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Abstract

The chloride induced corrosion of steel in concrete is one of the biggest durability issues
affecting structures worldwide. Concrete structures that are installed in marine environment
and those exposed frequently to de-icing salts in the winter season, such as bridges and
parking structures, are particularly susceptible to corrosion induced damage. In worst
cases, the structure is unable to fulfil its entire service life and needs extensive repairs or is
decommissioned quite early. Such situations can have a strong impact on society which is
dependent on infrastructures for mobility and transportation of essential materials. Moreover,
the economic losses are predicted in billions in the coming future and can impact the global
economy.

In an attempt to increase the service life of concrete structures with respect to chloride
durability, Layered Double Hydroxides (LDH) are introduced as chloride ion entrapping
additive in concrete. LDH encapsulates chloride ions from the environment which can extend
the service life of concrete structures. It can also be tailored to deliver corrosion inhibiting
ions which can mitigate the chloride induced damage in concrete. A new concrete mix with
LDH was developed in this work for building long lasting infrastructure exposed to chloride
ingress in submerged marine zones.

Predictive modelling approaches are used to study the corrosion processes and chloride
durability of concrete. Multi-ion transport model is used to predict the efficiency of LDH in
concrete concerning chloride ingress. Computational results are presented which compare
chloride ingress in concrete with and without LDH. Formation factor has been used in this
study to determine the microstructure related properties of concrete with and without LDH.
Additionally, experimental investigations are presented which report on the stability and
chloride binding capacity of LDH in synthetic alkaline solutions, concrete pore solutions,
mortars and also in concrete. The compatibility of LDH with cement is also presented. The
work highlights that LDH is able to improve the chloride durability of concrete. Furthermore,
In-situ investigations are carried out to understand the stability of LDH inside concrete.




Kurzfassung

Weltweit stellt die chloridinduzierte Korrosion von Stahl in Beton eine der groRten Heraus-
forderung fur die Gewahrleistung der Strukturintegritat von Bauwerken dar. Insbesondere
Betonkonstruktionen, die in Meeresumgebung installiert werden oder in der Wintersaison
haufig Streusalz ausgesetzt sind, wie z.B. Bricken und Parkhé&user, sind besonders anfallig
fur korrosionsbedingte Schaden. Im schlimmsten Fall kann das Bauwerk nicht seine geplante
Lebensdauer erreichen und bendétigt umfangreiche Reparaturen oder muss sogar stillgelegt
werden. Die damit einhergehenden Beeintrachtigungen der Mobilitat sowie des Transports
wichtiger Guter kann folglich ausgepragte gesellschaftliche Auswirkungen haben, da diese
Sektoren auf funktionierende Infrastrukturen angewiesen sind. Bereits jetzt werden fur die
Zukunft enorme wirtschaftliche Verluste aufgrund maroder Infrastrukturen vorhergesagt, die
sich auf die Weltwirtschaft auswirken werden.

Eine Strategie, die Lebensdauer von Betonstrukturen im Hinblick auf die Chloridbestandig-
keit zu erh6hen, stellt die Beimischung von Layered Double Hydroxides (LDH) dar. LDH
kapselt Chloridionen aus der Umgebung ein, was die Lebensdauer der Struktur verlan-
gern sollte. Gleichzeitig kbnnen durch den zugrundeliegenden Einlagerungsmechanismus
korrosionshemmende lonen in den Beton eingebracht und so bereits verursachte Schaden
im Beton abgemildert werden. Um diesen Ldsungsansatz auf Infrastrukturen in maritimer
Um-gebung zu Ubertragen und so ihre Lebenszeit zu verlangern, wurde in dieser Arbeit eine
neue LDH-haltige Betonmischung fur die Konstruktion entwickelt und auf ihre Eigenschaften
hin untersucht.

Daruber hinaus wurden pradiktive Modellierungskonzepte entwickelt und dazu verwen-
det, um die Korrosionsprozesse und die Chloridbestandigkeit von Beton zu untersuchen.
Zu diesem Zweck wurde ein computerbasiertes Multi-lonen-Transportmodell verwendet,
um die Effizienz von LDH-haltigem Beton in Bezug auf die Einlagerung von schadlichen
Chloridionen vorherzusagen. Es werden Berechnungsergebnisse vorgestellt, die das Chlorid-
Tiefenprofil in Beton mit und ohne LDH vergleichen. Daflr wurde in dieser Studie ein
Formfaktor verwendet, der es ermdglicht, mikrostrukturabhéngige Eigenschaften von Beton
mit und ohne LDH einzubeziehen. Daruiber hinaus werden experimentelle Untersuchungen
présentiert, die Gber die Stabilitat und das Chloridbindevermdgen von LDH in synthetischen
Alkalilésungen, Betonporenlésungen, Mdrteln und auch im Beton selbst berichten. Die Kom-
patibilitat von LDH mit Zement wird ebenfalls betrachtet. Es konnte gezeigt werden, dass die
Chloridbindungskapazitat von LDH-haltigem Beton zu einer Verbesserung der Materialbe-
standigkeit fuhrt. Dartber hinaus konnte durch die durchgeftihrten in-situ-Untersuchungen
ein besseres Verstandnis des Verhaltens und der Stabilitat von LDHSs in Beton erlangt werden.
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1. Introduction

This work presents numerical and experimental investigations focusing on chloride induced
corrosion processes in concrete and the role of chloride entrapping nano-containers such as
layered double hydroxides (LDH) in concrete. The processes involving the role of LDH in
mitigating the chloride ingress in concrete have been termed as the "self-protection” processes
in concrete. Prior to discussing the contents of this work in detail, this chapter presents an
introduction into the topic at hand, the goals of this work as well as the underlying motivation.
This chapter also discusses the organization and the structure of this work.

1.1. Motivation and objectives of the work

Concrete is the most used material on earth after water [1]. The ability of concrete to take
up any desired shape upon hardening has made this material indispensable for human
consumption. With a rapid rise of population in recent decades [2], the demand for housing
and infrastructure has also increased proportionally. As a consequence, cement production
has increased considerably in recent years. In 2014, cement production was estimated to
be about 4.3 billion tonnes [3]. On one hand, the water consumption due to the extensive
use of concrete is foreseen to have a big impact on the available water resources in the near
future [4]. On the other hand, the cement production industry is a major contributor towards
global warming. The carbon footprint of cement production is estimated at around 5% of the
global carbon emissions [5]. It is foreseen that in the coming times, carbon emissions from
cement production could increase due to high demand in developing as well as in developed
countries. Therefore, it is desirable to have concrete structures with longer service life in order
to reduce cement production by avoiding frequent repairs and rebuilding of infrastructure.

However, the service life of structures is usually shorter than the design life due to various
degradation phenomena associated with concrete. Corrosion, ice abrasion, acid attack, freeze-
thaw, creep, shrinkage, fracture etc. are some of the degradation mechanisms associated with
concrete [6]. One of the major degradation phenomenon affecting structures worldwide is
the chloride induced corrosion associated with reinforced concrete structures [7]. It affects
infrastructure that is exposed to marine environments [8] usually in coastal and offshore areas




1. Introduction

Figure 1.1.: Schematic representation of corrosion initiation and propagation stage of a struc-
ture based on chloride ion concentration at the steel concrete interface (based on
Tuutti's model [11, 12]).

or onshore structures like parking houses and bridge decks which are frequently exposed to

de-icing salts in the winter season [9]. The problem is very severe as frequent repairs and
maintenance is required. In worst cases, the entire structural integrity may be lost. As such,
the economic and social aspects of chloride induced corrosion are very big [10] and can lead
to huge investments in costs related to repairs or closing of infrastructures such as bridges,
tunnels etc. This can in turn affect transportation of water, food, energy as well as public

mobility.

Concrete itself is not susceptible to corrosion, in fact it is the embedded steel that is prone
to such degradation processes. Reinforcing steel in the form of bars or stirrups is added
to concrete so that it is able to withstand tensile stresses and to provided con nement to
structural members. Concrete acts as an alkaline medium around the steel, due to which
a protective passive layer is formed on the steel surface [13, 14, 15]. Concrete is a porous
material and when it is exposed to an environment containing aggressive salts, such as sea
water in case of bridge piers, the aggressive ions from the environment can pass through
the pore network. Under prolonged exposure, the chloride ions can penetrate through the
concrete cover and reach the steel concrete interface [16]. As the chloride concentration
increases beyond a certain threshold [11], the passive layer on the rebar surface can be
damaged [17]. This instant is termed as the end of the corrosion initiation stage as shown
in Figure 1.1. This leads to the start of electrochemical processes on the rebar surface and
this stage is termed as the corrosion propagation stage (Figure 1.1). Corrosion reactions
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are initiated on the rebar interface which lead to the formation of corrosion products [18].
These products keep on accumulating at the steel concrete interface. These hydroxides and
oxides have a higher volume as compared to the parent steel and an outward pressure is
generated at the interface due to limitations of space at the steel concrete interface [19]. As a
consequence, micro-cracks are generated around the interface which in due course of time
coalesce to form macro-cracks originating outward from rebar surface [20]. Formation of big
cracks can even cause spalling of concrete around the rebars which is very dangerous for
the structural integrity [21]. Depending on the severity of damage, the structure might need
repair work or become non-operational.

Apart from protecting the embedded steel by its alkalinity, concrete is able to slow down
chloride ingress as it is able to bind chlorides chemically as well as physically [22]. As
concrete is exposed to a salt containing environment, the aggressive ions such as chloride
ions, penetrate the concrete microstructure through the pore network. The pore network
itself is surrounded by cement hydration phases with chloride binding abilities such as
calcium aluminate hydrates (AFm, AFt), calcium silicate hydrate phases (C-S-H) etc. [23]. The
incoming chloride ions interact and bind with the surrounding cementitious microstructure
around the cement pore system [24, 25]. As such, chloride ions that are bound to cement
hydration products are termed as bound chlorides and the remaining chlorides that keep
moving freely in the pore network are thereby termed as free chlorides. The binding of
chlorides slows down the ingress of free chlorides along the pore network.

A longer corrosion initiation stage can be achieved if the chloride binding capacity of concrete
is increased. Supplementary cementitious materials such as y ash, blast furnace slag etc.
have been reported to increase the chloride binding capacity of concrete [26, 27, 28]. A new
class of additives that can potentially increase the chloride binding capacity of concrete is the
layered double hydroxide [29]. In the LORCENIS project [30], two novel chloride entrapping
LDH were developed with a speci c target of increasing the chloride binding capacity of
concrete. LDH are clay like materials, usually available in a powdered state or in a slurry
form. LDH can be easily mixed in concrete during the casting stage. In this work, two types
of LDH (Zn-Al-NO , and Mg-AI-NO »,) were used with the aim of increasing the chloride
binding capacity of concrete.

LDH can be prepared by co-precipitation of divalent and trivalent cations in the form of
hydroxides from their respective salts in an alkaline medium [31]. The resulting material has
a layered structure, where the layers are positively charged. During the synthesis process,
the interlayer spacing is lled with exchangeable anions for charge compensation [32]. LDH
possess a unique property by which the anions present in the external environment can be
captured by exchanging them with the anions present in their interlayer spaces [33]. This
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property is termed as the ion-exchange property of LDH [34]. This property can be exploited
in concrete with LDH acting as a chloride entrapping additive. This can be bene cial in
increasing the chloride entrapping capacity of concrete and also elongate the duration of the
corrosion initiation stage (see Figure 1.1). Additionally, LDH can also be synthesized with
corrosion inhibiting molecules in their interlayer e.g. with NO » ion and the resulting LDH
can be used for a dual bene ti.e. capture Cl - ion from the environment and deliver a NO "
ion in its place. This application can not only increase the duration of corrosion initiation
stage but can also reduce the severity of corrosion in the propagation stage.

In the context of addition of LDH to concrete, other aspects such as the in uence of LDH
on the mechanical and microstructure properties have to be taken into account. A higher
dosage of LDH can make the concrete very porous and lead to aggregation of LDH particles
inside concrete [35]. This can be disadvantageous towards chloride durability of concrete.
In this regard, recommendations on threshold dosage of LDH are required so that the key
properties of concrete such as compressive strength, exural strength, porosity, etc. are not
severely affected [36]. Therefore, the present work also includes investigations on the basic
understanding of LDH as an concrete additive. This objective is ful lled by understanding the
compatibility and stability of LDH in concrete as well as in arti cial cementitious environments
such as synthetic alkaline solutions and cement pore solutions.

In this work, numerical models are created based on nite element method (FEM) with an
intended application of understanding the transport of ions in concrete and predicting the
corrosion currents. The nite element method is a powerful mathematical tool in which the
physical domain is discretized into very small nite elements and the solution is computed
over them. The biggest advantage of using this method is that it enables the user to compute
solutions over any physical geometry, loading conditions, boundary conditions etc. where
otherwise analytical solutions are very dif cult to obtain. The nite element method has
been in use for engineering applications since early 1960's with one of the earliest distributed
code originating from Berkeley and intended for structural applications [37]. Since then the
method has evolved and can be easily applied to any physical process that can be described
by a differential equation or a set of differential equations. In recent times, the use of nite
element method has increased considerably and is widely applied in diverse elds of science
and engineering such as crash analysis, aerospace engineering, acoustics, uid mechanics,
marine engineering, heat transport, electromagnetism and many more.

The models developed in this work belong to a broader set of models created within the
LORCENIS project. LORCENIS is an acronym for "Long Lasting Reinforced Concrete for
Energy Infrastructure under Severe Operating Conditions" [30]. One of the objectives of the
LORCENIS project is to develop novel additives and numerical models which can provide an
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understanding of chloride ingress and role of additives in concrete. In this work, only a few of

these models are presented, which are author's own work and independent of other models
developed in LORCENIS. During the course of this work, Julia programming language [38]
and COMSOL Multiphysics ® software were extensively used.

Figure 1.2.: Schematic representation of processes occurring at the steel concrete interface and
inside the bulk concrete.

As mentioned in the title of this work, the corrosion processes in concrete due to chloride
ingress and the role of LDH in carrying additional chloride binding in concrete was studied
both numerically and experimentally. The work carried out can be divided into three major
aspects as shown in Figure 1.2 and includes the following:

1. The rst part of the work presents a numerical understanding of corrosion processes
occurring at the steel concrete interface. The underlying processes include ingress
of chloride ions into concrete, depassivation events at rebar surface and prediction
of corrosion currents after depassivation events. An accurate prediction of corrosion
currents is the main objective of this part.

2. Prior to using LDH as a concrete additive and before conducting experimental investi-
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gation with LDH in concrete; it is important to understand the basic behavior of LDH
as an engineering material. Therefore, the second part is experimental in nature and
answers vital questions such as chloride capturing capacity of LDH in salt solutions,
synthetic alkaline solutions and in various types of concrete pore solutions. Additionally,
the stability of LDH in alkaline environment, especially in high pH range is discussed
in depth. Lastly, attention is paid to the compatibility of LDH with cement.

3. This last part showcases a numerical model for chloride ingress in concrete which
includes the in uence of chloride binding additives. Formation factor is used to
determine information about the microstructure parameters affecting chloride transport.
The model compares chloride ingress in concrete mixes with and without LDH. This
part is complemented by stability analysis and highlights the effectiveness of LDH in
capturing chlorides inside concrete. Part 2 and part 3 form the major part of this work.

1.2. Structure of the study

The present work is structured as follows: In Chapter 2, a review on the state-of-the-art of
applications of LDH in concrete is presented. This chapter includes an article and presents an
insight into the chloride transport, electrochemical processes in concrete, working mechanism
of LDH as well as compatibility of LDH with cement. The chapter mainly focuses on the ion
exchange property of LDH in concrete but other important aspects such as relevant LDH
dosage, effect on mechanical properties and hydration kinetics etc. are also discussed. In
Chapter 3, a brief introduction of the materials and methods used in this work is presented.
This includes description of cement/concrete mixes, experimental techniques and numerical
tools used in this work. Chapter 4 has three parts and includes three published articles. The
rst article discusses the corrosion model developed in this work. The second article focuses
on the experimental investigation of LDH (Zn-Al-NO ). The investigations are restricted
to agueous solutions, cement pastes and mortars. The third article includes applications of
LDH (Mg-Al-NO ») in concrete and presents a transport model which evaluates the chloride
binding capacity of LDH in concrete. A comparison is drawn between concrete with and
without Mg-Al-NO , and the model is validated with supporting experiments. In Chapter 5,
a discussion on the results stated in chapter 4 is presented. Chapter 6 presents a summary
of the entire work and also highlights future research perspectives. Chapter 7 presents an
outlook on data linking aspects between computational solvers. This chapter is accompanied
with an article. An appendix with supplementary information is provided at the end.




2. Literature review

2.1. Article 1 - Recent advances on the application of layered
double hydroxides in concrete - A review

Note: See attached article in the next pages. Reprinted without modi cation from [39] under CC BY
4.0 license. Published by MDPI, Basel, Switzerland.

2.1.1. A brief summary of Article 1

An enhancement of chloride binding capacity of concrete by additives such as Layered Double
Hydroxides (LDH) can potentially increase the service life of concrete structures. LDH can
entrap corrosive ions from the environment and this property makes them very attractive as
potential anti-corrosive additives for concrete. The primary objective of LDH is to enhance
the chloride binding capacity of concrete. Other potential applications include delivery of
corrosion inhibiting ions and improvement of carbonation resistance of concrete. However,
addition of LDH to concrete can also affect hydration processes, mechanical strength as well
as porosity of concrete. One of the major objectives of this study is to investigate the feasibility
of the application of LDH in concrete. Prior to discussing the experimental and numerical
studies conducted on LDH in this work, an extensive review is presented which reports on
the state-of-the-art of applications of LDH in concrete.

2.1.2. Author contribution

In the following, the author of this dissertation is denoted by his initials ZMM . The names and
initials of co-authors can be found in the appended manuscript. ZMM and MLZ proposed
the concept behind the study. ZMM and AB did the literature study and co-wrote the script.
AB, MLZ and DH revised the script, provided critical comments and supervised the work.
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3. Materials and methods

This chapter provides a description of the materials, numerical methods and experimental
procedures/techniques used in this work. At rst, a detailed information about the binder
composition, concrete mix and additives used in this study is provided. This is followed by a
description of the numerical methods used in this study. A test case on chloride diffusion
in concrete is discussed to introduce the nite element method. Finally, an introduction
is provided regarding the experimental techniques and procedures followed in this study.
Wherever available, testing guidelines according to European or national standards have been
followed and are also described brie y in this chapter.

3.1. Materials

3.1.1. Cement binder

The cement binder used in this study is of type CEM | 52.5 R provided by Dyckerhoff AG
(Germany). The chemical and mineralogical composition is shown in Table 3.1. This cement
has been used in all the experiments conducted in this work except for compatibility tests
described in chapter 4, wherein the type of cement has been speci ed.

Chemical composition ~ [%]  [%]® | Mineralogical composition  [%] A  [%]®

SiO; 21.39 21.57| C3S 70.3 72.3
Al 03 3.69 415 | C,S 6.5 7.7
Fe; O3 1.29 141 | C3A 8.9 8.6
CaO 64.66 65.39| C4AF 24 43
MgO 0.72 0.66 | Calcite 4.7

SO 3.43 2.78 | Gypsum 3.7

K,0 0.57 0.57 | Others 3.6

Na,O 0.21 0.21

Cl 0.06

A according to manufacturer (Dyckerhoff AG, Germany), B as measured at
Instituto Eduardo Torroja - CSIC (Spain)

Table 3.1.: Chemical and mineralogical composition of CEM | 52.5 R binder.
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Property [Unit] Value
Binder (CEM I/52.5R) [Kg/m 3] 350
Mg-Al-NO » [mass % binder] 0-2
Aggregate 0-4 mm [Kg/m 3] 1151
Aggregate 4-8 mm [Kg/m 3] 265
Aggregate 8-16 mm [Kg/m 3] 355
Viscocrete 3082 [mass % binder] 0.8
Water content [wic] 0.6

Table 3.2.:Concrete mix used in this study. A 2% dosage of Mg-Al-NO  is used in concrete
mix with LDH.

3.1.2. Concrete mix

The concrete mix used in this study was developed by Swedish Cement and Concrete Research
Institute (RISE) using cement binder provided by Dyckerhoff AG (Germany). A relatively
higher water to cement (w/c) ratio of 0.6 was chosen in order to have a less dense and slightly
porous concrete as compared to concrete resulting from conventional w/c ratios closer to 0.4.
This property was desired in order to speed up chloride penetration in chloride durability
tests, so that the performance of the concrete mix could be assessed within a reasonable
time frame under accelerated natural diffusion conditions (section 3.3.6). The details of the
concrete mix are presented in Table 3.2. This concrete has been used in all the experiments in
this work unless explicitly stated.

3.1.3. Layered Double Hydroxides

The Layered Double Hydroxides (LDH) used in this study were provided by Smallmatek, Lda
(Portugal) and used in "as-received" state without any further processing or modi cations.
Briey, (Mg/Zn)-AlI-NO , LDHs were prepared by co-precipitation of divalent and trivalent
metallic salts in an alkaline environment containing an excess of sodium nitrite. The synthesis
procedure as detailed out in Poznyak et al. [31] was followed.
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3.2. Numerical techniques

Finite element method (FEM) is a numerical discretization method which is used to solve
arbitrary differential equations over complex physical domains. The method nds its appli-
cation in problems where analytical solutions are dif cult to obtain. Such situations arise
when the domain has a complex geometry or complex boundary/loading conditions, etc. The
methodology of FEM is to reduce differential equations to an algebraic system of equations
without losing the essence of the problem at hand. The resulting set of algebraic equations
can be programmed and solved by a computer. From a mathematical point of view, the
method consists of nding an approximate solution for a system of differential equations.
Despite that, the method is also exact enough to be used for engineering applications, in
the sense that it can converge reasonably well to the analytical solutions when a suf cient
amount of mesh elements are used. A high number of elements i.e. a ne mesh, in turn
increases the computing effort.

This section presents a brief overview of the nite element method. As an example, the
solution of a second order parabolic problem is presented. A one-dimensional transient
diffusion equation is solved using the FEM method and its comparison with analytical
solution is presented. The motivation behind presenting a diffusion problem is that in
this work many natural diffusion tests are conducted to ascertain the chloride durability
of concrete. In a standard natural diffusion test, a concrete sample is subjected to a uni-
directional chloride in ux [40]. The governing equation for this process is the one-dimensional
transient diffusion equation. This section presents the numerical treatment of this equation
using the nite element method. A complete description of the FEM is beyond the scope
of this work and the interested reader is directed to comprehensive text books on FEM by
Belytscho et al. [37], Hughes [41], Zienkiewicz et al. [42] and Cook et al. [43].

3.2.1. Uni-directional diffusion problem

In the following text, subscripts " t" and "x" refer to time and space derivative respectively.
Occasionally, a time derivative may also be represented by a dot ( ) over a quantity. A time
variant one dimensional diffusion for chloride ions in a homogenized concrete matrix can be
represented by

Co(x,t)¢ (DACE(x,t) x) x = S(x,t), (3.1)

where;
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C¢ = chloride concentration [mol/m 2 of concrete]
D2 = apparent diffusion coef cient of chloride ions [m 2/s]
S¢ = chloride source term [mol/(m 3s)]

In this problem, the chloride source term is removed as there is no chloride source/sink. As
such, eq.(3.1) reduces to the well known Fick's second law [25] and is expressed as

Co(x,t) + £ =0, (3.2)

with the chloride ux J° de ned as

F= DACYX,1)x . (3.3)

Eq.(3.1)and eq.(3.2) are referred to as the strong form in the sense that they must be veri ed
at every point in the domain W. The boundary Garound the domain W is partitioned into
Dirichlet boundary &, and Neumann boundary Gy. The FEM involves choosing of a trial
function C°¢ with following restrictions

Ct= C¢ on & ,

(3.4)
DaCYx,t),x A= I on &,

where, Cc is the value of the trial function on & and L is the normal ux on Gy. We now
introduce a test function dC® which exactly satis es the following

dC°=0 on&. (3.5)

We now introduce the trial function C°€in the residual of eq. (3.1) and further multiply by the
test function dC°. The resulting equation is integrated over the entire volume to obtain the
corresponding Galerkin formulation which is expressed as

Z
dce c¢ (DaCS)x SSdn= o0, (3.6)
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Z Z Z
dc® C§ dn dC® DAC5 dn dCS‘dn= 0.
w w w

Splitting the second term using integration by parts (Green's theorem in one dimension) and
for a constant cross section A°, the resulting 1D formulation can be expressed as

Z Z Z Z
dC® C§ A°dx+  dC°x DACS ACdx dC°DACS x A%dx dC°S°A°dx = 0.

Applying Gauss's theorem on the third term, we obtain

YA Z Z
dce C§ dx+  dC°y DACS dx de°sdx+ dC°F = 0. (3.7)

The eq(3.7)is called the weak formof eq.(3.1). Instead of having to be veri ed everywhere on
G it is veri ed once for each test function. The weak form in this case has only a rst order
space derivative as compared to the second order in the strong form in eq.(3.1).

3.2.2. Space discretization

The 1D domain is now discretized into many small nite elements. The subscript " €' denotes
local concentration values at nodes. In the following, the weak form is discretized using
Bubnov-Galerkin method. In this method, both the trial and test functions are approximated
as

C(x,1) = N(X)CY) ,

(3.8)
dCe(x,t) = N(x)dCS(t) .

where, N contains ansatz for concentration and C¢ represents concentration at each node.
Introducing eq.(3.8) into the weak form eq.(3.7), we obtain

Z Z Z
dcg’ NTNdXCS+  N,TD2N , dxC¢ NTSdx+ NTF . S0 69

35



3. Materials and methods

The eq(3.9) is a system of equations for all nodes in an element domain " €' with a local
boundary. As the above equation is true for all dch, therefore

MeCS+ KeCg  fse+ fre= 0. (3.10)

The above equation can be further expressed as

MeCS+ KeCS= fe, (3.11)

where, M is the local consistent capacity matrix, Ke is the local transport operator and fe
contains the source term and ux terms. They are expressed as

Z
M = NTNdx,
7
Ke= N, D?Nxdx, (3.12)
7
fo= NTSCdx NTF .
Gy

e

The global expressions for the entire domain W can be obtained from the expressions for ele-
ment domain " €' in eq.(3.12)using an operation called "assembly[37]. The global expressions
are similar to the element expressions, and can be expressed by dropping the subscript “e” in
eq.(3.12)and extending the limits of the integration to the entire domain W. Correspondingly,
the global force vector is also obtained in a similar fashion where the Neumann boundary in
the element force vector now corresponds to the Neumann boundary of the entire domain.
Therefore, by dropping the subscript for the element domain " €', we can write global matrices
as

MCc+ KC®= F, (3.13)

with M as the global capacity matrix, K as the global transport operator and F as the force
vector.
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3.2.3. Time discretization

To solve the semi-discrete system of equations in eq(3.13) various nite difference time
discretization schemes are available [37, 44]. There are generally two systems of time
integration schemes i.e. explicit type and implicit type. These methods differ mainly in
speed, stability and accuracy. Explicit methods usually have a limitation on time step but
are faster than implicit methods. Implicit methods are less stringent on time step but need
more oating point operations at each time step and also more processing power. Here we
present an implicit scheme approximation of eq. (3.13) The time derivative is approximated
by using an implicit scheme, where at time " t" the values of the solution are known and at
time "t + Dt" the solution is unknown. The system of equations of expressed as

— c¢ ce _ B
% + KC%pt = Fret (3.14)

Dt 'M + K CS.pt = Frupt + Dt 'MCS, . (3.15)

<|

The eq(3.15)now contains a linear set of equations. The method is unconditionally stable; for
linear problems convergence is guaranteed independent of time step size. However, precision
will decrease with increasing time step size. For non-linear problems, the convergence is
not always guaranteed [37]. In the context of this work, we now use eq. (3.15)to compute
one-directional diffusion of chloride ions in a homogenized concrete matrix. In this example,
a test problem is de ned with realistic values in Appendix A.1. The problem is solved with
FEM using a program written in the Julia programming language [38]. The test code along
with some selected results is also provided in Appendix A.1.
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3.3. Experimental techniques and methods

3.3.1. X-ray diffraction analysis and particle size analysis

The chemical stability and phase composition of LDH powders and cement pastes with and
without LDH was determined by obtaining X-ray diffraction (XRD) diffractograms using

a PANalytical X'Pert MPD PRO (Almedo, Holland) diffractometer with Bragg-Brentano
geometry, Ni- ltered CuK a radiation, PI1Xcel!P detector, and step 0.026. The measurements
were conducted for an angular range between 3 and 65 with an exposition of 2 s per
step. In-situ X-ray difractograms (XRD) of hydrating cement pastes were obtained by Rigaku
Mini ex 600 with a Cu X-ray tube. Particle size analysis for LDH particles was carried out
with a Coulter LS230 Particle Size Analyzer. Additional details are mentioned in section 4.2.

3.3.2. Stability and ion exchange analysis

LDH have a potential of capturing anions from the environment by interchanging them with
anions present inherently in their galleries [45, 33, 46, 47, 48, 31, 49, 50]. In cementitious
environment, this ion-exchange property can be exploited to perform additional capture of
chloride ions, thereby retarding their ingress, together with the release of anions, which could
be NO3", NO5 (corrosion inhibitor) or any other anion depending on the type of LDH. In
order to verify the anion capture/release nature of "as-received" Zn-Al-NO ,, ion exchange
analysis was carried out in the pH range of 11 to 13.5. Alkaline solutions were prepared by
adding KOH salt in distilled water. As such, seven different alkaline solutions were prepared
with pH 11, 11.5, 12, 12.2, 12.5, 13 and 13.5. This encompasses the pH range of fresh concrete
as well as mature concrete. 1 g of powdered Zn-Al-NO , was added to 50 ml of alkaline
solution and stored in an air tight container for 30 days. The capture of OH ~ion by Zn-Al-NO »
was investigated by measuring the pH drop after 30 days by potentiometric method using
commercially available S47 SevenMulti meter tted with a pH/conductivity module and

an Inlab Expert Pro pH combined electrode from Mettler Toledo. Additionally, the release

of corrosion inhibitor NO ,~ from the LDH galleries was also measured with a UV-3100
UV-Vis-NIR spectrophotometer Shimadzu (Japan) with the peak of interest occurring at 354
nm. Furthermore, the stability of Zn-Al-NO , was investigated by removing the powders from
closed containers after 30 days. The powders were washed, oven dried at 40 C and analysed
with XRD in order to study the chemical stability at various pH values after a long period of
exposure (30 days).
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Figure 3.1.: Test matrix for Cl - sequestration analysis. Reprinted without modi cations from
[51] under CC BY 4.0 license.

3.3.3. Chloride sequestration analysis in agueous solutions

In this study, a pivotal point of interest was to study the chloride sequestration capacity of
LDH in cementitious environment. This was carried out by exposing Zn-Al-NO 5 to NaCl
solutions ranging in concentration from 0.01 M to 0.5 M at neutral pH and also at pH ranging
between 11 to 13. The entire test matrix is shown in Figure 3.1. Additionally, these selectivity
tests were extended to concrete pore solution environment in order to replicate a multi-ion
competition scenario. In this case, pore solutions PS1 and PS2 were prepared with a pH of 12
and 12.5 respectively.

For each test, 50 ml of the solution was added to a beaker tted with a pH sensor and a
DX235-ClI ion selective electrode sensor from Mettler Toledo. A schematic representation of
the experimental setup is shown in Figure 3.2. The solution was vigorously stirred with a
magnetic stirrer. After receiving a stable signal from the sensor, 1 g of Zn-Al-NO , was added
at time t = 0 seconds to the solution under continuous stirring conditions. CI - measurement
were carried out continuously from t = 0 seconds to t = 300 seconds (5 minutes) after adding
Zn-Al-NO »,. Additionally, pH measurements were carried out at discrete pointsi.e. t=0and t

= 300 seconds i.e. just before adding LDH and after 5 minutes. For some tests, the LDH solid
was recovered after 5 minutes of exposure and characterized by XRD. In order to study the
effect of time on chloride capture, Cl - and pH measurements were taken again after 15 days.
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Figure 3.2.: Experimental sequence for CI- capture tests under stirring conditions. Reprinted
without modi cations from [51] under CC BY 4.0 license.

3.3.4. Chloride binding isotherms

The chloride sequestration analysis were carried out to understand the behavior of Zn-AI-NO »
in terms of Cl - loading capacity and selectivity of ion exchange in aqueous solutions. As a next
step, the CI" sequestration capacity of Mg-AlI-NO , was studied in cement pastes. In this regard,
two series of cement pastes were compared, one without LDH and another one with 2%
LDH. The cement pastes were prepared with distilled de-ionised water and cured for 28 days.
A direct comparison between the two recipes was carried out by determining the chloride
binding isotherms for each recipe. A chloride binding isotherm provides a quantitative
relationship between the bound chlorides and the free chlorides, by encompassing a wide
range of chloride concentrations usually 0.1 M to 3 M. The test procedure to determine the
chloride binding isotherm was followed based on works of Perez et al. [25], Tang et al. [52]
and Delagrave et al. [53]. The measurement procedure consists of following steps:

1. The cured cement paste samples were crushed to result in a particle size ranging between
0.25 mm to 2 mm. The crushed samples were then vacuum dried in a desiccator with
silica gel and sodalime for 7 days in order to completely remove free water and avoid
carbonation.

2. After drying, 10 g of crushed powder from each sample was exposed to 50 ml of NaCl
solution at seven different concentrations: 0.1 M, 0.3 M, 0.5 M, 0.7 M, 1.0 M, 2.0 M and
3.0 M for 7 days. The samples were kept under isothermal conditions at20 2 C.

3. The samples were stirred each day for 1 hour followed by 23 hours of resting. This
procedure was carried out for 7 days in a row. The samples were completely sealed to
prevent carbonation.
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4. After 7 days, it is accepted that an equilibrium is achieved between bound and free
chlorides. Several aliquots of solution were taken with a syringe, Itered with 0.45 mm
nylon Iter membranes and checked for chloride concentration and pH of the solution.

5. The amount of bound chlorides was determined from the decrease of chloride concen-
tration in the solution. The bound chlorides can then be calculated as

c., C% v
Cl Cl sol.
C2 : 3.16
& M (3.16)
where:
Cgl = amount of bound chloride in [mol/kg of sample]
CiCI = initial chloride concentration of the solution [mol/m 3]
Cglq = equilibrium chloride concentration of the solution [mol/m 3]

V5o = Volume of solution [ml]
= mass of sample powder [g]

<
&
[

6. A plot between Cgl and C(E:ﬁ results in a binding isotherm.

3.3.5. Determination of Formation Factor

Formation Factor FF. is a material property which is used to characterize a porous microstruc-
ture [54]. This property can be used to determine the effective diffusion coef cient of concrete
accurately, which otherwise is a parameter dif cult to obtain experimentally from conven-
tional diffusion tests, due to ionic interactions such as chloride binding causing deviations.
The accurate determination of effective diffusion coef cient is very important for chloride
transport models, see section 4.3. A detailed description about FF. can be found in [55, 56, 57].
FFR is de ned as the ratio of conductivity of pore solution to the conductivity of saturated
microstructure and can be expressed by eq(3.17) Mathematically, FF; is also equal to the
ratio of diffusion coef cient of Cl ~ion at in nite dilution to the effective/micro-structural
diffusion coef cient [58] and can be expressed as

p ¥
S D
FR= == lef , (3.17)
S D¢
¢ cl

where:
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s? = conductivity of pore solution [S/m]

s? bulk conductivity of concrete [S/m]
D¢, = diffusion coef cient of Cl ~ion at in nite dilution [m  %/s]

Da” = effective/micro-structural diffusion coef cient [m /5]

In order to experimentally measure FF., the pore solution resistivity test and concrete bulk
resistivity tests were conducted. The procedure is described below and shown schematically
in Figure 3.3. The cement used in this study was provided by Dyckerhoff AG (Germany) and

the tests were conducted at Instituto Eduardo Torroja - CSIC (Spain). A brief description of
these tests is provided below.

se _
%= FR
NH H
Hh
H
H
H
H
H
(PS)
(PS)
(PS)
(PS)
Pore solution (PS) Microstructure saturated with pore solution

Figure 3.3.: Schematic representation of Formation Factor measurement.

Pore solution resistivity test

The electrical resistivity of pore solution was measured by extracting pore solution from
cement paste samples after 7 days of curing time. The pore solution was extracted according
to procedure stated by Alonso et al. [59], following which approximately 125 g of the sample
was weighed and placed into the cavity of the pore pressing apparatus. Pressure was applied
from the piston gradually from 400-500 MPa up to a maximum pressure of 650 MPa with
a gradual rate increase of 50 MPa/min. The setup is shown in Figure 3.4. The pore uid is
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collected in a syringe, which was connected to the hole of the bottom plate via a short exible
plastic tube. After collection, the pore uid was immediately Itered through a 0.45 mm lter
and stored in a sealed plastic container to avoid exposure from CO , in the atmosphere until
further analysis. Pore pressing tests were performed for each cement paste type i.e. with and
without LDH. Two samples were weighed at the same time right before the beginning of the
test. One sample was used to determine the moisture content of the cement paste after 7 days
of curing and the other one to measure the electrical conductivity, the pH of the pore solution
and the ion content (cations and anions). For the determination of the moisture content in the
cement paste, the samples were dried in a lab oven at 105 C for 24 hours. These tests were
conducted for three different w/c ratio i.e. 0.5, 0.55 and 0.6 and for both types of pastes i.e.
with and without 2% LDH. For each set, a minimum of two specimens were used.

Figure 3.4.: Setup for pore pressing method  Figure 3.5.: Setup for electrical resistivity
test (CSIC, Spain). measurement (CSIC, Spain).

Concrete bulk resistivity test

Electrical resistivity of the concrete was measured in a vacuum saturated state based on UNE
83988-I| direct method [60]. The test was conducted at 28 days of age. The electrical resistivity
was measured by impedance with an AC current with a frequency of 1000 Hz and a voltage
amplitude of 0.032 V. The saturated samples were placed in contact with steel mesh electrodes
connected to the resistivity measurement equipment. Moist sponges were used to improve
the contact. The setup is shown in Figure 3.5. This procedure was followed for samples of
each type of concrete (with and without 2% LDH). The electrical resistivity was measured
under saturated conditions at rst with deionised water and later with lime water.
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3.3.6. Accelerated natural diffusion test

In order to determine the chloride durability of concrete mixes used in this work, 28 day
aged specimens were subjected to a uni-directional natural chloride diffusion as per SS-EN
12390-11 [61]. For each mix, a minimum of 3 samples were tested. Brie y, cubical specimens
at a curing age of 28 days were vacuum saturated with deionised water. The specimen
sides were then coated with epoxy except for one face which was left free for chloride ingress.
The specimen was then immersed in a bath with salt solution. For this reason, this category
of tests are also known as ponding tests. In order to accelerate the test, the salt concentration
in the bath was maintained at 165 g/l as per Nord Test (NT Build 443) [62]. The sample was
then analysed for chloride ingress depth after 46 days of exposure. This was done by grinding
off 8-10 layers of concrete from the exposed surface of the specimen. For each layer, the acid
soluble chloride content and the distance of the layer from the exposed face was determined
as per SS-EN 12390-11 [61].

3.3.7. Other tests:

The compatibility of cement paste with LDH was investigated by casting cement paste with
2% LDH and 0.5 wi/c in cubical molds with 2.5 cm side length. The samples were left to cure
in a humidity chamber and analysed every 24 hours by scratching the surface with a metal
spatula. The curing time was measured relative to control specimens without LDH. These
tests were performed at University of Aveiro, Portugal.

Furthermore, the extracted pore solutions from cement pastes were analysed for their ionic

content and pH. The cation content (Al 3, Ca?*, Mg?*, K* and Na*) was measured by
inductively coupled plasma - optical emission spectrometry (ICP-OES). The anion content

(NO3°, NOy, SOE1 and CI") was determined by ionic chromatography (IC).

Additionally, the density of concrete and water accessible porosity in saturated conditions
was measured at 28 day of age, 98% RH and 20 C according to UNE 83890 [63]. These tests
were performed at CSIC Institute, Spain.
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4. Results on the basis of published work

4.1. Article 2 - Enhanced Predictive Modelling of Steel Corrosion in
Concrete in Submerged Zone Based on a Dynamic Activation
Approach

Note: See attached article in the next pages. Reprinted without modi cation from [64] under CC BY
4.0 license. Published by SpringerOpen.

4.1.1. A brief summary of Article 2

This article showcases a 2D numerical model which focuses on chloride induced corrosion
of steel in reinforced concrete. In this study, a concrete structure is subjected to a chloride
ingress occurring in the submerged marine zone. As time progresses, the continuation of
chloride ingress leads to the initiation of corrosion processes on the rebar surface. In this
model the theory of dilute species is adopted. The transport processes in the bulk concrete
are coupled with electrochemical processes at the rebar surface. The model is able to predict
corrosion currents in submerged zone. The model is validated with supporting studies from
the literature.

4.1.2. Author contribution

In the following, the author of this dissertation is denoted by his initials ZMM . The names
and initials of co-authors can be found in the appended manuscript. ZMM , DH, CG, RS,
ACB and PM devised the main conceptual idea, discussed the numerical strategy, evaluated
the results and contributed in drafting the script. MGSF and MLZ supervised the work and
gave critical comments to this manuscript. All authors discussed and contributed to the nal
manuscript. All authors read and approved the nal manuscript.
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