chloride content X
Destructive

chemical

Potentiometric evaluation

Free chlorides =
Destructive

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 content, chloride ingress and estimating
diffusion coefficient in concrete specimens and structures, according to [2]

Recent interest has focused more on non-destructive techniques, which are of interest for
this work. For this reason, the following three sub-sections present a detailed description
of the most promising non-destructive techniques for chloride sensing in concrete: Ion
selective electrodes (ISE) [11-16], Optical fiber sensors (OFS) [17-19] and Electrical
resistivity (ER) [20-26].

6.2.1.1. Ion selective electrodes (ISE) device

An ion selective electrode (ISE) is a transducer that converts the activity of a specific ion

dissolved in a sample into an electrical potential. The ISE selects a specific ion by a selective

Geopolymer-based chloride sensors 155



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

membrane, which can be of four types [32, 33]: glass, solid state, liquid based, and
compound electrode. The lon selective electrode is coupled with a reference electrode (RE)
(which is usually a calomel electrode®). These embedded sensors determine free chloride
concentration near the rebar by measuring changes in the potential difference. Those
potential difference changes are related to chemical activity and chloride ion concentration

by Nernst equation|[2]:
RT
AV =V =V, = el In(aci-) = Vyer Eq.6.1

where V is the measured potential, V/; 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, ac;- is the chemical activity of chloride ions, and V. is the standard potential of

the reference electrode.

Elsener et al. [11] used an ISE commercial sensor element to monitor the chloride uptake
into mortar specimens. The sensor element was a 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 questionable long term stability of the reference
electrode over several years, and the influence of electric fields on the potential readings of
the sensors. Atkins et al. [12, 13] demonstrated the use of silver/silver chloride electrodes
as a chloride-monitoring device in concrete, to determine free chloride ion concentration in
pressure-extracted cement pore water and in concrete. Some issues were found to be:
errors due to the difference in temperature between the measurement and reference
electrode; an over estimation of bromide in seawater; potential shifts due to the potential
field between the Luggin probe (a small tube which represents the sensing point for the
reference electrode near the working electrode) and the silver/silver chloride electrode.
Duffo et al. [14, 15] demonstrated that laboratory-made Ag/AgCl electrodes embedded in
concrete are chloride-sensitive, and the feasibility of an integrated, embedded into concrete
and cost-effective sensor system able to monitor the state of reinforced concrete structures
from the corrosion point of view, and to measure the chloride ions concentration and the

temperature inside the concrete structure.

6 A calomel electrode is a type of half-cell in which the electrode is mercury coated with calomel (Hg2Clz) and
the electrolyte is a solution of potassium chloride and saturated calomel.
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The general advantages and disadvantages of ISE devices can be summarised and listed in

the following Table 6.2:

Advantages Disadvantages

e  Temperature can lead to measurement shifts

e  Chemical stability in aggressive Environments (since they are sensitive to temperature
changes)
e Easy fabrication e  High alkalinity of pore solution can interfere

with the potentiometric response

e Itcan be used to sense other parameters, such
as temperature e The presence of electrical fields produces shifts
in the potential difference measurement

e Ithasbeen widely used in Electrochemistry

e Aprior calibration of the reference electrode is
necessary, since not in any experimental
conditions it shows long term stability

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

Table 6.2 - Advantages and disadvantages of Ion Selective Electrode sensors, according to [2].

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, 1,,,, which is related to both the refractive index of the surrounding
medium and of the cladding. Fuhr et al. [17] monitored chloride penetration in a steel bridge
in Vermont, US, with FOSs embedded at various points along the bridge: the chloride sensor
was based on the interaction between the chloride ions and a sol-gel film, which was
positioned between the input-output 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 fibers: they measured chloride ions in a typical
concrete sample immersed in salt water solutions with different weight concentrations, by
using low-cost long-period fiber grating (LPG) sensors. LPG is an optical fiber structure with
the properties periodically varying along the fiber: it couples light from a guided mode into
forward propagating cladding modes where it is lost due to absorption and scattering. The
loss is spectrally selective, since the coupling from the guided mode to cladding modes is
wavelength dependent. The period of such a structure is much larger than the wavelength,

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

shift when the concentration increased, with an accuracy of 0.6%.

Advantages and disadvantages for FOSs are summarised in Table 6.3:

Advantages Disadvantages

e They need adequate protection during casting
and service life

e  Sensitive to small chloride concentrations o . .
e They need additional protection to isolate the

fiber from corrosive environments and high

e Measurements are not affected by temperatures

electromagnetic fields

) e They are sensitive to temperature changes;

e Thelong and thin geometry can make the
distribution of this sensor more convenient for

some large structural applications s Highcost

e Powerrequirements of the interrogation
systems

Table 6.3 - Advantages and disadvantages of 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 current, and reduces concrete
resistivity [2]. By applying a voltage V and measuring a current I, Ohm’s law allows the

resistance of the material to be found:

R="% Eq. 6.2
Which is related to resistivity p by the following equation:
R=2%p Eq.6.3

where 4 is the electrode area, and [ is the distance between the electrodes.

Four different configurations have been mostly used for the Electrical Resistivity method to
assess corrosion and/or chloride content [2]: (a) Wenner array configuration [35]; (b) Disc
configuration [25]; (c) Embedded electrodes configuration [26, 36]; (d) Multi-electrode

resistivity probes [37]. They are schematically shown in Figure 6.1.
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Figure 6.1 - Schematic representation of the four configurations of the Electrical Resistance
technique [2]: (a) Wenner array; (d) disc; (¢) Embedded electrodes; (d) Multi-electrodes
resistivity probes.

Some authors [22] demonstrated that resistivity not only depends on the geometry, but also
on the capillary connectivity, level of pore saturation, and concentration and mobility of ions
in the pore solution. For this reason, concrete is wet for most of electrical resistivity
measurements, in order to improve the effectiveness of the technique. The concrete
surfaces shown in Figure 6.1 (a) and (b) are intended to be wet, as the blue colour on the
surface symbolises. All the four configurations above consist of directly applying electrodes

onto the concrete substrate.

The work of Basheer et al. [26] applied ER measurements to different concrete mixes
subjected to a cyclic ponding regime with 0.55 M sodium chloride solution and the changes
in concrete. Pairs of stainless steel electrodes were embedded in the concrete at different
depths from the exposed surface and the test was continued for nearly one year. This
experiment has shown that, in concretes with alternative cementitious materials (ACM),
resistivity can change also because of continued hydration of concrete [26]. Fares et al. [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 are also some authors which have made use of the ER technique by applying
a thin film on the concrete surface: Park et al. [21] developed a thin-film screen printed Ag
paste and 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
reacted to chloride ions in cement mortars at different salinity levels, in a similar manner to
a steel reinforcement. They measured the change in electrical resistance of the sensor as it
corroded with salinity penetration from the mortar surface over time. However, this
method doesn’t give an estimation of chloride content, but only on its penetration in the

mortar.

A summary of the advantages and disadvantages of the ER technique for chloride content

and penetration measurement is found in Table 6.4.

Advantages Disadvantages

e Very sensitive to moisture content

e  Measurements depend on the geometry and the
e  Good sensitivity to chloride ions reinforcing configuration (rebar presence and
corners can modify the electrical field)

e (Can be used to determine chloride diffusion

coefficients and chloride penetration in e Not enough information about the durability of
concrete these devices in field

e Inmost of the cases, directly embedded onto
concrete

Table 6.4 - Advantages and disadvantages of Electrical resistivity sensors, according to [2]

6.2.2. Development of a new geopolymer chloride sensor for
nuclear stores

All the methods reviewed above show some advantages, such as the good chemical stability
in aggressive environments for the ISE, the good sensitivity to the chloride presence for the
ER and OFS, but also some disadvantages, such as issues related with the sensitivity to
changes in the concrete structure environmental conditions (temperature, relative
humidity, pH), interference due to electrical fields, additional costs for protective packaging
for FOSs, and first of all the fact that the sensors most of the times need to be embedded
directly onto concrete. The same thing applies to the existing works on the use of the

Electrochemical Impedance Spectroscopy (EIS) technique for 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 certain level 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 new build structures, and not suitable for
retrofitting within nuclear stores. This section introduces the development of a new
geopolymer chloride sensor, which is based on EIS measurements, is able to measure
chloride content in concrete and is no invasive for concrete and thus more suitable to be

applied in nuclear stores than the other reviewed existing techniques.

As already mentioned in 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 in a safety-critical context, such as nuclear store buildings.
Nuclear store buildings, such as the SPRS detailed described in section 2.3.4, are existing
structures, intended to last for 100 years, placed in coastal locations and made of reinforced
concrete. Embedding electrodes directly onto those structures is not recommended as it
would undermine function and structural integrity. The ideal sensing system to be applied
to concrete surfaces of such structures (i.e. nuclear store’s concrete surfaces of ducts and
air corridors) would be a non-invasive 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, belongs 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 such a system will be applied to the geopolymer layer,
and no drilling will be required. At the same time, the geopolymer coating will act also as a

protection and a repair for the concrete itself.

In comparison with the existing reviewed methods, the sensor proposed in this PhD project
is affordable, sensitive to both chloride and moisture, applicable to any surface and shape,
non-invasive, and it combines a monitoring and maintenance technology. The advantages
of this technology for the application in nuclear stores, compared with the existing reviewed

chloride sensing technologies, are summarised in detail in the following Table 6.5.
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Geopolymer chloride sensor Other chloride sensing technologies
e Notinvasive e Invasive installation during retrofit, or requires
new build
e  Cheap: the cost per patch could be less than £10
(geopolymer material costs are almost e Tend to be more expensive
negligible)
e  More complicated manufacture and
e  Minimal manufacturing and deployment steps deployment
(no thermal curing, no fly ash grinding, no
additives) e Limitation given by the use of standardised
shape and size of elements (such as the
e The possibility to make different sizes of reference electrode for ISE, the embedded FBG
patches and samples: can be applied to for FOSs, the drilled holes for electrodes in
structures of any shape and size concrete for ER)
e  Sensor patch also acts as a maintenance e  Measurement technologies only
technology

e  Typically only offer point, or quasi-distributed
e  Could offer convenient distributing sensing sensing
with the use of tomography over a patch

Table 6.5 - Advantages of the geopolymer chloride sensor compared with the existing chloride
sensing methods

For all the sensors, also for the system presented in this work, the sensitivity to changes of
environmental conditions, such as temperature and moisture, can lead to unpredictable
measurement shifts in most cases For this reason, the 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 and temperature 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 in Figure 6.2.
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Figure 6.2 - Photograph of geopolymer rectangular sensor prototype cell used for chloride and
moisture calibration, showing electrodes used for sensor interrogation in a Van Der Pauw
configuration.

An Electrical Impedance Spectroscopy (EIS) interrogation system applies an ac voltage V(t)
through two electrodes, and measures an ac current I(t) through the other two electrodes,

as shown in Figure 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 has been 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 concrete pore solutions are
comprised of ionic electrolytes in which electrical conduction is due to the migration of ions

and cations under an electrical potential gradient.
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In the geopolymers discussed in this thesis, the major ionic species in the pore solution, and
main carriers of ionic current, are sodium ions (Na%). The hypothesis for using the
geopolymer as a sodium chloride sensor is thus: when geopolymer samples are soaked in
sodium chloride (NaCl) solutions, the number of CI~ and Na* inside the pore solution will
increase. More ions will result in more ionic conductivity, particularly when ion mobility is

high at high moisture contents.

However, at very high concentrations, the mobility of each ion is adversely affected by the
Coulomb interaction between the ion and the surrounding ions. 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 molecules, since
there are no other ions within a finite distance. At higher concentrations, the ionic
interactions result in a molecular mean field acting on each ion, and this may play a
limitation effect on ionic motion [40, 41]. Less mobility could result 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 in [40].

6.2.3.1. Sensing principle

This work constitutes the first time demonstration of a geopolymer-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) analogy of electrical
properties of geopolymers with those of concrete (as already done in section 5.3.3); and

(iii) the experimental evidence in this work.

The moisture and temperature dependence of geopolymer impedance has already been
described in detail in section 5.3.3. Previous works on electrical resistivity measurements
of concrete have demonstrated an exponential dependence of resistivity on chloride content
[20]. The experimental results of this investigation, outlined in section 6.4, show that also
for geopolymers the impedance dependence on chloride content is exponential. It can be
described by the following equation:

Lmod _ p ye=brc 4 b, Eq. 6.4

Zmod,o
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where Z,,,4 is the modulus of the impedance at different NaCl concentrations, Z;,,44 o is the
modulus of the geopolymer sample before the soaking into the NaCl solution, c is the

concentration of NaCl inside the pore solution of the geopolymer sample, and b, _y are

. , . z o
constants. Note that equation 6.4 is normalised (=22%) to eliminate the dependence on the

Zmod,0

geometry and the specific geopolymer sample.

Assuming the contributions to the impedance from each term in equation 6.4 are

independent allows the equation to be re-expressed as:

In (ﬂ) =E xc+E, Eq. 6.5

Zmod,0
where E; and E, are constants.

Also in this case, the water dependence of impedance is described by the following equation:

a6

= ag*xew Eq. 6.6

Zmod

Zmod,o0

where as and ag are constants, W is the water content percentage and Z,,,40 is the

modulus of the geopolymer sample before the soaking into the NaCl solution, as before.

Also this equation can be re-expressed as:

In (M) = ¢4 D, Eq. 6.7

Zmod,0
where Dy and D, are constants.

By combining equations 6.5 and 6.7, the following characterization equation for the

geopolymer sensor is obtained:

ln(zmod):Hl_i_Hz*c_i_%_l_%*c Eq68

Zmod,o

where H; _y are constants. Also equation 6.8, as equation 5.15, includes an additional

. . H
cross-dependence term between moisture and NaCl concentration, W4 * ¢, although as seen

in the results, there seems to be little cross-dependence between Cl and Moisture.
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Equation 6.8 doesn’t fully capture the non-linear behaviour due to the saturation of sensor
response at high concentration contents, and for this reason a better description of this

behaviour is given by the following equation:

ln(ﬂ)=H1+H2*c+E+H4*c2 Eq.6.9
Zmod,0 w

where H; _y are constants. In this equation, the relatively weak cross dependence term of
equation 6.8 is replaced by the term ‘H, * c?’. The experiments were run at a constant

temperature, so a T term is not required in the equation.

These equations have been used in the results section for the moisture and chloride
characterization of the sensor prototype. Next section describes the materials used and the

methodology of the moisture and chloride sensor characterisation experiment.

6.3. Materials and methods

This section presents a detailed description of the materials and methods used for the
manufacture, set-up, 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 section 5.4.1, and it is here 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 of the experiment described in chapter 4 and for the
case of the moisture and 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, Electrochemical
Impedance Spectroscopy (EIS) was applied to the geopolymer cells in a potentiostatic
mode: a 10mV voltage was applied to geopolymer cells, and the resulting pseudo-linear
current response was measured, thus obtaining the impedance of the system. The frequency
of the applied voltage was swept over the range 10Hz - 100kHz during impedance

characterization.

6.3.3. Sodium Chloride solutions

In order to calibrate the sensor prototype for chloride sensing, NaCl solutions with nine
different concentrations were used, plus nanopure water for the case of 0% NaCl
concentration. The solutions were made by adding a certain amount of NaCl salt into
nanopure water by using a volumetric flask of 1 liter. The concentrations of these solutions
are called ‘applied concentrations’, since the geopolymer cells were soaked in them for 24
hours. After the oven drying of the geopolymer samples, which is the last step of the
calibration procedure outlined in section 6.3.4, the amount of salt in each sample was
measured by the lon Cromatography analysis (IC): each cell was crushed in powder, and
leached in nanopure water that was then analysed by means of the IC device to find the
quantity of Cl™ ions leached. This provides a measurement of the actual chloride
concentration within the sample. This differs from the applied concentration because the
geopolymer sample itself contains water prior to soaking, and the leaching of chloride into

the sample is a time-dependent process.

The measured mass of salt from the leaching IC analysis, mg,;¢, the mass measurements of
the geopolymer cells after soaking, M,y ration, and the geopolymer cell mass after oven
drying, Mgy, WEre used to calculate the actual internal NaCl concentration, c, in the pore
solution of each cell, as:

¢ = Tsalt Eq.6.10

my
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where m,, is the mass of water inside the geopolymer cell after soaking in the solution. This

mass is given by:
My, = Msaturation — Mary Eq. 6.11

The error associated with each actual concentration value, ¢, is given by the propagation of

errors formula:

Msalt Msaturation Mary

Error 2 Error . 2 Error . z
ETTOTC =c- ( (msalt)) + ( (msaturatwn)) + < ( dTY)> Eq 6.12

The applied NaCl concentration, ¢, , and the corresponding actual internal NaCl

concentration, c, just after soaking are listed in Table 6.6.

Applied NaCl concentration Actual internil[I:Iva;((l);)]concentration
Ca [WE%] Value Error
0 0.002 0.002- 1072
0.520 0.139 0.809-1073
1.202 0.473 0.003
2.169 0.939 0.006
3412 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 - NaCl applied and actual internal concentrations

The actual internal NaCl concentrations for each drying point (calculated by equation 6.10,
where m,, is the mass of the water inside the sample at each drying point) and the
corresponding water content calculated by the gravimetric formula 6.13 are listed

respectively in Table A 1 and in Table A 2 of Appendix 3.

6.3.4. Calibration method

The procedure for the chloride and moisture calibration is summarized as a flowchart in

Figure 6.3:

1. NaCl solutions of different concentrations (listed in the first column of Table 6.6

above) were made by dissolving solid NaCl into nanopure water. Each solution was
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poured into sealed containers, each of them containing the volumes of solution

listed in Table A 3 of Appendix 3;

The geopolymer cells were removed from the curing environmental chamber, and

their initial mass, M; 5, was measured;

Sample cells were placed into empty sealed boxes, placed inside a Faraday cage at
20°C and connected to the interrogation system (Figure 6.4), in order to measure
the initial impedance value, Z,,,,4 o: the EIS cycle was run and the impedance spectra

were measured five times over a 5 minute duration to allow an average to be taken;

Each geopolymer sample was then soaked in a different NaCl solution inside the

sealed containers for 24 hours to reach a high solution content;

After soaking, the samples were taken out of the solution, wiped to remove excess

solution from the surfaces, and their mass, M; ;, was measured;

Then, the samples were sealed in empty boxes (as shown in Figure 5.7 of chapter

5) for 24 hours to allow the solution inside the pores to equilibrate and homogenise;

The sealed box containing the sample was placed inside a Faraday cage at 20°C and
connected to the interrogation system (Figure 6.4), and the EIS cycle was run and
the impedance spectra were measured five times over a 5 minute duration to allow

an average to be taken;

After the EIS measurement, each geopolymer sensor was taken out of the sealed
container and its wet mass, M, ,, was weighed a second time. The wet mass M;was
then defined as the mean value of M;;and M;,, 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 was repeated 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 mass M ;was measured. M, is the mass of the

solid geopolymer plus the mass of the NaCl salt inside the sample (My; = M,;;q4 +
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Mgq1)- This allowed the gravimetric water content W;of the samples to be quantified
by means of the equation:

Mi—Mg

W; = X 100 Eq.6.13

da
A different geopolymer cell was used for each NaCl concentration value. In order to remove

the dependence on the specific geopolymer cell, and to compare the measured values of

Zmod

impedance for different NaCl concentrations, the normalized values were used: the

mod,0

value of impedance modulus Z,,,4 of each cell was divided by the initial value of impedance
of the same cell before being soaked in the solution, Z,,,4 o (impedance value of the sample
just after curing, corresponding to a water content of ~774+1% and 20+1°C, without any

NaCl content).
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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 set-up for the EIS measurement of the geopolymer cell
sample at each water content and NaCl concentration.

6.4. Results and discussion

This section outlines the results of the chloride and moisture sensing calibration experiment
of the geopolymer cell prototype in Figure 6.2. The results are preliminary because the main
task of this work is to demonstrate the feasibility 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 level, and a repeatability evaluation. The EIS

measurements were also 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 subsection 6.4.1, which describes the impedance
response of the sensor cell when it contains NaCl solutions at different concentrations for
the investigated frequency range. Subsection 6.4.2 outlines the chloride and frequency
dependence of impedance, and the sensor response and sensor precision are described in

subsections 6.4.3 and 6.4.4 respectively.

6.4.1. Impedance response of the sensor cell plus NaCl solution

Figure 6.5 and Figure 6.6 show the typical Bode plots of phase ¢ and Z,,,,4 for a geopolymer
sensor cell with 2.5wt% and 15.3wt% actual internal NaCl concentration respectively. The
EIS measurements were taken at a water content W ~ 86 + 1 wt% and temperature T =
20 £+ 1 °C. The fits made use of the equivalent circuit model given in Figure 5.4 b) and the
values for each component of the circuit are given in Table A 4 of Appendix 4. For all the
other concentrations in Table 6.6, the Bode plots, their fits with the equivalent circuit model
given in Figure 5.4 b), and the values for each component of the circuit can be found in

Appendix 4.

The results show that the geopolymer sample cells containing NaCl solution can be well-
modelled by the same circuit model given in Figure 5.4 b) of chapter 5. This perhaps should
be expected because the physical geopolymer matrix itself is not changing: all that is
changing is the electrolyte concentration, i.e. the number of Na*tions and the presence of
Cl™ions inside the geopolymer pore solution, so there is no reason why the electrochemical

description of the system should not remain valid.

By comparing the Z,,,4 values for a geopolymer sample with no NaCl in Figure 5.9, with the
Zmoa Values in Figure 6.5, for a geopolymer cell with an actual internal 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 KkHz, Z,,,q(noNaCl)~900Ohms and
Zmoa(2.7% NaCl) ~ 120 Ohms). Besides, Z,,,4 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 NaCl

concentration are presented.
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Figure 6.5 - Bode plots for Z,,,,4 and phase ¢ obtained for a geopolymer sensor cell with 2.5
wt% actual internal NaCl concentration (applied NaCl concentration = 5.3 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 + 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure 6.6 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 15.3
wt% actual internal NaCl concentration (applied NaCl concentration = 28.6 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 £ 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).

6.4.2. Chloride and frequency dependence of impedance

Figure 6.7 shows Nyquist plots for the geopolymer cells at water content W ~ 86 + 1 wt%

and temperature T = 20 + 1 °C, for the actual internal NaCl concentrations c listed in
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Table 6.6. The data in Figure 6.7 are the same of section 6.4.1: the circuit model for the fitting
Nyquist curves is the circuit model in Figure 5.4 b), as per Figure 6.5 and Figure 6.6, and the
values of the circuit parameters are given in Table A 4 of Appendix 4. Figure 6.7 shows that
impedance increases as NaCl concentration ¢ decreases, as expected. The overlap of some

lines in Figure 6.7 can be eliminated once the correction for the initial impedance of each

Zmod

sample, Z,,04 0, is applied, as it is shown in Figure 6.12, where is plotted against NaCl

mod,0

concentrations c.
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Figure 6.7 - Nyquist plots from 10 Hz to 100 kHz, for geopolymer sample cells at a temperature
of 20+1°C, a water content of 86+1% and for the different NaCl actual internal concentrations
listed in Table 6.6. Fits are obtained using the equivalent circuit model shown in Figure 5.4 b).

Figure 6.8 shows Bode plots for sensors soaked in the NaCl solutions of Table 6.6, where in
the y-axis there is A,,,4 - ¢, which is the product of the modulus of admittance, 4,,,,4, and
the NaCl actual internal concentrations after saturation, c. Water contents for each sample
are ~ 86 + 1 wt%, and all measurements were conducted at a constant temperature of 20

t+1°C
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Figure 6.8 - Bode plots of isotherms of A,,,,4-c. Data shown is for samples at a water content of
~8611%, and temperature T=20+1°C.

From the observation of Figure 6.8, it is possible to hypothesise that also in this case, as for
moisture and temperature, the sensors can follow the Summerfield scaling [42]: the shape
of each Bode plot in Figure 6.8 seems to be not too dependent on chloride concentration
(e.g.the ¢ = 2.7 wt% line can be shifted up or down to superimpose onto any other c line).
Also in this case, the data shown in Figure 6.8 can be plotted onto a scaled coloured
Summerfield plot, shown in Figure 6.9, by arbitrarily defining a baseline frequency of f, =

100 Hz, and a baseline admittance at 100 Hz of A g = Amoa(100Hz) for each line.

—©—¢=000-°-¢c=014 °-¢c=047 = ¢c=094 = ¢c=1.37
c=2.51 c=3.33 c=5.68 ¢ =10.03 c=15.27

0.2
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©
N
T
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109, 5 (A0 Pmod.0)

0.5 1 1.5 2 25 3
log,, (w/wo)

Figure 6.9 - Scaled Summerfield bode plots for NaCl concentrations as a colorized set of series
for each NaCl concentration value c.
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The colorization of the data points for each NaCl concentration c in Figure 6.9 shows that
for high frequencies >1 kHz, the curves corresponding to the highest concentrations (¢ > 9
wt%), tend to follow the lower concentration curves. This effect is more visible in Figure
6.10, where the curves of Figure 6.9 are limited to the range of frequencies between 100 Hz
and 10 kHz. No overlap is found for frequencies up to 1 kHz. Therefore, this could be a more
sensitive region for sensing NaCl concentrations and distinguishing them from moisture
shifts. It has therefore been selected a single frequency of 1 kHz for the remainder of the

sensor characterization described in this chapter.

As shown by Figure 6.5 and in Figure 6.6, a 1 kHz frequency also corresponds to the region
where phase angles tend to be at their minimum values, so in this region the capacitive
effects, due to the electrodes and the unconnected pores of the pore solution, are less

important, and the frequencies are not so high to see the influence of inductive effects.

——¢=0.002 - ¢c=0.139 —¢— ¢c=0.473 - ¢c=0.939 —&— c=1.371
c=2.507 c=3.327 c=5.676 c=10.032 c = 15.266

©

N

N
T

=
-
T

0 b 1 1 | 1 1 | 1
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

10910 (w/wo)

Figure 6.10 - Scaled Summerfield plots for NaCl as a colorized set of series for each NaCl
concentration value, in the range of frequencies from 100 Hz to 10 kHz.

An interesting exercise, at this point, is 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 this, for each case, all the
points are considered as a unique single series, and a linear fit through these points is
performed. The linearity of the scatter of the points is quantified by means of the Root Mean

Square (RMS) parameter of the fit. The three graphs obtained are shown in Figure 6.11,

Geopolymer-based chloride sensors 177



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

along with the RMS parameter value for each of them: (a) temperature series (from data of
Figure 5.10 of chapter 5); (b) moisture series (from data of Figure 5.13 of chapter 5); (c)
NaCl concentration series (data in Figure 6.9). The RMS values for each series are listed in
Table 6.7.

Temperature Water content NaCl concentration
RMS 0.0019 0.0058 0.0041
Table 6.7 - RMS values for the linear fit goodness evaluation of the series in Figure 6.11 (a), (b)
and (c).
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Figure 6.11 - Scaled Summerfield plots as a single data series for: (a) temperature (data in
Figure 5.10); (b) moisture (data in Figure 5.13); and (c) NaCl concentration (data in Figure 6.9),
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From the observation of Figure 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 scattering between the other two series.
According to [43], for the Summerfield Scaling Theory, the scaled Summerfield plot o,T

versus frequency is linear if:
Nopq?&? = const Eq.6.14

where N, is the total ion concentration, p is the fraction of the ions which are mobile, g is

the charge of the ions, and § is the diffusion length scale of the ions.

Although the Summerfield Scaling is defined for temperature [42-44], the use of this tool
here also for moisture and NaCl concentration allows to further distinguish the response of

the sensor to these three parameters (temperature, moisture and NaCl concentration).

In the case of the temperature series (Figure 6.11 (a)), the ion hopping process is sped up
with temperature, and the linearity is guaranteed by time-temperature superposition, as
already seen in section 5.5.2. Moreover, equation 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 chapter 5 (from 5 to 30 °C). This further explains the

linearity of the plot and the RMS low value.

In the case of the moisture series (Figure 6.11 (b)), where from one curve to the other the
number of Na™ ions is the same, the concentration of ions in the pore solution, Ny, and their
diffusion length scale, §, change with the decreasing of the water content, since the ion
atmosphere surrounding each ion becomes more dense, thus introducing a non-linearity in

the plot.

Finally in the case of the NaCl concentration series (Figure 6.11 (c)), where from one curve
to the other the concentration of the Natand Cl~ ions in the pore solution changes, N, and
the ions diffusion length scale & change. The density of the ions in the pore solution
increases, thus increasing the number of the charge carriers, but limiting their mobility path,

for the influence of the surrounding ions (as seen in section 6.2.3).

The higher scattering in the case of moisture variation may be interpreted as a slightly
better sensitivity of the sensing system to moisture. This can be explained perhaps with

equation 5.9, that can be recalled here:
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0 =0y Pcon B Eq.6.15

where o is the bulk electrical conductivity, gyis the conductivity of the pore solution, @_,,is
the volume of the pore network filled with pore solution, and g 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 6.15: the 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 concentration and mobility of the ions in the pore solution. On the other
hand instead, NaCl concentration plays a critical role only on o,. 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 1 kHz to the actual internal chloride

concentrations c listed in Table 6.6, for saturation water content only (~ 86 + 1 wt%), and

) z
at a constant temperature of 20 + 1 °C. Here the sensor response has been defined as —22%,

mod,0

where Z,,,4 o is the modulus of impedance of the sensor before soaking in NaCl solution, at
a water content of 77x1wt% and a temperature of 20+1 °C. As shown, equation 6.4
provides a good fit to the data. The data points further from the curve can be attributed to

experimental noise in temperature, water content values or chloride concentrations.
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Figure 6.12 - Plot of ZZ’""" versus actual internal NaCl concentrations c (Table 6.6). Non-linear
mod,0

fit uses equation 6.4.

Figure 6.13 shows the sensor response as a function of water content for each chloride
concentration. As shown, the exponential fit (equation 6.6) used for moisture calibration is
still valid for each sample (each starting actual internal NaCl concentration c¢). The
parameters of the fit in Figure 6.13 and their standard errors are given in Table A 7 of

Appendix 5.

N —c¢ =0.002 wt%
—c=0.140 wt%
c=0.479 wt%
—c=0.948 wt% ||
—c =1.383 wt%
c=2.532 wt%

= —c=3.382 Wt%

015 - o |l
NE c=5.753 wt%
= —¢ =10.079 Wt%
N‘E’ ¢ = 15.457 wt%

60 65 70 75 80 85
Water content [wt%]

. z . .
Figure 6.13 - Plots on mod yersus water content for each actual internal NaCl concentration c.

mod,0

Non-linear fits use equation 6.6.
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The overall response of the sensor for any general water/NaCl concentration combination
is better characterized by fitting moisture and NaCl simultaneously, as shown in Figure 6.14,
where the “dryness” of the sample has been defined as the inverse of its moisture content,
or 1/W. Here equation 6.9 is found to be matching with the experimental data trend in the
range of water contents from ~ 86 wt% up to ~ 60 wt%, since it well-describes the
saturation of the sensor up to high NaCl concentrations, shown in Figure 6.14. When water
content decreases in the pore solution by evaporation, the NaCl concentration increases,
while on the other hand the decreasing of water causes a decrease in the connectivity
between the pores. Therefore, a saturation behaviour is seen. The parameters of the fit in

Figure 6.14 and their standard errors are given in Table 6.8.
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Figure 6.14 - 3D plot of calibration curve for sensor as a function of both NaCl concentration and
moisture. The surface of best fit shown is described by equation 6.9.

Parameter Hq H, H; H,
Value -2.140 -0.09311 170.2 0.002359
95% confidence bounds Lower -2.239  -0.09931 1634  0.002028
Upper -2.041  -0.08690 177.0 0.002689

Table 6.8 - Parameters and their 95% confidence bounds for the surface of best fit, equation 6.9,
shown in Figure 6.14.

However, it is possible to completely remove the water content dependence from the data
shown in Figure 6.14. This can be done because drying a sample which contains NaCl causes
the NaCl concentration in the sample to increase: thus each stage of drying can be viewed
as increasing the chloride concentration. This has been found to be valid in the range of
water contents investigated in this chapter (90wt% - 60wt%). The steps in removing the

water dependence are as follows:
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e the water dependence fitting curve in Figure 6.13 for ¢ = 0 wt% (0.002wt%) is

Zmod

used to find the interpolated impedance values for each water

mod0c=0 interpol

content;

e Since the impedance values of the data points with ¢ = Owt% are independent of

Zmod

NaCl, a further normalization is applied to each impedance value of Figure

mod,0

6.14 by dividing it for the Zmod value of the corresponding water content;
mod,0c=q interpol

e These operations result in the plot shown in Figure 6.15. The new normalised

impedance values are defined as:

Zmod (W C)

Zmo )
ZmodNormw(C) = Zmod 20 w) Eq.6.16

Z

mod,0c=q interpol

where Zpoanorm,, is dependent only on the actual internal concentration c.

The fit equation used for the fit in Figure 6.15 is still the exponential equation 6.4, which can

be re-written as:
ZmodNorm,, = by * e P + b3 Eq.6.17

The parameters of the fit in Figure 6.15 and their standard errors are given in Table 6.9. By
using the parameterization constants in Table 6.9, the actual internal NaCl concentration of

a geopolymer cell can be ascertained as:

_ _ 1. ZmodNormy,—bs3
c=- In (—b1 ) Eq.6.18

if a second reference sensor is used for water content compensation in Z,,anorm,,-

Parameter b4 b, bs
Value 0.5940 0.1730 0.3655
95% confidence bounds Lower 0.5656 0.1506 0.3363
Upper 0.6225 0.1953 0.3946

Table 6.9 - Parameters and their 95% confidence bounds for the line of best fit, equation 6.17,
shown in Figure 6.15
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Figure 6.15 - Plot of the new normalised Z,,qnorm,, values versus the actual internal NaCl
concentrations c (Table 6.6). Non-linear fit uses equation 6.17. The colorization/shape of the
data points indicates a different sample with its starting actual internal concentration value.
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Figure 6.16 - Plot of Figure 6.15 with error bars

This result confirms that equation 6.4 is valid not only in the solution saturation case, but
for all the water contents, by using the normalization equation 6.16. The colorization/shape
of the data points in Figure 6.15 allows the samples to be distinguished according to the
starting actual internal NaCl concentration c values. The five data points plotted in Figure
6.15 for each sample show that internal NaCl concentration c increases as the sample dries.

The usefulness of Figure 6.15 is the possibility to see only the variation in internal NaCl
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concentration, so it could be used to ascertain how much NaCl has actually leached into a

concrete system (not just how much it is exposed to).

Figure 6.15 does show some fluctuations of the points around the fitting curve, with the
furthest points that can be more likely attributed to experimental noise in temperature,
water content values or chloride concentrations, and to the error associated to the
interpolation process from the fitting curve ¢ = Owt% (0.002wt%) of Figure 6.13, for water
content compensation. Figure 6.16 shows the plot in Figure 6.15 with error bars for each
data point. This shows that all the error bars are inside the 95% confidence bounds of the
fit, except for one point at high concentrations, which remains just outside the bottom

confidence limit, and can be considered an experimental outlier.

Figure 6.15 and Figure 6.16 clearly show the saturation of the sensor response for high NaCl
concentrations, which suggests that the low concentration region <5wt% is a better region
for chloride sensing. Moreover, this saturation behaviour could be linked to the ion
interaction molecular mean field which at high concentrations has a limiting effect on the

ionic motion, as mentioned in the theory section 6.2.3.

6.4.4. Sensor precision

The non-linear dependence of the sensor in response to water content and NaCl
concentration means that the precision is not fixed for all water contents and NaCl
concentrations. In this work, precision can be calculated by mapping the impedance
fluctuations of the EIS interrogator onto the NaCl concentration axes, using the calibration
fitting curve shown in Figure 6.15, and equation 6.17. The calculations are shown in detail
in Appendix 1 (section A-1.3). The method for precision calculation can be graphically
schematised as in Figure 6.17: A and B are the extremities of the error bars of the data point,
and A’ and B’ are the corresponding points in the fitting curve, calculated by using equation
6.17. A” and B” are the corresponding points of A’ and B’ in the NaCl concentration axes,
found by using equation 6.18. Precision is calculated as:

B! _a"
2

Precision = Eq. 6.19
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Figure 6.17 - Schematization of the method for NaCl concentration precision calculation, by
using the data point with ¢ = 1.383wt%, and W ~ 85wt%, its vertical error bars, and the fitting
curve from the plot in Figure 6.16.

The fractional errors in the Z,,4n0rm,, response are in the range 0.01 — 0.04 %. They take
into account the error in Z,,,4 and also the error coming from the interpolation process for

the water content compensation. The precision results are shown in Table 6.10.

The fluctuations of the experimental data points observed in Figure 6.15 and the sensor
saturation at high concentrations mean that the values for sensor precision for NaCl
concentration are worse than those for moisture and temperature characterization (found
in section 5.5.5 and listed in Table 5.5). These values demonstrate that typical sensor
precision is ¢ ~ 0.85 wt% in the range of NaCl concentrations 1 < ¢ < 5wt%. The worst
case precision of §¢c = 5.84wt% occurs in the region where the sensor response shows
saturation, and the best case precision §c = 0.21wt% corresponds to low concentrations,
0.2 wt% < ¢ < 1 wt%, where the sensor shows a better sensitivity to c changes. Note that
concentrations ¢ < 0.2wt% produce negative estimations of impedance. On the other hand,
the horizontal red lines in Figure 6.17 for experimental points located below the saturating
part of the fitting curve of Figure 6.15 (at concentrations ¢ > 15wt%) may not intersect
with such fitting curve, making it impossible to define the relative precision. Therefore, the
useful range for precision definition is 0.2 < ¢ < 15 wt%, which is also the region of

operation of the sensor.
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oc, wt%
Worst case 5.84
Typical case 0.85
Best case 0.21

Table 6.10 - Worst case, best case and typical precisions for NaCl sensing in the range of actual
internal NaCl concentrations between 0 and 15 wt%, in the range of water content percentage
between 86-61wt% and at a temperature of 20°C.

6.5. Summary and future work

This chapter has provided a first time demonstration of the viability of monitoring NaCl
concentration in the pore solution of low calcium fly ash geopolymers at 20°C. In this work,
the same sensor prototype developed in chapter 5 was used: a geopolymer block with
stainless steel electrodes in a Van Der Pauw configuration, coupled with an electrical
interrogation system to measure electrical impedance. The results show that, as expected
from theory, changes in NaCl concentration inside the pore solution of the geopolymer cell
result in changes in impedance, with an exponential dependence. The calibration equation
found in chapter 5 for impedance dependence on moisture was confirmed to hold for the

case of NaCl contamination.

An experimental campaign of impedance measurements was conducted to characterize the
geopolymer cell for chloride sensing. Fifty different actual internal NaCl concentrations
covering the range 0 wt% — 22wt% were used. Sensor response showed saturation for
internal NaCl concentrations beyond 5wt%. The most sensitive region for NaCl
concentration sensing was found in the range 0.2 - 5 wt%, with typical precisions of
6c ~ 0.8 wt%, while at higher concentrations the saturation led to lower precision. Worst
case precision 6c ~ 5.8 wt% corresponds to high concentration values (¢ = 10 wt%), while
the best case precision corresponds to concentration values 0.2 < ¢ < 1 wt%. This result is
worse than those obtained for moisture and temperature calibration in the previous
chapter. This may partly be due to some change in the physical mechanisms behind
geopolymer ion conductivity when ion density in the solution is high, and to fluctuations in

temperature and water content.

The range of NaCl concentrations covered in the sensor calibration meets all the possible
chloride contamination values and water contents in the range of those found in nuclear

storage structures, such as SPRS: from the case of initial contamination (~0.2%) to the
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worst case contamination (applied contamination corresponding to chloride saturation in

water, 35 g of salt/litre of solution alias 28 g of salt/g of solution).

Future work will need a more complete calibration of the sensing system, which requires:
(a) a temperature calibration for each NaCl concentration; (b) a higher measurement time
for each impedance measurement (about 20 minutes) which would allow an evaluation of

sensor stability and drift; and (c) a repeatability evaluation.

Besides, another piece of future work is to explore system dynamics: how the chloride
concentration inside the sample changes as the sensor is exposed to chloride outside of the

sample, and how this affects drift in the sensor response.

In future work, an environmental chamber is preferred to the faraday cage for a future

sensor cell characterization, in order to reduce fluctuations in temperature values.

This work, together with the work outlined in the previous chapter, constitutes only the first
step of the development of a distributed network of geopolymer skin sensors for structural
health monitoring. Next step in the preliminary characterization of such technology is to
evaluate the feasibility of temperature, moisture and chloride sensing in case of geopolymer

coatings on concrete specimens, which is outlined in next chapter.
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7. PRELIMINARY
INVESTIGATION OF
GEOPOLYMER COATING
SENSORS

7.1. Introduction

The work presented in this chapter brings together the work outlined in chapters 4-6 to
demonstrate geopolymer skin sensors for detecting moisture and chloride levels in
concrete structures. This chapter provides a preliminary laboratory feasibility test and
characterizes the sensor response of geopolymer coatings applied onto small concrete

samples.

The main objectives of the work described in this chapter were: (a) to test the feasibility of
thin geopolymer coatings on concrete as moisture and chloride sensors; (b) to verify the
validity of the calibration equations found for geopolymer cells in the case of coatings; (c)
to find the difference of the sensor response between the case of a geopolymer cell and a
geopolymer coating; and (d) to assess the sensor performance of coatings, in terms of
sensor precision, and compare it to that of the geopolymer cells found in the previous

chapters.
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The remainder of this chapter starts with a brief theoretical section on the sensing principle
of geopolymer coatings (section 7.2), then materials and methods used in the
characterization experiment are described in section 7.3, while section 7.4 outlines the
results of the experiment and provides a discussion on the findings. Finally, section 7.5

presents a summary and future work.

7.2. Theory: sensing principle of the geopolymer coating
system

When looking at the geopolymer coating system, the presence of the concrete substrate will
need to be taken into consideration, particularly if the geopolymer coating is thin. The
sensing system will be comprised of the coating and a volume of concrete (and, potentially
rebar) underneath the coating. In the work described here, small volumes of unreinforced
concrete are used as substrates, and the geopolymer coatings are only 1 mm thick. The

whole sample is thus considered to be a sensing cell.

Both geopolymer and concrete pore solutions are comprised of ionic electrolytes and the
migration of ions and cations under an electrical potential gradient determines ionic
conduction. In the previous two chapters, the ionic conduction of geopolymer materials,
without the addition of other external ions, has been attributed to the migration of sodium
ions (Na*), the main carriers of ionic current. When the geopolymer samples are soaked
into sodium chloride (NaCl) solutions, CI~ and more Na* ions will be present inside the
pore solution and this will result in an enhanced ionic conductivity of geopolymers at high
moisture content. The factors affecting the ionic conductivity of geopolymers, such as water
content, temperature and ion concentration, have already been investigated in detail in

chapters 5 and 6.

On the other hand, in concrete, without the addition of other external ions, the major ionic
species constituting the pore solution of conventional concretes consist of hydroxyl (OH ™),
potassium (K*), sodium (Na*), calcium (Ca*), sulfate (S0,%7), and often chloride (CI7)
ions. Conductivity of the concrete pore solution depends on the valence, mobility, and
concentration of each type of ion and therefore the total conductivity of concrete depends
on the composition of its pore solution. In addition to its dependence on the pore solution

composition, the conductivity of concrete also depends on some other factors including
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temperature and moisture [1]. When concrete is soaked into sodium chloride (NaCl)
solutions, more CI~ and Na* ions will be present inside the pore solution and this will
result in an enhanced ionic conductivity of concretes at moisture contents not so low to
allow connectivity between the pores, and not so high to provide a high dilution factor to
the pore solution. At the same time, the combination of low water contents and high levels
of NaCl in the pore solution may cause a saturation behaviour of the sensor response, due

to an elevated density of ions in the solution.

As already mentioned in the previous two chapters, the bulk electrical conductivity in
concrete and cementitious materials, g, is a function of the conductivity of the pore solution,
0y, the volume of the pore network filled with pore solution, ¢.,,, and the connectivity

factor of the pore network, f [1], and this is described by means of the following equation:

0 = 0 Pcon B- Eq.7.1

This equation has been assumed to be valid also for geopolymers. Therefore, both concrete
and geopolymer conductivities will depend on measurands which alter the three factors on
the right hand side of equation 7.1: perhaps not to the same extent, but at least in the same
manner. Also in concretes, as already seen for geopolymers, increasing temperature
enhances ion mobility and encourages electrolytic dissociation, both of which increase ag;.
Therefore, provided there is no evaporation of water at high temperatures, the relationship
between the geopolymer coating-concrete system’s conductivity, o, and temperature, T, is
expected to follow the equation valid for cement systems [2], and demonstrated to be valid

also for geopolymers in chapter 5:
In(0) =22+ DoT + Dy, Eq. 7.2
where Dg, Dg and D, are constants.

Water content within the geopolymer coating-concrete system affects all three factors in
equation 7.1: increasing water content reduces the conductivity of the pore solution, g, by
providing dilution of the pore solution, and at the same time it increases the pore filled
volume, @.,,, and the connectivity between the pores, § [3]. On the other hand, very low
water contents decrease dramatically conductivity, as the liquid electrolyte cannot cover

the internal surfaces of the pores [3].
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Previous studies of ordinary Portland cement systems report an exponential dependence of
electrical conductivity on water content [4]. The admittance of a geopolymer sensor is

defined as the inverse of impedance:

A=~ Eq.7.3

and, for a fixed cell geometry, the modulus of admittance, 4,,,4 = |A|, is proportional to
conductivity, g. The results shown in chapter 5 agree on the exponential dependence of
geopolymer impedance on moisture. The experimental results for the geopolymer coating-
concrete system’s impedance show that the dependence of impedance on water content can
be described by the same equation found in the case of the geopolymer cell system, here re-

called for completeness:

ag
Zimod = Q7 ¥ ew Eq.7.4
where Z,,,,4 is the impedance modulus of concrete, W is the water content and a, and ag

are constants.

Equation 7.4 can be re-expressed as:

Dyq
w

In(Z) = ==+ Dy, Eq.7.5

By combining equations 7.2 and 7.5, the same characterization equation found for the

geopolymer sensor cell is found in the case of the geopolymer coating-concrete system:

In (M) = 24 G,T+ 2+ GoT - + G, Eq.7.6

Zmod,o

where G 10 are constant. Also in this case, the surface equation 7.6 includes an additional
cross-dependence term between moisture and temperature (GoT/W). The equation
considers shifts in the modulus of the impedance only, and all Z,,,,; values were normalised
by the impedance modulus value of the sensor at a moisture content of 78wt% and at a
temperature of 20 °C, Z,;,,4,0, in order to make the equation less sensitive to variations in

Sensor geometry.

Finally, the NaCl concentration dependence of impedance of the geopolymer coating-

concrete system has been found to be described by:
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Zmod _ |y e=bsC 4 Eq.7.7
Zmod,0

where Z,,,4 is the modulus of the impedance at different NaCl concentrations, Z;,,44 o is the
modulus of the geopolymer sample before the soaking into the NaCl solution, c is the

concentration of NaCl inside the pore solution of the geopolymer coating-concrete sample,

and b, ¢ are constants. Also here, equation 7.7 is normalised (M) to eliminate the

Zmod,o0

dependence on the geometry and the specific sample.

Equation 7.7 is the same found for the geopolymer cell characterised in chapter 6, and it is
in accordance also with previous works on electrical resistivity measurements of concrete

which have demonstrated an exponential dependence of resistivity on chloride content [5].

These equations have been used in the results section for the moisture, temperature and

chloride concentration characterization of the sensor prototype.

7.3. Materials and methods

This section presents a detailed description of the materials and methods used for the
manufacture, set-up, preliminary characterisation and testing of low calcium fly ash
geopolymer coatings onto concrete samples as moisture, temperature and chloride sensor

prototypes.

7.3.1. Sensor fabrication

The sensor prototype developed and tested in this work is an electrochemical cell
comprised of alow calcium fly ash geopolymer patch applied on the top surface of a concrete

rectangular sample. A photograph of the prototype is shown in Figure 7.1.
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Applied V(t)

Measured I(t)

Figure 7.1 - Geopolymer coating on concrete cell sensor prototype

A geopolymer rectangular patch (dimensions 45mm X 20mm X 1mm), with 4 -wire braided
stainless steel wire electrodes penetrating 2mm into the patch corners, in a Van Der Pauw
configuration, is applied on the top surface of a concrete rectangular sample (dimensions
55mm X 30mm X 40mm). As demonstrated in chapter 4, the coating thickness of 1 mm

guarantees the integrity of the coating.

The synthesis procedure of the geopolymer binder is the same as described in chapter 4:
the binder 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 is SH/SS = 0.4. The binder
was mixed for 1 hour with an automatic mixer at 500 min-! and then manually applied to
the concrete substrate with a trowel. The samples were cured for 30 days at 20°C and 95%

relative humidity in an environmental chamber prior to testing.
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7.3.1. Interrogation system

As for the case of moisture/temperature and chloride/moisture sensing calibration of
geopolymer samples described respectively in chapter 5 and in chapter 6, Electrochemical
Impedance Spectroscopy (EIS) was applied to the geopolymer patch-concrete cells in the
potentiostatic mode: a 10mV voltage was applied to the geopolymer patches, and the
resulting pseudo-linear current response was measured, thus obtaining the impedance of
the system. The frequency of the applied voltage was swept over the range 10 - 10° Hz

during impedance characterization.

7.3.2. Calibration methods

This section is divided in two sub-sections, which describes the preliminary calibration
procedure of the geopolymer coating-concrete system respectively for moisture and
temperature sensing, and for NaCl concentration sensing at a fixed water content and

temperature.

7.3.2.1. Moisture and temperature calibration

The procedure for the moisture and temperature preliminary calibration for coatings is the
same outlined in chapter 5 for geopolymer cells, summarised by the flowchart shown in
Figure 5.6. Pictures of the geopolymer coating-concrete inside the sealed box for water
homogenization and a scheme of the measurement experimental set up (where the

environmental chamber was used) are shown respectively in Figure 7.2. in Figure 7.3.

(b)

Figure 7.2 - (a) geopolymer coating-concrete cell inside the plastic box, connected to the
electrodes of the interrogation system, before sealing; (b) geopolymer coating-concrete cell
inside the sealed plastic box.
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Figure 7.3 - Scheme of the geopolymer coating-concrete cell sample at each water content.

7.3.2.2. NaCl calibration

The NaCl preliminary calibration of the coating sensor was conducted only at the saturation
level (water content ~90 wt%): no drying points were investigated. NaCl solutions with
seven different concentrations were used. Nanopure water was used for the case of Owt%
concentration. The solutions were made by adding a certain amount of NaCl salt into
nanopure water by using a volumetric flask of 1 liter. Also in this case, as in chapter 6, the
concentrations of these solutions are called ‘applied concentrations’, but this time the
coating cells were soaked in 1 liter of solution for 96 hours. Therefore, here it is made the
assumption that applied concentration is quite close to the actual internal NaCl

concentration of the geopolymer coating-concrete system.
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The applied NaCl concentrations are listed in Table 7.1

Applied NaCl concentration [wt%]
0.520 + 0.003
1.202 £+ 0.003
2.169 £+ 0.003
3.412 + 0.003
5.293 + 0.004
8.041 + 0.005
12.002 + 0.007
Table 7.1 - NaCl applied concentrations

The NaCl calibration procedure used for the coating-concrete cells is the same conducted
for the geopolymer cells, and summarised in the flowchart in Figure 6.3, with the only
difference that this time the samples were soaked in 1 liter of solution for 96 hours, instead

of 24 hours, and no drying points have been investigated, but only the saturation case. Also

Zmod

in this case, the normalized values were used: the value of impedance modulus Z,,,4

mod,0
for each cell was divided by the initial value of impedance of the same cell before being
soaked in the solution, Z;,,4 ¢ (impedance value of the sample just after curing at 95% RH
and 20°C, without any NaCl content). The experimental set up also in this case is shown in

Figure 7.3 (where the Faraday cage was used).

7.4. Results and discussion

7.4.1. Coating-concrete cell impedance response

Figure 7.4 shows the typical Bode plots of phase ¢ and Z,,,,4 for: (a) a geopolymer coating-
concrete sensor cell at a temperature of 20+1°C and a water content of ~92+1wt%; (b) a
geopolymer coating-concrete sensor cell at a temperature of 201+1°C, a water content of

~92+1wt%, and an applied NaCl concentration ~ 5.3 wt%.
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Figure 7.4 - (a) Bode plots for Z,,,,4 and phase ¢ obtained for a geopolymer coating-concrete at
a temperature of 20+1°C and a water content of ~92+1wt%. The fits use the equivalent circuit
model given in Figure 7.5 b). (b) Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer
coating-concrete at a temperature of 201+1°C, a water content of ~92+1wt% and an applied
NaCl concentration ~ 5.3 wt%. The fits use the equivalent circuit model given in Figure 5.4 b).

The fits in Figure 7.4 (a) made use of the equivalent circuit model given in Figure 7.5 (b).

This is the same as the equivalent circuit used to describe concrete according to [6] (shown

in Figure 7.5 (a)) with the difference that capacitors were replaced with Constant Phase

Elements (CPE), since this better describes the net result of ion dynamics in electrochemical

systems. The circuit elements in Figure 7.5 (a) are: the bulk capacitance of the concrete

substrate, Cp; the connected pore resistance, R., and unconnected pore resistance of the

concrete substrate, Ry,.; and the pore wall capacitance of the concrete substrate, C,. The

values for each component of the circuit for all the water contents investigated are given in

Table A 6 of Appendix 5.
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Figure 7.5 - a) Equivalent circuit used to describe concrete according to [6]. b) Equivalent
circuit used to describe the geopolymer coating-concrete cells in this work, in case of no NaCl
contamination presence inside the pores of the system.

The use of the equivalent circuit for concrete to fit the Bode plots of the sensing system and
the high values of impedance modulus shown in Figure 7.4 (a) (of the order of 10 - 20 kQ)
are an indication that, in absence of additional NaCl concentration, the impedance response
of the geopolymer coating-concrete system is dominated by concrete. In this case it is
possible to hypothesise that the geopolymer patch acts as a conducting layer to apply the ac
signal directly onto concrete (i.e. acting analogous to a “solder material” rather than a
conducting skin). This would explain why in this case the bulk capacitance can’t be
approximated to be equal to 0 (as it was for pure geopolymer cells). The wire electrodes
distance is similar, and the wire electrodes area is the same of the case of the geopolymer
cell, but in this case all the geopolymer layer itself can perhaps be considered to be part of

the electrode.

The fits in Figure 7.4 (b) made use of the equivalent circuit model in Figure 5.4 b), and the
values for each component of the circuit are given in Table A 7 of Appendix 5 for the seven
concentrations in Table 7.1. This result shows that the coating system in case of NaCl
contamination behaves in a similar way to the geopolymer cell. Impedance modulus values

are much lower than those in Figure 7.4 (a) (< 1 k) and comparable with the values of
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impedance of the geopolymer cell. A possible explanation can be found in the fact that the
higher ion concentration in the geopolymer patch makes its conductivity dominant respect
to the conductivity of concrete, since concrete structure is more complex than geopolymer
structures, with the presence of aggregates of different sizes, sand, and hardened cement

paste.

Regardless of the mechanisms, this result constitutes a useful way to discriminate between
water and chloride sensing responses: a different circuit model and a different magnitude
of impedance describe the two cases. However, further investigations are needed to explain

ion dynamics in this combined system.

7.4.2. Moisture, temperature, NaCl and frequency dependence

Figure 7.6 shows Bode plots for geopolymer coating-concrete sensors at temperatures
ranging from 5 °C to 30 °C, and a water content of ~92+1wt%. In this figure, isotherms have
been plotted on the y-axis by taking the product of the modulus of admittance and

temperature, or A4 * T-

—T=56 T=10.5 T=15.5
T=20.5 T=25.0 T=30.0

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8
log,,(f, Hz)

Figure 7.6 - Bode plots of isotherms of A4 - T. Data shown is for samples at a constant water
content of W~92wt%.
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Figure 7.6 seems to suggest that also the geopolymer coating-concrete sensors obey a
scaling law typical of ionic conductors known as Summerfield scaling [7]: the shape of each
Bode plot is independent of temperature (e.g.the T = 10 °C line can be shifted up or down
to superimpose onto any other temperature line). This means that it is possible to define a
master curve, arbitrarily defining a baseline frequency of f, = 1000 Hz, and a baseline
admittance at 1000 Hz of Appq0 = Amoa(1000Hz) for each line. Here the scaling
frequency has been chosen to be fixed at 1000 Hz, because the impedance measurements
during the thermal cycle for coatings have been found to not work for frequencies < 1000

Hz.

This allows us to plot all of the data shown in Figure 7.6 onto a single scaled Summerfield
plot, which is shown in Figure 7.7 (a)Figure 5.11. In this case, the isotherms don’t overlap
very well and there is a large degree of scatter. This scattering can be quantified using a
linear fit of the data and calculating the RMS parameter. RMSr¢oqtings = 0.0025 is higher
than that found for the geopolymer cell in chapter 6 (RMStgeopoiymer = 0.0019). This may
be because, without the presence of NaCl in the sample, the system impedance seems to be
dominated by concrete impedance (as shown in section 7.4.1), and concrete, compared with
the geopolymer system, has a variety of ions which may behave in different ways with
temperature variation. Concrete also has a structure which is less disordered than that of

geopolymer.

By repeating the scaled Summerfield plot process for water contents and NaCl
concentrations, Figure 7.7 (b) and (c) are obtained respectively. The values of RMS for the
three cases for coatings systems, and those found in chapter 6 for the same three

parameters in the case of geopolymer cells are shown in Table 7.2.

Parameter T w C
RMS Coatings 0.0025 0.0121 0.0063
Geopolymers 0.0019 0.0058 0.0041

Table 7.2 - RMS parameters for coating and geopolymer cell systems in case of temperature (T),
water content (W), and NaCl concentration (c) sensing.
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Figure 7.7 - Scaled Summerfield plots as a single data series for coatings in case of: (a)
temperature variation; (b) moisture variation; and (c) NaCl concentration variation.
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For all the three measurands, the RMS parameters are higher for coatings than for

geopolymer cells.

However, by looking at the RMS parameters for coatings, compared to those for
geopolymers, it is possible to see that in both cases temperature series shows the lowest
scattering, water content series shows the highest non-linearity and NaCl concentration
series shows an intermediate scattering. The reasons are broadly the same, but here are the
key differences. The non- linearity in case of moisture is more evident here than in the case
of geopolymer cells: this could be due to the presence of different ion species. Moreover,
from the comparison between Figure 7.7 (b) and Figure 7.7 (c), it is possible to see that a
difference between moisture and chloride series can be found in the fact that the second
one presents a higher scattering, while the other one presents a higher non linearity of the
curves, and a higher scattering only for frequencies near to 100 kHz. These differences may
provide another method to distinguish sensor response between chloride and moisture
sensing, also in coatings. For this reason, also in the case of coatings as for the geopolymer
samples, the frequency chosen for moisture and temperature characterization is 10 kHz,

while the frequency chosen for NaCl concentration characterization is 1 kHz.

7.4.3. Moisture and temperature preliminary characterisation

7.4.3.1. Sensor response

Figure 7.8 shows plots of sensor response at 10 kHz to a) temperature and b) moisture

Zmod

content. Here the sensor response has been defined as , where Z,,,4 ¢ is the modulus

mod,0

of impedance of the sensor at a water content of 78wt% and at a temperature of 20°C. As
shown, equations 7.2 and 7.5 provide good non-linear fits to the data also for coatings, as in

the case of geopolymer cells described in chapter 5.
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Figure 7.8 - a) Plots of Z;;,04/Zmoa,0 Versus temperature for each water content. Non-linear fits
use equation 7.2. b) Plots of Z,,54/Zmoa,0 versus water content for each temperature. Non-
linear fits use equation 7.5.

The overall response of the sensor for any general water/temperature combination is better
characterized by fitting temperature and moisture simultaneously, using equation 7.6.
Figure 7.9 shows the data from Figure 7.8 on a 3D scatterplot. Here the “dryness” of the
sample has been defined as the inverse of its moisture content, or 1/W. This allows to fit a
surface described by equation 7.6, where the parameters of the fit and their standard errors
are given in Table 7.3. This result constitutes the demonstration of the validity of the same
calibration equations found for geopolymer cells, also in the case of coatings, despite the

differences between the two systems.
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Figure 7.9 - 3D plot of calibration curve for sensor as a function of both moisture and
temperature. The surface of best fit shown is described by equation 7.6.
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Parameter G G, Gg Go Gqo
Value -5.081 436.1 0.0002 -2.02 0.511
95% confidence bounds Lower -5.360 4129 -0.0138 -3.20 0.200
Upper -4,802  459.3 0.0142 -0.84 0.822

Table 7.3 - Parameters and their 95% confidence bounds for the plane of best fit, equation 7.6,
shown in Figure 7.9.

Using these parameterization constants, the water content of a sample can be ascertained if

a second reference sensor (a nearby thermocouple) is used for temperature compensation

as:
Gg+GoT
W = = 8 69 Eq.7.8
In(—meod )\_%6_c TG
Zmod,o T 7 10

7.4.3.2. Precision

Also for geopolymer coating-concrete cells, precision is higher when the conductivity of the
sample is high, at high temperatures and moisture contents and is calculated by mapping
the impedance fluctuations of the EIS interrogator onto the moisture and temperature axes,
using the calibration surface in Figure 7.9 (the calculations are shown in detail in Appendix

1, sections A-1.1 and A-1.2).

The results for coating sensors precision, shown in Table 7.4, demonstrate that, even in
worse case conditions, the precision of the sensor is acceptable, at SW = 0.2 wt% and
6T = 0.2 °C, similar to the case of the geopolymer sensor. In typical conditions, precisions
of 6W = 0.05 wt% and 6T = 0.02 °C are achievable, which are better than the case of
geopolymer sensor. This could be due to the fact that the lower water content investigated
for coating sensor calibration is 78wt%, while for geopolymer sensors was 25wt%. The
choice of a different range of water contents in the case of coatings preliminary calibration
is explained with the fact that in the coating cells the impedance is already high (of the order
of 10 kHz) at water saturation (W~92wt%), and the sensor could stop working at water

contents lower than 78wt% and low temperatures.

Moisture precision Temperature precision
W, wt% 6T,°C
Worst case 0.213 0.189
Typical case 0.046 0.019
Best case 0.031 0.002

Table 7.4 - Worst case, best case and typical precisions for moisture and temperature sensing of
geopolymer coating-concrete
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7.4.4. NaCl preliminary characterization

7.4.4.1. Sensor response

Figure 7.10 shows the plot of the sensor response at 1 kHz to the NaCl concentrations ¢
listed in Table 7.1 (plus ¢ = O0wt%), for saturation water content only (~ 92 + 1 wt%),

and at a constant temperature of 20 + 1 °C. Here the sensor response has been defined as

Zmod

Z , where Z,,,,4 0 is the modulus of impedance of the sensor before soaking in NaCl
mod,0

solution. Also for coatings, as for geopolymer cells, equation 7.7 provides a good fit to the
data, and the data points further from the curve can be attributed to experimental noise in

temperature, water content values or chloride concentrations.

The parameters of the fit in Figure 7.10 and their standard errors are given in Table 7.5. By
using the parameterization constants in Table 7.5, the NaCl concentration of a geopolymer

coating-concrete cell at water content saturation can be ascertained as:

1 zzm(;do ~bs
= _—. Zmodo
€=—y In by Eq.7.9

Also in the case of chloride sensing calibration this result confirms the validity of the same

calibration equations found for geopolymer cells in chapter 6, and the same saturation of

the sensor response is observed for concentrations > 5wt%.

0.18 - \ \ \
0.16 - Fit model: f(x) = a*exp(-b*x)+c i
014 Coefficients (with 68% confidence bounds):
a=0.1146 (0.1069 0.1223)
012 - b =0.4104 (0.3373 0.4836) .
= ¢=0.0178 (0.0119 0.0237)
g 0.1
NU Parameters of fit goodness:
2 0.08 - SSE = 0.0002 l
N 0.06 - RSQUARE = 0.9821

RMSE = 0.0069
0.04
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Figure 7.10 - Plot of “mod_yersus NaCl concentrations ¢ (Table 7.1) plus ¢ = Owt%. Non-linear

mod,0

fit uses equation 7.7.
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Parameter by bs bg
Value 0.1146 0.1069 0.1223
68% confidence bounds Lower 0.4104 0.3373 0.4836
Upper 0.0178 0.0119 0.0237

Table 7.5 - Parameters and their 68% confidence bounds for the line of best fit, equation 7.7,
shown in Figure 7.10

7.4.4.2. Precision

As for the case of geopolymer cells, for coatings precision is found by mapping the
impedance fluctuations of the EIS interrogator onto the NaCl concentration axes, using the
calibration fitting curve shown in Figure 7.10, equation 7.7 and equation 7.9 (by using the
method schematically shown in Figure 6.17, and the calculations detailed in Appendix 1,
section A-1.3). The precision values for NaCl coating sensors are listed in Table 7.6 The
precision is not fixed for all NaCl concentrations: it is worse at high concentrations ¢ >
5wt% (6c = 0.14wt% ) and better at low concentrations Owt% < ¢ < 1.2wt% (d6c =
0.01wt%). For intermediate concentration levels 2.2wt% < ¢ < 3.4wt% the typical sensor
precision is 6¢ = 0.05wt%. These results are better than the case of geopolymer sensor cell,
and the reason for this could be found in the fact that Figure 7.10 shows less fluctuations in
the experimental data points than those observed in Figure 6.15, since all of them were
measured at the same water content and at the same time (so the temperature fluctuations
are much less than in the experiment where the drying points were investigated, thus
implying that each drying point is measured in a different day). Besides, here the highest

concentration investigated is ~12wt%, not 22wt%.

oc, wt%
Worst case 0.14
Typical case 0.05
Best case 0.01

Table 7.6 - Worst case, best case and typical precisions for NaCl sensing in the range of NaCl
concentrations between 0 and 12 wt%, for saturation water content only (~ 92 + 1 wt%), and
at a constant temperature of 20 + 1 °C.

7.5. Summary and future work

This chapter has provided the first time demonstration of the feasibility of thin geopolymer
coatings on concrete as moisture sensors at variating of temperature (5°C < T < 30°C) and

as chloride sensors at solution saturation (moisture content ~92wt%) and room
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temperature (20°C). The validity of the calibration equations for temperature, moisture and
NaCl concentration found for geopolymer cells has been demonstrated in the case of
coatings, and the same saturation of the sensor response is observed for NaCl
concentrations > 5wt%. This constitutes an important scientific result on
geopolymer/geopolymer coating sensing capability, and an optimistic result from the point

of view of an industrial application of geopolymers as skin sensors for concrete.

Moreover, this chapter has also investigated and extended our knowledge of the electrical
conduction mechanism of a system made by geopolymer thin coating on concrete: the
proper circuit models which better describe the system with and without NaCl
contamination were outlined and validated by experimental evidence. Although further
investigations are needed to explain ion dynamics in this combined geopolymer-concrete
system, the results of this investigation provide a useful way to discriminate between water
and chloride sensing responses, since a different circuit model and different magnitude of

impedance have been found to describe the two cases:

e in absence of additional NaCl concentration, the response of the geopolymer
coating-concrete system appears to be dominated by concrete, and the geopolymer
patch could be considered analogous to a “solder material” rather than a conducting
skin: impedance values are of the order of ~10 — 20 k(), and the system has been

found to be well modelled by a circuit analogous to that used to describe concrete;

e in case of NaCl contamination, on the other hand, the geopolymer coating-concrete
system behaves in a similar way to a geopolymer cell: it has been found that it is
well modelled by the same circuit model found for the geopolymer cells in chapters
5 and 6, and that the impedance modulus values are < 1 k) (comparable with the

values of impedance of the geopolymer cell).

Finally, an estimation of sensor precision demonstrated that: in the worst case conditions
investigated in this work (moisture content of 78wt%, temperature at 5-10°C and high NaCl
concentrations 5 wt% < ¢ < 12 wt%), the precision of the coating sensor is acceptable, at
SW =0.2wt%, 6T = 0.2°C, and 6c = 0.14wt%, and in typical conditions (moisture
content of 83-87wt%, temperatures 15-25°C and NaCl concentrations 2.2wt% < c¢ <
3.4wt%) precisions of W = 0.05 wt%, 6T = 0.02 °C and §c = 0.05wt% are achievable.
However, it must be noted that, at difference of the case of geopolymer cell system

calibration, for coatings the lowest moisture content and the highest NaCl concentration
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investigated were W = 78wt% and ¢ = 12wt%. Future work will need to demonstrate the
feasibility of the coating sensor also for moisture contents below 78wt%. Besides, future
work could consider also NaCl concentrations beyond 12wt%, in order to evaluate the
formation of efflorescence on the system surface and the influence that this might have on

its sensing function.

Moreover, future work will need also to conduct a more complete characterisation of the
coating system: (a) characterise the coating system NaCl sensing response also at variating
of moisture content and temperature; (b) evaluate the sensing performance of the system
also in terms of repeatability and sensor drift/stability over 20 minutes or longer
measurement times; (c) evaluate sensor precision also for concentrations >12wt% and

moisture contents below 78wt%.
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8. CONCLUSIONS AND FUTURE
WORK

This thesis has outlined the development of a self-sensing geopolymer repair technology
based on low-calcium fly ash geopolymers, cured at 20°C and 95% Relative Humidity. The

geopolymers developed can:

1. be cured in ambient conditions without additives, resulting in a non-structural

repair for concrete;
2. actas stand-alone moisture, NaCl concentration, and temperature sensors;
3. act as coatings for concrete, monitoring the same measurands.
All three of these items are first-time demonstrations in their own right.

Calibration of the sensing system (points 2 and 3) was conducted in a steady-state
configuration (stabilised and homogeneous temperature, water content and NaCl
concentration for each calibration point). The investigation of the behaviour of the system
in a dynamic regime is left to future investigation. This work has achieved its aim of

demonstrating sensing feasibility.

The second aim was to develop ambient cured, additive-free geopolymer coatings with good
integrity and suitable thermal and mechanical properties (point 1). This also required a

novel approach . Contrary to previous studies, no additives were used (i.e. standard sand,
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polypropylene (PP) fibers)[1-10] to improve properties or reduce the risk of cracking.
Instead, changes to material composition and mixing time allowed for the demonstration of
non-structural repairs, protective coatings, and an analogues “solder material” for
connecting electrodes to concrete. Some additives could be incorporated in future to

produce higher performance materials (e.g. structural repairs).

The industrial and scientific relevance of this thesis is outlined in Section 8.1. Section 8.2
outlines future scientific work required, and section 8.3 outlines other potential

applications for the technology.

8.1. Industrial and scientific relevance

This work presented in this thesis provided important scientific contributions and
demonstrated a promising technology for retrofitted concrete repairs, rehabilitation and
sensing in a nuclear context. The following subsections present a summary of the industry
relevance of the work carried out (subsection 8.1.1) and the main scientific findings and

contributions (subsection 8.1.2).

8.1.1. Industry relevance of the work

Corrosion of steel rebars is the main cause of reinforced concrete degradation. In coastal
zones, this is triggered by the interconnected role of moisture and chloride. Maintenance
actions informed by monitoring are particularly needed for safety critical nuclear concrete
structures such as nuclear stores. These are intended to last for 100 years, and some (like
the SPRS store at Sellafield) make use of passive cooling systems which prevent the use of
air filters. This leads to a lack of control over the ingress of sea water-spray which can
condense onto concrete surfaces. In such a context, the need for moisture and chloride

monitoring technologies is clear.

As outlined in chapter 2, environmental monitoring in UK nuclear store buildings makes use
of relative humidity sensors and tokens for surface salt deposition measurements. There
are no sensors employed for measuring moisture and chloride contents in concrete. The
reason for this is found in the challenge of finding a suitable device to be applied in a nuclear

context:
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- Existing sensors need to be embedded into concrete. Drilling, and even embedding
technologies into nuclear structures during construction, are viewed with

scepticism in an industry which follows strict design requirements for safety.

- Radioactive packages inside the store are a source of heat and highly ionising
radiation. Materials which produce y-products under interactions with radiation

are prohibited, and radiation resistant materials are preferred.

The sensor technology outlined in this thesis meets these requirements, as:

(i) it offers measurements of self- or concrete-substrate- moisture and chloride
levels;
(i) is non-invasive (electrodes are applied to another highly conductive medium,

instead of directly onto concrete);

(iii)  the material itself has a good radiation resistance, and the lack of additives

ensure this is maintained,;

(iv) it can be conveniently deployed in challenging conditions: which for this
material means the relatively cool and humid ducts and air corridors of the

stores.

There are several further advantages that make this an attractive technology across other

applications, even in non-nuclear sectors:
V) the sensor patch also acts as a non-structural repair or protective layer;
(vi)  the material itself is cheap: the cost per sensor could be less than £100;

(vii)  there are minimal manufacturing and deployment steps required (no thermal

curing, no fly ash grinding, no additives);

(viii) patches and samples can be shaped when uncured and applied to structures of

any shape and size;

(ix)  the patches could act as skin sensors to offer distributing sensing with the use

of tomography over a patch
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The solution could be mapped to applications in other sectors, and the technology could

also be applied for the monitoring and protection of newly cast concrete structures.

8.1.2. Main scientific findings

The most important and novel findings of this thesis can be briefly summarised in the

following points:

e Understanding the curing regime of geopolymers can be used to develop ambient-
curable, thin (1 mm) geopolymer coatings for old/new-cast concrete. These
coatings demonstrate British-European standard non-structural repair properties
without additives or additional processes. This makes them more affordable and

suitable to be applied within a nuclear context.

e Water-transport plays a critical role in coating integrity during curing, especially
during geopolymerisation reaction processes. Curing geopolymer binders/coatings
at high relative humidities (95%) can lead to efflorescence which can be partly

tackled by adjusting mix designs.

e Even non-treated concrete substrate surfaces lead to good bond strength (>0.8
MPa) with the geopolymer coatings, thus making the technology even more

affordable and easy to apply.

e Geopolymers can be used to monitor moisture and NaCl content via changes in their
electrical impedance. Typical precisions for geopolymer cells were 0.1 wt% for
moisture, and 0.8 wt% for NaCl concentration. Geopolymer sensors show
particularly good sensor repeatability between 0.2 wt% and 1.5 wt% moisture, and

a sensor drift of < 3% over a 20 min period.

e NaCl contamination could be measured for > 0.2wt% for patches on concrete:
electrochemical impedance spectroscopy has demonstrated that the conduction
response of thin (1 mm) geopolymer coating systems may be dominated by the
concrete or by the geopolymer patch depending on the presence of NaCl

contamination.
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e Low temperatures, low moisture levels and NaCl concentrations > 5wt% lead to a
worse precision for both geopolymer cells and coatings. The saturation of sensor

response for NaCl concentrations was > 5wt%.

o The application of electrochemical impedance spectroscopy has demonstrated that
the variation of temperature, moisture and NaCl concentration in both geopolymer
and coating systems produce a different degree of linearity in the Summerfield
scaled plot: this demonstrates that the three different parameters produce different
changes in ionic conduction, conforming to currently understood theories of ionic

conduction.

The following subsections summarise the main findings for each topic in more granular

detail.

8.1.2.1. Geopolymer coating integrity

This work, through a process of trial and error, demonstrated that ambient cured low

calcium fly ash geopolymer coatings for concrete can be obtained by using:

e aratio between the the liquid alkaline solution (L) and the solid fly ash (S) é =0.5,
and an alkaline solution comprised of sodium hydroxide (SH) and sodium silicate

(SS) with ratio % =0.4;

¢ low thickness coatings (1 mm) to reduce shrinkage (in thin patches, water 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);
¢ no additives (such as plastic fibers);
e no additional grinding processes (the fly ash used belongs to category S);

e amixing time of ~ 1 hour, by using an automatic mixer at 500 min~! (this has been
found to allow geopolymer coatings to overcome water-loss induced cracking and
to show an homogeneous surface without voids, bubbles and black dots formed by
unreacted fly ash particles, by ensuring that only small extent of fly ash particles is

unreacted);
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e a concrete substrate of any age (it has been found that coating integrity doesn’t
depend on concrete maturity, thus allowing geopolymer coatings and linings to be
applied to newly cast concrete structures, and not only to old structures which need

repair);

e curing them for 30 days at 20 °C and 95% Relative Humidity (while they take almost

one month to cure, they are touch-dry within one day).

[t was also shown that for low-temperature, humid curing (above 70% RH) and prolonged
storage conditions, geopolymer coatings on concrete showed, in most cases, evidence of
efflorescence: white crystals on the surface 3-8 weeks after application and curing
stemming from the crystallisation of excess alkaline solution. This presents another
symptom of moisture transport within the sample, mainly due to the drying process. Indeed,
one of the most important considerations coming from this study is the interaction between
water-transport (a physical process) and the geopolymerisation reaction (a chemical

process). This underpins coating integrity, efflorescence and strength gain.

8.1.2.2. Geopolymer coatings as non-structural repairs for concrete

The evolution of strength is notably slower for ambient cured than for thermally cured
geopolymers. Despite this, the mechanical properties tested for the sample specimens in
this work could allow the material (vibrated and non-vibrated) to be classified as a non-
structural repair (class R1 and R2 respectively) according to the standard BS EN 1504-

3:2005 [11]. The following points summarise the main findings of this investigation.

e The 28 day compressive strength for non-vibrated binders showed values which
make them potential non-structural repairs of class R1 (= 10 MPa), while vibrated
binders demonstrated a 28 days compressive strength between class R1(=10 MPa)
and class R2 (=15 MPa) for non-structural repairs. These results showed that air
bubbles are a limiting strength factor on a non-vibrated mix. It must be noted that
there was a growing degree of strength variability in samples as they cure, and so
these preliminary results need to be taken with caution, also because the
measurement was not strictly complying with the standard BS EN 12190 for

compressive strength testing methods for repair materials.

e The results for the bond strength test, conducted on vibrated geopolymer coatings

applied onto un-treated concrete surfaces show a slightly higher bond strength
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value (2.30 £+ 0.39 MPa) than those applied onto roughened concrete surfaces (1.82
+ 0.67 MPa). This can be due to the process of roughening which contributes to
smooth the depths of the holes in the surface, so that it is likely that less geopolymer
binder can enter the holes lowering the bonding strength of a scoured concrete
surface. However, looking at the errors, the two values are comparable. This implies
that the patches can be likely applied directly onto concrete, without additional

treatment.

e The bond strength values for scoured and un-scoured concretes were found to be
both > 0.8 MPa, which is the requirement to classify a material as a non-structural
repair. This preliminary result constitutes a promising result for the geopolymer
coatings, especially since they are ambient cured and very thin (1 mm). However, it
must be said that the accuracy of the instrument used for the bond strength
measurement (Elcometer) is +15%, much worse than that (+2%) recommended
by the standard BS EN 1542:1999 on the pull-out testing method for repair
materials onto concrete. Despite this, the method chosen in this work is a manual,
convenient and simple method, more suitable to test thin coatings and to provide a
preliminary evaluation of the in-service performance of the coatings for the bond
strength than the most of the other more accurate methods. This means that also in

this case the results must be taken with caution and a further future work is needed.

Since the aim of this work was to demonstrate a non-structural repair, for the time being,
measurements of elastic modulus were not required, according to BS EN 1504-3:2005 [11].
However, measurements were conducted to give an idea of the coefficient of thermal
expansion, a, between T = 20 °Cand T = 2 °C, which is a representative range of the storage
facility temperatures in ducts and air inlets (as internal reports for temperature and RH
monthly measurements in the SPRS store in Sellafield show). The value found was a =
10.6 - 107%, which is in accordance with the range of variation of the coefficient of thermal
expansion for geopolymer materials (from 4 - 107% to 25 - 107® K1, which comprises

the value of the coefficient of thermal expansion for concrete: 13+ 107¢ — 14 - 107¢ K1),

8.1.2.3. Geopolymers as stand-alone moisture and temperature sensors

A major outcome of this work was the first time demonstration and characterization of

ambient cured fly ash geopolymers as moisture sensors:
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e ithasbeen demonstrated thatlow calcium fly ash geopolymer materials can be used
to sense moisture and temperature changes with typical precisions respectively
6W = 0.1 wt% and 6T = 0.1 °C in the water content range 80 — 25 wt% and in the

temperature range 5 — 30 °C;

e a calibration equation for temperature and moisture has been found, from which
moisture values can be ascertained when a second sensor for temperature

compensation is present;

e repeatability in moisture measurement was 0.2 - 1.5 wt%, this can be linked to the

fact that ion leaching was minimal during washing cycles;

e sensor drift is usually negative, and worst at high temperatures and low moisture

contents, but is always < 3% over a 20 min period.

All of these results are encouraging for the long term performance of the sensor, and
constitute both an important scientific finding and a promising result for industrial

application.

8.1.2.4. Geopolymers as stand-alone NaCl concentration sensors

The work also outlined a first-time demonstration of geopolymer NaCl concentration

Sensors:

e Changes in NaCl concentration inside the pore solution of the geopolymer cell

demonstrated measurable changes in impedance with an exponential dependence;
e Sensor response saturated for internal NaCl concentrations beyond 5wt%;

e The most sensitive region for NaCl concentration sensing was found in the range 0.2
- 5 wt%, with typical precisions of ¢ ~ 0.8 wt%, while the worst case precision
¢ ~ 5.8 wt% corresponds to high concentration values (¢ = 10 wt%), and the best

case precision corresponds to concentration values 0.2 < ¢ < 1 wt%.

Sensor calibration used actual internal NaCl concentrations covering the range 0 wt% —
22wt% which correspond to all the possible chloride contamination values and water

contents in the range of those found in nuclear storage structures, such as SPRS. The results
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for high concentrations led to the hypothesis that some change occurs in the physical
mechanisms behind geopolymer ion conductivity when ion density in the solution is high,

thus providing the saturation of sensor response for concentrations >5wt%.

8.1.2.5. Self-sensing coatings for moisture, NaCl

When used as coatings, geopolymers can still be used to detect moisture and chloride levels

in concrete:

e thin (1 mm) geopolymer coatings can act as moisture sensors between 92wt% and

78wt% and at temperatures (5°C < T < 30°C);

e they can also act as chloride sensors (demonstrated for moisture contents of

~92wt%, and at room temperature, 20°C).

e (Calibration equations for temperature, moisture and NaCl concentration can be

mapped from stand-alone cells to coatings (although parameters do differ);

e the same saturation of the sensor response observed for geopolymer cells is

observed for coating cells at NaCl concentrations > 5wt%.

e typical precisions of SW = 0.05 wt%, 6T = 0.02 °C and 6c = 0.05wt%, were found
respectively for moisture content of 83-87wt%, temperatures 15-25°C and NacCl

concentrations 2.2wt% < ¢ < 3.4wt% ;

e electrochemical impedance spectroscopy has provided a useful way to discriminate
between water and chloride sensing responses: a different circuit model and
different magnitude of impedance have been found to describe the two cases
(higher impedance values were found in the case of geopolymer coatings with no
NaCl contamination; NaCl contamination makes the 1mm thin geopolymer coating
the dominating conducting medium, while absence of NaCl contamination shows

conduction dominated by concrete).

These results constitute an important scientific result, and an optimistic result from the

point of view of the industrial application of geopolymers as skin sensors for concrete.
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8.2. Future work

Avenues for future work are outlined in the following tables: Table 8.1 (geopolymer coating
integrity); Table 8.2 (geopolymer coatings as non-structural repairs for concrete); Table 8.3
(geopolymers as moisture and temperature sensors); Table 8.4 (geopolymers as NaCl
concentration sensors); Table 8.5 (geopolymer coatings onto concrete as moisture,

temperature and NaCl sensors).
Of these numerous items of future work, investigation of the following should be prioritised:

- The sensor response during dynamic changes in measurands should be investigated

to establish the response time and its associated impact on errors.

- The behaviour of the geopolymer cells and coatings under gamma irradiation at the
levels present in the radioactive storage area of concrete nuclear structures:

impacts on the mechanical and sensing properties should be investigated.

- Characterization of the sensor response in terms of changes in impedance phase or
overall frequency dependence. Indeed, these carry information about the capacitive
behaviour of the sensor. If, for example, moisture and temperature have different
impacts on the impedance at different frequencies, then this could be used to

distinguish between the two without a second reference sensor.

- Development of lower cost interrogators that are compatible with wireless systems.
The EIS device employed in this work is a piece of lab equipment: it provides highly
accurate and detailed measurements of impedance spectra, but it is not suitable for
deploying in field conditions (nor is it necessarily required - a simpler, low power

device for measuring impedance may be adequate).

- Alternative geopolymer sources: fly ash geopolymers were chosen because they
show: (i) a high workability (useful for coating applications); and (ii) a high
durability and strength. Much of the work demonstrated could be mapped over to
other geopolymer types (e.g. metakaolin). This would require further study, but
could be useful in regions which have a faltering fly ash supply due to the shrinkage

of the coal energy industry.
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Geopolymer coating integrity

Solutions to the issues of efflorescence in humid environments.

Explore the influence of a concrete substrate water saturation.

Test the durability under exposure to a variety of environmental conditions.

Define methods for studying the relationship between coating thickness, shrinkage and integrity

after prolonged geopolymer mixing.

Table 8.1 - Future work points in the reserce field of ‘Geopolymer coating integrity’.

Geopolymer coatings as non-structural repairs for concrete

Assess compressive strength of the geopolymer binders strictly according to the relative standard.

Test the bond strength and thermal expansion also for non-vibrated geopolymer binders.

Test all the properties required by the standard BS EN 1504-3:2005 [11] not analysed in this work,

for the assessment of non-structural repairs, for vibrated and not vibrated binders.

Table 8.2 - Future work points in the reserce field of ‘Geopolymer coatings as non-structural
repairs for concrete’.

Geopolymers as moisture and temperature sensors

Characterize the response time of the sensor.

Further investigations to explore the behaviour of the sensing system in a dynamic state.

Characterise the response of the sensor also for strain.

Investigate field deployment methods.

Explicitly demonstrate that moisture can be ascertained independently of temperature when a

second reference sensor (a nearby thermocouple) is used for temperature compensation.

Table 8.3 - Future work points in the reserce field of ‘Geopolymers as moisture and temperature
sensors’.

Geopolymers as NaCl concentration sensors

A more complete calibration of the sensing system, which requires: (a) a temperature calibration
for each NaCl concentration; (b) a strain characterization of the response of the sensor; (c) a higher

measurement time for each impedance measurement (about 20 minutes) which would allow an
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evaluation of sensor stability and drift; (d) a repeatability evaluation; and (e) a response time

characterization of the sensor.

Explore system dynamics: how the chloride concentration inside the sample changes as the sensor

is exposed to chloride outside of the sample, and how this affects drift in the sensor response.

An environmental chamber is preferred to the faraday cage for a future sensor cell characterization,

in order to reduce fluctuations in temperature values.

Explore the solutions to overcome sensor saturation for NaCl concentrations > 5wt%.

Measure the degree of efflorescence of dry geopolymer cells after saturation at NaCl concentrations
> 5wt%, and how this affects the sensing function and the sensor response saturation beyond

5wt%.

Explicitly demonstrate that NaCl can be ascertained independently of water content when a second

reference sensor is used for moisture compensation.

Table 8.4 - Future work points in the reserce field of ‘Geopolymers as NaCl concentration
sensors’.

Geopolymer coatings onto concrete as moisture, temperature and NaCl sensors

Further investigations to explain ion dynamics in this combined geopolymer-concrete system.

Further investigations to explore the behaviour of the sensing system in a dynamic state

(water/NaCl solution diffusion and transport).

Demonstrate the feasibility of the coating sensor also for moisture contents below 78wt%.

Explore solutions to reduce the impedance values of the system at lower moisture contents.

Investigate also NaCl concentrations beyond 13wt%, in order to evaluate the formation of
efflorescence on the system (geopolymer + concrete) surface and the influence that this might have

on its sensing function beyond 5wt%.

A more complete characterisation of the coating system: (a) characterise the coating system NaCl
sensing response also at variating of moisture content and temperature; (b) characterise the
response of the sensor also for strain; (c) evaluate the sensing performance of the system also in
terms of repeatability and sensor drift/stability over 20 minutes or longer measurement times; (d)

evaluate sensor precision also for concentrations >13wt% and moisture contents below 78wt%.

Investigate the sensor response for geopolymer coatings applied to reinforced concrete specimens.
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e Investigate the sensor response, the conduction mechanisms and the circuit model for the system
made by a geopolymer coating applied to a concrete surface belonging to a large concrete structure

(i.e. reinforced concrete wall).

Table 8.5 - Future work points in the reserce field of ‘Geopolymer coatings onto concrete as
moisture, temperature and NaCl sensors’.

8.3. Closing remarks on future direction of the technology

The self-sensing geopolymers described in this thesis could be deployed outside of the
nuclear industry for monitoring all manner of utilised or decommissioned structures in
corrosive environments, from bridges, to dams, to oil platforms and offshore wind turbine
foundations. The technology supports increased knowledge of reinforced concrete
degradation, and so could allow maintenance to become more proactive, and reduce the risk
of tragic events such as the recent collapse of the Morandi bridge in Genoa (August 2018,

due to the combined action of heavy traffic and an aggressive environment [12]).

To achieve this, the technology needs to be coupled with a suitable deployment method, and
a means of acquiring the sensor data. In closing, the following two subsections very briefly
propose some promising deployment and interrogation methods for the technology
outlined in this thesis. These are considerations which will require more thought as the
technology moves towards field deployment: they will underpin how and where the
technology is used, and how it changes the risk landscape for the end user. This will affect

the true costs of the technology, and its likelihood of being adopted.

8.3.1. Deployment methods

Modern sensors and self-sensing materials themselves are becoming increasingly
affordable, but their deployment poses significant labour costs, and risks to productivity
and personnel. Sensor repeatability and robustness are also largely dependent on the

quality of workmanship during installation.

Work carried out in this thesis has characterised a manually deployed technology. Recent
work [13, 14] has focused on the development of remote deployment methods for

geopolymers using robotically controlled 3D printing, and spray coating. This deployment
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method could allow sensor-repairs to be more conveniently deployed in some of nuclear’s

harsh and remote environments, without risk to personnel.

Robotic deployment methods could offer the additional benefits of [14]: improving the
repeatability of patch deposition (repeatability of repair and sensor performance), reducing

labour costs, and providing fixed marginal costs per deployed sensor [15].

Stand-alone geopolymer cells could also be prefabricated and deployed in environments as
tokens, acting as ‘sentinel sensors’. Here, the small size and low weight (50 g) of the sensors
come into play, as these allows the technology to be remotely deployed using drones or

remotely piloted probes.

8.3.2. Interrogation and data transfer systems

For most applications outside of the nuclear industry, geopolymer moisture and chloride
sensors could be interrogated using a wireless sensor network. In a nuclear environment,

however, fully wireless systems are typically not permitted for security reasons.

A viable alternative in this case could be to use a computer station in a radiation free
environment inside the structure, where the data can be sent through a wireless (Wi-Fi or
Li-Fi) system transmitting inside the same structure, or simply by using short length

shielded cables.

Another solution could be to deploy the technology and then only intermittently interrogate
it using a remotely piloted robot, probe or drone: in this way, the geopolymer would provide
a continuous repair, but not continuous monitoring, instead providing a means of non-
destructively taking point measurements of chloride and moisture levels. Taking this route
would eliminate some of the need to study the dynamic sensor response of the system. It
would also reduce the exposure of sensitive electronics to radiation (the geopolymers

themselves may be radiation hard, but the interrogating electronics is not).
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Appendix 1 - Mathematical formulation of sensor precision

The precision characterises the noise in the sensor measurement [1]: it is the spread of the
data (a set of constant measurements taken with a device) around the average value. This
spread (the precision) can be characterised by the standard deviation, and it’s due to noise
during the measurement. Precision must always be larger or equal to the resolution (the
smallest possible change in the measurand that the device can possibly measure). Most
systems have noise, and this noise (i.e. data spread) > resolution. If it was possible to take
away all the sources of noise in the system, then precision = resolution. In the sensor system
characterised in this work there is some noise, and for this reason an evaluation of precision
has been done for moisture, temperature and NaCl measurements. The following sub-
sections outlines the method of calculating the precision of the geopolymer sensor cells in
the case of the three measurands. Since geopolymer-coating sensor cells obey to the same
calibration equations (although parameters do differ), the same methods apply also to

coating sensors.

A-1.1 Calculating sensor precision for moisture

The sensor response values were defined by means of a variable:

R=1In (M) Eq. Al

mod,0

The error in R was found using the errors in Z,,4, ET707r_Z 04, and Z 0.0, ETT01_Zp4g 0,

by means on the error propagation formula:

Errorg = R- (M)Z + (M)Z Eq. A2

Zmod Zmod,o0

Equation 5.17 was used to calculate:
1. the expected water content value, W, for each R and temperature value T;

2. The upper bound for water content, W,, , for each R+ Errorg value and

temperature value T;
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3. The lower bound for water content, Wy, , for each R — Errory value and

temperature value T.

Then the expected value of moisture was subtracted from the upper and lower bounds to

get the +/— errors in water content:
€Yy UpperErrorw = Wup -W Eq. A3
(2) LowerErrorW = Waown — W

As typical of nonlinearity, the 4/- errors are not exactly the same, but the difference

between them is so small that it is possible to assume that:
Uppergrror,~ = Lowergyror, Eq. A4

The moisture error can be stated as the mean value of (1) and (2):

Upperg +abs(Lowerg )
Mean_Error,, = W . ot Eq. A5

For the moisture/temperature calibration case, because the sensor dependence is non-
linear, moisture error is not constant, and Mean_Error,, is a matrix. The worst case
resolution is for (dry, cold samples), and the best resolutions are for (wet, warm samples).
These values for the typical, best and worst case precision are showed in the first column of
Table 5.5, in section 5.5.5 of chapter 5. They are obtained from the following calculations

respectively:

Typical_w_precision = Mean(Mean(Mean_Error,,) Eq. A6
Best_w_precision = Min(Min(Mean_Error,,)

Worst_w_precision = Max(Max(Mean_Error,,)

where the mean (typical case), min (best case) and max (worst case) of the matrix of
moisture errors, Mean_Error,,, is found by doing the mean, min and max respectively of

the mean, min and max of each column of the matrix.
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A-1.2 Calculating sensor precision for temperature

The calculations of precision in the case of temperature is a bit more complicated because

of the form of equation 5.15.

The sensor response values and their errors were defined, also here, by means of equation

Al and equation A2 respectively.

If equation 5.15 is rearranged as:
1 G G
(62+G4-;)-T+?1+(;3+G5—1n(R))=O Eq. A7
it can be re-written as:
AT+Z+C=0 Eq. A8
1 G
where A = (G, + G,-=), B =61,C = (2+ G5~ In(R)).

Equation A8 has two solutions:

—VJC?-4-A-B-C

1 T="r0 Eq. A9
2. T= —VCZ‘;‘:"B‘C

which produce identical predictions for temperature.

As it was done for water content above, by using R, R + Errorg, R — Errorg and water
content values W in equation A9, the following expected, upper and lower values

respectively are obtained for temperature: T, Ty, Tgown-

As for the previous case, the +/- errors in T are defined as:
(1) Uppererrory = Tup —T Eq.A10
(2) Lowergrrory = Taown — T

Also in this case, they are similar, and the temperature error can be stated as the mean of

(1) and (2):
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UppeTErrorT+ab5(L0W9TErrorT)
2

Mean_Errory = Eq. Al1l

Also in the case of temperature, because the sensor dependence is non-linear, temperature
error is not constant, and Mean_Errorr is a matrix. The worst case resolution is for (dry,
cold samples), and the best resolutions are for (wet, warm samples). These values for the
typical, best and worst case precision are showed in the second column of Table 5.5, in
section 5.5.5 of chapter 5. As for moisture, for temperature they are obtained from the

following calculations respectively:
Typical T _precision = Mean(Mean(Mean_Errory) Eq.A12
Best_T _precision = Min(Min(Mean_Errory)

Worst_T_precision = Max(Max(Mean_Errory)

A-1.3 Calculating sensor precision for chloride

The sensor response values were defined by means of a variable:

Z
anlr:;zido(w'c)
R = Znoanorm,, (€) = Zmod w) Eq. A13
ZmOd'oc:O,interpol

The error in R was found using the errors in:

mod

VA Z
Z_norm == (W, ), and Z_norm_w = —222 w),
mod,0 mod,0c=0,interpol

by means of the error propagation formula:

Errory = R (M)Z n (M)Z Eq.A14

Z,norm Zﬁnorm,w

Equation 6.18 was used to calculate:

1. the expected NaCl internal actual concentration value, c, for each R value;
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2. The upper bound for NaCl internal actual concentration value, c,,;,, for each R +

Errorg value;

3. The lower bound for NaCl internal actual concentration value, c;oy,, for each R —

Errorg value.

Then the expected value of NaCl concentration was subtracted from the upper and lower

bounds to get the +/— errors in NaCl concentration:
(1) Uppererror, = Cup — € Eq. A15
(2) Lowergrror, = Caown — C

As typical of nonlinearity, the +/- errors are not exactly the same, but the difference

between them is so small, that it is possible to assume that:
UpperErrorCN = LowerErrorc Eq. Al6

The NaCl concentration error can be stated as the mean value of (1) and (2):

(Upperg +abs(Lowerg )
Mean_Error, = e - e Eq.A17

The non-linear dependence of the sensor in response to NaCl concentration means that the
precision is not fixed for all NaCl concentrations. Mean_Error, is a matrix.The worst case
precision occurs in the region where the sensor response shows saturation (c < 5 wt%),
and the best case precision corresponds to low concentrations (0.2 wt% < ¢ < 1 wt%),
where the sensor shows a better sensitivity to ¢ changes. The precision results are shown
in Table 6.10 of chapter 6. As for moisture and temperature, typical, best and worst case
precision are obtained (in the useful range for precision definition 0.2 < ¢ < 15 wt%) from

the following calculations respectively:

Typical_c_precision = Mean(Mean(Mean_Error,) Eq. A18

Best_c_precision = Min(Min(Mean_Error,)

Worst_c_precision = Max(Max(Mean_Error,)
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Appendix 2 - Mathematical formulation of Pooled Repeatability

Each cycle for moisture in Figure 5.17 and each cycle for temperature in Figure 5.16 is made

of a number P of points, which in this case are 6 for both moisture and temperature cycles.

The impedance response of the sensor can be defined by mean of the variable R = Lmod
mod,0

the response of each point in each curve it is possible to associate an index from 1 to P:
R4, ..., Rp. Each curve shows a response R; for each i-point. The repeatability between the

cycles can be evaluated by means of the following equation for the Pooled Repeatability [2]:

R _ \/(nl—1)-s12+(n2—1)-sZ2+~-+(np—1)-SP2 Eq.A19

pooled = ny+ng+-+np—P

where the degree of freedom for each point, n;, is equal to the number of cycles, and the

standard deviation s for each point, s;, is given by the following equation [2]:

m Rj—Rmean 2
s = /—Z"l( L ) Eq. A20
n-1

In equation A20, Ry,.qn is the average of the R; response for all the cycles, and nis their

degree of freedom, which is equal to the number of cycles.
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Appendix 3 - Chloride geopolymer sensor characterization: Data Tables

A-3.1 Actual NaCl concentration values

Applied NaCl Actual NaCl concentration [wt%]

concentration | g ration Point 1 Point 2 Point 3 Point 4 Point 5
[wt%]

0 0.002 £ 0.191 - 10*-4| 0.002 + 0.218 - 10-4| 0.002 + 0.273 - 10*-4 | 0.002 + 0.301 - 10”-4|0.003 + 0.334 - 107-4| 0.012 + 0.366 - 10"-4
0.52 0.139 +0.809 - 10"-2 0.140 + 0.001 0.163 + 0.001 0.173 £ 0.002 0.184 + 0.002 0.202 + 0.002

1.202 0.473 £ 0.003 0.479 + 0.004 0.555 + 0.005 0.592 + 0.006 0.633 + 0.007 0.680 + 0.008
2.169 0.939 + 0.006 0.947 + 0.008 1.108 + 0.010 1.185+0.012 1.262 £ 0.013 1.237 £ 0.015
3.412 1.371 + 0.008 1.383 +0.011 1.603 +0.014 1.698 + 0.016 1.799 +£0.018 1.974 +0.020
5.293 2.507 +0.015 2.532 +0.019 2.958 + 0.026 3.129 £ 0.031 3.292 +0.034 3.752 +0.038
8.041 3.327 +0.020 3.382 +0.026 3.858 + 0.033 4.078 +0.051 4.307 +0.057 5.242 + 0.064
12.002 5.676 + 0.034 5.753 + 0.045 6.705 + 0.060 7.087 +0.084 7.450 + 0.092 7.899 + 0.104
16.175 10.032 + 0.064 10.079 + 0.082 11.445 + 0.105 12.180+0.119 13.137+0.138 14.232 +0.184
28.568 15.266 + 0.103 15.457 £ 0.134 17.392 £ 0.168 18.568 + 0.191 20.043 +0.223 21.773+0.318

Table A 1 - Actual internal NaCl concentration calculated values for each applied NaCl

A-3.2 Water content values

concentration, for chloride sensing characterization of the geopolymer cell, in chapter 6.

Applied NaCl Water content [wt%]
concentration | ¢+ ration Point 1 Point 2 Point 3 Point 4 Point 5
[wt%]
0 87.29£0.91 85.90 £ 0.90 7427 £0.80 69.79 £ 0.77 65.42£0.74 61.940.71
0.52 87.29 £ 0.90 86.64 + 0.89 7418+ 0.79 69.72£0.76 65.82£0.73 61.36£0.76
1.202 84.89 £ 0.92 83.96 + 0.91 72.44 £ 0.82 67.81£0.78 63.38+0.74 60.40 £ 0.78
2.169 85.20 £ 0.92 84.40 + 0.91 72.05 £ 0.81 67.34£0.77 63.220.74 60.31£0.77
3.412 86.45 + 0.93 85.67 +0.93 73.82+0.83 69.65  0.79 65.66 £ 0.76 62.65 £ 0.79
5.293 86.32 + 0.94 85.45 + 0.94 72.91+0.83 68.82 +0.79 65.33+0.76 62.12£0.79
8.041 87.47 +0.96 86.01 + 0.94 75.15 + 0.85 70.98 + 0.81 67.10+0.78 63.03 £ 0.81
12.002 87.10+ 1.06 85.89 + 1.04 73.17 +0.92 69.03 + 0.88 65.50 + 0.84 61.57+0.88
16.175 86.92 +1.10 86.09 + 1.09 75.67 +0.98 70.30 £ 0.93 65.76 + 0.88 60.70 £ 0.83
28.568 87.20+ 1.31 85.69 + 1.29 7526+ 1.16 69.81 + 1.09 64.47 + 1.02 59.02 +0.96

Table A 2 - Water content percentage values for each applied NaCl concentration, for each
drying point of chloride sensing characterization of the geopolymer cell, in chapter 6. The error
values were found as described in section 5.4.3 of chapter 5.
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A-3.3 Volume values of NaCl solutions for sample soaking

Applied NaCl Volume of NaCl solution

concentration for sample soaking
[wt%] [litre]
0.002 0.907 + 0.006
0.520 0.902 + 0.002
1.202 0.613 + 0.003
2.169 0.391 + 0.003
3.412 0.181 + 0.002
5.293 0.253 + 0.002
8.041 0.251 + 0.001
12.002 0.251 + 0.001
16.175 0.247 + 0.004
28.568 0.247 + 0.004

Table A 3 - Volume of NaCl solution for sample soaking, for each applied concentration, for
chloride sensing characterization of the geopolymer cell, in chapter 6.
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Appendix 4 - Circuit model parameters and fits for geopolymer cells
with NaCl

A-4.1 Circuit model parameters values

Applied Actual internal
NaCl concentration | NaCl concentration Re [Q] Rc [Q] Ruc [Q] Ri [Q] Yp [pF] ap Yi [uF] ai L [uH] RL[Q]

[wt%] [wt%]

0.520 0.139 1.40E-05 9.69E+01 9.19E+02 5.15E+01 1.84E-07 6.82E-01 2.43E-04 5.27E-01 1.59E-13 5.70E+03
1.202 0.473 6.42E-06  1.40E+02 2.83E+02  2.10E+01  9.38E-06  7.16E-01  7.73E-06  7.43E-01 2.08E-03 5.31E+00
2.169 0.939 7.88E+01 7.64E+01 1.27E-02 9.55E+04 6.18E-04 3.62E-01 3.54E-01 7.06E-02 8.94E-02 6.32E+00
3.412 1.371 3.84E-04 1.20E+02 1.95E+02  1.17E+01 1.92E-04  6.23E-01  5.19E-06  7.82E-01 1.18E-03 5.37E+00
5.293 2.507 1.65E-06  1.04E+02 2.07E+02  1.37E+01 3.11E-04  5.74E-01  175E-05  6.78E-01 1.25E-01 2.59E+00
8.041 3.327 4.79E+01 3.95E+01 2.30E+01 1.36E+01  9.75E-04  6.21E-01  2.23E-05  6.63E-01 1.41E+01 9.81E-04
12.002 5.676 3.95E-03 829E+01 1.54E+01  1.12E+01  6.38E-06  8.81E-01  1.66E-06  8.50E-01 1.06E-02 4.60E+01
16.175 10.032 2.89E+01 4.85E+01 3.23E+01 6.99E+00 1.00E-04 5.61E-01 5.96E-06 8.01E-01 2.82E-01 2.15E+00
28.568 15.266 8.64E-04 5.10E+01 9.58E+01  1.31E+01 2.20E-05  6.83E-01  2.60E-05  6.55E-01 3.81E+00 1.34E+01

Table A 4 - Values of circuit element parameters used in the equivalent circuit model of Figure
5.4 b) for impedance data shown in Figure 6.5, for chloride sensing characterization of the
geopolymer cell, in chapter 6.

A-4.2 Bode plots for geopolymer cells contaminated with NaCl
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Figure A 1 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 0.139
wt% actual internal NaCl concentration (applied NaCl concentration = 0.520 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 £ 1 °C. The fits use the equivalent circuit

model given in Figure 5.4 b).
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Figure A 2 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 0.473
wt% actual internal NaCl concentration (applied NaCl concentration = 1.202 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 £ 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure A 3 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 0.939
wt% actual internal NaCl concentration (applied NaCl concentration = 2.169 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 £ 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure A 4 - Bode plots for Z,,,,4 and phase ¢ obtained for a geopolymer sensor cell with 1.371
wt% actual internal NaCl concentration (applied NaCl concentration = 3.412 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 + 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure A 5 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 3.327
wt% actual internal NaCl concentration (applied NaCl concentration = 8.041 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 + 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure A 6 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 5.676
wt% actual internal NaCl concentration (applied NaCl concentration = 12.002 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 + 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Figure A 7 - Bode plots for Z,,,4 and phase ¢ obtained for a geopolymer sensor cell with 10.032
wt% actual internal NaCl concentration (applied NaCl concentration = 16.175 wt%), at water
content W ~ 86 + 1 wt% and temperature T = 20 + 1 °C. The fits use the equivalent circuit
model given in Figure 5.4 b).
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Appendix 5 -Moisture calibration fit parameters for geopolymer cells

with NaCl
¢, wt% Parameter as a,
Value 0.1355 164.2
0.002 0.1122 152.7
95% confidence bounds Lower
Upper 0.1587 175.7
Value 0.1391 159.2
0.139 0.1262 153.0
95% confidence bounds Lower
Value 0.1184 163.4
0.473 0.1012 153.9
95% confidence bounds Lower
Upper 0.1355 172.8
Value 0.1438 147.6
0.939 0.1229 138.1
95% confidence bounds Lower
Upper 0.1647 157.1
Value 0.1023 167.8
1.371 0.0779 151.7
959% confidence bounds Lower
Value 0.1127 154.0
2.507 0.1042 149.0
95% confidence bounds Lower
Upper 0.1212 159.1
Value 0.1012 155.2
3.327 0.0620 128.7
959% confidence bounds Lower
Value 0.0978 148.8
5.676 0.0689 129.0
95% confidence bounds Lower
Upper 0.1267 168.5
Value 0.0829 140.4
10.032 0.0503 1141
95% confidence bounds Lower
Value 0.0453 172.8
15.266 0.0335 155.9
95% confidence bounds Lower
Upper 0.0572 189.7

Table A 5 - Parameters and their 95% confidence bounds for the best fit curves, equation 6.6,
shown in Figure 6.13, for chloride sensing characterization of the geopolymer cell, in chapter 6.
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Appendix 6 - Tables of circuit model parameters for coating cells

Water content [wt%)] Rc[Q] Ruc [Q] Yp [uF] ap Yb [pF] ob
91.83 6.87E+03 2.42E+05 1.90E-04 2.49E-02 6.24E-09 6.31E-01
87.56 1.32E+04 3.52E+04 7.39E-05 3.44E-02 4.41E-09 6.57E-01
83.04 4.16E+05 1.81E+04 3.04E-08 9.05E-01 1.47E-08 5.70E-01
78.14 6.89E+04 2.12E+04 5.62E-08 4.54E-01 3.87E-10 8.39E-01
Table A 6 - Circuit parameter elements for coating samples at four different water contents and

at a temperature of 20 °C.

NaCl[%]| Re[Q] Rc [Q] Ruc [Q] Ri [Q] Yp [uF] ap Yi [uF] ai L [uH] RL [Q]
0.5 3.59E+03 2.51E+03 2.62E+03 1.51E+03  3.72E-09 8.74E-01  1.09E-05 4.99E-01 1.94E-03 9.12E+05
1.2 4.03E+03 5.49E+02 3.47E-01 2.94E+02  4.40E-07 8.08E-01  5.88E-06 9.32E-01 1.08E+02 5.19E-01
2.2 3.66E+02 6.41E+02 4.19E+03 2.75E+03 1.22E-06 9.15E-01 5.59E-08 9.26E-01 1.69E-01 2.19E+03
3.5 2.10E+03 4.47E+00 1.58E+05 3.89E+02  6.16E-06 1.26E-01  4.43E-06 6.15E-01 1.39E-01 1.05E+01
5.5 4.17E+02  6.27E-01  8.98E-05 8.52E+02 4.34E-01 3.12E-01 1.83E-07 9.44E-01 6.72E-02 7.16E+02
8.5 4.43E+02 2.46E+01  3.38E-02 1.33E+03  4.83E-03 5.66E-01  9.13E-08 9.64E-01 1.07E-01 1.19E+03
13 2.66E-09 5.93E+02 5.69E+02 7.35E+02  1.55E-02  1.00E+00  2.16E-07 9.41E-01 5.84E-02 6.18E+02

Table A 7 - Circuit parameter elements for coating samples at 8 different NaCl concentrations, at

water content of ~92% and temperature of 20 °C.
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