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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.
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Kurzfassung

Weltweit stellt die chloridinduzierte Korrosion von Stahl in Beton eine der größten Heraus-
forderung für die Gewährleistung der Strukturintegrität von Bauwerken dar. Insbesondere
Betonkonstruktionen, die in Meeresumgebung installiert werden oder in der Wintersaison
häufig Streusalz ausgesetzt sind, wie z.B. Brücken und Parkhäuser, sind besonders anfällig
für korrosionsbedingte Schäden. Im schlimmsten Fall kann das Bauwerk nicht seine geplante
Lebensdauer erreichen und benötigt umfangreiche Reparaturen oder muss sogar stillgelegt
werden. Die damit einhergehenden Beeinträchtigungen der Mobilität sowie des Transports
wichtiger Güter kann folglich ausgeprägte gesellschaftliche Auswirkungen haben, da diese
Sektoren auf funktionierende Infrastrukturen angewiesen sind. Bereits jetzt werden für 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 Chloridbeständig-
keit zu erhöhen, stellt die Beimischung von Layered Double Hydroxides (LDH) dar. LDH
kapselt Chloridionen aus der Umgebung ein, was die Lebensdauer der Struktur verlän-
gern sollte. Gleichzeitig können durch den zugrundeliegenden Einlagerungsmechanismus
korrosionshemmende Ionen in den Beton eingebracht und so bereits verursachte Schäden
im Beton abgemildert werden. Um diesen Lösungsansatz auf Infrastrukturen in maritimer
Um¬gebung zu übertragen und so ihre Lebenszeit zu verlängern, wurde in dieser Arbeit eine
neue LDH-haltige Betonmischung für die Konstruktion entwickelt und auf ihre Eigenschaften
hin untersucht.

Darüber hinaus wurden prädiktive Modellierungskonzepte entwickelt und dazu verwen-
det, um die Korrosionsprozesse und die Chloridbeständigkeit von Beton zu untersuchen.
Zu diesem Zweck wurde ein computerbasiertes Multi-Ionen-Transportmodell verwendet,
um die Effizienz von LDH-haltigem Beton in Bezug auf die Einlagerung von schädlichen
Chloridionen vorherzusagen. Es werden Berechnungsergebnisse vorgestellt, die das Chlorid-
Tiefenprofil in Beton mit und ohne LDH vergleichen. Dafür wurde in dieser Studie ein
Formfaktor verwendet, der es ermöglicht, mikrostrukturabhängige Eigenschaften von Beton
mit und ohne LDH einzubeziehen. Darüber hinaus werden experimentelle Untersuchungen
präsentiert, die über die Stabilität und das Chloridbindevermögen von LDH in synthetischen
Alkalilösungen, Betonporenlösungen, Mörteln und auch im Beton selbst berichten. Die Kom-
patibilität von LDH mit Zement wird ebenfalls betrachtet. Es konnte gezeigt werden, dass die
Chloridbindungskapazität von LDH-haltigem Beton zu einer Verbesserung der Materialbe-
ständigkeit führt. Darüber hinaus konnte durch die durchgeführten in-situ-Untersuchungen
ein besseres Verständnis des Verhaltens und der Stabilität von LDHs 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
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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 confinement 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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1. Introduction

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 fly 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 specific 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-NO2 and Mg-Al-NO2) 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 filled 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 beneficial 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 NO2

- ion and the resulting LDH
can be used for a dual benefit i.e. capture Cl- ion from the environment and deliver a NO2

-

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 influence 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, flexural 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 fulfilled by understanding the
compatibility and stability of LDH in concrete as well as in artificial cementitious environments
such as synthetic alkaline solutions and cement pore solutions.

In this work, numerical models are created based on finite element method (FEM) with an
intended application of understanding the transport of ions in concrete and predicting the
corrosion currents. The finite element method is a powerful mathematical tool in which the
physical domain is discretized into very small finite 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 difficult to obtain. The finite 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 finite
element method has increased considerably and is widely applied in diverse fields of science
and engineering such as crash analysis, aerospace engineering, acoustics, fluid 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.

Interface:

(Corrosion Process)

Bulk:

(Cl- transport including role

of additives)
1

2

Concrete matrix

Steel
Environment

3

Understanding role of Cl-

entrapping additives (LDH)

Cl- ion LDH nano-traps Heterogenerous concrete

matrix e.g. sand, aggregates etc.

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 first 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 influence 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
first article discusses the corrosion model developed in this work. The second article focuses
on the experimental investigation of LDH (Zn-Al-NO2). The investigations are restricted
to aqueous solutions, cement pastes and mortars. The third article includes applications of
LDH (Mg-Al-NO2) 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-NO2 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.
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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 modification 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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Abstract: The issue of chloride induced corrosion of reinforced concrete is a serious problem affecting
infrastructure globally and causing huge economic losses. As such this issue has gained a considerable
attention in the scientific community in the recent past. Layered Double Hydroxides (LDHs) have
recently emerged as a new class of concrete-additives with a potential to increase the chloride
resistance of concrete and mitigate corrosion. LDHs are clay like structures consisting of positively
charged layers of cations with associated hydroxides and exchangeable anions in between the layers.
Due to this charge balanced structure, LDHs possess the property of encapsulating an anion from the
environment and replacing it with an exchangeable anion present in its layers. Potential applications
include chloride entrapment in concrete and delivery of corrosion inhibiting anions. However, many
versatile compositions of LDHs can be easily synthesized and their application as cement additives
reach far beyond corrosion mitigation in concrete. This review presents a summary of recent advances
on the applications of LDH in concrete. An extensive set of recently published literature has been
critically reviewed and trends have been identified.

Keywords: layered double hydroxides; reinforcement; ion exchange; corrosion; concrete

1. Introduction

Our planet has experienced an unprecedented population growth in the last century [1]. The rise
of population has been accompanied by an increase in building infrastructure [2], mostly concrete and
steel. As a consequence, the cement production industry has significantly added to global warming
with a contribution of almost 5% to the global CO2 emissions [3]. The carbon footprint of concrete
industry is getting bigger as emerging economies in Asian and South-Asian regions are focusing on a
rapid expansion of infrastructure. Furthermore, obsolete or outdated production facilities/methods
have also contributed to an increased environmental impact of cement production [4–6]. To reduce
the environmental impact of cement production, it is desirable to have concrete infrastructure with
longer service life. However, due to the various degradation phenomena associated with reinforced
concrete structures such as steel corrosion [7–14], freeze thaw cycles [15,16], ice abrasion [17–19], acid
attack [20,21] etc., the service life of infrastructure is considerably reduced.

Out of the above mentioned degradation mechanisms, reinforced concrete structures are
particularly susceptible to chloride induced corrosion [7,22]. Chloride induced corrosion occurs
in bridge decks, parking decks and pavements exposed to de-icing salts as well as in infrastructure
exposed to marine and coastal environments such as offshore bridge piers etc. The rapid deterioration
of such vital infrastructure can have severe economic, environmental and social implications
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worldwide [23]. The need of the hour is to steer concrete research towards applications of innovative
low-cost materials that can increase the chloride resistance of concrete structures.

In recent times, layered double hydroxides (LDHs) have emerged as a new class of engineering
materials [24,25] which can aid in the corrosion control of concrete structures and potentially prolong
their service life. LDHs are clay-like powdered materials which are often referred to as nano-containers
or nano-reservoirs and have the ability of entrapping ions from the environment e.g., Cl− ions.
Potential applications include chloride ion and carbonate ion entrapment in concrete. This work
provides an overview on the state-of-the-art on the applications of LDHs in concrete technology, based
on a critical review of recently published reports and articles. One of the first reviews on application of
LDHs in concrete was provided by Raki et al. [26] in 2004 and Yang et al. [27,28] in 2013. Since then
many research groups and companies around the globe have started to work extensively with LDHs.
Therefore a lot of applications of LDH can be found across various branches of concrete technology.
The authors have attempted to review cited literature up to the end of year 2019. The paper presents an
understanding of corrosion processes in concrete, chloride binding aspects as well as recent advances
made in the applications of LDHs in concrete. The chloride binding aspects of LDH in concrete are
critically reviewed but other related effects such as influence of LDH addition on mechanical properties,
dosage, effect on microstructure etc. are also discussed.

2. Chloride Induced Steel Corrosion in Concrete

Concrete is the most widely used engineering material [29,30] which is prepared by mixing
together cement binder, fine and coarse aggregates and water. After the mixing phase the concrete
is able to take any desired shape upon hardening. The resulting concrete is very good to resist
compressive stresses but does not display similar capabilities under tensile loading. To improve this,
steel reinforcement is embedded in the concrete which is able to take tensile stresses and also provide
confinement to concrete. Concrete itself being non-metallic in nature is not susceptible to corrosion,
however it is the embedded metallic steel that is susceptible to corrosion and can lead to structural
failure under prolonged exposure in corrosive environments.

Concrete is an alkaline environment [31–33] and the alkalinity has a protective effect towards
embedded steel bars as it helps in developing a thin protective layer on the steel surface, usually
referred to as the passive layer [34,35]. This passive layer is very thin, usually a few nanometers in
thickness [36] and protects the steel rebar from corrosion. At this stage, the rebar is said to be passivated
and the structure is said to be in the initiation stage [7]. The porous nature of the concrete [37] allows
chloride ions to pass through. In due time, chloride ions reach the steel concrete interface [38].
An accumulation of chloride ions on the rebar surface beyond a critical threshold can destroy the
passive layer. At this stage the rebar is said to be depassivated [39] and the structure is said to be in its
propagation stage, as shown in Figure 1. The amount of chloride ions which can cause depassivation
of steel is termed critical chloride threshold [40]. A faster ingress of chloride can shorten the initiation
stage of the structure and accelerate depassivation stage leading to shorter service life of structure.
On the other hand, a slower or reduced ingress of chlorides can increase the service life of structure.
Innovative cement additives that can slow down the chloride ingress can lead to an extension of
the initiation stage. Similarly, corrosion inhibitors can reduce the severity of corrosion and mitigate
structural deterioration, see Figure 1.

Once the critical threshold is reached at the steel-concrete interface, the onset of corrosion is said
to take place. This leads to the formation of active anodic regions, and in the presence of moisture
and oxygen lead to the formation of a corrosion cell between anodic and cathodic parts of the rebar.
As corrosion progresses, rust products are generated as a result of corrosion reactions. Rust products are
more expansive than parent steel [41] and their accumulation at the steel-concrete interface generates
considerable internal pressure leading to micro-cracking of concrete [42,43]. As time progresses,
microcracks coalesce to form visible macro-cracks which eventually can lead to the deterioration of
structural elements [44].
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Figure 1. Schematic representation of service life stages of concrete structures under chloride induced
corrosion and associated chloride profiles based on modified Tuutti’s diagram [7,40].

3. Chloride Binding in Concrete

The transport of chloride ions in concrete matrix occurs through the pore network [45,46]. It is
widely accepted that a considerable fraction of chloride ions are physically and chemically bound to
the surrounding cementitious matrix [47]. These chlorides are usually named in the literature as bound
chlorides. The rest of the chlorides are termed free chlorides and move freely inside the concrete pore
system. It is the accumulation of free chloride on the steel concrete interface that is responsible for
corrosion initiation [48]. On the other hand, the capability of concrete to bind chloride ions as well as
ratio of bound chlorides to free chlorides are vital parameters regarding performance and service life
estimation. Increasing the amount of bound chlorides in concrete can help in extending the time to
reach the critical chloride concentration [40] on the steel concrete interface (Figure 1).

A significant contribution of bound chlorides is attributed to tricalcium aluminate (C3A) and
tetracalcium alumino-ferrite (C4AF) content in binders [49,50] as they lead to the formation of
aluminate monosulphate (AFm) phases upon hydration. AFm is able to chemically bind chlorides in
concrete [51,52] forming Friedel’s salt which can be chemically expressed as 3CaO·Al2O3·CaCl2·10H2O
or its iron analogue 3CaO·Fe2O3·CaCl2·10H2O. Depending on the concentration of chloride ion,
other salts may be formed such as Kuzels salt 3CaO·Al2O3·0.5CaCl2·0.5CaSO4 ·11H2O [53].
Florea et al. [51] quantified the chloride binding of different AFm phases such as monosulphate-AFm
(3CaO·Al2O3·CaSO4·14H2O) and hydroxy-AFm (3CaO·Al2O3·CaOH2·12H2O) and observed different
binding capacities depending upon external Cl− level.

On the other hand, the physical binding of Cl− in terms of surface adsorption occurs on the
calcium silicate hydrate (CSH) interlayers by replacement of loosely bound OH− ion by Cl− thereby
maintaining electroneutrality in the system. This physical adsorption mostly proceeds on the external
layers of CSH layers [54]. Tang et al. [55] reported that the amount of CSH gel is mainly responsible
for the amount of chloride binding [49] whereas Florea et al. [51] considered that CSH binds fewer
chlorides than AFm phases. Furthermore, it is to be noted that the chloride binding capacity varies
depending on the type of the cation present in the salt [56].
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Additionally, supplementary cementitious materials (SCM) are added to concrete mixes to replace
cement binder, usually as a replacement. One of the motivations behind replacement of cement
binder by SCM is to reduce the carbon footprint of concrete industry and also to impart additional
functionality to concrete [57]. As such, fly ash (FA), ground-granulated blast furnace slag (GGBFS),
silica Fume(SF), metakaolin (MTK) etc. are used as SCM in concrete. Likewise, the addition of SCM
also significantly effects the chloride binding properties of concrete. It is now widely accepted that
chloride binding increases with the addition of FA, GGBFS [58,59], MTK [57] whereas the addition
of SF reduces the amount of bound chlorides [49]. It is believed that ion exchange mechanism is
responsible for the chloride binding.

In the last two decades, Layered Double Hydroxides have emerged a new class of nanoscale
engineered concrete additives which can impart additional functionality to concrete. Although the
role of LDHs in concrete technology is widespread in different areas, the most outstanding application
of LDH is its ability to trap anions (possibly aggressive ions such as Cl−) from the environment and
release a tailored anion in its place (like a corrosion inhibiting anion such as NO2

−) via a controlled
release mechanism. This property has been termed as “Self-Protection” of concrete and can result in
an extended corrosion initiation stage as well as a reduced corrosion degradation in the propagation
stage as shown schematically in Figure 1. This review highlights the most notable applications of LDH
in concrete technology with a detailed insight into the chloride binding capacity of concrete with LDH.

4. Layered Double Hydroxides

Layered double hydroxides are nano-materials with a layered structure as shown in Figure 2.
The layers themselves are formed of bivalent and trivalent cations coinciding with the layered structure
of Brucite Mg(OH)2. The layers in LDHs are positively charged in nature as they are formed due to
replacement of some divalent cations by trivalent cations during their formation. This leads to a charge
imbalance and in order to compensate this positive charge excess, the interlayers can hold negatively
charged anions, as well as some loosely bound OH− / H2O in between the layers. LDHs can be
represented by the general formula MI I

1−αMI I I
α (OH)2(Xn−)α/n ·mH2O with α ranging from 0.2–0.33,

m equal to 1− 3α/2 , MI I is the divalent cation (e.g., Mg2+, Ni2+, Zn2+, Ca2+), MI I I is the trivalent
cation (e.g., Co3+, Al3+, Fe3+, Ga3+) etc. and Xn− is the exchangeable anion with valency n present
in interlayer galleries and can be CO2−

3 , SO2−
4 , Cl−, OH−, NO3

−, NO2
− etc. The molar ratio of MI I

to MI I I is in the range between 2 to 4 [27,60]. The interlayer anion in LDH galleries can be easily
exchanged with an anion present in the external environment. Due to this ion exchange property,
LDHs are also called anionic clays [61]. This unique property makes LDH a very versatile material as
they can help in sequestration of anions from the environment with a possibility of releasing a tailored
anion in its places. LDH can therefore be used as a potential additive for the capture of corrosion
causing species and release of corrosion inhibiting anions in cementitious environments. LDH can be
synthesized in powdered form and added as a percentage of the binder content or in the slurry form
wherein corrections to the total w/c ratio should be made considering the amount of water originally
present in the slurry.

The ion exchange property of LDH has been used for a wide range of applications across different
disciplines such as drug delivery systems [62], treatment of stomach ulcers [63], genetic science [64],
removal of toxic anions from water [65–68], protective coatings against corrosion on metal surfaces [69],
cleansing of sea water to obtain usable cultivation water [70], removal of pollutants [71], asphalt mixes
with deicing property [72] etc. are a few noteworthy applications. In concrete technology, studies on
LDH as a cement additive began towards the end of 20th century, and in recent years, LDHs have
gained a considerable popularity as concrete additives.
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Figure 2. Schematic representation of Layered Double Hydroxide (LDH) structure.

4.1. Preparation Methods

LDHs can be prepared by various techniques. The easiest and commonly used is the
co-precipitation method. In this method aqueous solution of desired divalent and trivalent metallic
salts are slowly added into a mixer containing water and allowed to simultaneously co-precipitate
in an alkaline environment. The pH is held constant by adding an alkaline solution of desired
pH [73]. Usually co-precipitation is done in the pH range of 8–10 [74]. Another simple method is the
ion-exchange method in which a pre-synthesised LDH precursor is modified by allowing it to conduct
ion exchange of its interlayer anions with desired guest anion present in the external solution. It is
important to note that the ion-exchange method is strictly influenced by the affinity of LDH towards
the guest anion [75,76], the type of the exchange medium [77], temperature [78] , pH value of the
medium [79] as well as the chemical composition of the LDH itself [80]. Both the co-precipitation
method and the ion-exchange method can be used to synthesize LDH with corrosion inhibiting ions,
e.g., NO2

−. Using oxide of divalent cation and salt of trivalent cation, Zuo et al. [81] was able to
directly synthesize LDH-NO2 in an alkaline environment containing NaNO2. Another method of
obtaining the same LDH would be to first synthesize LDH-NO3 and then allow the LDH to conduct
ion exchange with an environment containing NO2

− ions. Both the synthesis paths provide different
quantities of intercalated NO2

− in LDH [81].
Another method that is commonly followed is the calcination [82,83] method where LDH is

heated to high temperatures in order to remove interlayer water/OH− and interlayer anions, thereby
losing it layered structures and forming amorphous metallic oxides. Upon rehydration the LDH is able
to reconstruct its structure using its “memory effect” property [84] upon exposure to water and also
intercalate new anions which were not present in the parent LDH [80]. Apart from these preparation
procedures, other methods of synthesis do exist [85,86] and the interested reader is directed to the work
of He et al. [80]. LDHs also occur freely in nature. Hydrotalcite is a naturally occurring mineral and
belongs to the family of LDH, being known since the 19th century. Chemically, it can be represented
as Mg6Al2(OH)16[CO3]·4H2O. It was first discovered in Norway and reported by German-Austrian
chemist Carl C. F. Hochstetter in 1842 [87].

LDHs are not strange to concrete chemistry either. The hydration of cement binder is accompanied
by the formation of a family of hydrated calcium aluminate phases (AFm) which belong to the broader
class of the LDH family. According to Matschei et al. [88], in some blended cements AFm phases
content can be upto 20%. AFm phases just like synthetic LDH can be represented by the formula
[Ca2(Al/Fe)OH6]·A·xH2O with A as the exchangeable anion [89]. AFm phases resembling LDH
compounds consist of brucite like sheets with some divalent cations replaced with trivalent cations
such as Fe3+ or Al3+. Similar to LDH, these AFm show anion exchange capabilities with more affinity
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to divalent anions such as CO2−
3 , SO2−

4 etc. than mono-valent anions Cl−, OH− etc. Additions of
ground granulated blast furnace slag (GGBFS) as SCM also leads to the production of hydrotalcite
like phases [90,91] which has chloride binding properties [92]. Studies of Kayali et al. [93] revealed
hydrotalcite formation exists in cement blends with GGBFS. Formation of hydrotalcite lead to reduced
chloride ingress due to ion exchange capabilities of these LDH.

4.2. Ion Exchange Property Of LDH

As mentioned previously, the ion exchange property is the most vital property concerning the
application of LDH in concrete. Figure 3 (left) depicts the ability of LDH to capture ions from the
environment. In this test 1g of LDH was exposed to 50 mM of Cl− containing solution at time (t = 0 s)
under stirring conditions. Chloride ion concentration was constantly monitored for 300 s after LDH
immersion. It is evident that LDH was able to reduce the Cl− concentration from the surrounding
solution. Figure 3 (right) depicts the ion release property of LDH. In this work from Tedim et al. [94]
release of NO3

− ion from Zn-Al-NO3 due to step wise exposure to Cl− ions is presented. This confirms
the ion release property of LDH. An in-depth explanation on the ion-exchange property is presented
later. Apart from the ion exchange property, LDHs posses numerous other interesting properties which
are of vital importance in other branches of science and technology. The interested reader is referred to
the extended literature on LDH by Evans et al. [74], Forano et al. [95] and Kuang et al. [96].

Figure 3. (Left) Decrease in chloride ion concentration due to addition of Zn-Al-NO2 to the solution
containing 50mM of initial chloride concentration. (Right) Release of NO3

− ion from Zn-Al-NO3 after
exposure to Cl− ion (reprinted from [94] with permission from Elsevier).

5. Compatibility of Ldh with Cementitious Environments

LDHs have been mostly used in concrete in order to improve its chloride resistance by harnessing
the ion exchange property of LDH. However, prior to discussing the ion exchange property and
chloride encapsulation of Cl− by LDH in cement/concrete, it is important to understand the
compatibility of LDH with cement. In this section, compatibility with cement, influence on mechanical
properties and the effect of dosage on the microstructure are discussed. The discussion is based on a
critical analysis of recently published literature in this field.

5.1. Effect on Mechanical Properties

LDH are nanoparticles which are reported to refine the microstructure of concrete without causing
a substantial increase in porosity. As LDH is usually added in its powdered form to concrete mixes,
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these nanoparticles are uniformly distributed in the matrix and in the course of cement hydration
process, LDH can provide additional nucleation sites for cement hydration. This in turn can promote
growth of CSH gel into the voids, thereby refining the microstrucutre. Additionally, the particles
themselves act as micro-fillers or micro-aggregates inside the cementitious matrix. Depending on the
type of LDH in use, it can have a positive effect on the mechanical properties of concrete especially
its compressive strength, see Table 1. LDHs have hexagonal platelet like structures and if they are
able to retain their structure in mature concrete, the resulting concrete can also show enhanced
flexural strength as these thin LDH platelets can act as micro-beam elements [97] between cementitious
materials and therefore help in an efficient transfer of bending stresses. Table 1 presents a compilation
of compressive and flexural strength enhancement of concrete together with type of LDH and dosages
used by different authors.

Table 1. Effect of addition of LDH on the mechanical properties of concrete. CS: Compressive strenght;
FS: Flexural strength.

LDH Cement Dosage * Concrete Properties Age Year Ref.

Type Type CS FS

CaAl LDH CEM 42.5 1–5% +6% (2%LDH) - 28d 2009 Xu et al. [98]
MgAl CO3 [99] 1–2% inconclusive - 28, 48d 2013 Duan et al. [99]
MgAl LDH [82] 8.5% ∼ −2% - 28d 2014 Yoon et al. [82]
MgAl pAB CEM I 42.5N 5–10% −17.2% (10%LDH) −21.38% (10%LDH) 28d 2015 Yang et al. [100]
MgAl NO2 CEM I 42.5N 5–10% −14.2% (10%LDH) −19.1% (10%LDH) 28d 2015 Yang et al. [100]
MgAl LDH [101] 1% −25% (28d) - 28–178d 2015 Xiong et al. [101]
LiAl LDH [102] 1–3% +25% - 7d 2017 Haiyan et al. [102]
CaAl NO3 CEM I 52.5R 0.5–2 Vol. +17% (1% LDH) +55% (1%LDH) 28d 2018 Qu et al. [97]
MgAl CO3 CEM I 52.5 1–3% ∼+3.5% (3% LDH) - 28d 2018 Wu et al. [103]
MgAl LDH [104] 1–2% +8.2% (1% LDH) - 56d 2018 Chen et al. [104]
LiAl LDH [105] 0.5–1.5% +46.2% (1%LDH) - 28d 2019 Zou et al. [105]

* In mentioning the dosage, no distinction has been made for LDH added as % of binder content or % of
binder replacement or % of total cementitious materials.

From Table 1, it can be observed that Ca based LDH has a profound positive effect on mechanical
properties whereas multiple entries report a Mg based LDH to have a negative or inconclusive effect
on mechanical properties. Qu et al. [97] used Ca based LDH and observed a strong increase in the
compressive strength and flexural strength in samples with LDHs as compared with reference samples.
A 17.2% increase in compressive strength was observed in samples with 1% dosage of LDH (mean
particle size 3.2 µm) but only 1.7% strength increase for 2% LDH, see Figure 4. It can be inferred
that a dosage of up to 2% could be safe for application in concrete and will not drastically affect the
compressive strength. Higher dosages can lead to agglomeration of the particles and may not play any
significant role in enhancing the strength of concrete. The particle size is also important as smaller
particles can have a filler effect and refine microstrucutre leading to higher compressive strengths
despite only a slight change in porosity. In the same study, the flexural strength increased with addition
of LDH. The particle size was also a dominating factor as finer the particle, higher was the strength
increase. However, as dosage of LDH (mean particle size 3.2 µm) increased from 1% (+55% increase) to
1.5% (+44.3% increase) and 2% (+40.5% increase), the flexural strength started decreasing although still
considerable higher ∼>40% than reference sample, see Figure 4. The authors concluded that overall
dosages up to 2% can have a positive influence on mechanical properties of concrete. Higher dosages
than 2% can be the threshold for particle agglomeration [97].

Contrary to the studies of Qu and colleagues [97], Yang et al. [100] used Mg based LDH (see Table 1)
and reported a trend of decreasing compressive strength as dosage of LDH increased, for all specimens
at all ages. The strength decrease was still in the acceptable range in samples with up to 5% LDH.
The negative effect on compressive strength due to addition of Mg LDH was also reported in the
studies of Duan et al. [99]. However the results were found to be inconclusive as with 1% LDH,
the compressive strength slightly increased but remained almost the same with 2% LDH. In another
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study, Xiong et al. [101] used calcined Mg-Al-LDH and reported a reduced compressive strength for
mortars with LDH. A 28d strength test revealed a decrease of about 25% in the compressive strength.
Studies by Yoon et al. also reported a slight decrease in compressive strength [82].

Figure 4. LDH dosage and effect on compressive and flexural strength. LDH-11, LDH-12, LDH-13 refer
to mean particle size of 9.5 µm, 6.3 µm and 3.2 µm respectively. Reprinted from [97] with permission
from Elsevier.

5.2. Effect of LDH Dosage on Microstructure

Different authors who have worked with LDH have resorted to different dosages of LDHs for
applications in concrete. Usually a range of values is evaluated and higher dosages are used with
the aim of improving a desired property of concrete or to check the ultimate threshold of the dosage
in relation to the desired property. However, while one property might improve, addition of LDH
can affect other important properties of mortars and concrete. One of the predominant effects is on
porosity as found by Yang et al. [100] where porosity increased with the increasing dosage of LDH.
This can have detrimental effect on other associated concrete properties such as chloride penetration.
Increase of porosity can lead to faster ingress of chloride ions upon exposure and shorten the corrosion
initiation stage. As the porosity increases the chloride ingress can increase despite high chloride
binding. It is important to emphasize that more parameter studies must be conducted while selecting
a suitable LDH dosage for applications in concrete, as dosage can have a big impact on the properties
on concrete mixes.

Previous studies by Qu et al. [97] have revealed that low dosages of LDH do not have a strong
influence on porosity increase. They observed that dosages up to 2 vol.%, are a good choice for
incorporation of LDHs in concrete. Moreover, additions of nanoparticles like LDH up to a certain
dosage can refine the microstrucutre without changing the total porosity which is advantageous
towards chloride durability. This has also been reported by other authors working with nano-additives
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for concrete [106,107]. The use of LDH for pore refinement was carried out by Duan et al. [99]. They
used Mg-Al-LDH in raw and calcined form in cement pastes and concretes (The dosage is presented in
Table 1) and observed pore refinement due to addition of Mg based LDH.

5.3. Effect ON Hydration

LDHs have also been used to modify the hydration kinetics of concrete. It is generally believed
that the addition of nano-particles can lower the energy barrier for precipitation reactions taking place
in liquid state and also provide additional nucleation sites for cement hydration due to their very
small size and very high surface area [98,108,109]. In a recent study, Xu et al. [98] observed by using
XRD that adding nano-particles of Ca based LDH accelerated the formation of hydration products,
notably CSH. This in turn resulted in a increase of early age strength development. The authors used
Ca-Al-Cl LDH in their study and it is well known that both Ca2+ and Cl− are the most accelerating
cation and anion respectively [110]. One can therefore attribute the accelerating effect of LDH addition
to the role of Ca2+ and Cl− ions. The underlying mechanisms regarding effect of various ion on the
hydration kinetics are not fully understood and the reader is directed to the works of Myrdal [110] for
further reading.

Additionally, Xu et al. conducted in situ XRD analysis of cement mortars with and without Ca2+

based LDH and observed that higher amounts of CSH gel are formed at early ages confirming the
strength increase effect and hydration acceleration property of Ca-Al-Cl LDH. XRD analysis revealed
higher intensity of CSH peaks occurring at early ages and this effect was amplified as concrete aged,
see Figure 5. Li based LDH can also potentially be used to accelerate hydration [105,111] and impart
early strength to concrete although the mechanism is unclear. Haiyan et al. [102] observed that setting
time was reduced to almost half by using 3% addition of Li based LDH but they did not comment on
the working mechanism. Moreover the authors also reported a sharp increase in the early strength
development for samples with Li based LDH, see Table 1. Mg-based LDH have also been reported
to have a slight accelerating effect on cement hydration. In the studies of Wu et al. [103], the authors
observed that a 3% Mg LDH addition had an accelerating effect on cement hydration. They attributed
this effect to the reaction of sulphate ions from gypsum with LDH that could potentially accelerate
cement hydration.

Figure 5. In situ XRD patterns of cement mortar (a) without and (b–f) with LDHs additives after
different aging times: (b) 6 min; (c) 1 d; (d) 3 d; (e) 7 d; (f) 28 d. Symbol of * shows the characteristic
[1 1 0] reflection peak of C–S–H gel. Reprinted from [98] with permission from Elsevier.

On the other hand, LDH can also decelerate or retard cement hydration. Recent studies by
Gomes et al. [25] reveled that addition of ZnAl LDH had a decelerating effect on hydration processes
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and early strength development. They used a dosage of 2–5% LDH to cement with an average
particle size of 25 µm in cement pastes. The samples depicted an unusually long hardening time.
The authors attributed this effect to the partial dissolution of ZnAl LDH in high alkaline pH which
releases Zn2+ ions in to the pore solution. Zn2+ ions are known to have a strong retarding effect on
cement hydration [112,113]. The presence of Zn2+ ions in the early stages of cement hydration can lead
to formation of Zn-Ca complexes such as Ca(Zn(OH3)2)·2H2O which in turn reduce the concentration
of Ca2+ and OH− in the pore solution thereby retarding the hydration reactions [114]. Gomes et al. [25]
also observed that particle size matters because bigger agglomerates ∼125 µm did not affect the
hydration. This can be understood considering the reduced surface area of bigger agglomerates which
do not suffer so significant dissolution as compared to finer particles.

6. Ion Exchange Property and Self Protection of Concrete

LDHs by their nature and unique chemical structure are able to exchange anions present
in the external environment by an anion from their inter layers. This process is governed
by the difference of chemical potential in the direction of decrease of Gibbs free energy.
In order to maintain electro-neutrality, a charge balance is maintained before and after the
ion exchange [26,27,81,94,115–124]. This property has been termed as the ion exchange property
of LDH [122]. As such LDHs can act as anion adsorbents or anion scavengers, in different
environments [125]. Furthermore, as LDHs can be synthesised with different cations and exchangeable
anions, this makes them a very versatile class of materials which can be tailored to deliver a desired
anion and capture selective ions from the environment. Figure 6 shows a schematic representation of
the structure of LDH with interlayer anions. Upon exposure to external anions, the LDH is able to
capture these anions and the process is accompanied with the release of interlayer anions. This property
has been exploited in corrosion mitigation of concrete structures where functional LDH is used to
conduct chloride ion capture and simultaneously deliver a corrosion inhibiting anion. Not only does
this prolong/extend the corrosion inhibition stage but also protects the steel from initiating corrosion
processes. This dual benefit has been termed as self-protection process in concrete.

The ion exchange property of LDH is also used to produce LDH with a desired anion by exposing
LDH to a solution of this anion. The desired anion is captured by LDH by replacing the anion originally
present in its galleries. The LDH is then usually centrifuged and separated from the filtrate, washed
and dried. It must be noted that anion uptake is governed by many factors such as temperature [78],
particle size [97], anion type [126,127], anion charge and size [128,129] etc.

Calcined LDH has also been used to conduct ion capture in concrete [103]. Calcination of LDH
results in the collapse of the layered structure of LDH. In this process the interlayer anions and the
attached OH−/H2O molecules are lost. Upon exposure to moisture and external anions, the LDH
is able to regenerate its layered structure with new guest anions and water molecules as shown
schematically in Figure 6. The use of calcined LDH in concrete is best demonstrated by the work
of Duan et al. [130] where authors used calcined Mg LDH to increase the carbonation resistance of
concrete and reported very promising results.

During the ion exchange process, the ion uptake is governed by thermodynamics as it represents
a heterogeneous equilibrium between chloride ions present in solid species (LDH) and the Cl−

ions present in the pore solution at equilibrium. Studies report that higher the external Cl− ion
concentration, higher is the Cl− binding due to LDH. As such, the binding behavior can be represented
by Freundlich or Langmiur type isotherms (Figure 7 right). In both these isotherms, uptake increases
as free chloride ion concentration increases. Furthermore, for each type of LDH, its ion exchange
property is governed by many factors. The most important factor ruling ion exchange is the selectivity
series for that LDH. LDH is able to conduct preferential ion exchange based on the order of ions in
the selectivity series. Chen et al. [131] concluded that for CaAlNO3 LDH in alkaline environment,
the selectivity series is Cl− > OH− > NO3

− whereas Costa et al. [127] computationally derived the
selectivity series for ZnAl LDH to be CO2−

3 > OH− > F− > Cl− > Br− > NO−3 . Although, in general the
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selectivity series governs the ion exchange, the series order might change if the concentration of one
of the non-preferential anions is too high in the external environment as compared to the preferred
anion in the series. According to the selectivity series, CO3

2−ions are very stable inside LDH and
difficult to replace by ion exchange. However, studies by Iyi et al. [60] concluded that LDH containing
carbonate ions can even be de-carbonated by a non-preferential anion such as Cl−, if Cl− is present in
a very high concentration. In this case, the anion present in high concentration can potentially force its
uptake. The size of the anion also governs ion uptake as Iyi et al. [60] was not able to replace carbonate
ion using a high concentration of iodide ions. The ion exchange property of LDH prefers smaller
sized anions over larger anions. However, as the ion exchange is based on charge conservation, LDHs
are particularly affine to divalent anions as compared to monovalent anions with carbonate anions
being the most preferred anion for most of the LDHs. As such, LDHs have been used to increase the
carbonation resistance of concrete [132] as they can efficiently capture carbonate ions.

C
al

ci
n
at

io
n

Exposure to

external / guest anions

LDH

LDH with guest anions

Calcined LDH

Exposure to

external / guest anions

and moisture

Structured LDH with

guest anions

Hydroxyl / water Guest / External anionParent / Released anion

Figure 6. Schematic representation of the LDH structure and ion exchange/capture mechanism.

6.1. Chloride Entrapment and Corrosion Performance

The ion exchange property of LDH has been used extensively in the corrosion protection of
concrete. Many authors have used LDH to conduct additional chloride binding in concrete as well
as controlled delivery of corrosion inhibiting anions. Numerous applications also report on the use
of LDH for mitigation of carbonation induced steel corrosion in concrete. Table 2 presents a list of
recent works where LDH has been used an as anion exchanger focusing either on capture of chloride
or carbonate ion, as well as delivery of corrosion inhibitor. Based on a detailed literature study
summarized in Table 2, only a few of the reported studies are conducted in concrete and literature
reports a majority of studies in salt solutions and concrete pore solutions. Table 2 also presents the
preparation methods, target application exploiting ion exchange property as well as LDH dosages
used. This table can aid researchers and engineers to decide on starting materials and dosages of LDH.
Moreover, it is interesting to note the disparity in dosages that different authors have used in various
investigations. The reported dosage varies from 0.2 wt.% [133] to 10% [100]. Attention must be paid to
avoid high LDH dosage as it can strongly affect the properties of mortars and concrete, as mentioned
earlier. Higher dosages can indeed increase the chloride binding capacity as more LDH will be present
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to capture Cl− but on the other hand, higher dosages can certainly increase the porosity of concrete
which facilitates Cl− ingress.

LDH is able to capture Cl− ions from the pore solutions lessening its concentration.
Zhonghe et al. [134] studied Mg-Al-NO3 and Mg-Al-CO3 LDH and observed a higher chloride binding
capacity when LDH was present. The binding capacity was lower with the carbonate based LDH
because this ion is difficult to replace. Yoon et al. [82] used commercially available Mg- Al LDH
and calcined it at 450 ◦C. The resulting LDH was applied as a chloride entrapping additive with a
8.5 wt.% dosage in cement pastes and the authors reported enhanced chloride uptake capabilities.
Based on their results, the authors confirmed the positive benefits of LDH in increasing the service life
of concrete structures.

Although chloride capture due to LDHs has been mostly due to the ion exchange property, other
binding mechanisms do exist. Chen et al. [131] suggested that apart from ion exchange, LDHs are able
to bind Cl− ion following a mechanism of dissolution and recrystallisation, similar in behavior to AFm
phases in concrete. The authors concluded that the ion exchange mechanism is the major contributor
but it is hard to distinguish between these mechanisms in cementitious environment. The selectivity
series were demonstrated to be Cl− > OH− > NO3

−. Surface adsorption of ions on LDH surface has
also been reported as an uptake mechanism for LDHs. Ke et al. [83] concluded that for hydrotalcite
phases in concrete, which also belong to the LDH family, surface adsorption of anions could contribute
to 90% uptake capacity and the rest was attributed to ion exchange.

Figure 7. (Left) Figure shows steel with protective potential in the repaired part containing LDH with
corrosion inhibitor (reprinted from [133] with permission from Elsevier). (Right) Experimental and
fitted isotherms, both Langmuir and Freundlich for chloride uptake by LDH in cement paste (reprinted
from [82] with permission from Elsevier).

One of the best real life tests on the use of LDHs in concrete structural members was carried out
by Tatematsu et al. [133]. In their study, a concrete slab was used as a test specimen. A central portion
of the slab was retrofitted with a reinforcement cover made of mortar with Ca-Al-NO2 as additive.
They applied LDH as a 1 mm coat on rebars and then added LDH with mortar to form a 15 mm cover
on top. Other parts of the specimen did not contain additive. The specimen was left in an exposure
site for seven years. After seven years, the regions with Ca-Al-NO2 showed no signs of corrosion
and more positive potentials whereas the surrounding regions were corroding as shown in Figure 7
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(left). Secondary reinforcement was also affected in the non-protected areas. The authors observed a
macro-cell on the interface of protected and non-protected areas.

As mentioned previously, AFm phases in concrete also belong to LDH family and are responsible
for the majority of the chloride binding [49,51,135,136]. The exchange mechanism is mostly believed to
be ion exchange [135,137]. AFm phases just like synthetic LDHs lead to the formation of Friedel’s salt
and Kuzel’s salt upon exposure to chloride [53,138]. The conversion of Hydroxy-AFm to Friedel’s salt
upon exposure to NaCl was stated to be a dominating chloride uptake mechanism by Jones et al. [139].
The Cl− uptake was observed to be followed by a delivery of OH− ion from AFm phases [140].
Hirao et al. [141] experiments on chloride uptake reveled a Freundlich type isotherm for chloride
uptake, signifying that uptake capacity would improve as the external concentration increases. It can
therefore be concluded that AFm phases in general contribute considerably to the inherent chloride
binding capacity of concrete via ion exchange mechanism [142].

The dual benefit of self-protection of reinforced concrete can be achieved by the capture of Cl−

ion and simultaneous release of a corrosion inhibiting ion. LDHs can be easily loaded with corrosion
inhibiting ions. The use of NO2

− as a corrosion inhibitor has been well documented [143,144] and also
NO2

− can be easily incorporated into LDH. However, it is important to note that the inhibitive action
takes place only at the steel-concrete interface. The nitrite ions released in the bulk will have to transport
themselves to the steel-concrete interface. On the other hand, LDH loaded with inhibiting ions can
also be applied as a cement slurry coating on the rebar surface prior to embedment. Yang et al. [145],
applied a coating of 20 wt.% LDH on the reinforcing steel and reported an extended time regarding
depassivation of steel. The combined role of chloride capture from the pore solution and inhibitor
delivery can be represented as

LDH···Inhibitor− + Cl−
(Pore solution)

−−→ LDH···Cl− + Inhibitor−
(Pore solution)

(1)

Use of NO2
− ion in corrosion inhibition was previously tested by Dry [146] who used Ca(NO2) in

concrete and reported a delay in corrosion as compared to control samples. Gomes et at. [25] used
LDH loaded with NO2

− ion with the aim of capturing Cl− ion and releasing NO2
− ion and reported

positive results.
Many authors [25,100] have conducted natural diffusion test on concrete with added LDH in

order to ascertain the enhanced chloride capture in such mixes. Yang et al. [100] conducted a rapid
chloride migration tests on concrete with and without LDH. Two levels of LDH were used, namely 5%
and 10% for two LDH types as shown in Figure 8. Samples with 5% Mg-Al-PAB(p-aminobenzoate)
demonstrated improved chloride resistance as compared to other dosages of LDH. The authors
concluded that higher dosages could possible bind more chloride but at the same time also increase
the porosity which has a counter effect on chloride transport in concrete.

Chloride diffusion test were also conducted by Qu et al. [97] with 0.5%, 1% and 2% by volume
LDH dosage. They observed excellent chloride resistance of concrete for an optimum 1% LDH dosage.
A 25% reduction of DRCM (rapid chloride migration coefficient) was found for this dosage as compared
to reference. The study also included natural diffusion test and demonstrated a 53% reduction in
apparent diffusion coefficient. The authors explained their observations by the physical barrier
properties of LDH particles acting as a filler material. This effect was complemented by chemical
inhibition i.e., anion exchange property of LDH. The low dosages of up to 2% did not seem to cause
any unnecessary porosity increase which is detrimental towards chloride resistance. Moreover, it was
considered that smaller particles of LDH can improve the tortuosity of the cementitious matrix without
actually influencing the porosity so much.
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Figure 8. Chloride diffusion coefficients of mortar with 5% and 10% dosage of LDH. (Reprinted
from [100], with permission from Elsevier).

6.2. Role of Ldh in Carbonation Control

It is well understood that the CO2−
3 form of LDH is the most stable because LDH has a preference

to multivalent ions than monovalent ions [83]. Due to this very fact, LDH has also been used to improve
the carbonation resistance of concrete [147,148]. In a recent work by Ma et al. [61], cement pastes with
2% Mg based LDH showed reduced carbonation depth as compared with reference samples. They
observed a 30% reduction in carbonation depth at 42 day age. Similar findings were also reported
by Shui et al. [132]. This highlights the positive benefits of employing LDH in carbonation control
of structures.

The high affinity of LDH towards carbonate ions can have a negative impact on chloride binding
capacity of LDH. It is important to note that, if the LDH was previously exposed to Cl− ions and has
bound Cl− ions, it might release these bound chlorides upon exposure to carbonates, since uptake of
carbonate ions is preferred over chlorides [83]. Ke et al. [83] studied the chloride uptake by Mg-Al
based and Strätlingite in carbonated and non-carbonated salt solutions. They reported that chloride
uptake decreases as concentration of carbonate increased. Kayali et al. [58] concluded that carbonation
is a risk because Cl− can be replaced with CO2−

3 , thereby inducing risk of accelerated steel corrosion.
However under certain circumstances, LDH can be decarbonated and exchanged with other anions.
Iyi et al. [60] was able to exchange Cl− with CO2−

3 calling it the “decarbonation” of LDH under high
concentrations of externally present Cl−. The study was extended to other anions as well but it was
observed that only small ions such as Cl− and Br− are able to exchange themselves with CO2−

3 . Much
less or insignificant exchange was observed for larger anions such as NO3

− and ClO−4 . The anion size
effect was also demonstrated by Miyata [126].
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7. Conclusions

In this study a review on the applications of LDH in concrete is presented. The main advantage
of using LDH in concrete is to improve the chloride and carbonation resistance of concrete. This can
consequently extend the service life of concrete structures exposed to corrosive environments. In this
aspect, this review presents many recent studies reporting on the application of LDH not only in pore
solutions but also in concretes, mortars and pastes. The review also showcases that even though LDH
addition is primarily aimed to improve chloride/carbonation resistance, its addition can also affect
hydration, strength, microstructure and other properties of concrete. Additionally, recommendations
on LDH dosage are presented. In general, this review should aid scientists and engineers to develop
a basic understanding on the use of LDH as an engineering material and help in the design of
experiments and be able to foresee main results. Depending of the type of LDH as starting material,
quantitative and qualitative effects on desired property as well as associated properties of concrete are
presented, trends are identified and selected results are discussed. A compilation of focused results
are presented in text as well as in tables, highlighting the benefits of LDH as well as details of the
experiments and main results.

The ion exchange property of LDH has been widely exploited in concrete technology with
a majority of applications aimed towards increasing the chloride and carbonation resistance of
concrete. Although the underlying mechanics for these applications are well researched and thoroughly
discussed in this text, many other mechanisms are still not fully clear and vary with the type of LDH,
such as, the effect of increase of compressive strength and flexural strength upon addition of LDH,
as well as acceleration of hydration kinetics. Moreover, there is no general consensus on the optimum
dosage of LDH in concrete, although a 2% dosage has been identified as the threshold of LDH addition
from the presented literature. A higher dosage can cause agglomeration of particles and have a
profound effect on key properties such as chloride durability and compressive strength.

Despite the recent advances in the application of LDH in concrete technology, many issues stay
unresolved and need further understanding. Firstly, the stability of LDH particles inside concrete is
not well understood and needs more research in the future. Higher pH of fresh concrete can potentially
cause partial dissolution of LDH particles which can in turn reduce their functionality. Apart from
that, particle size is a very important parameter as finer particles exhibit more surface area than coarse
particles. It has been reported that particle size effects LDH functionality as well as some vital concrete
properties. Very few studies have reported on these issues and more research is required in this area.
Additionally, one important factor is the economic aspect of using LDH as a concrete additive and not
much information is available on the cost of LDH and its carbon footprint. These two factors are very
important for acceptance of LDH in the concrete infrastructure market. Dismantling buildings made
with nano-particles can be dangerous as there is the chance that these nano particles might be released
in the environment. Therefore, proper guidelines should be made available to building engineers and
these buildings should be classified for easy recognition in the distant future. More research must be
conducted on the interaction of humans against long term exposure to LDH. All these points need
more efforts and extensive research.

However, the authors strongly believe that LDH due to its unique chemistry, versatile
combinations, facile preparation and ease of incorporation into concrete, will be used more in the future
to produce smart concrete structures. To make LDH a promising concrete additive, more research
should be focused towards their application in concrete. One of the biggest foreseeable benefit of
using LDH in concrete is the enhanced chloride/carbonate binding effect, although other notable
benefits have been presented. This class of additive can result in smart structures which can potentially
show extended service life and can directly result in a substantial economic benefit in the global
infrastructure market.
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The following abbreviations are used in this manuscript:

LDH Layered Double Hydroxide
CSE Copper sulphate electrode
pAB P-aminobenzoate
C3A tricalcium aluminate
C4AF tetracalcium alumino-ferrite
AFm aluminate monosulphate
CSH calcium silicate hydrate
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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 first, 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 finite 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 briefly in this chapter.

3.1. Materials

3.1.1. Cement binder

The cement binder used in this study is of type CEM I 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 specified.

Chemical composition [%]A [%]B Mineralogical composition [%]A [%]B

SiO2 21.39 21.57 C3S 70.3 72.3
Al2O3 3.69 4.15 C2S 6.5 7.7
Fe2O3 1.29 1.41 C3A 8.9 8.6
CaO 64.66 65.39 C4AF 2.4 4.3
MgO 0.72 0.66 Calcite 4.7
SO3 3.43 2.78 Gypsum 3.7
K2O 0.57 0.57 Others 3.6
Na2O 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 I 52.5 R binder.
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Property [Unit] Value

Binder (CEM I / 52.5 R) [Kg/m3] 350
Mg-Al-NO2 [mass % binder] 0 - 2
Aggregate 0-4 mm [Kg/m3] 1151
Aggregate 4-8 mm [Kg/m3] 265
Aggregate 8-16 mm [Kg/m3] 355
Viscocrete 3082 [mass % binder] 0.8
Water content [w/c] 0.6

Table 3.2.: Concrete mix used in this study. A 2% dosage of Mg-Al-NO2 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 modifications.
Briefly, (Mg/Zn)-Al-NO2 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 finds its appli-
cation in problems where analytical solutions are difficult 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 finding 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 sufficient
amount of mesh elements are used. A high number of elements i.e. a fine mesh, in turn
increases the computing effort.

This section presents a brief overview of the finite 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 influx [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 finite 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

Cc(x, t),t − (DαCc(x, t),x),x = Sc(x, t) , (3.1)

where:
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Cc = chloride concentration [mol/m3 of concrete]
Dα = apparent diffusion coefficient of chloride ions [m2/s]
Sc = chloride source term [mol/(m3s)]

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

Cc(x, t),t + Jc
,x = 0 , (3.2)

with the chloride flux Jc defined as

Jc = −DαCc(x, t),x . (3.3)

Eq.(3.1) and eq.(3.2) are referred to as the strong form, in the sense that they must be verified
at every point in the domain Ω. The boundary Γ around the domain Ω is partitioned into
Dirichlet boundary ΓD and Neumann boundary ΓN . The FEM involves choosing of a trial
function Cc with following restrictions

Cc = C̄c on ΓD ,

−DαCc(x, t),x ·~n = Jc on ΓN ,
(3.4)

where, C̄c is the value of the trial function on ΓD and Jc is the normal flux on ΓN . We now
introduce a test function δCc which exactly satisfies the following

δCc = 0 on ΓD . (3.5)

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

∫

Ω

δCc(Cc
,t − (DαCc

,x),x − Sc)dν = 0 , (3.6)
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∫

Ω

δCc(Cc
,t
)
dν−

∫

Ω

δCc(DαCc
,x
)

,xdν−
∫

Ω

δCcScdν = 0 .

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

∫

`

δCc(Cc
,t
)

Aodx +

∫

`

δCc,x
(

DαCc
,x
)

Aodx−
∫

`

(
δCcDαCc

,x
)
,x Aodx−

∫

`

δCcSc Aodx = 0 .

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

∫

`

δCc(Cc
,t
)
dx +

∫

`

δCc,x
(

DαCc
,x
)
dx−

∫

`

δCcScdx +
(

δCc Jc
)∣∣∣

ΓN
= 0 . (3.7)

The eq.(3.7) is called the weak form of eq.(3.1). Instead of having to be verified everywhere on
Γ, it is verified once for each test function. The weak form in this case has only a first 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 finite elements. The subscript "e" 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

Cc(x, t) = N(x)Cc
e(t) ,

δCc(x, t) = N(x)δCc
e(t) .

(3.8)

where, N contains ansatz for concentration and Cc
e represents concentration at each node.

Introducing eq.(3.8) into the weak form eq.(3.7), we obtain

δCc
e

T
{∫

`e

NTNdxĊc
e +

∫

`e

N,xTDαN,x dxCc
e −
∫

`e

NTScdx +
(

NT Jc
)∣∣∣

ΓN

}
= 0 . (3.9)
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The eq.(3.9) is a system of equations for all nodes in an element domain "e" with a local
boundary. As the above equation is true for all δCc

e
T, therefore

MeĊc
e + KeCc

e − fs,e + f Jc,e = 0 . (3.10)

The above equation can be further expressed as

MeĊc
e + KeCc

e = fe , (3.11)

where, Me is the local consistent capacity matrix, Ke is the local transport operator and fe

contains the source term and flux terms. They are expressed as

Me =

∫

`e

NTNdx ,

Ke =

∫

`e

N,xTDαN,x dx ,

fe =

∫

`e

NTScdx−
(

NT Jc
)∣∣∣

ΓN
.

(3.12)

The global expressions for the entire domain Ω can be obtained from the expressions for ele-
ment domain "e" 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 Ω. 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 "e", we can write global matrices
as

MĊc + KCc = 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 finite 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 floating 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 + ∆t" the solution is unknown. The system of equations of expressed as

M
(Cc

t+∆t − Cc
t

∆t

)
+ KCc

t+∆t = Ft+∆t , (3.14)
(

∆t−1M + K
)

Cc
t+∆t = Ft+∆t + ∆t−1MCc

t . (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 defined 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-filtered CuKα radiation, PIXcel1D 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
Miniflex 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

-, NO2
- (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-NO2, 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-NO2 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-NO2

was investigated by measuring the pH drop after 30 days by potentiometric method using
commercially available S47 SevenMulti meter fitted with a pH/conductivity module and
an Inlab Expert Pro pH combined electrode from Mettler Toledo. Additionally, the release
of corrosion inhibitor NO2

- 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-NO2 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 modifications from
[51] under CC BY 4.0 license.

3.3.3. Chloride sequestration analysis in aqueous 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-NO2 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 fitted with a pH sensor and a
DX235-Cl- 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-NO2 was added
at time t = 0 seconds to the solution under continuous stirring conditions. Cl- measurement
were carried out continuously from t = 0 seconds to t = 300 seconds (5 minutes) after adding
Zn-Al-NO2. Additionally, pH measurements were carried out at discrete points i.e. t = 0 and 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 Cl- capture tests under stirring conditions. Reprinted
without modifications 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-Al-NO2

in terms of Cl- loading capacity and selectivity of ion exchange in aqueous solutions. As a next
step, the Cl- sequestration capacity of Mg-Al-NO2 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 at 20 ± 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, filtered with 0.45 µm
nylon filter 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

Cb
Cl− =

(
Ci

Cl− − CEq.
Cl−

)
.Vsol.

Mds
, (3.16)

where:

Cb
Cl− = amount of bound chloride in [mol/kg of sample]

Ci
Cl− = initial chloride concentration of the solution [mol/m3]

CEq.
Cl− = equilibrium chloride concentration of the solution [mol/m3]

Vsol. = volume of solution [ml]
Mds = mass of sample powder [g]

6. A plot between Cb
Cl− and CEq.

Cl− results in a binding isotherm.

3.3.5. Determination of Formation Factor

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

FFc =
σ

p
c

σb
c
=

D∞
Cl−

De f f
Cl−

, (3.17)

where:
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σ
p
c = conductivity of pore solution [S/m]

σb
c = bulk conductivity of concrete [S/m]

D∞
Cl = diffusion coefficient of Cl- ion at infinite dilution [m2/s]

De f f
Cl = effective/micro-structural diffusion coefficient [m2/s]

In order to experimentally measure FFc, 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.

Pore solution (PS) Microstructure saturated with pore solution
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(PS)
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c
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���
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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 fluid is
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collected in a syringe, which was connected to the hole of the bottom plate via a short flexible
plastic tube. After collection, the pore fluid was immediately filtered through a 0.45 µm filter
and stored in a sealed plastic container to avoid exposure from CO2 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
test (CSIC, Spain).

Figure 3.5.: Setup for electrical resistivity
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 first 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. Briefly, 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 w/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 (Al3+, Ca2+, Mg2+, K+ and Na+) was measured by
inductively coupled plasma - optical emission spectrometry (ICP-OES). The anion content
(NO3

-, NO2
-, SO2−

4 and Cl-) 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 modification 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 final
manuscript. All authors read and approved the final manuscript.
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Abstract 

A numerical model for enhanced service life prediction of concrete infrastructure is presented which includes tran-
sient analysis of processes during corrosion initiation as well as propagation stage. The temporal and spatial transi-
tion of Steel–Concrete Interface during depassivation events is described by a randomly varying chloride threshold 
function. As such random activation events can be accounted for, rather than having to pre-describe the anode size 
and location as in many existing models. The aim of the study is to investigate random spatial activation events in 
concrete structures in submerged zones based on dynamically changing boundary conditions on the rebar surface 
to control transition from passive to active state. Investigations are carried out to realize the sustainability of corrosion 
processes in limiting oxygen concentrations in dissolved seawater. The model showcases the numerical architecture, 
the associated concept of randomly varying chloride threshold and predicts that among other factors, the rate of 
oxygen strongly influences corrosion rate in submerged locations.

Keywords: rebar corrosion, chloride-induced depassivation, finite element method, submerged zone
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1 Introduction
The corrosion-induced degradation of reinforced con-
crete (RC) structures is a well-known issue in the infra-
structure community and is still one of the biggest 
challenging problems affecting structures worldwide 
(Page 1975; Tuutti 1982; British Cement Association 
1997; Bertolini et  al. 2013) amounting to losses in bil-
lions (Koch et  al. 2001). The current societal, economic 
and technological challenges due to corrosion of steel 
in concrete outweigh the ongoing efforts and, as such, 
more scientific investment is necessary in this direc-
tion (Angst 2018). Furthermore, the situation is fore-
seen to get even worse due to the gradual aging of the 
infrastructure especially in developed countries and, to 

some extent, in developing countries as well (Angst and 
Elsener 2017). Although, the corrosion-induced degra-
dation can be caused by a variety of factors such as car-
bonation, chloride, acid exposure etc., the present work 
focusses entirely on chloride-induced corrosion of steel 
in concrete. The porous nature of the concrete allows the 
chloride ions to pass through it, ultimately reaching the 
rebar surface via a shortest path, i.e. concrete cover. The 
attainment of sufficiently high chloride concrete at the 
rebar surface marks the beginning of the corrosion pro-
cess. This duration of time is called the initiation phase 
and can last several years or even decades, depending on 
the quality of concrete and exposure conditions. The cor-
responding chloride concentration is called critical chlo-
ride threshold (Clth) level.

In principle, the numerical calculation of corrosion 
parameters inside concrete depends on the accurate 
modelling of transport processes inside concrete for 
water content, temperature, chloride and oxygen, cou-
pled with electrochemical processes at the Steel–Con-
crete Interface (SCI). Furthermore, one has to account 
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the mechanical effects of the generated rust products, 
such as creep around the rebar and eventually account 
for the induced damage in concrete (Ozbolt et al. 2012). 
Currently, there is a large number of numerical mod-
els (Bazant 1979; Page et al. 1981; Balabanic et al. 1996; 
Zhang and Gjorv 1996; Andrade et al. 1997; Thomas and 
Bamforth 1999; Glass and Buenfeld 2000; Ishida et  al. 
2009; Marsavina et  al. 2009; Ozbolt et  al. 2010, 2011, 
2014) which are able to accurately model the above 
mentioned processes, i.e. before and after depassiva-
tion. However, very few of these focus on the accurate 
description of activation events and spatial location of 
active zones. In most of these models, either the anode 
size is pre-described or the initiation stage is decoupled 
from the propagation stage. This is contrary to what is 
observed in real life structures, where there is a random 
generation of activation events i.e. at SCI. The activa-
tion events demonstrate a stochastic temporal and spa-
tial generation due to the heterogeneity at the SCI. This 
heterogeneous nature of the SCI has been confirmed 
in many studies (Angst and Elsener 2015; Angst et  al. 
2017). Given this random nature of SCI, an approach is 
proposed based on a varying chloride threshold (fpCl_T) 
to account for the random and probabilistic nature of 
SCI with regard to varying Clth levels. Therefore, in this 
study, a varying chloride function fpCl_T accounts for fac-
tors which arise due to inhomogeneity at SCI. Examples 
of local factors are Pre-cracks (Borosnyói and Balázs 
2005), air voids (Angst et  al. 2017), interfacial transi-
tion zone (ITZ) and associated chemistry (Page 1975; 
Gjorv 1995; Horne et al. 2007; Jakobsen et al. 2016; Voll-
pracht et  al. 2016), presence of mill scale (Ghods et  al. 
2011; Karadakis et al. 2016), pre-existing rust (Angst and 
Elsener 2015; Stefanoni et  al. 2015), passive film (Hans-
son et al. 2006; Poursaee and Hansson 2007; Ghods et al. 
2009; Zhang and Poursaee 2015; Poursaee 2016), bleed 
zones (Mohammed et al. 2002; Castel et al. 2003; Soylev 
and Francois 2003; Castel et al. 2006; Horne et al. 2007), 
nature of steel (Ray et al. 1997; Nikolaou and Papadimi-
triou 2004; Scully and Hurley 2007; Cadoni et al. 2013), 
structural loads (Feng et al. 2011a, b) as shown in Fig. 1 
and as well as the bar-orientation (Angst and Elsener 
2015) etc. The combination of these varying parameters 
leads to varying temporal and spatially Clth levels and 
consequently varying time for corrosion initiation.

Varying chloride threshold levels were experimen-
tally measured by Silva et al. (2013) and the results indi-
cated that along the SCI a range of chloride levels could 
be observed. Threshold levels varied between 0.15 and 
1.5 wt% of concrete. Similar results have been extensively 
documented by Angst et al. (2009).

These uncertainties at SCI can be weighed against 
a central factor of a variable threshold or a local 

threshold. As a result a probabilistic function is 
required to account for the spatial variation of Clth 
along the rebar surface. As such, anode location and 
size are not pre-described in this model and anodic 
activation can occur wherever the local Clth has been 
exceeded (Michel 2013) as described by fpCl_T. Further-
more, initiation and propagation phases are combined 
together in a single numerical model.

Recent experimental findings from a 20 year exposure 
history (Boubitsas et al. 2014) of structures exposed to 
marine environment in the Träslövsläge field site on the 
west coast of Sweden have revealed that chloride attack 
is far more severe in the submerged zone than in the 
splash zone. Therefore, more attention is required to 
explore the corrosion characteristics of infrastructure 
in the submerged zones. Similar data was recorded by 
extensive field studies of concrete samples submerged 
in seawater in different geographical locations (Lind-
vall 2003). Another motivation is that, historically, 
submerged zones have received little attention, which 
could be mostly attributed to difficulties in conducting 
experimental work. Few case studies are reported in the 
literature. Recent field assessment of decommissioned 
bridge piers in submerged zone in south Florida listed 
by Walsh (2015) has revealed severe localized corrosion 
in the submerged zones with localized active regions 
up to 20 cm in length. Therefore, submerged zone has 
been chosen as the exposure scenario for the numerical 
model.

In addition, numerical treatment of rust generation has 
been included in the model by employing solubility cri-
teria (Yan et al. 1993; Deslouis et al. 2000; Hoche 2015). 
This includes modelling of surface reactions leading to 
rust layer growth occurring due to precipitation of cor-
rosion products such as Fe(OH)2. The presented model 
represents a continuum of a coupled system of field 
equations with accompanying non-linear boundary con-
ditions. The finite element method has been employed 
(Belytschko et al. 2000, 2014) to solve the resulting sys-
tem of equations. Several fundamental assumptions have 
been considered, balancing accuracy versus computa-
tional cost. The assumptions include:

a. Adsorption and desorption hysteresis for moisture 
are not considered (Ozbolt et al. 2016).

b. Formation of rust layer is attributed to generation of 
Fe(OH)2 as a primary rust product. However, many 
other products have been identified (Vera et al. 2009).

c. Mechanical damage, due to rust generation is 
excluded from the model. This is left for future stud-
ies.

d. Theory of dilute solutions is employed.
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e. Uniform rebar surface conditions are considered. 
Variation of SCI parameters are included inside fpCl_T.

f. Potential-dependent variation of chloride threshold 
is not included, the reader is directed to works of 
Sagüés et al. (2014), Walsh (2015).

g. Chemical activity effects are not considered.

In the present paper, a 2D numerical model is pre-
sented wherein transport processes leading to corrosion 
initiation are coupled with electrochemical processes. 
Non-linear boundary conditions are used at the rebar sur-
face to account for corrosion currents. A representation 
of concrete pore solution is used as electrolyte medium. 

Fig. 1 Schematic illustration of selected randomly occurring characteristics at the Steel–Concrete Interface (SCI) that may or may not be present 
locally. Red dashed lines indicate preferential pathways for chloride ingress; blue dots represent adsorbed water (only shown for large pores). Water 
in cement paste is not shown. Figure reused from Angst et al. (2017), see Acknowledgement.
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Processes leading to hydration of concrete are ignored: suf-
ficiently aged concrete with hydration age  (Thy > 180 days) 
is considered. A simplified 2D geometry is employed to 
exhibit the FEM based coupled model in order to investi-
gate the transport and corrosion processes. The coupling of 
non-mechanical processes with mechanical damage pro-
cesses is under development.

2  Mathematical Formulation of Physical Processes
This study is focused on modelling transport and corrosion 
processes applicable to submerged zones. Governing field 
equations and related boundary conditions are presented. 
It is assumed that the concrete is in a mature condition 
 (Thy > 180 days): hydration processes are mostly completed 
and as such chloride diffusion can be assumed to be inde-
pendent of the degree of hydration (Tang and Nilsson 
1996). The electrolyte is defined using a concrete pore solu-
tion from Johannesson et al. (2007) and has been adopted 
for initial electrolyte concentration, see Table  1. All pro-
cesses leading to corrosion-initiation, such as moisture 
transport, oxygen transport, chloride transport and other 
governing physical phenomena are described. The general 
structure of the computational model is shown in Fig. 2.

2.1  Multi Ion Laplace–Nernst Planck Model
Concrete is an intrinsically porous quasi brittle material. 
The theory of dilute solutions in porous media has been 
adopted for modelling transport of ions in water filled pore 
space inside bulk concrete. The movement of ions inside 
the pore solution is carried out using a set of extended 
Nernst–Planck equations for each ion. The model tries to 
accommodate as many ions as possible to mimic the real-
istic cementitious environment as it has been pointed out 
by Karadakis et  al. (2016) that the diffusion rate of each 
ion inside the pore solution is governed by the electrolyte 
potential of the entire ionic solution as well as the con-
centration gradient. The flux of each specie Qi (mol/m2/s) 
through the electrolyte pore system can be written as

and the mass balance for each specie is written as

(1)Qi = −
(
Di∇Ci + ziUimob

FCi∇∅el
)
+ Ciu

(2)ϕp
∂Ci

∂t
= −∇ ·

(
ϕpQi

)
+mr_i

where ϕp denotes the capillary porosity of mature con-
crete  (m3 of voids per  m3 of concrete), Ci denotes the 
concentration of each pore ion specie, Di = Dw

i τ tt is the 
effective diffusion coefficient of each specie, as one has to 
account for the effects of pore system structure (Johan-
nesson et al. 2007; Ishida et al. 2009) such as tortuosity tt 
and τ is a model parameter for each specie with charge 
number zi . The ionic mobility coefficient is computed 
from Einstein’s relation: Uimob

= Di

(RgasT)
 with, Rgas as the 

gas constant and T  as the ambient temperature in K. ∅el is 
the electric potential, F  is Faradays constant, mr_i is the 
source/sink term to account for dynamic ion–ion and 
ion–oxide interactions and u is the convection term in 
the electrolyte flow velocity vector, having a major effect 
(Hoche 2015) on corrosion under flow. Here u is set to 
zero as mass transfer under flow does not exist inside 
concrete thereby, excluding the effects of convection. The 
approach includes the ionic species as shown in see 
Table 1.

For precipitates and deposition of solid species espe-
cially corrosion products, the diffusion term is set to 
zero in the Nernst–Planck equation. Furthermore, the 
model assumes electro-neutrality at each point in the 
electrolyte domain by assuming charge conservation at 
each time step in the analysis according to the relation:

The resulting electric current density iel in the elec-
trolyte due to transport of charge carrying ions through 
it, is described by Faraday’s Law:

Apart from charge and mass conservation, electrical 
neutrality is maintained and can be written as:

The above expression can be rewritten to include the 
concrete resistivity ρel which is directly dependent on 

(3)
∑

bulk

ziCi = 0

(4)iel = F
∑

bulk

ziQi

(5)∇ · iel = 0

Table 1 Pore solution and pore system characteristics (Johannesson et al. 2007).

Species Cl− Na+ OH− Ca2+ K+ SO4
2−

Dw
i  × 10−9  (m2/s) 2.2 1.33 5.28 0.79 1.96 1.07

Ci (t = 0) (mol/m3) 0 85 300 10 213 9

Scaling parameter τ 0.1 0.4 1 0.2 0.4 1

Tortuosity tt 0.015 0.015 0.015 0.015 0.015 0.015
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the degree of saturation Sw of concrete as well as the 
capillary porosity ϕp.

For a constant resistivity, Eq. (6) reduces to a standard 
Laplace equation for the domain.

(6)∇ ·
(
1/ρel

(
Sw ,ϕp

)
.∇∅el

)
= 0

(7)∇2∅el = 0

The above equation is solved for the distribution of 
electric potential as the field variable in order to model 
the movement of ions against an electrical field and to 
use electrochemical boundary conditions at SCI which 
will be discussed in the forthcoming sections. The con-
ductivity and oxygen diffusivity in concrete in the sub-
merged zone has been interpolated from Fig. 3.

Fig. 2 Flow diagram representing the algorithm behind the numerical model.
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2.2  Capillary Water Transport
Moisture transport is included in the model by consid-
ering diffusion-based movement of moisture through the 
capillary network under an external gradient. Richards’s 
equation is used to model moisture movement as a vol-
ume fraction of bulk concrete (Tang and Nilsson 1996; 
Ozbolt et al. 2010).

where, θh = Swϕp is the volume fraction of pore water 
inside concrete and Dh(θh) is the diffusivity coefficient of 
capillary water inside concrete. Previous studies (Leech 
et  al. 2003; Ozbolt et  al. 2010) have denoted capillary 
water as a nonlinear function of initial and saturated 
water contents. This nonlinear expression is denoted as

with,

where, D0_h , n , θ̄h , θ0_h , θt_h are the initial diffusivity 
coefficient, shape term, reduced water content, initial 
and saturated water content respectively, see Table 2. In 
this work, for submerged conditions, Sw = 1 has been 
considered.

2.3  Chloride Binding
It is widely accepted that the chloride binding capac-
ity of the bulk cement is greatly responsible for extend-
ing the corrosion initiation stage. Various cement phases 

(8)
∂θh

∂t
= ∇ · [Dh(θh)∇θh]

(9)Dh(θh) = D0_he
nθ̄h

(10)θ̄h =
(
θh − θ0_h)/(θt_h − θ0_h

)
exhibit varying chloride binding capabilities. X-ray pho-
toelectron spectroscopy (XPS) investigation of Johan-
nesson et  al. (2007) demonstrated that AFm phases 
possess significantly higher binding capabilities com-
pared to CSH phases, whereas experiments by Hirao 
et  al. (2005) concluded otherwise. However, CSH due 
to its highest volume fraction certainly contributes the 
most to chloride binding. Total binding of chloride is a 
combination of physical binding of chloride with pore 
walls as well as chemical binding forming Friedel’s salt 
 (3CaOAl2O3·CaCl2·10H2O) at lower concentrations and 
Küzel’s salt (3CaO·Al2O3·0.5CaSO4·0.5CaCl2·11H2O) at 
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Fig. 3 Variation of concrete conductivity and oxygen diffusivity across varying levels of saturation (Balabanic et al. 1996).

Table 2 Parameters included in the computational model.

Parameter Symbol Value Unit

Limiting capillary water permeability D0_h 2.2 × 10−10 m2/s

Shape factor n 6.4 –

Initial fraction of water content θ0_h 0.01 m3/m3

Saturated water content θt_h 0.1 m3/m3

Concrete porosity ϕp 0.1 m3/m3

Hydration age Thy > 180 Days

Binding rate coefficient for chloride 
ions

αrc 1 × 10−5 1/s

Isotherm calibration factor β 0.7 –

Deposition constant Fe(OH)2 K intFe(OH)2
3.7 × 10−1 1/s

Solubility product of Fe(OH)2 K
sp
Fe(OH)2

8 × 10−6 mol3/m9

Binder content Wbinder 350 kg/m3

Density of concrete ρcon 2400 kg/m3

Gas constant Rgas 8.31 × 10−3 kJ/mol/K

Thermal conductivity of concrete � 2.1 W/m/K

Specific heat capacity of concrete c 900 J/kg/K

Molar mass of  Cl− MCl 0.035 kg/mol
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higher concentrations (Zibara 2001). In this work, the 
overall binding has been expressed with a chloride iso-
therm depicting a linear relationship between free chlo-
ride in the pore solution and the bound chloride.

CCl is free chloride concentration of pore solution in 
(mol/m3), and Cclb is bound chloride expressed in (kg/m3) 
of concrete. αrc is a binding rate constant and β is a model 
parameter (Saetta et al. 1993).

2.4  Oxygen Transport
The transport of oxygen from the external environment 
to the SCI is modelled entirely based on diffusion and as 
such the mass balance for oxygen can be written as

The diffusion of oxygen is high in unsaturated concrete 
and considerably lower in water saturated concrete. The 
diffusion coefficient of oxygen has been taken from data 
extrapolation of Balabanic et al. (1996), see Fig. 3.

2.5  Depassivation Based on Random Distribution 
of Chloride Threshold

In many previous modelling approaches (Balabanic et al. 
1996; Kim and Kim 2008; Michel 2013), a pre-defined 
anode size and location is used for numerical analysis, 
which is quite contrary to what is observed in the electro-
chemical testing of concrete. Activation events are par-
ticularly random in un-cracked members. For members 
experiencing pre-cracking or flexural cracking, activation 
events can occur directly at the crack location on the SCI 
(Ozbolt et al. 2010) and can be preassigned. Furthermore, 
in many models a single chloride threshold value is used, 
whereas for similar concrete mix and laboratory condi-
tions, a clear variability is observed in depassivation as 
reported in the recent experiments of Angst and Elsener 
(2017).

Apart from the chloride concentration at the rebar, 
there are other randomly varying factors which play 
a crucial role in depassivation. As mentioned previ-
ously, these factors include pre-cracks, air voids, water 
channels, bar orientation, rebar surface conditions and 
workmanship (Angst et  al. 2017). As an example, the 

(11)ϕp
∂CCl

∂t
= −∇ .

(
ϕpQCl

)
+mr_Cl

∂Cclb

∂t
= αrc(βCcl − Cclb) = −mr_Cl

(12)ϕp
∂CO2

∂t
= ∇ ·

(
ϕpDO2

(
Sw ,ϕp

)
∇CO2

)

presence of small air voids at the SCI can have a strong 
shielding effect and retard the depassivation of rebar at 
those locations, because a high pressure is required to 
fill these air voids and might take decades to completely 
fill in. On the contrary, water pockets usually found 
under horizontally placed rebars can lead to a faster 
attainment of depassivation. In continuum-based mod-
els, these variable factors at the SCI cannot be easily 
accounted for, due to their probabilistic nature and dif-
ficulties in experimental quantification. Several models 
would be required to investigate the effect of each fac-
tor, thereby considerably increasing the computational 
effort. Therefore, in this study, we have included these 
varying parameters into a randomly distributed math-
ematical function fpCl_T with varying chloride thresh-
old limits along the rebar surface. The range of Clth is 
obtained from experiments by Alonso et al. (2000) with 
0.39 < Clth< 1.16 (free  Cl− as a percentage of binder 
weight) and is used as end limits for fpCl_T. This function 
includes numbers varying within the Clth range at equal 
intervals and fitted with a smooth cubic spline function. 
Anodic activation is therefore accounted in the model 
with spatial and temporal resolution at locations where 
the chloride content has exceeded its randomly assigned 
value at a particular location on the rebar surface. The 
numerical model is able to change the metal dissolu-
tion currents at these spatial locations. Other models 
employing a varying chloride threshold include works 
of Sagüés et al. (2014), Walsh (2015) and Michel (2013).

2.6  Electrochemical Boundary Conditions
The electrochemical reactions occurring at the rebar 
interface follow Faraday’s law and can be described as 
oxidation of iron (2Fe → 2Fe2+ + 4e− ) and consump-
tion of oxygen at the cathodic sites, leading to produc-
tion of hydroxyl ions (O2 + 4H2O + 4e− → 4OH− ). At 
the very beginning of the service life of RC structures, the 
rebars are in a passive state. Once the chloride thresh-
old is exceeded at a particular point on the rebar surface, 
anodic activation is enabled at this particular location 
leading to metal loss and oxide generation. The model 
is able to dynamically make this transition by constantly 
looping over all mesh elements at rebar surface in each 
time step to check for the exceeded local Clth levels. Due 
to a limited number of elements on the rebar surface 
as compared to the bulk, this step is deemed not to be 
computationally expensive. The electrochemical state of 
rebar in passive and active stage is shown schematically 
in Fig. 4.

Tafel like extrapolation of the Butler–Volmer relations 
have been used for electrode kinetics at the interface. It 
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is assumed that anodic parts are subjected to activation 
polarization as:

where, ia is the anodic current density (A/m2) and 
i
pass
a  = 10−4  A/m2 is the passive current density as 

reported (Hansson 1984; Poursaee and Hansson 2007). 
The change from passive to active current is done using 
a smoothed Heaviside function to avoid computational 
instabilities. Here i0a is the exchange current density (A/
m2), ∅el is the electric potential (V) as calculated from 
Laplace equations (Eq. 7) on the interface, ∅0a is the equi-
librium potential and βa is the anodic Tafel slope in (V/
dec).

For the cathodic half-cell reaction, the transport of 
oxygen through the concrete cover and its consumption 
at the cathodic sites leads to a limiting oxygen diffusion 
current density for the attainment of a continuous flux 
of oxygen. The cathodic reaction is under activation 
and concentration polarization and is expressed based 
on works of Kranc and Sagues (1994) thereby including 
the concentration of oxygen at the SCI as:

(13)ia =







i
pass
a , Cl < Clth(x)

i0a · e
2.3

�

∅el − ∅0a
�

�

βa , Cl ≥ Clth(x)

(14)ic = −i0c ·

(

CSCI
O2

Cext
O2

)

e
2.3(∅el − ∅0c )

/

βc

where, ic is the cathodic current density (A/m2), i0c is the 
exchange current density (A/m2), ∅0c is the equilibrium 
potential for the cathodic and βc is the cathodic Tafel 
slope in (V/dec). CSCI

O2
 is the concentration of oxygen at 

the SCI, Cext
O2

 is the external concentration of the oxygen 
at the concrete cover.

At the rebar interface,  O2 is consumed whereas  OH− 
ions are produced as a consequence of reduction reac-
tion. Similarly,  Fe2+ ions are produced due to oxidation 
of metal at the interface. For the cathodic sites, according 
to Faradays law, the number of oxygen molecules reduced 
per unit surface area per unit time at the SCI is given by 
the relation:

where, QO2
 is the flux of oxygen in (mol/m2/s) molecules 

reduced at the interface and z = 4 is the number of elec-
trons transferred in the cathodic half-cell reaction. One 
the other hand, the oxygen influx due to diffusion can be 
expressed as:

The balance between the  O2 molecules reduced at the 
rebar and the  O2 molecules arriving to the rebar surface 
with normal n from the nearby surrounding concrete. 
The conservation of oxygen then leads to:

(15)ic = zFQO2

∣

∣

SCI

(16)QO2
= −n ·

(

DO2
∇CO2

)∣

∣

SCI

(17)
ic

zF
= −n ·

(

DO2
∇CO2

)∣

∣

SCI

a b
Fig. 4 Schematic representation of the electrochemical kinetics of steel in concrete undergoing depassivation. a Passivated condition (Cl < Clth). b 
Depassivated-condition (Cl > Clth).
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Similarly the production of hydroxyl ions at the inter-
face can be expressed as:

where, QOH− is the production flux in of  OH− ions and 
z = 4. For the anodic half-cell reaction, the production of 
ferrous ions can be accounted from the anodic current 
density as:

(18)ic = zFQOH−|SCI

(19)ia = zFQFe2+
∣

∣

SCI

where QFe2+ is the flux of ferrous  Fe2+ ions and z = 2 is 
the number of electrons transferred in the anodic half-
cell reaction. A schematic representation of ionic trans-
port is depicted in Fig. 5a.

2.7  Heat Transport
The transport of heat within the bulk concrete leads to the 
distribution of temperature and can be expressed (Ozbolt 
et al. 2010) as:

a

b
Fig. 5 a Anodic activation and rust generation on the rebar surface. b A simplified 2D model representing rebar and surrounding concrete.
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where, T is the field variable for temperature distribution, 
� is the thermal conductivity of concrete in (W/m/K), c is 
the thermal heat capacity of concrete (kg/m3) and ρcon is 
the density of concrete (kg/m3).

2.8  Solubility Criteria for Self‑Induced Oxide Production
Different experimental investigations have revealed a 
number of corrosion products formed during corrosion 
of steel inside concrete (Yamashita et al. 2005; Oluwadare 
and Agbaje 2007). Although the surface of hot rolled car-
bon steel is already covered with stable protective mill 
scale oxides, these oxides can end up dissolving once the 
chloride threshold is attained revealing the bare metal. 
As a continuation of electrochemical reactions, corrosion 
products are formed at the SCI and immediately start fill-
ing the concrete pores around them, forming a corrosion 
accommodating region (CAR). However, these corrosion 
products have a higher volume than that of the parent 
metal, leading to a build-up of pressure at SCI. This pres-
sure increases with time, leading to formation of micro 
cracking zones around the SCI and in due course of time, 
eventually forming cracks, extending radially outwards 
and also longitudinally along the rebar length. The type 
of corrosion product depends on the exposure scenario. 
However, it is widely accepted that Fe(OH)2 is the first 
corrosion product (Vera et al. 2009) formed immediately 
after depassivation. In the present model only Fe(OH)2 
has been considered for model simplicity according to 
the following reaction:

The above reaction describes the formation of Fe(OH)2 
in the pore solution. The corresponding reaction rate can 
be expressed using an interface deposition constant cal-
culated using the solubility product as:

is a step function which triggers oxide production only 
when the concentration of the constituent ions exceed 
the solubility product of the corresponding oxide. Oxide 
production occurs only at those points where Ksp

Fe(OH)2
 

(20)�(�T )− cρcon
∂T

∂t
= 0

(21)Fe2+ + 2OH− → Fe(OH)2

(22)
∂CFe(OH)2

∂t
= mFe2+

r_int = Kint
Fe(OH)2

× (CFe2+C
2
OH− − K

sp
Fe(OH)2

)× f Ksp

where, f ksp =







1

�

�

Fe2+
��

OH−
�2

− Ksp > 0

�

0

�

�

Fe2+
��

OH−
�2

− Ksp < 0

�

is exceeded. The formation rate of the oxide and the 
interface rate constant Kint

Fe(OH)2
 are based on works of 

Höche (2015) and Yan et  al. (1993). These model con-
stants signify a two dimensional mathematical descrip-
tion of the oxide film, representing hydroxide formation 
and its adhesion to the rebar surface. The solubility con-
stant Ksp

Fe(OH)2
 is chosen to capture the initiation point of 

precipitation.

3  Numerical Case Study
A simplified 2D geometry has been chosen as shown in 
Fig. 5b to solve the above-mentioned coupled system of 
non-linear equations and boundary conditions. All the 
processes prior to cracking of concrete are described. The 
concrete and steel domains are discretized using finite 
element method. The weak forms were derived using 
the method of Galerkin’s weighted residual (Zienkiewicz 
1972; Belytschko et  al. 2014) and solved via an implicit 
time integration scheme using COMSOL Multiphysics 
software. The detailed expression of the weak forms for 
the mentioned partial differential equations are not pre-
sented in the paper for the sake of brevity.

The domains Eqs. (2) and (7), represent a system of 
highly nonlinear equations which are decoupled, lin-
earized and the resulting equation residuals are solved 
using a damped Newton’s Raphson iterative method with 
a constant predictive slope (Bischoff et al. 2014). A regu-
lar mesh was constructed using Lagrange-based triangu-
lar elements. Mesh convergence studies were carried out 
to find an element size with balancing computational effi-
ciency and numerical accuracy.

The average physical computational time was around 
12  h, using a 44 core, 128  GB RAM workstation. An 
adaptive time stepping scheme was used with a mini-
mum time step of 0.0864 h and a maximum time step of 
48 h. Smaller time steps are employed during change of 
electrochemical boundary conditions to have better con-
vergence. The simulated duration was 41 years.

The future development of the current model is in 
progress wherein the numerical coupling of the above 
mentioned non-mechanical system of equations with a 
damage based mechanical material model for concrete is 
in progress. The generation of cracks due to the expan-
sion of corrosion products will be also simulated for 3D 
structural members in submerged conditions.

3.1  Exposure Conditions
Submerged sea water exposure has been chosen as 
the exposure conditions. The corresponding external 
chloride concentration Cext

Cl− is taken equal to 450  mol/
m3 (16  g/l) and the initial pore solution chloride con-
centration is shown in Table  1. The initial oxygen con-
centration is CO2

 = 0.15  mol/m3. The concentration of 
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external dissolved seawater oxygen concentration is set 
to Cext

O2
 = 0.28  mol/m3. Electric insulation is maintained 

by enforcing �n · iel = 0 on the external model bounda-
ries, where �n is the normal vector to mesh boundary. The 
condition �n ·Qi = 0 maintains symmetric boundary con-
ditions, where the subscript i denotes all mobile chemical 
species inside the bulk.

4  Results and Discussion
The central goal of this study is to present the effect of a 
variable threshold and the associated numerical architec-
ture to handle the change of boundary conditions from 
passive state to active state in time. The paper focusses on 
the numerical architecture and the underlying concept. 
The validation of this model is performed using observa-
tion of Perez and Chlorides (1999), Ozbolt et al. (2011), 
Michel (2013) who studied the corrosion of steel in con-
crete under various degrees of saturation. The exposure 
case studied here is the submerged zone.

4.1  Effect of a Variable Threshold Function
Randomly varying chloride function fpCl_T as discussed 
previously is applied on the exposed rebar surface. fpCl_T 
controls the activation at all spatial locations on the rebar 
as shown in the Fig. 6a, b. Prior to activation, the entire 
rebar surface undergoes uniform passive corrosion with 
a passive corrosion current density of 1  *  10−4  A/m2 as 
reported by experiments performed by Poursaee and 
Hansson (2007) and computational studies performed by 
Sagüés et al. (2014).

The passive stage results in a negligible rebar loss and 
the structural member is said to be in its initiation stage. 
The activation on the rebar surface depend on the accu-
mulation of free chlorides at that location. The local chlo-
ride threshold is calculated as a function of binder weight 
using Eq. (23).

where, Clth is the chloride threshold as a weight percent 
of binder weight Wbinder , which in turn is expressed in (kg 
binder per  m3 of concrete), Cfree

Cl  is the free concentration 
of chloride at the rebar surface in (mol/m3) of pore solu-
tion, MCl is the molar mass of chloride in (kg/mol), ϕp is 
the capillary porosity in  (m3 pores per  m3 of concrete).

The chloride transport is modelled by using Nernst–
Planck equation (Eq. 11). As the local chloride threshold 
as defined by fpCl_T at a particular location on the rebar is 
exceeded, the boundary conditions on that point change 
from passive to active, thereby following Butler–Volmer 
Kinetics (Eqs. 13, 14). The effect of the variable chloride 

(23)Clth =

(

C
free
Cl MClϕp · 100

Wbinder

)

threshold and changing of boundary conditions on the 
rebar can be better visualized in terms of electrochemical 
parameters (Fig. 4).

Degradation is monitored at two locations referred 
as location 1 and location 2 (Fig.  6a). At location 1 
(Fig. 6b), the critical chloride threshold fpCl_T is equal to 
0.39 (%Wbinder) and is exceeded in 14.35 years. The pre-
peak curve in Fig. 6c1 represents the initiation stage. The 
post-peak curve designates the stage of active corrosion. 
The attainment of critical chloride threshold results in 
switching boundary conditions to activated Butler–Vol-
mer kinetics with a peak current density of 0.0285  A/
m2. This stage marks the end of the initiation period and 
the structure is said to be in degradation stage, although 
other regions of the rebar still maintain a passive layer. 
The corrosion current density profile across the rebar, on 
the onset of depassivation is shown in Fig.  6c2 where a 
sharp peak denotes the change of current from passive to 
active state.

At this location, the activated anodic and cathodic reac-
tions lead to a quick consumption of the available oxygen, 
thus limiting the corrosion current. Once the immedi-
ately available oxygen is depleted, the corrosion process 
is set to be under concentration control. The magnitude 
of the post-peak corrosion density can be observed from 
Fig. 6c1 and is equal to 0.002 A/m2.

Chloride ingress through the bulk leads to the 
attainment of the critical chloride threshold equal to 
fpCl_T = 0.42 (%Wbinder), thereby creating another activa-
tion zone, after 22.5  years. The rebar corrosion current 
distribution is shown in Fig.  6d2. The time evolution of 
corrosion current at location 2 is shown in Fig. 6d1. An 
initial current of 2.15 × 10−4  A/m2 is achieved which 
increases gradually, reaching a limiting current similar to 
that of the first activation spot, thereby sharing the incom-
ing oxygen with the location 1. The effect of the increase 
in current at location 2 in Fig. 6d1 can be observed in the 
post peak current at location 1 in Fig. 6c1 after 22.5 years, 
where the effect of consumption of oxygen at an adja-
cent location is seen by a slight reduction of current. It is 
possible, that after a sufficiently long time and under an 
increasing chloride ingress, a sufficient amount of chlo-
ride is accumulated at all points on the rebar, so that the 
rebar would experience uniform corrosion.

Figure  7 shows the electrolyte current density along 
the rebar surface. At the end of the initiation stage 
(14.35  years) in Fig.  7a, a peak electrolyte current den-
sity is attained, which eventually reduces to a limiting 
current due to oxygen consumption. Correspondingly, a 
second peak is achieved, marking the passing of the sec-
ond chloride threshold. Thus, the entire rebar dynamics 
have been defined as a combination of a random chloride 
threshold function fpCl_T. Such an approach leads to new 
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Fig. 6 a 2D numerical model with triangular elements. Current evolutions are monitored at locations 1 and 2. b Random varying chloride threshold 
applied at rebar surface. Alonso et al. (2000) with 0.39 < Clth< 1.16 (free  Cl− as %binder weight). c1 Evolution of current density at location 1 with 
time. c2 Current density at location 1 on the onset of depassivation. d1 Time evolution of current density at location 2. d2 Corrosion current density 
at location 2 on the onset of depassivation at location 2.
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possibilities in research as fpCl_T can act as central factor 
against which other randomly varying factors of Steel–
Concrete Interface can be weighed against.

4.2  Effect of Chloride Transport and Cover on Initiation 
Time

The chloride diffusion values have been taken (Johan-
nesson et al. 2007) and corrected for tortuosity (Table 3). 

However, further corrections of the diffusion coefficients 
may be required to account for the dependence of diffu-
sion coefficient on concentrations gradients (Snyder et al. 
2003). Other effects include the influence of temperature 
on the activation energy of diffusion process, as reported 
by the experimental investigation of Lin (1993). The pre-
sent model does not consider these effects. For the sake 
of simplicity, and to keep the discussion around variable 
threshold and the underlying computational architec-
ture, only microstructure corrections (Johannesson et al. 
2007) have been accounted in the model. Recent discus-
sions about the pore system inside concrete and associ-
ated diffusion corrections have been provided by Yang 
et al. (2017).

Although, it has been previously discussed that the ini-
tiation time is dependent on local Steel–Concrete Inter-
face conditions as reflected by fpCl_T, other factors could 
play a significant role. Deeply placed rebars usually suffer 

Fig. 7 Evolution of electrolyte current density with exposure time: a 14.35 years, b 22.5 years, c 35 years and d 41 years. The cover used in this 
simulation is 50 mm.

Table 3 Polarization data used in  the  model has  been 
adopted from works of Kranc and Sagues (2001).

Parameter Anodic Cathodic Unit

Exchange current density ( i0) 1.875 × 10−4 6.25 × 10−6 A/m2

Tafel slope ( β) 60 − 160 V/dec

Equilibrium potential ( ∅0) − 780 160 mV/SCE
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less from chloride-induced corrosion. These rebars might 
still contribute cathodically in a macrocell configuration. 
Hence, cover distance as well as the quality of concrete 
are important factors. Parameter studies were carried out 
by varying diffusion coefficient of chloride against cover 
distance. A dense, tightly compacted concrete leads to a 
lower diffusion of chloride compared to a loosely packed 
concrete and the chosen values reflect it. It is also obvious 
that reducing the cover decreases the initiation time and 
a decrease in the chloride diffusion coefficient leads to an 

elongation of the initiation time. Parameter studies were 
carried out with cover ranging from 25 to 75  mm and 
chloride diffusivity (1.5–6) * 10−12 m2/s and are presented 
in Fig.  8. Values with error bars represent simulations 
where the initiation time lasted more than final simula-
tion time of 41 years. Apart from these, many other fac-
tors govern the length of the initiation stage and it is very 
difficult to study the effect of each one independently.

4.3  Chloride Profiles
Figure 9a, b show the evolution over time chloride pro-
files across penetration depth in saturated concrete. 
Chlorides bind to CSH structures along the influx path. 
The bound chlorides increases gradually with time with 
a similar profile as compared to free chloride concentra-
tion in solution. The characteristic chloride peak (Ozbolt 
et  al. 2016) does not show up due to a saturated influx 
of macro-capillary water in submerged zone: no wetting 
and drying of the exposure face is considered. Further-
more, sudden crack opening events can also lead to sharp 
peaks in the profile.

4.4  Model Comparison
Figure  10a refers to the average corrosion current den-
sity at the anode across various degrees of satura-
tion. The computational results are compared with the 
experimental works of Lopez and Gonzalez (1993) and 
Michel (2013) and a good agreement is observed. For the 
case presented in this paper, i.e. submerged zone expo-
sure (saturated conditions), lower corrosion currents 
(0.015 A/m2 for saturated case) are reported as compared 
to critical saturation range of 75–85%. Furthermore 

Fig. 8 A qualitative variation of initiation time with concrete quality 
and placement of rebar from the exposure surface.

Fig. 9 Variation of free chloride (a) and bound chloride (b) concentration profiles across the penetration depth.
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saturated values less than 50% also depict a lower cor-
rosion current due to increasing resistivity of concrete. 
Another important parameter governing the corrosion 
rate in reinforced concrete is the water-to-binder (w/c) 
ratio. Parameter studies are presented for w/c ratio of 
0.4 and 0.7 across various degrees of saturation. Higher 
corrosion currents are observed for higher w/c ratio as 
shown in Fig. 10b.

5  Conclusion

1. The study presents a continuum based corrosion 
model, which is a coupled model in terms of trans-
port of species, moisture, heat transport and cou-
pled electrochemistry. The model is able to simulate 
processes before and after corrosion initiation. The 
broader aim of this study is to predict the service life 
of infrastructure in the submerged marine zone.

2. The model is able to simulate the transition between 
passivated to depassivated stage based on localized 
chloride threshold values. Development and subse-
quent evolution of anodic regions on the rebar is pre-
sented likewise.

3. Equations have been presented for governing non-
mechanical processes leading to rebar corrosion. This 
includes capillary water transport, chloride transport 
and its binding with the matrix, transport of oxygen 
and other pore solution species, and as well as cou-
pled electrochemistry. These equations are solved 
with finite element method.

4. A major objective of this study is to develop models 
to predict the behavior of new concrete recipe for 

marine infrastructure. Simulations show that oxygen 
is able to sustain localized active areas on the rebar 
surface. However, the current density is depend-
ent on the availability of oxygen and thus limited to 
around 0.0015  A/m2 in the saturated cases. Com-
parison with previous models and experiments are 
reported. The macrocell coupling of the region of 
interest to other oxygen rich areas i.e. splash zone is 
not a part of the study and will be dealt in future.

6  Future Scope

a. It is possible that with an evolution of conditions at 
the SCI, such as chloride content, oxygen content, 
pH, and temperature across the service life of the 
structure lead to a change in the electrochemical 
parameters, i.e. time evolution of corrosion param-
eters. In our ongoing experiments, it was observed 
that electrochemical parameters change dynamically 
inside concrete as it ages. These supporting experi-
mental results will be reported in the future versions 
of the this model.

b. The localization of corrosion onset is modelled by a 
random theoretical function. However random vary-
ing threshold function is based solely on a threshold 
range. However, other empirical and statistical rela-
tions might be developed which could describe more 
explicitly randomly occurring phenomena at the 
rebar interface.

c. Due to the long experimentation times, chloride dif-
fusion parameters were taken from relevant litera-

Fig. 10 a Comparison of average corrosion current density at the activated area and comparison with works of Michel (2013) and Lopez and 
Gonzalez (1993) across different ranges of saturation. b Parametric studies of corrosion current for w/c 0.4 and 0.7 across different ranges of 
saturation.
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ture. An exact quantitative benefit from the current 
model can only be derived for our particular concrete 
recipe by using actual data from experimentation. 
However, completion of migration tests to derive 
effective chloride diffusivity are in progress and will 
be reported in future experimental studies. Corre-
spondingly, the model will also be updated.

d. Effect of presence of pre-cracks and crack generation 
due to oxide growth have not been included in the 
model, and will be studied in future.
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4. Results on the basis of published work

4.2. Article 3 - The Stability and Chloride Entrapping Capacity of
Zn-Al-NO2 LDH in High Alkaline/Cementitious Environment

Note: See attached article in the next pages. Reprinted without modification from [51] under CC BY

4.0 license. Published by MDPI, Basel, Switzerland.

4.2.1. A brief summary of Article 3

In this paper, experimental investigations are carried out to effectively understand the behavior
of Zn-Al-NO2 in alkaline environments similar to that of concrete. The assessment of ion
exchange property of LDH is first carried out in aqueous salt solutions and cement pore
solutions. A two step process is followed here. Firstly, the LDH is exposed to an environment
with mostly one type of anion i.e. OH- ion. Here, the OH- capture and NO2

- release from
LDH is monitored. Secondly, LDH is exposed to a multi anionic environment containing both
Cl- and OH- ions and the sequestration of each anion by LDH is critically assessed. Chloride
binding isotherms are also determined for the entire alkaline pH range. Consequently, the
stability analysis of LDH in pH range > 7 is performed to ensure the functionality of LDH in
an alkaline environment.

The age effect on the Cl- sequestration capacity was also investigated. This was a necessary
step to understand the effect of time on the ion sequestration capacity and also to ensure
that the bound Cl- ions are not released back into the environment. The aim of this work is
to investigate the Cl- binding capacity of LDH in concrete. However, prior to studying the
behavior of LDH in concrete, the compatibility of LDH with cement was studied. As a next
step in this direction, mortars were cast with LDH and exposed to chloride ions. The chloride
ingress was monitored in mortars with cast-in Cl- ion sensitive sensors. The effect of NO2

-

released from LDH on the corrosion properties of steel embedded in mortar samples is also
demonstrated.

4.2.2. 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 CG contributed
equally to this work. Conceptualization: ZMM, CG, ACB; LDH synthesis: FM and CR;
Experimental execution and data treatment: ZMM and CG; writing, review and editing:
ZMM and ACB; supervision: ACB, JT, DH, MGSF, and MLZ. All authors discussed and
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Abstract: In this work, the ZnAl-NO2 LDH (layered double hydroxide) is investigated as a pos-
sible additive for mitigating the chloride-induced corrosion of steel in reinforced concrete. The
investigation focused on the stability and chloride binding capacity of this LDH in the pH range
typical of cementitious materials. Until pH = 12.5 the material was stable and effective in capturing
chloride ions from the surrounding aqueous environment. For higher pH, precisely that of hydrated
cement, the LDH was partially dissolved and OH− preferentially entrapped instead of Cl−. These
results suggested that ZnAl-NO2 has excellent chloride entrapping capability at neutral pH, but
this is reduced with increasing pH. However, when the LDH was incorporated into mortars, the
chloride ingress was delayed, signifying that the dissolution of LDH leads to a secondary mechanism
responsible for chloride capture.

Keywords: layered double hydroxide; corrosion; concrete; reinforcing steel; pH; chloride

1. Introduction

The corrosion of steel in reinforced concrete affects infrastructures worldwide [1–3].
The cost of early repair and the reconstruction of these structures can lead to severe
economic losses [4]. Concrete is a porous material [5], and aggressive species like chloride
ions can pass through the concrete cover, until reaching the steel reinforcement, where they
disrupt the steel native passive layer and initiate corrosion [6,7]. Innovative techniques are
required to slow down the chloride ingress in concrete, delay the corrosion process and
extend the service life of reinforced concrete infrastructures. Layered double hydroxides
(LDHs) are a new class of concrete additives which can entrap aggressive anions from
the environment and release selected anions (e.g., corrosion inhibitor) from their galleries.
Potential applications include sequestration of chloride and carbonate ions in aggressive
environments, which in turn can potentially prolong the service life of structures susceptible
to corrosion. LDHs have gained attention in the recent years, due to their ion exchange
properties, not only in concrete technology [8] but also in various branches of science and
engineering [9], as a de-icing additive for asphalt roads [10], catalysis, [11], pharmaceutical
applications [12], photochemistry [13], electrochemistry [14,15], biochemistry [16] and
more.

Layered double hydroxides (LDHs), also known as “hydrotalcite-like” materials [9,17],
can be synthesized by co-precipitation [18] of metal salts in alkaline medium, resulting
in an ionic arrangement of positively charged brucite-like layers, together with anions
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between the layers, to balance the charge. LDHs can be represented by the following
generalized formula: [M(II)1–x M(III)x (OH)2 ]x+ (An−)x/n mH2O, with M(II) as divalent,
M(III) as trivalent metallic cations and An− as the interlayer anion [17,19]. LDHs have the
potential of intercalating external anions by exchanging them with the anions originally
present in their galleries, as represented in Figure 1. This process is called the ion exchange
process and is usually dominated by the order of ions in the selectivity series for LDH.
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exchange.

Based on theoretical calculations, Costa et al. [20] concluded that Zn-Al-based LDHs
have higher affinity to OH− than Cl−. They reported the anion selectivity order as CO3

2−

> OH– > F– > Cl– > Br– > NO3
−. The ions towards the left of the series are preferable

towards ion sequestration by LDH, as compared to the ions on the right of the selectivity
series. Hibino [21] pointed out that such selectivity series for a particular LDH can change
under certain conditions. Apart from the ion preference in the selectivity series, other
factors, such as anion size, anion concentration and temperature, can influence the ion
exchange process [8]. In cementitious materials, like cement paste, mortars or concrete,
the ionic-exchange mechanism can be exploited to entrap chloride ions, thereby retarding
their ingress, and simultaneously release anions with corrosion-inhibition properties, e.g.,
NO2

− [8,22]. If effective, this leads to a “self-protection” capability of concrete against
corrosion of steel in concrete.

Earlier works on the use of LDH in cementitious environments include the controlled
release of organic admixtures [23] and the acceleration of the hardening process with
CaAl-Cl LDH [24]. Zhonge et al. analyzed the chloride-binding capacity of MgAl LDH
intercalated with CO3

2− and NO3
− and found higher capacity for the NO3

− LDH type [25].
The effect of MgAl LDH on the microstructure and carbonation resistance of sulfoaluminate
cement concrete was studied by Duan et al. [26]. In a separate study by the present
authors [27], in situ XRD analysis revealed that MgAl LDH can possibly lead to the
formation of higher amounts of AFm and thereby increase the chloride-binding capacity
of concrete. Chen et al. [28] investigated the use of CaAl-NO3 LDH for the removal of
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chloride ions from concrete pore solutions and from cement paste. The sequestration of
Cl− ions was explained by an ionic exchange mechanism following a Langmuir isotherm in
cement matrix. Similar Langmuir-type binding isotherms were also reported by Yoon et al.
for the capture of chloride ions by on calcined MgAl-based LDH in cement paste [29]. A
review of LDH as smart additives of reinforced concrete for anticorrosion applications was
provided by Yang et al. [30]. Most of the LDHs tested so far in concrete belong to one of
the following systems: MgAl or CaAl. Only a few papers exist with ZnAl LDH studied for
the chloride capture and nitrite release in saturated Ca(OH)2, i.e., simulated concrete pore
solution [31]. Additionally, a comprehensive review on the various types and applications
of LDH in cementitious materials has recently been published by the authors [8].

As mentioned previously, the use of Zn-Al LDH in cementitious systems has not been
extensively studied so far. Therefore, in this work, the authors studied the behavior and
stability of ZnAl-NO2 in depth. Additionally, this paper reflects on the results obtained in
European Union’s LORCENIS project [32], which focused on the ZnAl-NO2 as a potential
chloride-entrapping/corrosion-inhibiting additive for concrete. Due to these reasons,
ZnAl-NO2 system has been used in this paper.

In the present work, the authors focused on characterizing the working mechanism
of ZnAl-NO2 in high-alkaline environments typical to that of concrete and cement pastes.
The broader goal of this study was to quantitatively and qualitatively assess the ion ex-
change process related to chloride ion capture by ZnAl-NO2 in alkaline environments. The
assessment is reported for aqueous salt solutions, as well as for pore solutions. A step-wise
approach was followed in this study. At first, the LDH was exposed only to an environ-
ment containing OH− anions, in order to verify its anion-capture capability, as well as its
stability in alkaline environments. This was followed by exposing LDH to a multi-anionic
environment, containing both Cl− and OH− ions. Moreover, the sequestration of each
anion was evaluated, and the results are discussed in detail. Chloride-binding isotherms as
a function of pH of the environment are also presented. Then the compatibility of the LDH
with cement was analyzed by observing the effect of the LDH addition to cement paste in
terms of the curing time. Furthermore, the chloride transport was monitored in mortars
with LDH, by employing cast-in Cl− sensitive sensors. Finally, the corrosion properties of
steel embedded in mortars containing LDH are presented, in order to highlight the role of
NO2

− release from LDH (due to ion exchange or partial dissolution of LDH).

2. Materials and Methods
2.1. Material Synthesis

The Zn-Al-NO2 LDH studied in this work was produced by Smallmatek, Lda, Aveiro,
Portugal. It was prepared in a stainless-steel reactor, by co-precipitation of hydroxides
from salts of divalent and trivalent cations, in a solution with an excess of sodium nitrite,
and the pH adjusted to 10.0 ± 0.5 with sodium hydroxide. More details can be found in
Reference [33]. The resulting slurry was washed with deionized water, filtered and dried
with an industrial spray dryer, to guarantee uniform and fine powder.

2.2. Materials Characterization

The LDH particle size was measured with a Coulter LS230 Particle Size Analyzer
(Coulter Corporation, Miami, FL, USA). XRD diffractograms were obtained with a diffrac-
tometer PANalytical X’Pert MPD PRO (Almelo, The Netherlands) with Bragg–Brentano
geometry, Ni-filtered CuKα radiation, PIXcel1D detector, and step 0.026. The exposition
was 2 s per step, in the angular range between 3◦ and 65◦.

2.3. Stability of ZnAl-NO2 in the High pH Range

The chemical stability of the LDH was analyzed at neutral pH and in the pH range
from 11 to 13.5, which encompasses the pH of aged and fresh concrete. One gram of LDH
was immersed in 50 mL of aqueous solutions with different pH values, prepared with
distilled water and KOH. After 30 days in a closed container, the remaining powders were
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washed, weighted by a lab scale and analyzed by XRD. The solution pH was measured
by the potentiometric method with an Inlab Expert Pro pH combined electrode and a
SevenMulti meter, both from Mettler Toledo (Columbus, OH, USA). The amount of NO2

−

in solution was measured with a UV-3100 UV–Vis–NIR spectrophotometer from Shimadzu
(Kyoto, Japan), with the detection peak of interest occurring at 354 nm. Prior to the
experimentation, the spectrophotometer was repeatedly calibrated by relating the intensity
against various concentrations of NO2

− in the calibration solutions.

2.4. Chloride Binding Capacity

The chloride-binding capacity of ZnAl-NO2 was studied with NaCl solutions ranging
from 0.01 to 0.5 M at neutral pH, and then with pH from 11 to 13, following the test matrix
shown in Figure 2. The tests were extended to leached pore solution extracts, in order to
replicate a multi-ion competition scenario. Leached pore solution 1 (PS1) was made by
mixing 3.5 g of ordinary Portland cement and 1.5 g of fly ash in 1 L of water, stirring for 24 h
and allowed to rest for 3 days. The resulting pH was around 12.0. Leached pore solution 2
(PS2) was prepared by adding 50 g of cement to 1 L of water, stirring for 24 h and allowing
to rest for 3 days prior to testing. The resulting pH was around 12.5. For each solution,
50 mL was added to a beaker, and the chloride concentration measured with a DX235-
Cl ion-selective electrode (Mettler Toledo) connected with a mercury/mercurous sulfate
reference electrode to a SevenMulti meter (Mettler Toledo). After a few minutes of stable
reading, 1 g of LDH was added to solution, under stirring, while the Cl− concentration
was monitored and pH measurements were carried out just before and after 5 min of LDH
addition. The ion-selective electrode was calibrated against standard chloride solutions
(0.001 M to 0.5 M), every time, prior to conducting measurements. The experimental setup
is pictorially depicted in Figure 3. In some cases, the solid was recovered after 5 min of
exposure and characterized by XRD. To verify the effect of time on the binding capacity,
the Cl− and pH measurements were repeated after 15 days of the LDH addition.
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Figure 3. Experimental sequence for measuring Cl− in the binding tests.

2.5. Compatibility of LDH with Cement Paste

Cement pastes with 0.5 water-to-cement (w/c) ratio were prepared without (reference)
and with 2 wt% LDH. Specimens with 30 × 30 × 10 mm3 were cast and cured in a humidity
chamber.

2.6. Chloride Sensors Embedded in Mortars

The effect of LDH on the chloride ingress in mortars was assessed with embedded
chloride sensors. The sensors consisted of 1 mm diameter silver wire, coated with silver
chloride on the polished surface and encased in epoxy. The silver chloride coat was
produced galvanostatically, with a constant current density of 2 mA/cm2, for 30 min,
in 0.1 M HCl. Three of these Cl− sensitive sensors were placed at 0.5, 1 and 1.5 mm
from the surface of the mortar samples (Figure 4a). Prior to embedment in mortars, the
sensors were calibrated by recording potential readings for various concentrations of Cl−

in KOH = 0.1 M (pH~13). The response of the sensors to chloride ions in high-pH media is
presented in Figure 4b. The chloride concentration in the mortars was then obtained by
using the obtained calibration curve. These calibrations were repeated periodically, with
sensors permanently immersed in KOH = 0.1 M (pH~13), to certify that the response did
not change with the continuous exposure to the alkaline environment of mortar.

The mortars samples were cast in 5 × 5 × 5 cm3 samples, with a composition of
14.5 wt% CEM II/B-L 32.5 N cement, 13% water and 72.5% of 0–2 mm size siliceous
sand. The water/cement ratio was equal to 0.9 and was chosen for fast permeation
and, consequently, to accelerate the chloride ingress. LDH was added in an amount
corresponding to 2 wt% of cement (0.3 wt% of total mass of mortar). The mortar samples
were cured for 28 days, in a humidity chamber, and then the samples were immersed in
3.5% NaCl aqueous solution. The potential of the sensors was measured against a saturated
calomel electrode (SCE) placed in the external solution, using a CompactStat potentiostat
connected to a peripheral differential amplifier (Ivium Technologies, Eindhoven, The
Netherlands), for simultaneous measurement of several channels.
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Figure 4. Studies conducted in mortars. (a) Scheme of mortar with sensors and (b) calibration curves for chloride sensors.

2.7. Corrosion Testing

Mortar samples with the composition presented in Section 2.6 and 7 × 4 × 4 cm3 size
were produced, with a non-corrugated steel bar of 8 mm diameter placed in the middle. The
steel bars were cleaned with 50% vol. HCl solution and abraded down to 1200 grade SiC
paper, just before the embedment in the mortars. After 24 h, the samples were demolded
and were left curing for 8 days, immersed in water. The samples were finally transferred
to 3.5% NaCl solution, and the open-circuit potential and polarization resistance were
measured periodically with a Autolab PGSTAT 204 potentiostat with a platinum counter
electrode and a SCE electrode as reference. The polarization resistance was measured from
−10 to +10 mV, with respect to the open-circuit potential, with a scan rate of 0.1 mV s−1.

3. Results and Discussion
3.1. Characterization of the ZnAl-NO2

The particle size distribution of the LDH powder is presented in Figure 5a. It ranged
between 40 nm and 150 µm, with a mean particle size of 22 µm. Almost 10% of the particles
exhibited a particle size of less than 5 µm. The XRD pattern prior to exposure is depicted
in Figure 5b and shows the reflections 003, 006, 110 and 113 at 11.6◦, 23◦, 60.2◦ and 61.5◦.
These reflections coincide with reflections reported in the literature for ZnAl-NO2 [31] and
also with other LDHs with NO2

− in the interlayer space [22,34].
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3.2. Stability in High-Alkaline Environment

The effect of pH in the range between 11 and 13.5 has been studied. The LDH and
solution were analyzed 30 days after 1 g of powder was added to the 50 mL solution.
After 30 days, the powders were extracted from the solutions and weighed. LDH powder
was present in all samples. However, the amount of powder left at a high pH was less,
indicating that a partial dissolution of LDH could have taken place. In a parallel experiment,
it was verified that about 95% of solid remained undissolved at pH 12, decreasing to 60%
at pH 13 and only 20% at pH 14. The pH of the solution just before and 30 days after
the addition of LDH is presented in Figure 6a). The pH of the solutions inside the closed
containers decreased noticeably. This was attributed to the capture of OH− in solution by
the LDH powder. A drop of three units in the pH scale was observed, showing a remarkable
efficiency of this LDH to capture OH−. For a higher pH, the amount of captured OH−

decreased (almost no pH drop), because most of the LDH was dissolved. The region of
partial dissolution is marked in the figure.
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− release by LDH.
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3.2.1. Release of NO2
− Ions

Considering that the capture of OH− occurs by an ionic exchange mechanism, as
expected for a LDH [9,15,17,22,23,30,31,33,34], the intercalated NO2

− ions must leave the
LDH interlayer and pass to solution, to allow the entrance of the incoming OH− ions.
Indeed, after 30 days of immersion, NO2- was detected in all the solutions. It was observed
that the concentration of NO2- increased with an increase of pH, as shown in Figure 6b.

3.2.2. XRD Analysis of LDH Exposed to Alkaline Solutions

After the 30-day immersion period, the remaining powders were filtered, washed and
dried in a vacuum oven, at 40 ◦C, for 24 h. Figure 7 shows the XRD patterns of the LDH
before (base) and after immersion in the different solutions. The reflections 006 and 003
are related to basal planes while the peaks 110 and 113 correspond to non-basal planes.
The magnification of the plot around the peak 003 (2θ between 10◦and 12◦) shows a shift
towards a higher angle as the pH increases, signifying a contraction of the interlayer.
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displaying d003 peaks.
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Bragg’s law [35] was used to calculate the interlayer spacings d003 and d110 from
the 2θ peak locations, using λα = 1.540598 Å. The spacing d003 gives the thickness of a
single brucite-like layer and one interlayer, while d110 is the distance between two-metallic
cations in the brucite-like layer. A shift of d003 on the 2θ axis corresponds to a change
in the interlayer distance, as observed in Figure 7b. In Figure 8, the calculated d003 and
d110 values are plotted for each pH. A clear d003 shift to the right on the 2θ axis occurs
as the pH increases, which is indicative of a smaller interlayer distance, signifying anion
exchange with a smaller radius ion. The OH− ion has a smaller size than the NO2

− ion;
the anionic exchange reduces the interlayer spacing, leading to higher 2-theta reflections.
This has also been previously reported by Tedim et al. [15]. However, the 003 peaks in
mild pH could also show an overlap of LDH-NO2

− and LDH-OH−, due to the possible
parallel placement of NO2

− in the interlayer. The NO2
− ion placed inclined to the cationic

layers will tend to show more layer contraction upon ion exchange with OH− (Figure 7b).
The parameter for cationic spacing (d110) in the brucite-like layer stays constant as the pH
increases, signifying that only anionic exchange has occurred as external concentration of
OH− increased, and the cationic layer has stayed intact and unchanged.
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Figure 8. Shift of d003 and d110 as a function of pH.

These XRD peaks are also indicative of the structural stability in the high alkaline
range. The partial dissolution of LDH starts around pH 12.5. The powders until this pH
show characteristic peaks of the LDH, despite the shift in the intercalated anion, but from
pH 12.5 onwardsup, new peaks are detected and attributed to ZnO, Zn(OH)2, Al2O3, etc.
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Finally, the XRD pattern of the small amount of solid that did not dissolve at pH 13.48
shows no peaks of the LDH (the LDH structure is lost) and is dominated by the peaks of
oxides and hydroxides of Zn and Al, which were already visible in pH 12.45 and 12.82.

3.3. Chloride Entrapment and the Effect of pH

For the application of ZnAl-NO2 as chloride-entrapping additive in cementitious
environments, it is highly relevant to verify the Cl− binding capacity of this LDH in the
presence of a high concentration of OH− ions. Therefore, the binding capacity of the LDH
as a function of chloride concentration and pH was investigated. Representative results are
presented in Figure 9, for starting NaCl solutions of 10, 100 and 500 mM with different pH
values. The concentrations are plotted normalized, i.e., they appear divided by the starting
concentration, for a better comparison of the changes in the different cases. These plots
show the drop in chloride concentration after LDH was added to solution. The pH before
and after the addition of LDH is also shown.

Figure 9a,b refer to the tests conducted with a starting chloride concentration of 10 mM
at different pH. The highest chloride capture occurred at the lowest pH (6.94), where the
concentration dropped to ~30 percent of the initial value. The process is very fast, taking
less than 1 min to attain equilibrium. The Cl− capture at this pH (6.94) took place with a
slight increase in the pH. This pH increase could be due to the release of OH− bound to the
surface of the LDH or to a small dissolution of the LDH itself. In fact, the addition of 1 g of
LDH to distilled water increased the pH and the conductivity of the solution, confirming
that ions have passed from the LDH to solution. At pH 10.59, almost the same amount of
chloride ions was captured, and it was accompanied by a decrease of pH from 10.59 to
7.5. This signifies that both Cl− and OH− were captured by the LDH. As the pH rises, so
rises the amount of OH− that is captured, while the entrapment of chloride significantly
decreases. Above pH 12, the amount of Cl− captured becomes very small.

A similar description applies for the other NaCl concentrations. The higher capture
occurs in near-neutral solution, decreasing with the increase in pH, until it becomes almost
negligible at a very high pH. However, it is noticeable that, for the same pH, the amount of
OH− captured is smaller as the concentration of Cl− increases. The tendencies are better
perceived in Figure 10. The ZnAl-NO2 has higher selectivity to OH− than Cl−, and for a
higher pH, it is captured preferentially with almost no Cl− captured. However, the capture
of OH− is not so effective for a higher concentration of chloride. These results show that, in
spite of the higher importance of selectivity, the concentration also counts. It is also evident
that LDH leads to a decrease of pH of the surrounding solution, which can bring serious
risks to the stability of the passive film on the rebar surface.
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Figure 9. Results of the chloride-entrapment tests with the effect of pH. Plots on the left depict the change of chloride
concentration (divided by the initial NaCl concentration) after LDH was added to solution. The graphs on the right
show the solution pH before and after the addition of LDH. (a,b) Chloride ion and pH measurement in solutions at an
initial chloride concentration of 10 mM, respectively. (c,d) Chloride ion and pH measurement in solutions at an initial
chloride concentration of 100 mM, respectively. (e,f) Chloride ion and pH measurement in solutions, at an initial chloride
concentration of 500 mM, respectively.
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3.3.1. Effect of Time on the Chloride Entrapment

The entrapment tests described in the last section were conducted for just 300 s and
did not continue, because the ionic exchange was quite fast after the addition of LDH,
happening in less than 1 min, with the subsequent readings being stable. In any case, the
samples were sealed for 15 days and then analyzed again, to look for any changes in Cl−

concentration and pH. As confirmed in Figure 11, with two representative examples, no
significant changes were detected in both parameters measured after 300 s and 15 days.
This confirms that the process is very fast, without further evolution.

The XRD analysis of two powders after 15-day exposure to alkaline solution, with
and without NaCl, is presented in Figure 12. A clear shift of the 003 peak is seen for both
the powders, as compared to the base material. The peaks of the powders exposed to just
OH− or to OH− and Cl− are quite close to each other and are not clearly distinguishable.
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Figure 11. Long-term evaluation of chloride entrapment. (a) Cl− concentration and (b) pH of a
12 mM NaCl solution with initial pH = 12.08 measured before (t = 0 s) and after (300 s and 15 days) the
addition of LDH. (c,d) Similar measurements of a solution initially with 100 mM NaCl and pH 12.95.
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Figure 12. XRD plot detail of the 003 reflection of the LDH before tests (base) and the powder after
15 days of immersion in a solution with pH = 11.91, with and without 250 mM NaCl.

3.3.2. Chloride Binding Capacity

The chloride-binding capacity can be defined as the amount of chloride ion that is
bound by a given mass of LDH. It can be expressed as the amount of Cl− ion bound to
LDH per unit mass of LDH at the onset of equilibrium. As such, the chloride-binding
capacity represents a heterogeneous equilibrium between the Cl− bound to LDH and the
free Cl− available in the solution. However, this equilibrium is sensitive to the pH of the
environment and is explained later. The chloride-binding capacity can be determined by
using the following formula [22,28]:

Bc =
Vsol (C0 − Ce) MCl

mLDH
(1)
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where Bc is the binding capacity (in mg/g), Vsol is the volume of solution (L), mLDH is the
mass of LDH added to the solution (g), C0 and Ce are the initial and equilibrium chloride
concentrations (mM) and MCl is the molar mass of chloride. The binding (or loading)
capacity of ZnAl-NO2 for Cl− was calculated from the results of the chloride entrapment
studies, using Equation (1), and is presented in Figure 13. The binding capacity increased
with the Cl− concentration, up to a value where it then remained constant. The highest
chloride loading was ~45 mg/g (1.28 mmol/g) and occurred at near neutral pH for the
initial chloride concentration of 250 mM. The binding capacity is strongly dependent of
the pH. At pH 12, it was half of the value in near-neutral pH, and above pH = 12.5, no
substantial chloride was captured. The data for these equilibrium isotherms were obtained
at room temperature (23 ± 1 ◦C). It is known that the loading capacity of Zn-Al-based LDH
increases with temperature [36].
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Figure 13. Chloride binding capacity of ZnAl-NO2 in the alkaline pH range.

3.4. Compatibility with Cement

The experiments described so far were done in aqueous solution, with most of them
at a high pH, to reflect the conditions inside cementitious materials. Naturally, the best
approach is to test the LDH directly incorporated in these materials. It was decided
to perform tests with mortars with 2% LDH with respect to cement. Before that, the
compatibility of the ZnAl-NO2 with cement was investigated (Figure 14). It was observed
that addition of LDH had a retarding effect on the cement curing. The sample with LDH
displayed a slow curing, as compared to the reference samples. Cement paste (w/c = 0.5)
with 2 wt% LDH took a very long time to harden, that is, around 17 days, compared to one
day of the reference sample (without LDH). It is well-known that zinc ions can retard the
hydration process. Trezza [37] used IR, XPS and calorimetry to investigate the effect of Zn2+

on the hydration processes and observed the delay of the cement hydration and attributed
this to the formation of a new phase, Ca(Zn(OH3)2).2H2O. Citing Asavapisit et al. [38],
Trezza concluded that the formation of Ca-Zn complexes decreased the concentration of
Ca2+ ions required to form the CSH phase. The higher the concentration of Zn2+, the greater
the quantity of the Ca-Zn phase and the longer the hydration time. Stephan et al. [39] also
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concluded that formation of the Ca-Zn phase significantly retards the hydration process by
reducing the concentration of OH− and Ca2+ ions.
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Figure 14. Compatibility of ZnAl-NO2 with cement. Reference and cement + NaNO3 samples harden in one day. Cement +
ZnAlNO2 or Zn(NO3)2 took about 20 days to harden. (w/c = 0.5).

To confirm that it was the Zn2+ from LDH dissolution that interfered with the curing,
cement pastes were cast with Zn(NO3)2. Similar to specimens with LDH, the samples
showed a clay-like behavior and took a long time to harden. To rule out the effect of NO3

−

on the hydration process, samples were cast with NaNO3 with the same amount of NO3
−

as the samples with Zn(NO3)2 as shown in Figure 14. NO3
− ions are traditionally used as

setting accelerators in concrete, usually in the form of Ca(NO3)2 [40,41].
It is also important to note that the LDH particle size is a very important factor that

should be taken into consideration. In a separate study from the authors [42], it was
observed that a curing time similar to the reference samples was obtained when LDH
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particles of mean size ~125 µm were used, instead of the ~25 µm used in the present study.
Therefore, the authors acknowledge that particle size plays a crucial role as bigger LDH
agglomerates can have a reduced exposed surface area, leading to a lower dissolution at
high pH. The effect of the particle size of LDH on the properties on concrete, especially
chloride ingress, has been documented in the studies by Qu et al. [43]. The results reported
in this work are confined to only one particular particle size, i.e., ~25 µm. For different
particle sizes, reproducibility can be affected. Further studies are being planned to better
characterize the effect of LDH and its particle sizes in cement paste hydration, and such
studies will be reported in the future.

3.5. Embedded Sensors and Chloride Ingress in Mortar

To directly assess the effect of LDH on the transport of Cl− inside cementitious
materials, chloride sensors were cast in mortar samples, as described in Section 2.6. The
mortars were immersed in 3.5% NaCl, and the potential of the sensors was measured, over
time, against a reference electrode placed in the solution. From the chloride concentrations
in the different positions of the mortar and at the different times, it was possible to plot
the chloride profile inside the reference mortar and inside the mortar with ZnAl-NO2,
presented in Figure 15a,b respectively. In these plots, 0 cm corresponds to the surface of the
mortar in contact with the solution, while the other values are the position of the sensors
inside the mortar.
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Figure 15. Studies conducted in mortars. (a) Chloride profile inside reference mortar and (b) chloride profile inside mortar
with ZnAl-NO2.

The chloride penetration was detected first by the sensors closer to the surface. Inter-
estingly, with time, the peak chloride concentration was found not at the surface but 1 cm
inside the mortar. This is a common observation [44–46] that has been attributed to a skin
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effect, i.e., to a different composition of the surface layers, compared to the bulk, due to
contact with the casting mold [44,45]. Other authors attributed this effect to the gradient
of moisture in the first few layers of the sample [44], as well as to surface reactions of the
surface with the exposure environment [46]. The fact that the sensors were able to capture
the concentration peak is an indication of their good functioning. The most important
observation in Figure 15 is the slower ingress of chloride in the mortar with LDH.

3.6. Corrosion of Steel Bar in Mortar with and without ZnAl-NO2

In a final set of tests, steel rebars were placed in mortars without and with LDH
(2 wt%, with respect to cement, or 0.3 wt% with respect to the total mass of mortar). The
samples were exposed to 3.5% NaCl, and the corrosion potential (Ecorr) and polarization
resistance (Rp) were monitored over time. The results are presented in Figure 16. The less
negative Ecorr and the higher Rp of the steel in mortars with LDH point to lower corrosion,
compared to the reference samples. The presence of LDH in the mortar seems to play a
positive role, which can be even more pronounced if a higher amount of LDH was present.
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Figure 16. Corrosion potential and polarization resistance of steel rebar in mortars without and with 2 wt% (to cement
fraction) ZnAl-NO2 immersed in 3.5% NaCl.

The experiments with the LDH in mortars showed positive effects (lower ingress of
chloride in mortar and higher corrosion resistance of steel), despite the low amount of
LDH added (0.3 wt%) and the high porosity of the mortar. It is possible that the dissolution
of LDH releases aluminum ions, which will promote the formation of more AFm phases
(family of hydrated calcium aluminates) during cement hydration. This has been previously
demonstrated by the authors, in a separate study, where the formation of AFm was recently
confirmed by using in situ XRD on hydrating cement pastes with 2% Mg-based LDH. The
reader is directed to Mir et al. [27], for detailed information on this effect. The dissolution of
LDH leads to the formation of extra quantities of AFm which can chemically bind chloride
ions. The extra amount of AFm phases can thus lead to additional chemical binding of
chloride ions by forming Friedel’s salt and Kuzel’s salt and is also reported in the studies
by Chen et al. [47]. Additionally, the filler effect of remaining undissolved LDH particles
can play a positive role in chloride ingress by making the microstructure more tortuous,
without decreasing the total porosity [43]. The higher corrosion resistance of steel in the
mortar that contains LDH can be simply due to the release of NO2

− to the pore solution, as
a result of the LDH dissolution and ion exchange with OH− on the remaining powder. This
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contrast between the results with LDH in solution and in mortar needs more investigation,
and additional studies are planned for the future.

These results with mortars are still preliminary because the experiments were per-
formed with a limited number of replicate specimens (three of each type), in porous mortar
(to accelerate the ion transport process), and the amount of LDH was only 0.3 wt% to the
total mass of the mortar. Work is being performed with a higher number of samples, with
better quality mortar, higher amounts of LDH and longer testing times in the mortar, in
order to better understand the behavior of the LDH inside mortars, and will be reported in
the future.

4. Conclusions

Based on the discussion presented in this work, the following conclusions can be
drawn.

1. The Zn-Al LDH presents very good chloride-capture capability in near-neutral pH.
Our investigations reported a peak binding capacity of about ~45 mg of Cl per gram
of LDH. However, as the pH increases, the chloride-capture capability of Zn-Al LDH
is reduced.

2. The LDH is stable in alkaline medium, until pH ~12.5. Partial dissolution occurs
at a higher pH, with the release of the constituent anions (Zn2+, Al3+, NO2

−) to the
environment.

3. The ZnAl-NO2 delays the hardening of cement paste and mortars. This has been
attributed to the zinc ions released by the partial LDH dissolution which interfere
with the cement hydration reaction.

4. The partial dissolution and preferential capture of OH− at the pH values typical of
cementitious material suggest the inadequacy of ZnAl-NO2 for the chloride capture
inside concrete, where a pH higher than 13 is possible.

5. Mortars with the LDH presented a slower penetration of Cl− ions and led to higher
corrosion resistance of the embedded steel rebar, even with a small amount (0.3% of
total mass of mortar). Earlier studies pointed out that LDH dissolution can possibly
lead to higher amounts of AFm being generated. However, additional experiments
are needed to clarify this effect for ZnAl LDH. As a future scope to this work, more
work will be performed to investigate the dissolution and working mechanism of
LDH in concrete and will be reported in future.
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4. Results on the basis of published work

4.3. Article 4 - Numerical and Experimental Analysis of
Self-Protection Processes in Reinforced Concrete due to
Application of Mg-Al-NO2 Layered Double Hydroxides

Note: See attached article in the next pages. Reprinted without modification from [65] under CC BY

4.0 license. Published by WILEY-VCH Verlag GmbH Co. KGaA, Weinheim.

4.3.1. A brief summary of Article 4

In this paper, a numerical model is presented for modelling chloride transport in concrete
under submerged conditions. The model is able to compare chloride durability of different
concrete mixes in a fast and inexpensive way. The model uses experimental inputs which are
easy and relatively faster to obtain as compared to conventional chloride ponding tests which
take a long time to complete. These include chloride binding isotherm for bound chlorides
and formation factor for microstructure quantification. The work also presents the benefits of
using formation factor, which has recently gained popularity in concrete technology and is
being currently standardized in European codes [66].

In this work, investigations are carried out to understand the Cl- ion entrapping capacity of
Mg-Al-NO2 in concrete specimens. The numerical model is used to compare the chloride
ingress between reference concrete specimens and concrete specimens with 2% LDH. As
mentioned previously, investigations are carried for submerged conditions because this
exposure scenario is regarded as the most severe scenario for infrastructure exposed to
offshore/marine environmental conditions. This exposure scenario has been adopted as the
test case scenario for all investigations carried out within the LORCENIS project [30].

4.3.2. Author contribution

In the following, the author of this dissertation is denoted by his initials ZM. The names
and initials of co-authors can be found in the appended manuscript. Conceptualization: ZM,
ACB, CG; LDH synthesis: FR, CR; Finite Element Model: ZM, PM; Experiments: UM, MC,
KV, MP, CG, ACB; Analysis of results and data treatment: ZM, UM, ACB, CG, MC, KV, MP,
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Numerical and Experimental Analysis of Self-Protection in
Reinforced Concrete due to Application of Mg–Al–NO2
Layered Double Hydroxides

Zahid Mohammad Mir,* Alexandre Bastos, Celestino Gomes, Urs Mueller,
Maria Cruz Alonso, Kristina Villar, Miguel P. Rabade, Frederico Maia,
Cláudia M. Rocha, Philippe Mainçon, Daniel Höche, Mario G. S. Ferreira,
and Mikhail L. Zheludkevich

1. Introduction

Concrete structures are prone to reinforce-
ment corrosion induced damage due to
chloride ingress.[1,2] Chloride ingress occurs
in infrastructures exposed to the marine
environment (offshore or costal structures),
or due to the action of deicing salts in struc-
tures along roadways.[3] Concrete damage
due to reinforcement corrosion is the most
common factor for repair and maintenance
of concrete structures. This problem has
global economic and social consequences
with huge associated investments and
strong impact on society due to closing
of roads for the repair of bridges, tunnels,
and bottlenecks in the water and energy
production and distribution.[4]

The alkaline environment of concrete
protects the reinforcement by forming a pas-
sive layer around the rebar.[5] As concrete is
exposed to chloride ions during its service
life, these ions pass through the concrete
cover and in due course of time reach the
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Concrete possesses an intrinsic chloride binding capacity. Chloride ions from the
environment bind with the hydrated cementitious phases in the form of bound
chlorides. The contribution of chemically bound chlorides toward increasing the
service life of concrete structures is vital as they help in slowing down the chloride
diffusion in the concrete thereby delaying reinforcement depassivation. The
authors attempt to increase the chloride binding capacity of concrete by adding
a small amount of Mg–Al–NO2 layered double hydroxides (LDHs) with the
objective to delay reinforcement corrosion and by this to considerably extend the
service life of concrete structures situated in harsh environments. This study
presents numerical and experimental analysis of the action of LDH in concrete.
Formation factor is used to determine the effective chloride diffusion coefficient.
In addition, the chloride binding isotherms together with Poisson–Nernst–Planck
equations are used to model the chloride ingress. A comparable chloride binding
is observed for concrete with and without Mg–Al–NO2, depicting only a slight
chloride uptake by Mg–Al–NO2. Further investigations are conducted to
understand this behavior by studying the stability and chloride entrapping
capacity Mg–Al–NO2 in concrete.
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rebar surface.[6] Chloride concentrations above a certain threshold
can damage the passive layer and initiate corrosion on the rebar
surface.[7] Continuation of this process leads to accumulation of
corrosion products at the steel–concrete interface (SCI).[8]

Corrosion products are less denser than parent steel and there-
fore exhibit a higher volume.[2,9] Due to the limitation of space
at the SCI, the accumulation of corrosion products leads to an
increase in the interface pressure resulting in microcracking
of the concrete around the rebar.[10,11] As the process continues,
these microcracks coalesce to form macrocracks[12,13] which can
potentially lead to spalling of the concrete cover and eventually
turn the structure nonoperational or in need of repair.

Chloride ions enter the concrete via the pore system filled with
pore solution in the saturated state.[14] Most of the pore system
consists of interstices formed by the nano- and microsized crys-
tals and lamellas of the hydrate phases (C–S–H, AFm, AFt, CH,
and so on[15]). Only a smaller amount of porosity consists of air
voids or larger capillary pores. Chloride ions therefore transport
themselves in the pore solution (free chlorides) and interact with
the cementitious microstructure surrounding the pore system.
This interaction can lead to chemical and physical binding of
chloride ions with hydration products (bound chlorides).[16,17]

The total chloride content in concrete is therefore a combination
of free and bound chlorides. The binding of chlorides slows the
ingress of free chlorides along the pore network. Therefore, an
accurate determination of chloride binding is necessary to create
precise service life estimation models.

There are many ways by which the concrete’s ability to bind
chlorides can be increased. The addition of supplementary
cementitious materials such as fly ash, ground granulated blast
furnace slag, and metakaolin has been reported to increase the
binding capacity in concrete.[18] In the LORCENIS project,[19]

novel chloride entrapping nanocontainers were developed with
an aim to impart additional chloride binding capabilities to con-
crete. In this study, one of the recently developed nanocontainers
of Mg–Al–NO2 layered double hydroxides (LDHs) are used as
chloride binding additives inside concrete.

LDHs are finely powdered materials which can be easily added
to concrete during the mixing process. LDH can be prepared
by the coprecipitation method[20] of two different metallic hydrox-
ides, in our case Mg and Al. As a result of coprecipitation,

bimetallic hydroxides are formed with a layered structure, hence
the name LDHs. These hydroxide layers are composed of
positively charged cations with anions in between the layers
(galleries) to balance the charge (Figure 1). LDH possesses a
unique ability, in the sense that they can intercalate an external
anion from the environment, e.g., a Cl� ion, by exchanging it
with an originally intercalated anion, e.g., a corrosion inhibiting
ion.[21] This property is termed as the ionic exchange property of
LDH.[22] With this application in mind, LDH is a potential
candidate to release anions from its interlayers which can be a
corrosion inhibiting ion/species and can also provide additional
chloride capture in concrete. Concrete mixed with LDH could
show improved chloride binding capability and controlled corro-
sion inhibitor release. This property has been termed as “self-
protection” of reinforced concrete in the LORCENIS project.
This work only focuses on the chloride capture capability and
not on the inhibitor release from LDH.

In the recent years, many studies have focused on the use of
LDH in concrete. Cao et al.[23] used Mg-based LDH in chloride
solutions and observed a decrease in the chloride ion con-
centration with time. Zuo et al.[24] conducted studies related
to the chloride ion capture capacity by Mg-based LDH and
reported considerable chloride loading in aqueous solutions
following a Langmuir-type isotherm. Yang et al.[25] used
Mg–Al LDH into cement pastes and mortars and found that
an appropriate addition increased the time to corrosion.
X-ray diffraction (XRD) analysis and thermogravimetric analy-
sis (TGA) studies by Yang et al.[26] focused on chloride uptake
by Ca–Al-based LDH in chloride solutions. They demonstrated
a considerable chloride uptake by Ca-based LDH. The effect of
addition of LDH in cement paste on the setting, hydration,
as well as microstructure development was investigated by
Wu et al.[27]

In this study, we investigated the use of LDH for additional
chloride capture in concrete. Two concrete recipes, one control
(without LDH) and another one with 2% LDH (with respect to
cement content and 0.3% of overall concrete), were compared
and results were gained experimentally as well as by modeling.
To accurately model the chloride ingress, mostly two major input
parameters are required, i.e., microstructural information and
chloride binding capacity isotherms. An accurate estimation of

Figure 1. A schematic representation of the ionic exchange property of LDHs.
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microstructure in terms of diffusion coefficient can aid in the
modeling of transport of free chlorides.

The formation factor (FF c) was used to quantify the effect
of microstructure on the ionic transport.[28,29] FF c has been
regarded as a fundamental measure toward microstructural
characterization of porous media. Due to the ease with which
FF c can be obtained, it is possible to quickly obtain transport
properties of various concrete recipes in a rapid and reliable
way. Together with FF c, the second vital parameter for service
life modeling is the chloride binding capacity. Freundlich-type
isotherm was used due to its good fit with our experiments.[30]

These inputs were derived for both types of concretes, i.e., control
(REF) and with 2% LDH (þ2% LDH).

Chloride transport was modeled in water-saturated concrete
using the Nernst–Planck equation and combines information
from FF c and chloride binding isotherms.[31] The transport of
charged ions through the pore network gives rise to a potential
field which is accounted via the Poisson’s equation.[32] The result-
ing coupled system of equations was solved using the finite
element method[33] for a 1D domain. The numerical model
was used to compare the chloride transport in the concrete with
and without LDH. Experimental verification of simulation results
is also presented. In addition, the article highlights the stability
of LDH in cementitious environments to explain the reduced
chloride uptake by Mg–Al–NO2 in the cementitious matrix.

2. Materials

2.1. Synthesis of LDH

The LDH used in this study was provided by Smallmatek, Lda
(Portugal) and prepared according to their own production
procedures. Briefly, the Mg/Al–NO2 LDH was prepared by
coprecipitation of Mg and Al salts in a solution with excess of
sodium nitrite, where the pH range was adjusted with sodium
hydroxide (Poznyak et al.[34]). The production process was
conducted in a custom-made pilot-scale reactor equipped with a
proportional–integral–derivative (PID) controller, which allows
the control and correction of important process parameters (i.e.,
pH and temperature), and peristaltic pumps for precise addition
of chemicals. Finally, the obtained slurry was washed with deion-
ized water and filtered under reduced pressure, then dried using
an industrial spray dryer to guarantee uniform fine powders.

2.2. Concrete Mix Description

Two series of concrete specimens were prepared: the refer-
ence concrete (REF) without and with 2% LDH (þ2% LDH).
The respective mix details are shown in Table 1. The cement
was supplied by Dyckerhoff (Germany) and the specimens were
cast at Research Institutes of Sweden (RISE, Sweden). Tests were
conducted jointly at RISE, Spanish National Research Council
(CSIC, Spain), University of Aveiro (Portugal), and Helmholtz-
Zentrum Geesthacht (HZG, Germany). In addition, cement
paste specimen were cast with the CEM I 42.5 LA SR consisting
of low calcium aluminate content having 0.5 water cement ratio
(w/c) and 2%-4% LDH content for investigating the stability of
LDH in cement pastes, as explained later in Section 4.

3. Numerical Model

3.1. Application of Formation Factor for Microstructure
Characterization

The exact determination of diffusion coefficients of chloride
ions in the concrete pore solution Dp

cl is a difficult parameter
to obtain, due to ionic interactions, heterogeneity of concrete,
and variability of samples, and can lead to deviations. In contrast,
the diffusion coefficient of chloride ions at infinite dilution
in a volume of liquid D∞

cl is well established (D∞
cl ¼ 2.030�

10�9 m2 s�1). The diffusion of chloride ion in a single linear pore
without any other interactions can be obtained using the Dp

cl.
When up-scaling the transport parameter from a single pore
to a representative volume element (RVE) of concrete, the porous
microstructure in the RVE can be accounted using an effective
diffusion coefficient Deff

cl :
[35] It also does not include any ion–ion

or ion–solid interactions and accounts only for the hindrance
offered by the porous microstructure of the RVE. Deff

cl is some-
times also referred to by other authors as the microstructural
diffusion coefficient.[29]

The ion–ion and ion–solid interactions may then well be con-
sidered using the apparent diffusion coefficient or bulk diffusion
coefficient Dapp

cl . Dapp
cl is commonly used in many service-life

Table 1. Concrete composition for REF and þ2% LDH mixes. Chemical
and mineralogical composition of binder is also included.

Property [unit] REF þ2% LDH

Cement CEM I/52.5 R [kg m�3] 350 350

LDH [mass% binder] [mass% total mass] 0 2 (0.3)

Aggregate 0–4mm [kg m�3] 1151 1151

Aggregate 4–8mm [kg m�3] 265 265

Aggregate 8–16 mm [kg m�3] 355 355

Super plasticizer [mass% binder] 0.8 0.8

Water/cement ratio [1] 0.6 0.6

Chemical composition (binder)

SiO2 [%] – 21.39

Al2O3 [%] – 3.69

Fe2O3 [%] – 1.29

CaO [%] – 64.66

MgO [%] – 0.72

SO3 [%] – 3.43

K2O [%] – 0.57

Na2O [%] – 0.21

Mineralogical composition (binder)

C3S [%] – 70.3

C2S [%] – 6.5

C3A [%] – 8.9

C4AF [%] – 2.4

Calcite [%] – 4.7

Gypsum [%] – 3.7

Others [%] – 3.6
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models but it does not distinguish microstructural corrections
and chloride binding effects. It is of vital importance to separate
the effects of microstructure and ionic interactions to deeply
understand the chloride transport in a concrete mix and in
our case the effect of LDH. As complex as it may sound, these
two properties can be separated by a material property known as
the formation factor (FF c).

FF c simply uses the electrical properties of a medium to
quantify the microstructure, independently of the chemistry
of the conducting fluid. The concept was originally used by
Archie in geological research.[36] The formation factor can
be defined as the ratio of pore solution conductivity to the bulk
conductivity of a saturated porous material. It can be expressed as

FF c ¼
σp
σb

(1)

where σp is the pore solution conductivity (S m�1) and σb is
the bulk solution conductivity (S m�1), which includes the effect
of porosity.

The overall conductivity of an electrolyte is directly propor-
tional to the mobility of each ion in the solution. According to
the Einstein’s mobility equation, the mobility of an ion is directly
proportional to the diffusion coefficient of the ion.[29,37]

Therefore

σ ∝ Um
i ∝ Di (2)

where Um
i is the ionic mobility andDi is the diffusivity of the ion.

Using Equation (2), FF c can be further expressed as

FF c ¼
D∞

cl

Deff
cl

(3)

As such, FF c is a fundamental material parameter which sets
up a direct relation between the D∞

cl and the effective diffusion
coefficient Deff

cl of a porous nonconducting material filled with a
conducting liquid. For a detailed underlying mathematical and
physical understanding, the reader is directed to the works of
Weiss et al.[28] and Snyder.[29] Chloride diffusion tests usually
take months or years to complete and FF c can be obtained very
fast by setting up simple conductivity experiments in the lab and
applying Equation (1).

Once FF c is known, Deff
cl can be expressed as function of

FF c and D∞
cl

Deff
cl ¼ D∞

cl

FF c
(4)

FF c is a nondimensional parameter and independent of
ionic interactions, and it does not consider chloride binding.
There are four major benefits of this approach: 1) Once FF c

is evaluated, the effective diffusivity of any ion in a porous
medium can be easily obtained. 2) The biggest advantage of
using FF c lies in service life models where effective diffusion
coefficients are required for chloride ion transport and as
such service life models can be set up easily and accurately.
This is discussed later in more detail. 3) Microstructure and
transport properties of many different concrete mix/recipes
can be quickly compared in terms of durability requirements.

4) As FF c is independent of the ion–ion and ion–solid inter-
actions, one can separately account for the chloride binding
effects. The biggest benefit comes from the fact that using
FF c it is possible to not only quantify the microstructure
but also separate ion binding effect of the ion from the trans-
port phase. Therefore, the chloride binding can be evaluated
separately using suitable data of isotherms[17,38] and can be
easily added to the transport equations.

The significance of using FF c in this study is that a direct
influence of the addition of 2% LDH on the porous network
can be acquired, to obtain the effective diffusion coefficients
and also account for separately the chloride binding of hydrate
phases as well as LDH in the transport model. This is explained
in the later sections.

3.2. 1D Transport Model

The transport of an ion in a single saturated confined pore may
be expressed using Nernst–Planck transport equation as[32]

∂
∂t

�
Cfi
�
þ ∇ ·

�
�Dp

i

�
∇Cfi þ Cfi

ziF
RT

∇ψ e þ Cfi∇ðlnϒiÞ
��

¼ 0

(5)

where Cfi is the free ion concentration (in mol m�3) in the pore
solution,Dp

i is the diffusion coefficient of the ion in pore solution
(in m2 s�1), zi is the charge number, F is the Faraday’s constant
(96 485 Cmol�1),R is the ideal gas constant (8.314 J mol�1 K�1),
T is temperature (293 K), ψe is the electric potential (V) in the
electrolyte, and ϒi is the chemical activity coefficient.

To account for the porous network, Equation (5) can be
alternatively written for a RVE of concrete using the formation
factor as described in Qiao et al.[31]

θp
∂
∂t

�
Cfi
�

þ ∇ ⋅
�
� D∞

i

FF c

�
∇Cfi þ Cfi

ziF
RT

∇ψe þ Cfi∇ðlnϒiÞ
��

¼ 0
(6)

where θp is the porosity of the RVE.
Equation (6) expresses the transport of ionic species consider-

ing the effect of the concrete microstructure in a completely
saturated state. To include the amount of chlorides that may
bind to the cementitious microstructure, a source/sink term
can be introduced in Equation (6). The resulting equation can
be expressed as

θp
∂
∂t

�
Cfi
�
þ ∂

∂t

�
Cbi
�

þ ∇ ⋅
�
� D∞

i

FF c

�
∇Cfi þ Cfi

ziF
RT

∇ψe þ Cfi∇ðlnϒiÞ
��

¼ 0
(7)

with Cbi ¼ 0 ∀i 6¼ Cl� (8)

where Cbi is the amount of bound ions (mol m�3 of concrete).
Equation (7) includes diffusive flux, migration flux, and ion

interactions taking place in ionic solution due to chemical activity
effects. As we are mostly interested in chloride binding, the bind-
ing term for other species is equated to zero as described in
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Equation (8). The bound chlorides can be specifically expressed
as a function of free chlorides, determined usually by fitting
an Freundlich-type isotherm to the experimental data points as

CtCl� ¼ ƒ
�
CfCl�

�
¼ a

�
CfCl�

�
b

(9)

where a and b are Freundlich isotherm parameters.[38]

The experimental procedure for obtaining the chloride
binding isotherm is explained later. The total chloride in concrete
may then be expresses as

CtCl� ¼ θpC
f
Cl� þ CbCl� (10)

where CtCl� is expressed as mol m�3 of concrete.
The concrete pore solution is composed of different ions and

the velocity with which ions move in the solution is different.
In this study, six commonly present[32] ionic species are taken
into account namely Cl�, Kþ, OH�, Naþ, Ca2þ, and SO4

2�. In
addition, one solid phase in the form of bound chloride is also
accounted. This phase is assumed to be electrically neutral.
Al3þ and NO2

� were also detected in the pore solution but were
not included to keep the model computationally inexpensive.
However, the role of these species is explained later in the sta-
bility studies.

In a diluted state, different ionic species move at different
velocity and as such some charged species move faster than
others. This creates an electric field between the species
which slows down fast moving ions and subsequently acceler-
ates slow moving ions to maintain an electrically neutral
environment. As such, a gradient of potential is created which
is responsible for the migration flux in the diluted medium.

This electric field ψe, can be expressed as function of concen-
tration of species and their respective charge via Poisson’s
equation as[39,40]

∇2ψ e ¼ � F
EoEr

 Xit
i¼1

Cizi

!
(11)

where Eo is the permittivity of the vacuum and Er is the relative
permittivity of water.[40] The index it includes all ionic species
and it is the total number of species.

The electrostatic interactions between opposite and like
charged species also affect the movement of ions. At low solute
concentrations, chemical activity effects are almost negligible.
However, at higher concentrations, these effects can consider-
ably affect the transport of ions. These interactions can be
accounted using the modified Davies equations as reported by
Samson et al.[32,41]

lnϒi ¼ Azi2Im

� �I�0.5
m

1þ aiBI0.5m
þ ð0.2� 4.17� 10�5ImÞffiffiffiffiffiffiffiffiffiffi

1000
p

�
(12)

where A and B are temperature-dependent parameters, Im is the
ionic strength and ai being the respective diameters of each ion.
The detailed expressions and given values of some species are
mentioned in ref.[41] and Table 2.

Chloride transport can be modeled as a 1D problem for
concrete samples exposed to chlorides only along one planer
surface. A simplified 1D domain, 100 mm in length, was
set up and meshed with linear elements. A finer mesh
(0.25–0.5 mm element size) was used for the first 5 mm of
the domain to handle steep concentration gradients and the rest
was meshed with a relatively coarse mesh (1 mm element size)
as shown in Figure 2. The aforementioned system of equations
was solved using finite element method[33] in COMSOL
Multiphysics software package. Only strong forms of the equa-
tions are presented for the sake of brevity and conciseness.
Quadratic Lagrange shape functions were used and the result-
ing system of equations was solved using an implicit time
integration scheme, as implicit time marching is uncondition-
ally stable.

To compare the twomixes, i.e., REF andþ2% LDH, the model
simulates a standard ponding test for both the mixes. As such
one end of the geometry at x¼ 0 (mm) is exposed to a NaCl
concentration of 165 g L�1 (2823mol m�3).[31,42] The details of

Table 2. Diffusion coefficient at infinite dilution and ionic radii as per
refs. [39,54].

Species D∞
i [m2 s�1] ai [Å]

Cl� 2.030� 10�9 3

Kþ 1.960� 10�9 3

OH� 5.270� 10�9 3.5

Naþ 1.330� 10�9 4

Ca2þ 0.793� 10�9 6

SO4
2� 1.070� 10�9 6

Figure 2. 1D modeling domain. Exposure end at (x¼ 0mm; B.C. stands for boundary conditions).
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the ponding test as well as the initial conditions for both the
mixes are described in Section 4.

4. Experimental Section

4.1. Experimental Determination of Formation Factor

The formation factor was calculated by measuring the resistivity
of lime saturated concrete samples at 28 days of age and from
resistivity of pore solutions obtained from cement pastes at
7 days of age. The respective mix details are shown in Table 1.

During the curing period, the electrical resistance evolution was
measured weekly. The samples were saturated under vacuum, by
applying vacuum for 3 h and then adding saturated lime. When
the samples were completely covered, the vacuum pump was left
running for additional 1 h. The electrical resistivity was deter-
mined through the impedance measured with an FRA module
applying an AC current of a frequency of 1000Hz based on
standard for determination of electrical resistivity.[43] The sam-
ples were in contact with two stainless steel meshes used as
electrodes connected to the equipment. Two sponges were moist-
ened using limewater to improve the contact of the sample
with the electrodes. The electrical resistance of the sponges
was also measured to remove its value from the calculation.
The measured values of conductivity are shown in Table 3.

The electrical resistivity of the pore solution was measured
in cement paste samples after 7 days of curing. To determine
this, the pore fluid of the cement paste was extracted by the
pore pressing method. The procedure from Alonso et al. was
followed.[44] Approximately 125 g of the sample was placed into
the cavity of the pore pressing apparatus. Pressure is then applied
to a piston according to a maximum pressure of 400–500MPa up
to 650MPa. Pressure is increased gradually with a mean rate of
50MPamin�1. The pore fluid is collected in a syringe, which was
connected to the hole of the bottom plate via a short flexible
plastic tube. After collection, the pore fluid was immediately

filtered through a 0.45 μm filter and stored in a sealed plastic
container protected from atmospheric CO2 until further analy-
sis. Two pore pressing tests were made for each cement paste
type, i.e., with and without LDH. Immediately after collecting
the pore solution, the electrical conductivity and pH of this
aqueous solution was measured and is shown in Table 3.
Further analyses were conducted to measure the ionic content
of the pore fluids using inductively coupled plasma optical
emission spectrometry (ICP-OES) and ionic chromatography
(IC) (Table 4).

4.2. Chloride Binding Capacity

The chloride binding was evaluated by exposing ground cement
pastes to various chloride solutions as in previous works.[17,38,45]

Two cement pastes with 2% LDH and without LDH were pre-
pared with deionized water with w/c of 0.5 instead
of 0.6[46] to avoid cement bleeding. The pastes were cast in
cylindrical airtight containers and rotated at slow speed within
the first 24 h to prevent any segregation. After 28 days of curing,
the samples were ground to a fine powder and dried at room
temperature in a sealed lab desiccator with silica gel. 10 g of each
powder was then exposed to 50mL solutions of seven different
chloride concentrations: 0.1, 0.3, 0.5, 0.7, 1.0, 2.0, and 3.0 M,
respectively, for 7 days in sealed containers. The samples were
stirred using a magnetic stirrer each day for 1 h. All samples were
kept airtight during the experimental process to reduce the risk
of carbonation. After 7 days, the free chloride concentration in
the samples was measured by performing potentiometric
measurement using a Mettler Toledo S7 Excellence together with
a chloride sensitive electrode (Mettler Toledo Dx-235 Cl sensitive
sensor). As a result of physical and chemical chloride binding,
the concentration of chloride ion in the solution decreases.
The total bound chlorides can be calculated by measuring the
decrease in chloride concentration in the test solution. After
7 days, it is assumed that an equilibrium is established between
the bound and free chlorides and the solution characteristics
match the pore solution characteristics.

A plot between the final equilibrium chloride concentration
(CEq:Cl� ) and the amount of bound chlorides (CbCl� ) results fitted
to a Freundlich isotherm, as shown in Equation (9) and is the
so-called chloride binding isotherm. Table 5 shows the fitted
parameters for a Freundlich isotherm for each mix.

4.3. Porosity, Density, and Ponding Test

The water-accessible porosity and saturated density tests were
conducted according to UNE 83980[47] after 28 days of age of

Table 3. Experimentally measured input parameters for REF and þ2%
LDH. Conductivity values are presented instead of resistivity. ϱcon
refers to the density of concrete.

Parameter REF þ2% LDH

σp [S m�1] 7.238 7.36

σb [S m�1] 0.0242 0.02

FF c 298.9 368

θp [%] 11.6 12.1

ϱcon [kg m�3] 2340 2340

Table 4. Initial concentration measured experimentally from pore solution. These concentrations are used as initial conditions in the FEM model
excluding Al3þ and NO2

�. All concentration are expressed in mol m�3.

Species included in the model Species not included

Mix Cl� Kþ OH�/(pH) Naþ Ca2þ SO4
2� Al3þ NO2

�

REF 1.86 275.27 285.10/(13.45) 140.57 0.41 1.276 0.042 –

þ2% LDH 2.805 282.73 239.88/(13.38) 179.54 0.188 1.61 0.0415 37.25
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the concrete samples in the curing chamber (98% RH and 20 ºC).
The samples were conditioned at 105 �C for a minimum of 24 h
until weight variation was less than 0.5% in measures spaced 1 h
and dry weight was measured at 20 ºC. Then, the samples were
immersed in water and weight was measured after 48 h and
cycles of 24 h up to weight difference was less than 0.5%
in consecutive measurements, eliminating the surface water
of the samples. After the immersion, the samples were saturated
under vacuum, applying vacuum for 2 h and then adding dem-
ineralized water slowly. When the samples were completely
covered, the vacuum was removed and samples were kept in
water for 24 h. The weight was measured eliminating the water
in the surface. Finally, apparent weight was measured using a
hydrostatic scale. The calculated porosity and saturated density
are shown in Table 3.

The ponding test for the two concrete mixes was conducted
according to EN 12390-11[48] but with a salt (NaCl) concentration
of 165 g L�1 of solution as defined in NT Build 443.[42] The
chloride profiles were obtained after 46 days of exposure.

4.4. Isothermal Calorimetry and In Situ XRD Analysis

To investigate the compatibility of the LDH in a high alkaline
cement paste system, additional analyses were performed.
They consisted of isothermal calorimetry and XRD studies
on cement pastes containing two amounts of LDH. For this,
cement paste samples (CEM I 42.5 LA SR) were prepared
(w/c¼ 0.5) without, with 2 and 4 mass% LDH (calculated
on the dry cement mass). This cement was chosen to better
ascertain the interaction of LDH with cement. The XRD meas-
urements (Rigaku MiniFlex 600, Cu X-ray tube at 2� min�1,
detected with a high-speed silicon strip detector) were per-
formed on the hydrating cement pastes in situ over a 56 d
period. The samples were casted into the XRD sample holder,
covered by a Kapton film, and then periodically measured
by XRD. When not measured, samples covered by the
Kapton film were stored in a desiccator. Isothermal calorimetry
(TamAir isothermal calorimeter) was done with in situ paste
samples from 1min to over 7 days of hydration. The samples
were externally mixed in the sample vial and placed in the
calorimeter.

5. Results and Discussion

5.1. Model Validation Using Accelerated Ponding Tests

The aforementioned finite element-based numerical model
was used to predict the 46 day chloride profiles for both REF
and þ2% LDH mixes. The initial concentrations for each

mix were taken from Table 4 and diffusion coefficients at infi-
nite dilution for each species were taken from Table 2. The used
Freundlich isotherm parameters are shown in Table 5. Likewise
formation factor and other parameters were included from
Table 3. The simulation results were compared with experimen-
tally measured chloride profile at 46 days obtained from
ponding tests.

Figure 3a shows the experimentally determined Freundlich-
type chloride binding isotherm from cement paste for the REF
mix. A comparison of model-predicted chloride profiles after
46 days with experimentally determined chloride profiles is
shown in Figure 3b. Out of the three experimentally measured
chloride profiles for REF mix, only two profiles (S1-REF and
S2-REF) are considered here because one chloride profile
(S3-REF, not shown here) had missing points and unusually
high scatter. As shown in Figure 3b, the model does not seem
to capture the first few millimeters of the chloride profile,
especially the occurrence of sharp peak (skin effect) in the first
few millimeters. Other physical phenomena apart from
diffusion could be predominant in this region. A comparatively
better prediction is observed toward deeper depths of the pene-
tration profile with lower concentrations of Cl in the concrete.
Figure 3c shows a comparison of the averaged experimental
profile and modeled profile and also confirms the same
conclusion.

To computationally measure the effect of Mg–Al–NO2 in
concrete, a similar simulation was carried for þ2% LDH mix.
Figure 4a shows the experimentally determined Freundlich-
type chloride binding isotherm from cement paste for the
þ2% LDH mix. Figure 4b shows a comparison of 46 day model
predicted chloride profile with experimentally determined chlo-
ride profile for each sample. A better agreement is observed
between the modeled and experimental chloride profiles in
concrete with LDH. The accuracy of the model in comparison
with experiments is shown in Figure 4b. The modeled chloride
front passes through the experimental scatter in the first few
centimeters along the penetration path and merges very well
with the experimental points along higher penetration depth
of chloride front. Furthermore, S1-2% LDH and S2-2% LDH
show a predominant peak in the first few millimeters, whereas
the peak is less predominant in S3-2% LDH sample. As was the
case with REF mix, the model does not capture the peaks in the
chloride profiles but fits well beyond the first few millimeters.
In general, a better fit is observed which can be appreciated
from the comparison of averaged experimental profiles and
modeled chloride profile as shown in Figure 4c.

In all the computations presented so far, the model is able
to predict the chloride profile for a particular concrete mix
with reasonable accuracy. This is primarily due to the benefit
of using the formation factor, which accurately characterizes
the microstructure, thereby yielding a good estimate of effective
diffusion coefficient for chloride ions. Deviations in predictions
especially in the first few millimeters along the penetration
path can be attributed to many factors: first, the occurrence
of skin effect[49–51] causes a sharp chloride peak in the first
few millimeters; second, the model is sensitive to the variability
in the chloride binding isotherm and also the fact that
formation factor was measured at 28 d age, whereas the
chloride profiles were measured after 46 days of exposure time.

Table 5. Freundlich isotherm parameters for REF and þ2% LDH mixes.

Property REF þ2% LDH

a 5.7037 5.4898

b 0.4617 0.4749

Fitted R2 0.89 0.85
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The authors recommended that both chloride profile and
formation factor should be measured at the same age to have
a better numerical prediction of chloride profiles. The error
of prediction for both the sets is shown in Figure 5. The
strong influence of skin effect in the first few millimeters is
represented by the high error of prediction in this region.
It is also observed that the error of prediction decreases along
the penetration path.

5.2. Mg–Al–NO2 Efficiency toward Additional Chloride Binding

One of the most important properties of LDHs in corrosion
control is its ability to capture negatively charged ions, e.g., Cl�

from the environment together with the possibility to deliver a
corrosion inhibitor such as NO2

� via the ion exchange process.
Our previous investigations have revealed that LDH can signifi-
cantly decrease chloride concentrations in the surrounding
environments. However, the capacity to capture chloride ions
can be influenced by the amount of LDH itself as well as pH

of the surrounding environment.[52] The chloride capture is very
fast and a thermodynamic heterogeneous equilibrium is estab-
lished almost instantly.

The modeled profile for þ2% LDH mix is slightly below
the REF mix as shown in Figure 6a, suggesting only a moderate
chloride capture inþ2% LDH compared with REFmix. Similarly
in Figure 6b, a comparison of experimental obtained averaged
chloride profile shows only a moderate difference, with the
þ2% LDH profile slightly under the REF mix. The chloride bind-
ing isotherms as well show only slight differences between the
two mixes as shown in Figure 6c.

This suggests that a major gain in chloride binding capacity of
LDH could not be achieved. Many factors can contribute to this
effect. First, a major contributing factor could be that LDH con-
ducts a preferential exchange of NO2

� with OH� instead of Cl�.
This can also be observed from the pore solution analysis where
high concentrations of NO2

� was observed despite no exposure
to chloride (Table 4). This implies that either LDH conducted
exchange with OH�/other ions in the pore solution or lost its
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Figure 3. a) Chloride binding isotherm for cement paste from REF mix. b) A comparison of predicted 46 day chloride profiles with experiments
from concrete with REF mix. Prefixes S1, S2, and S3 represent the chloride profile for each sample from the ponding test. c) A comparison of predicted
profile and averaged experimental profiles.
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structural stability at high alkaline pH. To confirm the release of
NO2

� in pore solution, additional pore solutions from cement
paste with varying w/c ratios were analyzed (Appendix). In all

the samples with LDH, the presence of NO2
� was found in

the pore solution. Second, the overall percentage of the LDH in
concrete is only 2% of the binder, which is overall a very small
percentage. Third, LDH could also undergo a slight dissolution
at high alkaline pH ranges as mentioned previously. All these
factors can potentially act together but in different proportions.
To better understand the stability of LDH in cementitious
environments, additional stability tests were conducted and are
explained in the next section.

5.3. Stability Analysis of Mg–Al–NO2 in Cementitious Systems

The heat flow and total heat release curves from isothermal
calorimetry are shown in Figure 7. Heat flow curves for pastes
with LDH-NO2 showed a strong acceleration of the hydration
reaction. More LDH-NO2 seems to increase the acceleration.
The earlier onset of the induction and acceleration period
shifted the peak heat release from 11.4 to 10.2 h and 9.1 h,
respectively. The sulfate depletion shoulder of CEM I at
�18 h appeared earlier and moved back into the main peak
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with increasing LDH content. Other authors attribute this
shoulder with the formation of AFm.[53] Cumulative heat
curves of LDH-NO2 pastes had higher heat production between
30 (4%) and 45 h (2%) of hydration. The total heat release in
this range was higher with the increase in LDH in the pastes
compared with the paste with CEM I only. Afterward, the curves
converged to similar values but slightly below the curve of the pure
CEM I paste.

The results from XRD measurements are shown in Figure 8.
The CEM I paste showed in all ages a moderate amount of
ettringite. From 7 days appeared an ettringite double peak
at 8.5� 2-theta. Some artifact peaks between 13� and 15� 2-theta
appear in the 4, 7, 14, 28, 40 days measurements, probably
caused due to interference with the sample holder. Even after
56 days of hydration, only minor amounts of AFm phases in
the form of hemi- and monocarbonate were visible. This was due
to a very low C3A content of the CEM I, which was a sulfate-
resistant cement.

In pastes containing CEM Iþ LDH-NO2 moderate amounts
of ettringite were visible. In pastes with 4% LDH-NO2

hemi- and monocarbonate was formed after 2 d of hydration;
in pastes with 2% LDH, both AFm phases appeared later.

A monosulfate peak (9.9� 2-theta) was faintly visible in some
of the hydration ages. A peak between hemi- and monocarbonate
was either identified as a hydrotalcite-type phase or rests of LDH-
NO2 (main base peak 11.36� 2-theta).

There is strong evidence from the heat flow/total heat
curves and from phase developments that the LDH reacts to
a certain degree within the first hours of hydration. No LDH
peaks can be found even at 4% in early hydration ages.
The formation of AFm phases and possibly a hydrotalcite-
like phase hints at a dissolution of the Mg–Al–NO2 LDH.
Acceleration of the hydration in isothermal calorimetry indi-
cates substantial reaction of LDH. A filler effect is less probable
because the induction/acceleration periods and sulfate deple-
tion/AFm formation shoulder are shifted significantly toward
earlier times, which indicates a chemical reaction of the
LDH and a change in nucleation kinetics of C–S–H, initiated
by LDH.

The results do not clearly indicate how much of the LDH
reacted and the underlying mechanism, but due to the results
of the calorimetry and the amounts of formed AFm phases,
it is assumed that a substantial amount of the finer particles
might have reacted. Any effects of LDH in cement pastes
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Figure 6. a) Model-predicted chloride profiles for REF and 2% Mix. b) Experimentally obtained chloride profiles including scatter for measurements.
c) Experimentally obtained chloride binding isotherms and fitted Freundlich isotherms.

Figure 7. Heat flow curves of cement paste without and with two concentrations of LDH.
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toward chloride solutions might therefore also be due to chemi-
cal binding of chloride by AFm phases rather than with LDH.

6. Conclusions

The formation factor is a material property of porous media and
can be easily determined by electrical measurements.[28,36,43]

Formation factor is accurately able to measure the hindrance
offered by the porous microstructure on the ionic transport with-
out taking chloride binding into account.[29] Effective diffusion
coefficients obtained as such tend to be very accurate. Thus,
the experimental determination of formation factor by electrical
conductivity measurements is an efficient way to establish effec-
tive diffusion coefficients needed in chloride transport models.

Based on chloride binding and formation factor, different con-
crete mixes can be easily compared in terms of their durability
toward chloride ingress. These inputs are cheaper and relatively
fast to obtain. Determination of formation factor can be a suitable
alternative for expensive and time-consuming standard labora-
tory diffusion tests.

Based on the 1D transport model described in the article,
two concrete recipes i.e., with and without Mg–Al–NO2 were
compared. A comparison of model-predicted chloride and exper-
imentally obtained chloride profiles from accelerated natural
ponding tests was presented. The model is able to predict the
chloride ingress profile with a reasonable accuracy. In REF
mix, the model is not able to capture the chloride peak but
converges well with experimental observed chloride profiles
at deeper depth with lower Cl content. For þ2% LDH mix,
the chloride peak is not so predominant in the experiments
and the model shows a better match with experimentally
obtained profiles.

Based on the evaluation of model predicted and experimen-
tally derived chloride profiles, only a moderate difference is
observable between the two recipes with the þ2% LDH mix
showing slightly lower ingress compared with REF mix. This
can be attributed to reduced functionality of LDH particles in
hydrating cementitious matrix. Similar information is obtained
from binding isotherms which do not show any significant

difference, indicating that both mixes show almost similar
chloride uptake values.

Calorimetry measurements indicated that the addition of
LDH caused a slight acceleration of the hydration process as well
as formation of AFm phases and possibly a hydrotalcite-like
phase hints at a dissolution of the Mg–Al–NO2 LDH. The
AFm phases generated could in turn bind chloride ions from
the pore solutions.

Based on in situ XRD analysis, LDH particles in cement
pastes were not observed even at 4% dosage. The authors believe
that this could be in part due to LDH undergoing partial
dissolution followed by subsequent reactions leading to AFm
formation and in part to the small quantity of LDH, which if
not dissolved is too less in quantity to be detected during
XRD analysis. In addition, if LDH stays undissolved, preferential
exchange with OH� instead of Cl� together with moderate
dissolution of LDH at high alkaline pH can also be contributing
factors toward reduced chloride capture. The authors recom-
mended that in future additional studies must be conducted
to specifically determine the exact LDH dissolution/reaction
mechanism in cement paste.

Appendix

Pore solution analysis of cement paste without (REF) and
with 2% Mg–Al–NO2 (þ2% LDH) with varying w/c ratios:
Concentrations of ions are in ppm (Table A1).

Calculation of bound chloride:
The bound chloride is calculated for each sample as

CbCl� ¼

0
B@
�
CoCl� � CEq:Cl�

�
· Vsol:

Ms

1
CA (13)

where CoCl� is the initial chloride concentration, CEq:Cl� is the
final equilibrium chloride concentration after 7 days of exposure,
Vsol: is volume of the solution (50mL), and Ms and is the mass
of ground cement paste powder (10 g).

Figure 8. XRD pattern of CEM I pastes without and with LDH after 1 and 56 days of hydration.
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5. Discussion of published results

Layered double hydroxide has been extensively studied in the last few decades across a
multitude of scientific disciplines. With a potential to capture Cl- ions inside concrete exposed
to chloride ingress, LDH has recently gained popularity as a new class of cement additive.
The ion exchange property is quite unique to LDH and it is the focal point of this work, albeit
so far it hasn’t been fully understood in the field of concrete technology. In addition to that, a
critical review of the application of LDH in cementitious systems revealed that most of the
studies conducted so far were carried out in aqueous alkaline solutions, mortars or in cement
pastes and very few studies report on the application of LDH in concrete itself [39]. As a
consequence, an in-depth understanding of LDH in high alkaline/cementitious systems has
not been reported so far. Furthermore, despite considerable advances in the application of
LDH in concrete, many key concepts regarding its functionality and stability in concrete stay
unsettled.

This work showcases a predictive modelling methodology to evaluate efficiency of any
chloride binding additive, although in this work the application is restricted only to LDH.
Another numerical model discussing the electrochemical processes on the rebar surface
in reinforced concrete is also presented. As mentioned previously, this work intends to
provide a basic understanding of LDH in cementitious medium, therefore this work also
critically reflects upon the basic functionality of LDH in cementitious environments from an
experimental point of view as well. This chapter showcases an understanding of the above
mentioned fundamental factors and presents the main findings of the work with an in-depth
discussion.

5.1. Chloride sequestration efficiency of LDH in alkaline
environment

The chloride ion entrapping efficiency of various types of LDH at near-neutral pH is well
known [67, 68]. Although excellent chloride binding capacity has been reported in this pH
range [69], these findings cannot be directly extrapolated to concrete systems in the high

101



5. Discussion of published results

alkaline range. Other researchers have studied chloride entrapping capacity of LDH in pore
solutions and cement pastes [39], but the exact quantitative influence of OH- ion on chloride
binding capacity has not been reported so far in detail. Additionally, none of the studies so
far have focused on the stability of LDH in the alkaline regime. In this work Zn-Al-NO2 was
used as a starting material with an aim of using it as a Cl- entrapping additive in alkaline
environment. The use of Zn-Al-NO2 in concrete is a novel application as this type of LDH
has not been studied previously in concrete systems. The motivation to use Zn-Al-NO2 is
further reinforced by the fact that Zn-Al-NO2 can deliver a corrosion inhibiting ion (NO2

-)
during the ion exchange process, which can potentially mitigate steel corrosion in concrete.

0 50 100 150 200 250 300
88

90

92

94

96

98

100

102

104

Equilibrium state

LDH (t=0s)

Time (s)

C
l−

co
nc

en
tr

at
io

n
(m

M
)

Figure 5.1.: Chloride sequestration by LDH in an aqueous salt solution at a starting pH of
11.95 under continuous stirring.

As a first step, the chloride binding capacity of Zn-Al-NO2 across the entire alkaline pH
spectrum is presented. The investigations highlight the influence of OH- ion on Cl- uptake,
and also present the stability of Zn-Al-NO2 in the pH similar to that of concrete. Figure 5.1
presents the kinetics of Cl- capture in an alkaline solution with an initial Cl- concentration of
103.9 mM and an initial pH = 11.95. The LDH in its powdered state was carefully dropped
into the solution at time (t = 0 s) under continuous stirring using a magnetic stirrer. The Cl-

ion sequestration was instant and converged to an equilibrium state in about a minute. The
equilibrium state refers to a heterogeneous equilibrium that is formed between the free Cl-

ions in the solution and the Cl- ions captured by LDH. A decrease in Cl- concentration clearly
validates the functionality of the starting material.

As mentioned previously, the Cl- sequestration is pH sensitive. Apart from that, the ion
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5. Discussion of published results

sequestration capacity of LDH is strongly influenced by other factors, such as temperature,
concentration of an anion (or competing anions), anion size etc. as discussed previously
in chapter 2. In an exposure state with more than one type of anion, LDH can exhibit a
multi-anion uptake. In such a situation, the uptake is governed by the affinity of the ion for
that LDH. In a case where both OH- and Cl- are present, a combined uptake of both ions can
take place, but in different proportions. In the experimental case described in Figure 5.1, the
pH of the solution decreased from pH = 11.95 to pH = 10.07 signifying that OH- was also
captured by LDH. In a multi-ion exposure scenario, LDH forms a separate heterogeneous
equilibrium with each anion. It is important to mention that these heterogeneous states can
significantly differ from each other.
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Figure 5.2.: Variation of chloride binding capacity of LDH at various pH levels.

Additionally, the concentration of the ion present in the exposure environment is also a key
factor regarding its uptake by LDH. Generally, the higher the concentration of the anion, the
higher is its uptake. In Figure 5.2, as the Cl- ion concentration increases, its sequestration
also increases and the equilibrium state is shifted. A peak chloride binding capacity of '45
milligrams of Cl- per gram of LDH is observed at an initial Cl- concentration of 250 mM
at neutral pH after 300 seconds of exposure. However, in the presence of competing ions
such as OH-, the Cl- sequestration is reduced as multi-anion sequestration takes place. As
can be observed in Figure 5.2, the chloride sequestration is considerably reduced in a OH-

containing exposure environment. The Cl- binding capacity at an initial concentration of 100
mM and pH = 12 is ∼25 mg/g which is almost half of the value at neutral pH. The selective
preference in ion exchange is governed by the selectivity series for the LDH in consideration.
Based on the results presented in section 4.2 and also as per another recent publication by the
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author [70] and as generally stated by Miyata [71], the affinity series regarding monovalent
anions for Zn-Al-NO2 can be written as OH->Cl->NO2

->NO3
-. The anions on the left of the

selectivity series will be preferred over anions to the right. Therefore, it is concluded that a
pH drop in alkaline state is expected in addition to a decrease in Cl- concentration in a multi
anion capture scenario (see Figure 9 in section 4.2). This also infers that the ability of LDH to
capture Cl- ions decreases as pH increases in the exposure environment.

In the experimental results presented in this work (section 4.2), it was also observed that if
the concentration of the lagging anion (e.g. Cl-), in the selectivity series is sufficiently high as
compared to the preceding anion (say OH-), the lagging anion can force its uptake owing to
its high concentration in the environment. This was also observed by Iyi et al. [72] as they
were able to substantially reduce the carbonate content in LDH by exposing the LDH to high
concentrations of Cl- and Br− ions.

5.2. Stability analysis of LDH in alkaline environment

Stability analysis of LDH in alkaline environments forms one of the basic building blocks
towards understanding its behavior in cementitious systems. Previous works [73, 36, 39]
suggest that LDH can accelerate formation of hydration products and also enhance formation
of hydration phases like AFt and AFm. This interference in hydration kinetics suggests that
apart from a possible filler effect, LDH is reactive in nature and could undergo dissolution
during cement hydration because of the high pH in the surrounding environment. To clarify
this, this work presents the stability analysis of Zn-Al-NO2 not only in the desired alkaline
range but also across the entire pH spectrum. It is to be noted that prior to this work, the
stability of Zn-Al-NO2 has not been studied in cementitious systems.

It is to be emphasized here that understanding the stability of LDH in alkaline pHs has a
high practical importance for this work, considering the fact that the final aim of using LDH
is to be able to use it inside cementitious environments. The pH of fresh concrete as well
as mature concrete is very alkaline and can vary from pH ∼12.7 to pH�13. Therefore, the
stability of LDH was investigated in a range of pH from 11 to 13.5, by immersing 1 gram of
LDH for 30 days in alkaline solutions. It was observed that at pH beyond ∼>12.5, LDH can
suffer significant dissolution. As a consequence, the capacity to conduct ion sequestration
is reduced due to a decrease in the amount of available LDH (see Figure 6 in section 4.2).
Due to the partial dissolution, constituent ions of Zn-Al-NO2 pass into the solution where the
cations (Al3+ and Zn2+) can form metallic complexes with OH- ions present in the solution
and with additional amount of OH- released from the dissolution of LDH.
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Figure 5.3.: Stability of Zn-Al-NO2 across the entire pH spectrum. Reprinted with modifica-
tions from [70] under CC BY 4.0 license.

In another collaborative work by the author [70], the effect of pH on LDH stability across the
entire pH range was further investigated. A measured quantity of Zn-Al-NO2 was exposed
to solutions with pH ranging from 1 to 14 for 30 days. After 30 days the remaining powders
were recovered, weighed and plotted as percentage of mass remaining at each pH as shown
in Figure 5.3. It was observed that LDH suffers heavy dissolution in acidic range up to
pH ∼3 and beyond pH ∼12. The authors also suggested that between pH = 4 and 12, it is
also possible that LDH undergoes moderate/insignificant dissolution. At pH = 1, the LDH
endured complete dissolution whereas at pH ∼>13, only ∼ 60% of LDH was recovered.

5.3. Effect of LDH dissolution on hydration kinetics

The dissolution of LDH into its constituent cations and anions can effect the cement hydration
kinetics. For different types of LDH, a variable effect has been reported [39]. However in the
special case of Zn-Al-NO2, a possible release of Zn2+ ions can significantly retard cement
hydration as Zn2+ ion is a well known retardant [74, 75, 76]. In this work, it was observed
that cement pastes cast with 2% LDH having a particle size of ∼25 µm (section 4.2) depicted
a clay like behavior and took an unusually longer time to harden as shown in Figure 5.4.
This strong influence on cement hydration again confirms the dissolution of LDH leading
to the release of Zn2+ ions. The underlying mechanism is attributed to the formation of
Ca-Zn complexes during the hydration process which reduces the concentration of Ca2+ in
the nearby pore solution and delays the precipitation of cement hydration phases [75].
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Figure 5.4.: Effect of the LDH particle size and dosage on cement hydration. Reprinted from
[70] under CC BY 4.0 license.

In order to further investigate the compatibility of LDH with cement, the effect of particle
size on LDH was investigated. Two different Zn-Al-NO2 type with mean particle size of ∼25
µm and <125 µm were used in cement pastes (w/c = 0.5) with dosage ranging from 0.5%
to 10%. It was observed that as dosage of LDH increased, higher was the absolute degree
of dissolution and more significant was the effect on the curing time. However, for bigger
LDH particles, the curing time was significantly less as compared to finer particles. It is
observed that finer the particles, higher is the reactiveness due to the large surface area. This
demonstrates the relation between the LDH particle size and relative degree of dissolution.
These studies inspired the development of a second generation of LDH i.e. Mg-Al-NO2. This
new LDH was incorporated in to concrete and further investigations were carried out both
numerically and experimentally as explained in section 5.5.

5.4. Stability analysis of Mg-Al-NO2 in cementitious environment

In order to investigate the behavior and stability of Mg-Al-NO2 in concrete, a set of stability
studies were performed. These included in-situ XRD and isothermal calorimetry measure-
ments on hydrating cement pastes. A detailed evaluation of in-situ tests is presented in
section 4.3. For these tests, cement pastes were prepared with CEM I 42.5 LA SR type cement,
2-4% Mg-Al-NO2 and a water to cement (w/c) ratio of 0.5.

Calorimetry studies revealed that Mg-Al-NO2 participated in the hydration process with an
accelerating effect on hydration kinetics. This suggested an early reaction of Mg-Al-NO2
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during the hydration process. In-situ XRD analysis suggested that a partial dissolution of
Mg-Al-NO2 led to the formation of AFm and other hydrotalcite like phases. Due to the
qualitative nature of these tests, the exact amount of dissolved/un-reacted Mg-Al-NO2 is
difficult to ascertain. However, the presence of higher amounts of AFm in samples with
Mg-Al-NO2 was clearly observed. Due to the fact that AFm possesses chloride binding
capability, the moderate gain in chloride resistance in concrete mix with +2% LDH can be
attributed to the formation of AFm. It is due to the unique chemistry of LDH that despite
suffering dissolution, it is still indirectly beneficial with regard to chloride durability.

5.5. A predictive modelling approach towards evaluation of
chloride sequestration capacity of LDH in concrete

In general, numerical methods help towards development of a better understanding of the
physical processes. At present, numerous models exist for LDH at an electronic scale [77,
78] but not many modelling studies are reported at a continuum level. A recent FEM based
Fickian transport model was developed by Yoon et al. [67] to study the interaction of a single
LDH grain with cement paste. In this work, a numerical methodology to evaluate the effect of
chloride binding additives in concrete is presented. This numerical methodology can be used
to understand two vital properties: (i) the effect of additive on concrete microstructure, (ii)
functionality and efficiency of the additive in concrete. Here the aforementioned numerical
methodology is presented for Mg-Al-NO2 but can be also used to study any other LDH or Cl-

entrapping additive. In order to numerically evaluate the role of Mg-Al-NO2 towards chloride
entrapping in concrete, two sets of concrete and cement paste samples were cast i.e. "REF" set
with no LDH and "+2% LDH" set with 2% Mg-Al-NO2 in the mix. The details of concrete
mix are shown in Table 3.2. The aim was to clearly demonstrate the effect of Mg-Al-NO2 in
concrete exposed to chloride ingress. To achieve this, the chloride binding capacity and the
formation factor of the two mixes was measured as per procedures detailed out in chapter 3.
Based on these inputs, a FEM based numerical model was set up as explained in section 4.3.

Formation factor FFc was used not only to determine the effective diffusion coefficient but
also to quantify the change in effective diffusion coefficient due to addition of LDH (section
4.3). It effectively measures the hindrance offered by the microstructure to the transport of
ionic species [58]. The biggest advantage in using formation factor is that it is independent of
chloride binding which can be then incorporated separately in the numerical model using a
suitable chloride binding isotherm. Therefore, by using formation factor it is easier to make a
distinction in the microstructure due to the addition of LDH. Additionally, formation factor
provides effective diffusive coefficient for any ion present in the pore solution, and not just
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for Cl- ion.

According to the multi-ion transport model described in section 4.3, the transport of chloride
ions in concrete can be mathematically expressed as

θp
∂

∂t
(
C f

Cl−
)
+

∂

∂t
(
Cb

Cl−
)
+∇ ·

(
− D∞

Cl−

FFc

(
∇C f

Cl− + C f
Cl−

zCl−F
RT
∇ψe + C f
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= 0 ,

(5.1)

where bound chlorides Cb
Cl− can be expressed as function of free chlorides C f

Cl− as

Cb
Cl− = α(C f

Cl−)
β → Freundlich isotherm , (5.2)

here:

α, β = Freundlich isotherm parameters
θp = porosity of concrete
zCl− = charge number of Cl- ion
F = Faraday’s constant [96485 C/mol]
R = ideal gas constant [8.314 J/(mol·K)]
T = temperature [293 K]
ψe = electric potential [V]
γCl− = chemical activity coefficient

The eq.(5.1) and eq.(5.2) are known as the Nernst-Planck transport equation and Freundlich
isotherm respectively. The expression for electric potential ψe and chemical activity coefficient
γCl− are mentioned in section 4.3. In order to predict the chloride profiles in ponding tests
(section 3.3.6), the problem is idealised with a 1D domain as shown in Figure 5.5(a). On
end of the domain is subjected to a salt concentration of 165 g/l using Dirichlet boundary
conditions.

Using the generic form of eq.(5.1) for Na+, Cl- and other ions present in the pore solution,
the transport of these species can be modelled in the 1D domain. For the REF mix, Figure
5.5(b) depicts the pore concentration evolution of Na+ and Cl- ions at 10 mm, 20 mm and
30 mm from the exposed end, for a total exposure time of 46 days. The details on initial
conditions, and other properties such as porosity and density for the REF mix are mentioned
in section 4.3. For curves at x = 10 mm location, the pore/free concentration starts to increase
after the 8th day. Due to the fact that there are initially 140.5 mol/m3 of Na+ ions in the
pore solution, the curves for Na+ ions are initially above the curves of Cl- ions but tend to
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converge as time progresses. Despite chloride binding, the free Cl- ions move faster than
Na+ ions because the diffusion coefficient of Cl- is almost 1.5 times higher than that of Na+

ion. For points situated far away from the exposure end, the increase of concentration is
not so rapid. As time proceeds, the chloride ions move further ahead along the penetration
path of the domain. This is also observed from the simulation results shown in Figure 5.5(c).
Here, the total chlorides (free + bound) are presented as a weight percentage of concrete. It is
observed that the chloride front proceeds ahead along the penetration path with time.
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Figure 5.5.: (a) One-dimensional modelling domain. (b) Evolution of pore solution concentra-
tion for Na+ and Cl- ion at 10 mm, 20 mm and 30 mm from the exposed end. (c)
Total chloride profiles for the REF mix plotted against penetration direction.

The model validation has been presented in detail in section 4.3. The accuracy of predicted
total chloride profile in comparison to experimental chloride profile for the REF and +2%
LDH mix is shown in Figure 5.6. The vertical axis represents the ratio of experimental and
predicted chloride concentration plotted against the penetration depth. If the ratio is >1, it
infers that the model underestimates the actual concentration obtained from the tests. On the
other hand, if the ratio is <1, it reflects that the model overestimates the actual concentration.
In general, it can be observed that the ratio decreases considerably for both the concrete types
as penetration depth increases. In the first few millimeters the model underestimates the
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Figure 5.6.: Ratio of experimentally obtained and numerically predicted chloride profiles.

chloride concentration. This can be attributed to the skin effect [79, 80, 81] which corresponds
to the presence of a sharp peak in the concentration profile, occurring in the first few layers
of the exposed specimen. Additionally, the model is very sensitive to the variations in the
chloride binding isotherm. It is further recommended that in order to have a better accuracy
of prediction, the formation factor should be measured regularly for the same duration of
time as in the ponding test. In doing so, any change in the diffusion coefficient due to the
hydration reactions will be incorporated and that would in turn result in a better accuracy of
prediction. For the experiments conducted in this work, the formation factor was measured at
an age of 28 days, whereas the chloride profiles were measured at 46 days of exposure time.

From a comparison of numerically predicted chloride profiles for concrete without and with
2% Mg-Al-NO2 as detailed out in section 4.3, it is observed that the incorporation of Mg-Al-
NO2 has a slight enhancing effect on the chloride binding capacity of concrete. Likewise, a
comparison of the formation factor (section 4.3) reveals that addition of Mg-Al-NO2 has also a
slight refinement effect on the microstructure signifying an early reaction of the Mg-Al-NO2.

5.6. Numerical modelling of corrosion initiation processes at the
steel-concrete interface

This work also presents an insight into the electrochemical processes at the steel-concrete
interface. In the corrosion model presented in section 4.1, transport and electrochemical
processes occurring in the concrete bulk and on the steel surface are modelled for a concrete
member exposed to chloride ingress in submerged marine conditions. A randomly varying
chloride threshold function is used to make a transition from passive stage to actively
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Figure 5.7.: Current density in passive and active states for a total exposure time of 41 years.
Reprinted with modifications from [64] under CC BY 4.0 license.

corroding stage. The submerged conditions are chosen as the exposure scenario because it
has been observed that the most severe chloride ingress occurs in this zone [8, 82]. For this
reason, this exposure scenario is chosen in this work and also in the LORCENIS project [30].

In order to predict the service life of concrete members, it is intended to combine both the
corrosion initiation stage and the propagation stage in a single model. For the test case
presented in section 4.1, the chloride threshold is surpassed on the rebar surface after 14.35
years and the first activation event takes place as shown in Figure 5.7. This is observed by the
peak in corrosion current density. Prior to this event, the rebar is in its passive state. As the
corrosion process is in concentration control, the current density starts to decrease as oxygen
is consumed and attains a limit state in which only the amount of oxygen that enters through
the concrete cover is consumed at the rebar. Model validation and other parameteric studies
are presented in section 4.1. The mechanical effect of rust is not included in this model and is
part of another model developed within LORCENIS project [30] and will be published as a
separate work.
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6. Conclusions and Future Work

This work presents LDH as a potential chloride entrapping additive in concrete. The numerical
and experimental investigations included in this work place emphasis on the role of LDH with
respect to chloride transport and corrosion inhibiting processes in concrete. It is observed
that LDH is able to provide a moderate enhancement of the chloride durability of concrete.
Although LDH is very efficient at Cl- sequestration in neutral pH environments, it’s efficiency
is reduced in the alkaline region. Therefore, this work reflects a deeper understanding of the
behavior of LDH in high alkaline/cementitious environments. Based on the results presented
in this work, the following conclusion can be drawn:

• This work presents a numerical model in order to computationally evaluate the role
of LDH in concrete. The model is able to highlight the effect of LDH on the chloride
transport in concrete specimens. The underlying methodology is generic and can be
used for any other chloride binding additive as well.

• Based on the comparison of numerically predicted chloride profiles for concrete with
and without Mg-Al-NO2, it is observed that the addition of Mg-Al-NO2 to concrete
is only moderately beneficial towards chloride resistance. This observation is also
confirmed by comparing the chloride binding isotherms and experimentally obtained
chloride profiles.

• The transport model presented in this work incorporates formation factor as an indirect
measure of effective diffusion coefficient. It is independent of chloride binding and easy
to incorporate in chloride transport models. The effective diffusion coefficients obtained
from formation factor tend to be very accurate than those obtained from conventional
chloride ponding tests. By comparing formation factor for concrete with and without
Mg-Al-NO2, it is also observed that that the addition of Mg-Al-NO2 results in a slightly
refined microstructure as compared to reference mix.

• The corrosion model showcased in this work is able to predict corrosion currents in
un-cracked concrete samples exposed to chloride ingress. The model combines corrosion
initiation and propagation stage.

• The Zn-Al-NO2 used in this work exhibits a maximum chloride loading of ∼45 mg of

112



6. Conclusions and Future Work

Cl- per gram of LDH at neutral pH. The ion sequestration process is almost instant and
takes only a few seconds to achieve equilibrium. It is also stable at this pH. However,
the uptake of Cl- ions by Zn-Al-NO2 is pH sensitive i.e. as pH increases, the Cl- uptake
decreases. There is no significant chloride sequestration above pH 12.5.

• For Zn-Al-NO2 the selectivity series can be written as NO3
-<NO2

-<Cl-<OH-. The ion
sequestration is also sensitive to the concentration of anion. A higher concentration of
an anion can dominate the sequestration over another anion that is preferable according
to the selectivity series.

• LDH can undergo partial dissolution at pH ∼>12.5. Dissolution influences the ion
entrapping capacity of LDH. Moreover, the dissolution process in concrete can release
Zn2+ ions in the surrounding pore solution. This considerably delays the hydration
processes in cementitious matrix.

• Furthermore, based on the investigation in this work and the reviewed literature, a 2%
dosage of LDH is used in this work and recommended for use in concrete. However,
incorporation of Mg-Al-NO2 particles resulted in a slight acceleration in the hydration
processes. This suggests an early reaction of Mg-Al-NO2 during the hydration phase.

• The moderate gain in chloride ingress is attributed to the formation of additional AFm
in concrete. The partial dissolution of Mg-Al-NO2 can contribute to the formation
of AFm in concrete. The degree of dissolution is not known but it is concluded that
dissolution of Mg-Al-NO2 in concrete can certainly be one of the factors towards its
inefficiency in concrete. The part of Mg-Al-NO2 that stays intact (without dissolution)
might be preferable towards OH- instead of Cl- ions. A combination of these factors
contributes towards the reduced efficiency of Mg-Al-NO2 in concrete.

It must be stated that the particle size of LDH is a very important parameter and can influence
many properties of concrete. The relationship of particle size with degree of dissolution in
pH range >12 certainly demands more investigation. Although it is well understood that
aluminium ions from LDH contribute towards AFm formation, more studies are necessary
to fully understand this process. In the present work, the presence of AFm is qualitatively
known but the amount AFm itself is not known. Subsequently, the relation of dosage of
LDH with the amount of AFm that is additionally generated should also be investigated.
Saturation limit of LDH should be investigated as well in a multi-ion exposure scenario. A
potential release of captured Cl- in the event of carbonation is a very crucial point and also
needs more research. Cost consideration of LDH is a vital factor as construction sector is very
cost competitive. All these investigations, although highly important and interesting, could
not be initiated in the course of this work due to the time limitations.
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7. Outlook on multiscale modelling

7.1. Article 5 - Interoperability architecture for bridging
computational tools: application to steel corrosion in concrete

Note: See attached article in the next pages. Reprinted without modification from [83] under CC BY

3.0 license. Published by IOP Publishing Ltd, UK.

7.1.1. A brief summary of Article 5

The field of computational science has quickly and keenly adopted the use of multiscale
modelling approaches in order to understand applications and problems of interest at different
resolutions. The entire process aims at obtaining a deeper level of understanding regarding
the governing laws and effects, as well as material behaviour and associated phenomena
at various scales, usually ranging from electronic level to macro scale level [84]. Each
modelling scale uses different types of computational tools, which in turn rely on various
formats ranging from custom closed formats to easily adaptable open standard formats [83].
Quantities of interest are usually up-scaled and transferred across scales. The arrangement
could be simply linked or fully coupled depending on the nature of the problem at hand and
the architecture of the multiscale modelling approach.

In recent times, there has been a rapid increase in computational power which has resulted in
very fast and efficient solvers that are capable of performing large computations on big data
sets. However, least attention has been paid in facilitating data exchange between different
solvers at different modelling scales. This paper presents an approach of ontology based
data classification and data transfer. The paper also highlights the use and application of
an intermittent software tool SOFT (SINTEF open framework and tools) which can assist in
establishing data handling architecture across heterogeneous software and modelling scales.
The tool employs use of meta data structures.
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Abstract
A multiscale modelling framework, especially for corrosion modelling,
requires not only robust computational tools but also an efficient datacentric
architecture for handling information exchange at different modelling scales.
Different computational solvers require and produce data in different pro-
gramming languages and specific formats signifying a strong non-uniformity
for an easy nexus with other solvers. This non-uniformity has created a need to
focus on intermittent state-of-the-art datacentric software tools which aim to
bridge data exchange heterogeneity across diverse set of solvers. Data orga-
nization in the form of metadata structures are presented as a standard for a
coherent information representation regardless of the diverse nature of data
formats specific to a scientific discipline. This fundamental work presents the

Modelling and Simulation in Materials Science and Engineering

Modelling Simul. Mater. Sci. Eng. 28 (2020) 025003 (19pp) https://doi.org/10.1088/1361-651X/ab6209

5 Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms of the Creative Commons
Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the

author(s) and the title of the work, journal citation and DOI.

0965-0393/20/025003+19$33.00 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK 1

116



concept, underlying terminology and working mechanism of a datacentric
architecture tool SOFT5 for exchanging and interfacing data-flow between
solvers and its present application to a concrete technology multiscale simu-
lation network as a potential application.

Keywords: multiscale framework, data science, datacentric platform, data
inter-exchange, metadata structures, semantic interoperability, JSON

(Some figures may appear in colour only in the online journal)

1. Introduction

The recent decades in the modelling science have been marked with an unprecedented growth
in the computational power. This fact has been further complemented with a sharp shift
towards multiscale approaches regarding a particular domain problem. As such, multiscale
scientific programs have gained pace in the recent years across all branches of science. A
multiscale approach involves understanding of a particular problem usually stretching across
multiple modelling scales ranging from electronic-atomic level to macro-structure level. Such
simulation strategies involve use of multiple software and solvers with the general aim of
approaching the same problem at different levels of understanding (nanoscale to macroscale).

Each modelling scale in time and space is usually associated with at least one compu-
tational solver often forming an overall pipeline structure across all scales. At each scale, data
is extracted and exchanged. Thus, these solvers are associated with handling and processing
of enormous amounts of data from different sources and in varying formats. As an example,
the process simulator in a chemical manufacturing plant would typically involve exchange of
data ranging across varying time and spatial domains. An extension of such a flow simulator
structure by incorporating additional sub-modules and facilitating coherent data exchange in
the modified structure via a generic datacentric platform would be a very efficient approach.
However, least attention is usually paid in terms of data science, which is essential in bridging
computational tools employed at different levels of modelling.

Classifying data is a basic strategy for data exchange. Usually data originates from
various different sources such as open or propriety based software and in various formats
from closed-custom formats to commonly used open standard formats. Moreover, data is
usually incomplete in its understanding such as it lacks supporting data ‘metadata’ such as
units, data type, description of data and source, making it difficult for other computational
models to interpret the data. Therefore, classification of data on a semantic level forms the
starting point of data interoperability.

The conceptual use of metadata has been traced back to around 280 BC at the Great
Library of Alexandria wherein library contents were tagged to provide information about the
author, title and the subject to which the literature belonged [1]. This served in sorting and
cataloguing the library contents and helped in directing the users to the books they wanted to
read instead of opening and going through all the books. The benefits of using metadata later
helped in creating more detailed system of cataloguing in the libraries, such as the dewy
decimal system, which has been recently replaced by modern digital database cataloguing
systems. Thus, metadata has been used in many different fields i.e. from organizing libraries
to listing contents on a compact disc. The purpose of such representation is to provide
information about a system, without itself being a part of it, but complementing it to complete
its meaning or function. As an example, Standard Book Numbering was created in 1966,
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which was a 9-digit entity to identify a book [2]. It would give information about a book
without itself being a part of the book content. This was later changed to 13-digit entity and is
referred to as International Standard Book Number (ISBN). ISBN is a metadata attached to
book and contains all the necessary information about the book such as registration country,
publisher details as well as the title.

In the last few decades, the continuous evolution of numerical technology has resulted in
a huge number of versatile stand-alone computational tools. As such, bridging these num-
erical tools has become cumbersome and therefore more attention is required to connect these
systems using machine interpretable syntactic tools. Data sharing between computational
solvers should resort to some agreeable formats and standard content sharing definitions. In
this regard, well-established standards such as ISO/IEC 11179 covers all aspects of data
sharing in information technology. The standard focuses on entire spectrum of data science
such as data classification, relationships, formulations, nomenclature and identification
principles and many other aspects of metadata based data science.

Although the field of information technology has since long time resorted to standar-
dization mostly in terms of programming language aspects, it has experienced a significant
shift towards use of metadata standards. This had made it quite easier to associate correct
description and uniform treatment of data during interoperability operations.

Non-standardization usage of metadata can lead to severe failures as there is a big chance
of incorrect or misinterpretation of data associated to metadata. One of the most famous
examples is the failure of NASA Mars Climate Orbiter in the year 1999 [3]. It occurred due to
misinterpretation of data between two technical teams, one of which assumed data values in
SI units and the other in metric units. The result was a disastrous accident and a complete loss
of the orbiter. It is important to emphasize that, although the exact and correct value was
transferred across the two teams, the interpretation of the quantity itself was different i.e.
metadata was not part of the data transfer. Manual interpretation of data should be avoided as
far as possible and machine-readable metadata should always accompany data for smooth and
secure interoperable operations.

This paper presents an approach towards development of a data handling framework for
multiscale simulation programs using SOFT5 tool and develop a strategy of coupling het-
erogeneous syntactic model data using concept of metadata structures. The entire framework
is based on data abstraction at multiple levels as illustrated in figure 1. At the concrete level
we have the actual data that is formalized into a representation which can be completely
described by the metadata. The metadata itself is described by the metadata schema, which in
turn is described by the basic metadata schema. The basic metadata schema is capable to
describe itself, breaking the sequence of higher and higher levels of abstraction. Additional
levels of abstraction are possible, but seldom needed in practice. This hierarchy of abstrac-
tions opens possibilities for cross-domain interoperability both between domains using dif-
ferent metadata systems and between different physical domains using SOFT5 for metadata
representation. Figure 1 shows the latter case. An example of this is the entity representation
of diffusivity at the atomic scale that maps to a different entity describing diffusivity at the
microscale level. The basic metadata schema can describe the metadata schemata for each
domain that describe the domain-specific metadata. To achieve interoperability between two
domains, one still has to implement concrete mappings, but the mappings can be implemented
at different levels of abstraction. That both domains has a common root, the basic metadata
schema, ensures that it is possible to do the mappings.

This makes it easy and convenient to accomplish data handling and data transfer without
losing its meaningful value. Relationships between data can then be formed and a structured
multiscale workflow can be established where different modelling software and solvers can be
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connected. Such a framework helps in an easy recognition of domain specific simulation data
as well as helps in maintaining trace-ability and version control over it. This results in easier
categorization of different domain specific data and facilities fast development of the entire
simulation framework.

This paper refers to the modelling framework and methodology adopted in the LOR-
CENIS project [4]. The LORCENIS project focuses on developing specialized concrete
recipes with the aim of extending life and imparting additional functionality benefits to energy
infrastructure exposed to severe operating conditions. The scales of investigation vary from
electronic level and up to macro level. SOFT5 tools has been partially applied for bridging the
heterogeneity of different modelling software to facilitate a robust and easy to setup data-
centric architecture to handle data flow across the scales. Figure 2 shows the state-of-the-art
multiscale materials modelling (M3) framework, that is under development in the LORCE-
NIS project [4], for accurate prediction of service life of structures exposed to corrosive
marine environment. This paper presents the direct application of metadata structure and
interoperability technology used in the M3 LORCENIS framework.

The modelling architecture is divided into four distinct modelling scales (one discrete and
three continuum) ranging from electronic/atomistic level, microscale, mesoscale and even-
tually to a macroscale level with engineering purpose at the top of modelling chain. A distinct
modelling task is assigned to each modelling scale. Furthermore, as illustrated in figure 2,
each modelling scale is employing a different computational solver to achieve its modelling
goals.

To achieve this task, an efficient data-handling scheme is required to handle the coupling
arrangement of these different solvers (open source and propriety based) in order to achieve a
smooth compatibility between them. This broad multiscale simulation strategy paves a
necessity for a robust state-of-the-art modelling infrastructure. As such, SOFT5 tool has been
adopted inside this modelling framework to serve as an interface for data handling between
scales. Data sharing aspects are highlighted in this paper, as well as scale based metadata
structures, and the working principle are presented. The paper highlights the actual working
sequence of SOFT5 inside the various modelling scales along with corresponding pro-
grammable metadata structures. The coupling features presented in this study involve data

Figure 1. Cross-domain interoperability by metadata, metadata schemata and the basic
metadata schema.

Modelling Simul. Mater. Sci. Eng. 28 (2020) 025003 Z M Mir et al

4

119



linking aspects of electronic (discrete) model with microscale (continuum) model as part of
framework testing and presenting a proof of concept.

Additionally, a significant point of multiscale modelling concepts is the interoperability
between the software used for the computation at difference scales. Usually, different sci-
entific or industrial communities participate in the development of software in order to solve
complex materials modelling problems. Thereby they have established different terminolo-
gies. The developed modelling codes focus typically on specific application domains and on
particular types of models. A general issue is evolving, wherein the different software codes
owning specific terminologies of software owners, academic model developers and end-users
(SMEs or big companies) for the definition of the same computational problems, but using a
different vocabulary. Hence, there is a strong need for standardization. One effort in this
direction has been taken by the European Materials Modelling Council (EMMC), who has
published CEN Workshop Agreement on modelling terminology, classification and metadata
for materials modelling [5]. The document is publicly available as a reference document from
the National Members of CEN.

A standardized description of multiscale scientific problems using a uniform vocabulary
referred to as materials modelling data table (MODA) [6] is used as key approach to develop
and establish successful software interoperability. MODA is an effective instrument for
documentation of simulations and understanding of modelling approaches, general project
structure as well as the model interaction within workflows. It has established now as a
growing industrial and academic standard for computational problems. It is a required tool for
the preparation of European research and innovation projects, joint research activity for
different modelling scales and application areas.

The use of ontology based organization of scientific data has emerged to be quickly
adaptable by many scientific branches such as biomedicine [7] molecular material design and
selection [8]. Ontology based data assures interoperability to be easily accessible by users as
such mappings and extensions are easily to create on existing data sets. As an example,

Figure 2. Overall structure of the M3 LORCENIS framework. Picture credits [4].
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existing ontology based frameworks include CAPE-OPEN standard [9] which sets standards
for computer aided process engineering applications to interoperate. Similarly, Gene Ontol-
ogy Consortium [10] maintains a comprehensive organization of huge amount of molecular
biology experiments.

Ashino [11] has provided a very basic detail of ontology based representation of data.
Similarly other works focusing on standardization of data and associated ontology include
this [12]. Furthermore a comprehensive take on scientific breakthrough via studying massive
data-sets has been provided by Hey et al [13]. A basic understanding of technical data is
provided by Peter Murray Rust [14]. Cheung [15], Hunt et al [16] have identified data science
field to be an important asset for the scientific community.

2. Interoperability, metadata and workflow technology

2.1. Interoperability

Interoperability, coupling and linking are latest terminologies in the computational materials
modelling community. It is a consequence of the rapid development of numerical software
during the last decade with a majority arising from the academic community. The rapidly
growing community and the capabilities of computational approaches have thus lead to a
wide spectra of models and methods. Software belonging to different domains has been
developed independent of each other. Making them communicate is very challenging, since
they are based on different concepts and uses different vocabularies. Thus, dedicated tools are
required which are feasible to handle different data and data formats. Information exchange
which allows software to share data during any kind of simulation step in a efficient way, also
requires mature semantic interoperability frameworks and tools [17]. The paradigm change
relates to the fact that not information on file formats or protocols are exchanged, but the
software systems itself shares relevant information by using a standard semantic framework
as a mediator. This framework belongs to an overarching ontology capable to handle all
relevant data schemes and metadata respectively. This field of data science is relatively new
and often undiscovered respectively and its impact underestimated. Currently, no shared
standards for such frameworks exist, but research and funding schemes addressing this issue
have been initiated.

2.2. Metadata definitions and concepts

According to the latest guidelines RoMM 6 [6] and [5] from the EMMC6, metadata is defined
as ‘metadata are data that describe and give information about other data’. In other words it is
a vocabulary tool for expressing data in a generic way and attaching more information to it for
its easier handling [18, 19]. For a particular multiscale modelling scenario, data that is to be
exchanged needs to be described completely. This forms the basis of interoperability and data
exchange. Metadata structures help in formal description of exchangeable data in a generic
sense.

To cite a good example, the field of image-based analysis relies heavily on metadata
exchange when images are transferred from one software to another. Here, the EXIF-info
attached to the digital images contains information about the image such as name, pixel size,
GPS coordinates, image resolution, creation time, date and source. This additional informa-
tion about the image is nothing but metadata information about the image. Without this

6 Seehttps://emmc.info/.
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metadata, another user who is not the default user of the image would not be able to perform
image based analysis as there will be no information on the pixel size and resolution of the
image. Hence, quantification of features on the image will be practically impossible to achieve
and as such interoperability would be lost. Another example of commonly used metadata is
the Digital Object Identifier which acts as a digital identity tag for any digital entity.

With these enhanced data conditioning properties, metadata structures find their broad
application across all field of science.

2.3. MODA format for computational problem description

MODA refers to a standardized and concise representation of a simulation problem and the
underlying process. With MODA as a standardized terminology, an easier and efficient
exchange of a computational methodology could be achieved among users of material
modelling codes such as academicians, industrial end-users and experimentalists. MODA
therefore facilitates understanding of models by any interested user. MODA tables report on
the structure of a simulation and on the relationship between the different model in a
workflow.

MODA has the following structure:

• Heading, including name of the user case, project, owner.
• Overview of the simulation, including the chain of models used.
• Workflow, i.e. a graphical representation of the simulation.
• Description of each part of the simulation pertaining to each model used in the chain.

Each MODA should report on these mentioned aspects. A graphical representation of the
workflow is also accompanied with MODA and helps in a faster understanding of the
workflow path. For a deeper understanding of MODA, the reader is referred to [6]. An user-
case example employing MODA is presented later.

2.4. SOFT

SOFT is an acronym for SINTEF Open Framework and Tools. SOFT5 is a set of open source
libraries and tools to support scientific software development. The development of SOFT5
was motivated by many years of experience with developing scientific software, where it was
observed that a lot of effort went into developing parts that had little to do with the domain. A
significant part of the development process was spent on different software engineering tasks,
such as code design, the handling of I/O, correct memory handling of the program state and
writing import and export filters in order to use data from different sources. In addition, comes
the code maintenance with support of legacy formats and the introduction of new features and
changes to internal data state in the scientific software. With SOFT5, it is possible to utilize
reusable software components that handle all this, or develop new reusable software com-
ponents that can be used by others in the same framework.

The main components of SOFT5 is shown in figure 3. The key modules are the tools,
storage support and plugin framework. The key tools are the scripting utility and the code
generator.

SOFT5 contains a core library with plugin support. The library also comes with an
application programming interface to create extensions and custom plugins. The core library
is used to connect a software application with the framework.

The main approach to developing software with SOFT5 is to incrementally describe the
domain of the software using entities (see below). The entities can represent different
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independent elements of the software, and be used in handling I/O as well as in code
generation and documentation. Entities can also be used for annotating data and data sets.
This might be useful in cases where for instance the origin of the data, license and ownership
are of importance.

Since any complex software will have many entities and often multiple instances of the
same entity, SOFT5 allows for creating collections of instances with defined relationships
between them. These entity collections are called ‘collections’ (see below).

An approach of SOFT5 is that software may be written is such a way that business logic
is handled by the codebase, while I/O, file-formats, version handling, data import/export and
interoperability can be handled by reusable components in the SOFT5-framework, thus
reducing risk and development time.

2.4.1. Entities. An entity can be a single thing or object that represents something physical or
nonphysical, concretely or abstract. The entity contains information about the data that
constitutes the state of thing it describes. The entity does not contain the actual data, but
describes what the different data fields are, in terms of name, data types, units, dimensionality
etc. It can be described as formalised metadata that enables for the correct interpretation of a
set of data. Hence the entities should be made available together with the software or
application in which they are used.

An example of an entity is ‘atom’, which can be defined as something that has a position,
an atomic number (which characterizes the chemical element), mass, charge, etc. Another
example of a completely different kind of entity can be a data reference-entity with properties
such as name, description, license, access-url, media-type, format, etc. The first entity is
suitable as an object in a simulation code, while the latter is more suitable for a data catalogue
distribution description (see dcat:Distribution)7. Entities allow now to describe dedicated

Figure 3. The main components in the SOFT5 platform.

7 DCAT: Data Catalogue Vocabulary.
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aspects of the domain. While each entity describes a single unit of information, a collection of
entities can describe the complete domain (check collections below).

Each published entity needs to be uniquely identified in order to avoid confusion. The
entity identifier has therefore three separate elements: a name, a namespace and a version
number. An entity named ‘particle’ is unlikely to have the same meaning and the set of
parameters across all domains. In particle physics, the entity ‘particle’ would constitute matter
and charge, while in other fields the term ‘particle’ can be a general term to describe
something small. For this reason the SOFT5 entities have namespaces, similar to how
vocabularies are defined in OWL8. The version number is a pragmatic solution to handle how
properties of an entity might evolve during the development process. In order to handle
different versions of a software, the entity version number can be used to identify the
necessary transformation between two data sets.

2.4.2. Collections. A collection is a container whose instances holds references to a set of
entity (or collection) instances and relations between them. Relations are triplets of the form
(subject, predicate, object), where subject and object both labels an instance and predicate
describes a relation between the subject and object, like ‘child-of’, ‘connected-to’, ‘reactant-
of’, etc. This is much more general than hierarchical structures and allow to represent the
knowledge of the domain where the data exists. Hence, a collection could also have been
called a context. It also opens possibilities like deductive databases.

Collections are useful to represent the knowledge of the domain, to find data that relates
to other data or to uniquely identify a complete data set with a single identifier.

2.4.3. Storage. A storage is a module that can transfer a given state to an external medium
(file or database). It is an important abstraction in SOFT5 which allows to transparently
handle input to or output from modelling software. This is realised via a plugin-system of
drivers (or backends) that translate to and from the external formats. A storage backend may
either be generic or specific. A specific storage backend is tied to a given entity and could e.g.
read experimental data from a specific instrument into an instance of the entity or write an
instance of the entity to file using a specific format expected by a third party software. SOFT
has three generic built-in storages, HDF5, JSON and the MongoDB database, that can read or
write instances of any entity [20–22]. Furthermore SOFT5 allows the user to write dedicated
plugins for a given entity, typically for reading or writing data from or to a specific file format.

2.5. Workflow technology

We will use the very simple example of a workflow shown in figure 4 to illustrate the basic
concepts. We have two models A and B, where the output of A is used as input to B. Circles

Figure 4. A very simple workflow that connects the output of model A to the input of
model B.

8 OWL—Web Ontology Language.
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represent physical system state and boxes transitions between different snapshots of the
physical system state.

A typical challenge in setting up workflows in real life, is that the output from model A is
not represented in the way expected by model B. But, if the output of model A is semantically
equivalent to the input needed by model B, it is possible to translate (postprocess) the output
of A to the form expected by B and hence establish a robust workflow. Such a case is shown
in figure 5, where Model A returns its results as a string ‘five’ while model B expects a
number.

2.5.1. Workflow implementation using SOFT5. To implement this workflow as depicted
above, we proceed towards defining the entities as shown in figure 6. The initial state is
described by instances of AInput and BInput2 and the final result will be given as an instance
of BOutput.

A typical and easier way to handle data flow in SOFT, is to let all data flow between
models and the system flow via a central storage. A centralized storage not only helps in
maintaining an overview of the different tasks, but also allow for easy data backup and
version control. To keep track of the instances created for each invocation of the workflow,
we create a collection specific to each invocation, in which we store references to all instances
belonging to this invocation. The workflow can then be broken down into a set of tasks
exposing the same interface. Each task is simply provided a reference to the storage and the
collection for the current invocation of the workflow.

Running the workflow involves the following steps:
1. Initialization:Create the collection, populate it with new instances for the initial state

defined by the user case and store everything in the storage.
2. Run Model A:This model is implemented as an external program taking the name of a

file containing the two integers to be added as the only argument. The result is written to
standard output. In order to integrate model A in our workflow we create a wrapper function
that performs the following steps:

1. Pre-process: Fetch AInput and serialize it to a temporary file in the format expected by
model A.

2. Compute: Execute Model A with the name of the temporary file provided on the
command line.

Figure 5. The same workflow as in figure 4 using the MODA template. The translation
of the output of model A to the representation expected by model B is performed in
postprocessing of the raw output from model A.

Figure 6. Entities used in this workflow.
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3. Post-process: Creates an instance of entity AOutput, populate it with the result of Model
A and push it to the common storage. Latter also removes the temporary file.

3. Run Model B:This model is implemented as an external program that uses SOFT. As
arguments, it takes references to the storage and the Collection. When called it asks for
BInput2 and AOutput, the latter as represented as an instance of BInput1. SOFT will then
check if it can find an Translator that can translate an instance of AOutput to an instance of
BInput1. When this Translator is found, it is applied. This will create BInput1 from AOutput.
The new instance is then handed to model B. Model B then creates an instance of BOutput
populated with the product and stores it in the storage.

3. Applying workflow on advanced concrete technology. Bridging density
functional theory (DFT) to a continuum corrosion model (CCM) via SOFT5

The above mentioned methodology is applied to the DFT output transfer to a microscale
CCM embedded in a multi-scale model consisting of 4 different modelling scales. The aim of
this modelling chain is to predict accurately the service life limitation due to chloride ingress
of reinforced concrete structures exposed to submerged marine environment. The task con-
sists of bridging four different scales as shown in figure 2. Each scale communicates data with
each other. The paper here focuses on data transfer between the first two scales i.e. atomistic/
electronic scale to CCM at microscale via SOFT5.

3.1. M3 framework on service life prediction of concrete structures

The proposed workflow involves calculating and up-scaling entities of interest at the atomic/
electronic level and their transfer via SOFT5 to the continuum based micro-scale model
(CCM). A brief description of the concept and the underlying models is presented.

The atomistic model in this case deals with the flow of corrosion inducing species i.e.
chloride ions through a representative cement matrix composed of tobermorite.

The flow of chloride ions through the calcium silicate hydrate (CSH) matrix is considered
to be the rate determining step for chloride ingress in cement. The flow through the pore
network is CSH will occur as a significantly faster rate than through CSH itself given a non-
continuous pore network. Further, the swelling of CSH is also an up-scaling input parameter
required by the CCM.The binding of chloride to the cement paste is a well known phenomena
and its greatly attributed for extending the time to corrosion initiation as it slows down the
transport of chloride ions. The hydration of cement leads to the formation of CSH as a major
volumetric phase among many others. CSH is responsible for the majority of chloride binding
in concrete [23].

The structure and volume correlations of CSH depending on water content in addition to
the interaction of Cl in CSH are investigated from first principles, and is presented in Svenum
et al [24]. The calculations are performed using the DFT calculations at the PBE-GGA level
[25] using the Vienna ab-initio simulation package (VASP) [26, 27]. The model takes as
input an approximate atomic structure found by manipulating the theoretical model of
tobermorite to a correct Ca/Si ratio with the desired water content. The structure and volume
of the model is then minimized, and the minimum energy, volume and atomic positions are
the output from the simulations. To investigate the chloride diffusion, transition state theory
calculations using nudge elastic band is performed [28]. The input for these calculations are
the minimized start and end atomic structures. The energy barrier to go from the start structure
to the end structure is calculated, in addition to the reaction coordinate. The diffusivity
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coefficient can be calculated from the energy barriers to move an atom through the periodic
cell by

⎛
⎝⎜

⎞
⎠⎟ ( )= -D D

E

k T
exp , 1a

0
B

where D0 is the pre-exponential factor, Ea is the activation barrier for diffusion, kB is the
Boltzmann constant and T is the temperature. The pre-exponential factor D0 can be obtained
either by transition state theory [29], or found experimentally [30]. The diffusion should be
equal in all directions within the interlayer, while it can be assumed to be zero between the
interlayers. This results in a diffusion of D in two directions and 0 in one. Since the
microstructure is not considered explicitly in this framework, a simple averaging is performed
and the diffusion tensor is estimated to be Dii=2/3D.

On the other hand, the CCM model is a FEM based model implemented in COMSOL
multiphysics software which models flow of free chlorides in the pore network and also
accounts for bound chlorides in the mass balance. Corrosion processes occurring due to
chloride induced breakdown of passive film (native oxide layer)[31, 32] are also considered.

Nernst–Planck equation is used to model transport of chloride ions inside concrete
(equation (2)) which is exposed to 3% NaCl . Here Cl represents the concentration of free
chloride ions inside the pore network, fp represents the average concrete porosity, Deff

represents the effective diffusion coefficient for flow of Cl in pore network, zi is the valency
number, F represents Faraday constant, R is the ideal gas constant, T is the absolute temp-
erature and jel is the electic potential.

¶
¶t

Clb represents the rate of bound chlorides Clb acting as
a sink term in the mass balance (equation (2)). A distribution of electric potential is obtained
from Laplace equation (equation (3)) and consequently corrosion currents can be derived, as
presented in[33, 34].
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Clb can be related to the diffusivity of Cl ion in the CSH
derived from electronic scale model which tends to be a very slow process, wherein CSH
entraps Cl ion [24]. Data verification, validation as well as physical relevance of up-scaling of
data between scales is an on-going process at this stage. To get a more accurate estimate of
the diffusion coefficient in the future, it will be necessary to add a scale which take the
microstructure of CSH into account. The framework is well suited to adding this extension.

3.2. Data storage and transfer

The presented workflow is shown in figure 7 and focuses on the data handing between
Electronic scale model and the CCM. The Electronic scale model starts with an appropriate
atomistic structure of Tobermorite with different calcium to silica ratios as well as different
water to Silica ratio. This forms the basic inputs of the Electronic scale model. This model
used DFT for performing calculations related to favourable positions of chloride binding and
associated diffusion energy of the chloride ion inside the tobermorite matrix.

The computed outputs details on the swelling of the matrix as well as density change of
the cementitious matrix. Furthermore atom fraction of water, diffusion corrections for
chloride-ion transport and corresponding activation energies are also computed. These listed
inputs are directly used an inputs in other models along the modelling chain.
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The CCM can therefore rely on information related to chloride-ion diffusivity and
chloride ion binding from the Electronic model in the proposed framework. Together with the
geometry of the structural member and other related input factors, the CCM calculates the rust
penetration on the rebar surface. The oxide front is calculated likewise as a consequence of
corrosion currents and an estimation can be drawn on the service life of the concrete structure.

The input/output of data and entities for each respective model is handled using .json
files representing the entities and associated metadata. The listing below shows the entity
describing the input to the micro-scale corrosion model.

{
"name": "Ion",
"version": "0.1",
"namespace": "https://powerfolder.hzg.de/Lorcenis/meta",
"description": "Input to micro-scale corrosion model."
"dimensions": [
{
"name": "ncoords",
"description": "Number of spatial coordinates"

Figure 7. Workflow and data transfer entities between DFT model and continuum
corrosion model. The output from .JSON (such as rust penetration, corrosion currents
etc in CCM) can be derived from material relations on data in each model.
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}
],
"properties": [
{
"name": "ion_diffusion",
"type": "double",
"dims": ["ncoords", "ncoords"],
"unit": "m2/s",
"description": "Diffusion tensor for ions."
},
{
"name": "concentration",
"type": "double",
"unit": "mol/m3",
"description": "Ion concentration in bulk."
},
{
"name": "density",
"type": "double",
"unit": "kg/m3",
"description": "Bulk density."
}
{
"name": "geometry",
"type": "double",
"dims": ["nnodes", "ncoords"],
"unit": "cm",
"description": "Coordinate"
}
]
}
The name, version and namespace identifies the entity uniquely. The descriptions are

meant to be read by humans. One dimension is defined, the number of spatial coordinates in
the diffusion tensor (which is always 3). The properties that follows, describes the data
records that we want to transfer. Separate instances of four entities are shown in figure 7.

3.3. Application

The above mentioned simulation framework employing SOFT5 shows the workflow of the
simulation action and data exchange within the multiscale corrosion modelling framework
between the DFT model and the CCM as depicted in figure 7. The atomic supercell represents
a typical cement paste CSH structure containing defined arrangement of relevant ions close to
the concrete reinforcement. The model allows to calculate relevant entities based on dedicated
model input (from the literature) is introduced as well. All data is stored (thereby belonging to
a semantic ontology) and accessible for the microscale model. DFT related data is applied as
(translated to) model input. In the next step entities like rust penetration changes can be
computed within a set of nonlinear PDE’s by finite elements and stored back.
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4. Discussion

4.1. Data science

The aim of this work is to demonstrate how interoperability between two software, VASP and
a user-defined model in COMSOL Multiphysics, that belongs to two completely different
domains can be achieved. For this purpose the SOFT framework was used, which is a
framework for describing data in a concise and interoperable way. SOFT is not a semantic
framework in the sense that it is tied to an ontology for a specific domain. Instead SOFT
allows to represent the knowledge and data of any ontology (via collections). In this sense
SOFT can be compared to tools like web ontology language (OWL), but is much closer
linked to actual software code. The metadata model in SOFT is by design as simple and
minimal as possible, while still being complete enough to allow unambiguous data repre-
sentation and communication as well as code generation.

The shown MODA template itself was developed by the materials modelling community
based on gained experience, and works in that way as well, thereby considering pure mod-
elling data but also transformation information. The red, green and light green nodes represent
computational data directly related to the physical state of the system, while the blue nodes
represent a transformation. In that way the template might be mature enough for extend
unambiguous model description.

4.2. Technical limitations and modelling constraints

Modelling and simulation of corrosion process along the entire length and time scale,
especially in concrete environment, is a highly demanding computational problem. Feature
extraction from each simulation step thereby keeping accuracy and computational efforts at
tolerant level is a huge challenge. Limitations are mainly related to modelling gaps. Data
generated at lower scales cannot be used directly at higher scale, which belongs to scale-
bridging issues of described physio-chemical entities. Due to the multispecies nature of the
concrete environment and due to the fact that mixing rules cannot be applied straightforward.
Calculations of e.g. density properties or diffusion activation energies are still limited to the
single phases and predefined species concentration scenarios. Since even the next modelling
scale requires tremendous homogenization action, lower scale information cannot be
exchanged. A modelling approach for this is lacking or in other words data representing the
scenario adequately at electronic level cannot be or better can be very limited transferred and
reduced to data applicable in the microscale corrosion model (translation of entities in
figure 7).

Another issue relates to the change of the DFT scenario if the system changes according
to the microscale corrosion model. The duration of the time step within the transient corrosion
model is limited by the fact that the system change due to microscale entities do not induce
atomistic structural changes leading to the need of adaptive action within the DFT model.
Within the shown example, such feedback is excluded. However, in terms of accuracy a
feedback is strongly recommended. Realization is very demanding and not feasible con-
sidering computational costs.

Furthermore, regarding data transfer from a fine-scale model to a coarse-scale model,
significant work using adaptive sampling approach in a multiscale framework has been
carried out by Rouet-Leduc et al and Knap et al[35, 36]. In both of these works, data is
communicated between fine scale and coarse scale models. Here as well, the transferred data
may be described using SOFT5 entities as it can offer some advantage with respect to re-
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usability and code maintenance. Specifically, for the fine scale results in Knap et al[36],
SOFT5 entities may be useful to enable reuse of fine-scale results in other applications.

4.3. Future developments

The multiphysical nature of many of the engineering tasks demands interaction of multiple
software and respective data structures covering a wide range of scales and related data. In
order to achieve engineering relevance, or in other words reproducible prediction capabilities,
the quality respectively complexity of modelling approaches should increase. Contrarily data
reduction is requested and computational costs shall be minimized. Complimentary, uncer-
tainty aspects should be considered. The occurring conflict requires balancing of all men-
tioned aspects which can be achieved by improved:

1. Model.
2. Coarse-graining.
3. Chloride bonding.
4. Uncertainty quantification and propagation.

While interoperability based on a common shared ontology has not been the scope of this
paper, it is definitely something that we will see more of in the future (EMMC is for instance
working on an ontology for materials science). However, the ideas and concepts discussed in
this paper will most likely be very relevant in the future to, as a way to go from an ontological
description of an domain to actual classes and data structures in a software model. One could
e.g. imagine future tools that, given a user case formulated in the frame of an ontology,
generates the involved SOFT entities. One can then use the code generator in SOFT to
generate corresponding code (e.g. C++), such that the model developer only need to
implement the transformations between these classes while leaving the rest to the framework.

5. Conclusions

Computational data entities which are expressed in a standard form using relevant application
specific metadata structures has inter-operable characteristics. This data can be stored in a
structured manner in a centralized storage. As such results, this leads to an easier development
and management of complex simulation workflows.

Multiscale modelling approaches for concrete technology and related service life pre-
diction demand huge methodical capabilities of software interaction. Thereby multiphysical
tasks, data aspects, but also feature extraction define hard constraints for a modelling and
simulation environment. For the shown example of a submodel interaction within a service-
life prediction related framework for damage initiation due to chloride ingress, SOFT5
platform has shown to be a useful data science tool. Data Interaction at different scales for
different computational methods (discrete versus continuum) was realized.

Interoperability between two models was achieved via a meta-data scheme implemented
within the SOFT environment. DFT data output structure was reorganized in a way to enable
interaction with the continuum simulation. Surprisingly, despite moderate efforts, the inhi-
bition threshold to use the SOFT concept was not the limiting aspect. There was an issue to
make people getting started to use the tool. It seems that the level of abstractions is hindering
fast adaption of software like this.

Access to proper databases without any bandwidth limitations was found to be crucial for
the concept realization since it is needed for concurrent read/write to the storage. This
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limiting problem was solved in SOFT by the mongodb backend. Thus, wise definition of
entities towards reduction of the amount of concurrent data transferred is highly
recommended.

For future applications within highly complex coupled multiscale simulation frameworks
interacting on different scales in time and space, a robust and mature metadata structure
allowing the interaction of a variety of data formats is required. SOFT and its metadata
abstraction enable this computational progress in materials modelling. Based on modelling
data (MODA) schemes the transfer of modelling and simulation chains into a working data
interaction environment is simplified. However lacking model and data input availability will
still limit respective modelling frameworks. Experiments, accuracy studies and related post-
processing will still remain an essential part of the working effort.

Acknowledgments

The authors wish to thank European Union’s LORCENIS project, European Materials
Modelling Council (EMMC) and SIGMA2 for computational resources. The authors
acknowledge that part or parts of figure 7 have been taken from the publication ‘Enhanced
Predictive Modelling of Steel Corrosion in Concrete in Submerged Zone Based on a Dynamic
Activation Approach’ authored by Mir et al (2019) and published in International Journal of
Concrete Structures and Materials. The content has been used with modifications solely for
academic purpose under Creative Commons License 4.0 (http://creativecommons.org/
licenses/by/4.0/).

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

ZMM, JF, and DH proposed the main concept behind this work. This research is a part
ZMM’s Doctoral studies and parts of this work will be included in his PhD thesis. JF and
TFH did the software implementation. ZMM and JF worked on the software application,
debugging and associated data transfer. ZMM, JF, TFH, IHS, IGR, NK, and DH co-wrote the
manuscript. JF, MLZ and DH supervised the work and gave critical comments. All authors
read and reviewed the manuscript

Funding

This research has received funding from the European Union’s Horizon 2020 research and
innovation program under grant agreement No. 685445 (LORCENIS—Long Lasting Rein-
forced Concrete for Energy infrastructure under Severe Operating Conditions).

Author information

Authors qualifications, current positions, institution address and contact details are included
on page 1.

Modelling Simul. Mater. Sci. Eng. 28 (2020) 025003 Z M Mir et al

17

132



Data availability

Some of the raw/processed data required to reproduce these findings cannot be shared at this
time as the data also forms part of an ongoing study.

ORCID iDs

Zahid M Mir https://orcid.org/0000-0001-6488-1167
Inga G Ringdalen https://orcid.org/0000-0001-9844-4352

References

[1] TIME Magazine USA 2019 The Genius Innovation That Made the Great Library of Alexandria
Work https://time.com/4730810/first-card-catalog/

[2] Foster G 1966 Technical report International Standard Book Numbering (ISBN)https://web.
archive.org/web/20110430024722/http://www.informaticsdevelopmentinstitute.net/
isbn.html

[3] NASA 1999 Mars Climate Orbiter Failure Board Releases Report, Numerous Nasa Actions
Underway in Response https://mars.jpl.nasa.gov/msp98/news/mco991110.html

[4] LORCENIS 2019 Long Lasting Reinforced Concrete for Energy Infrastructure under Severe
Operating Conditions https://www.sintef.no/lorcenis

[5] CEN Workshop Agreement 2018 Materials modelling - Terminology, classification and metadata
(CWA) 17284

[6] de Bass A F 2017 What makes a material function?
[7] Rubin D L et al 2006 National center for biomedical ontology: advancing biomedicine through

structured organization of scientific knowledge OMICS: J. Integr. Biol. 12 185–98
[8] Ashino T and Fujita M 2006 Definition of web ontology for design-oriented material selection

Data Sci. J. 5 52–63
[9] CAPE OPENLABORATORIES NETWORK 2019 Computer-Aided Process Engineering http://

www.colan.org/
[10] GeneOntology Consortium 2019 The Gene Ontology Project http://geneontology.org/
[11] Ashino T 2010 Materials ontology: an infrastructure for exchanging materials information and

knowledge Data Sci. J. 9 54–61
[12] Chalk S J 2016 SciData: a data model and ontology for semantic representation of scientific data

J. Cheminf. 8 54
[13] Hey T, Tansley S and Tolle K 2009 The Fourth Paradigm: Data-intensive Scientific Discovery

(Redmond, WA: Microsoft Research)
[14] Rust P M 2010 PP1 0.1—What is Scientific Data? https://blogs.ch.cam.ac.uk/pmr/2010/07/25/

pp01-what-is-scientific-data/
[15] Cheung K, Drennan J and Hunter J 2008 Towards an ontology for data-driven discovery of new

materials AAAI Spring Symp.: Semantic Scientific Knowledge Integration 9–14
[16] Hunt W H Jr. 2006 Materials informatics: growing from the bio world JOM 58 88
[17] Ojo A, Janowski T and Estevez E 2009 Semantic interoperability architecture for electronic

government Proc. 10th Annual Int. Conf. on Digital Government Research: Social Networks:
Making Connections between Citizens, Data and Government (Digital Government Society of
North America) pp 63–72

[18] Schmitz G J, Böttger B, Apel M, Eiken J, Laschet G, Altenfeld R, Berger R, Boussinot G and
Viardin A 2016 Towards a metadata scheme for the description of materials—the description of
microstructures Sci. Technol. Adv. Mater. 17 410–30

[19] Hagelien T F, Chesnokov A and Johansen S T 2017 A framework for semantic interoperability of
scientific software 12th Int. Conf. on CFD in Oil and Gas, Metallurgical and Process Industries
(Trondheim, NORWAY) (SINTEF) pp 317–30

[20] 2017 Standard ECMA-404 The JSON Data Interchange Syntax http://www.ecma-international.
org/publications/files/ECMA-ST/ECMA-404.pdf

Modelling Simul. Mater. Sci. Eng. 28 (2020) 025003 Z M Mir et al

18

133



[21] The HDF Group 2000–2010 Hierarchical Data Format Version 5 http://www.hdfgroup.
org/HDF5

[22] Chodorow K 2013 MongoDB: The Definitive Guide (Sebastopol, CA: O’Reilly Media, Inc.)
[23] Saetta A V, Scotta R V and Vitaliani R V 1993 Analysis of chloride diffusion into partially

saturated concrete Am. Concr. Inst.—Mater. J. 90 441–51
[24] Svenum I-H et al 2020 Structure, hydration, and chloride ingress in C-S-H: Insight from DFT

calculations Cem. Concr. Res. 129 105965
[25] Perdew J P, Burke K and Ernzerhof M 1996 Generalized gradient approximation made simple

Phys. Rev. Lett. 77 3865–8
[26] Kresse G and Furthmüller J 1996 Efficient iterative schemes for ab initio total-energy calculations

using a plane-wave basis set Phys. Rev. B 54 11169–86
[27] VASP 2018 The Vienna Ab initio Simulation Package (VASP) https://www.vasp.at/about/
[28] Henkelman G, Uberuaga B P and Jónsson H 2000 A climbing image nudged elastic band method

for finding saddle points and minimum energy paths J. Chem. Phys. 113 9901–4
[29] Løvvik O M, Sagvolden E and Li Y J 2013 Prediction of solute diffusivity in al assisted by first-

principles molecular dynamics J. Phys.: Condens. Matter 26 025403
[30] Lin S H 1993 Chloride diffusion in porous concrete under conditions of variable temperature

Wärme-und Stoffübertragung 28 411–5
[31] Saremi M and Mahallati E 2002 A study on chloride-induced depassivation of mild steel in

simulated concrete pore solution Cem. Concr. Res. 32 1915–21
[32] Ghods P, Isgor O B, McRae G A, Li J and Gu G P 2011 Microscopic investigation of mill scale

and its proposed effect on the variability of chloride-induced depassivation of carbon steel rebar
Corros. Sci. 53 946–54

[33] Ožbolt J, Balabanić G and Kušter M 2011 3d numerical modelling of steel corrosion in concrete
structures Corros. Sci. 53 4166–77

[34] Höche D 2015 Simulation of corrosion product deposit layer growth on bare magnesium
galvanically coupled to aluminum J. Electrochem. Soc. 162 C1–11

[35] Rouet-Leduc B et al 2014 Spatial adaptive sampling in multiscale simulation Comput. Phys.
Commun. 185 1857–64

[36] Knap J, Barton N R, Hornung R D, Arsenlis A, Becker R and Jefferson D R 2008 Adaptive
sampling in hierarchical simulation Int. J. Numer. Methods Eng. 76 572–600

Modelling Simul. Mater. Sci. Eng. 28 (2020) 025003 Z M Mir et al

19

134



A. Appendix

A.1. Chloride diffusion in concrete - a test example

In order to present a brief overview of the FEM and its application in modelling the transport
of chloride ions in chloride, we now introduce a test example to demonstrate the use of finite
element method. This test example is supported by a simple code written in the open source
language Julia [38], which the reader, if interested can run on a computer.

For our problem, we consider a part of a substructure of a bridge pier which is completely
submerged under sea water. The chloride concentration in the exposure environment is
assumed to be 550 [mol/m3]. An exposure time of 5 years in considered. Although chloride
diffusion coefficient changes with time, for the sake of this example we assume a constant
apparent diffusion coefficient of concrete (Dα = 1 ∗ 10−12 [m2/s]).

Idealized problem in 1D

The problem can be modelled in a 1D domain as shown in Figure A.1. Considering concrete
to be a homogenized continuum in 0 ≤ x ≤ l and with no chloride sink/source terms,
Fick’s second law can be used as the governing equation for chloride transport. As defined
previously in section 3.2, let Cx(x, t) represent the value of chloride concentration in space
and time, therefore the governing equation can be expressed as

Cc(x, t),t − (DαCc(x, t),x),x = 0 . (A.1)

In order to have a well posed problem, the following boundary and initials conditions are set





Cc(x, t)(x = 0, t) = 550 Dirichlet condition , (A.2)

Jc(x, t)(x = l, t) = 0 Neumann condition , (A.3)

Cc(x, t)(x, t = 0) = 0 Initial condition . (A.4)
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Figure A.1.: 1D domain discretized with linear elements in space. "ξ" represents the isopara-
metric coordinate.

Numerical solution using an implicit scheme

The 1D domain is discretized into ne finite elements as shown in Figure A.1. The elements are
constructed with linear Lagrange shape functions and exact integration is followed wherever
necessary. Exact integration facilitates computation of integrals by evaluating the integrand
at specific points called Gauss points and multiplying by respective weights. The number
and location of Gauss points depends on the order of the integrand. Using the implicit time
integration scheme as defined in eq.(3.15), the numerical solution can be easily computed.
Additionally, a comparison of the numerically computed solution with the analytical solution
is presented. The details of the code and expression for analytical solution are presented later.

0 10 20 30 40 50

0

200

400

600

Penetration depth (mm)

C
l−

co
nc

en
tr

at
io

n
(m

ol
/m

3 ) Analytical Sol.
Implicit Sol. (ne = 3)
Implicit Sol. (ne = 6)

0 10 20 30 40 50

0

200

400

600

Penetration depth (mm)

C
l−

co
nc

en
tr

at
io

n
(m

ol
/m

3 )Analytical Sol.
Implicit Sol. (ne = 10)

Figure A.2.: A comparison of implicit numerical solution with analytical solution after 5 years
of exposure. Here "ne" refers to the number of elements in the 1D domain.

Figure A.2 presents a comparison of solution computed with implicit scheme with the
analytical solution of Fick’s second law. It can be observed that the method approaches the
analytical solution when the number of elements is increased, so called "mesh convergence".
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The solution is interpolated linearly between the elements due to the nature of linear Lagrange
shape functions.

Numerical solution using explicit scheme

An explicit time integration scheme for eq.(3.13) is presented. Again, the time derivative is
approximated explicitly where at time "t" the solution is known and the solution at time
"t + ∆t" can be explicitly calculated as

M
(Cc

t+∆t − Cc
t

∆t

)
+ KCc

t = Ft , (A.5)
(

∆t−1M
)

Cc
t+∆t = Cc

t

(
∆t−1M−K

)
+ Ft . (A.6)

Diagonalization of the consistent capacity matrix can make the system very efficient as no
linear system of equations needs to be solved. The resulting mass matrix is called a lumped
matrix Mi,i. One of the ways of diagonalizing a consistent capacity matrix is to sum up
the entries of an entire row and assign it to the diagonal entry in that row [44, 85]. As a
consequence, eq.(A.6) is decoupled and can be easily solved for the concentration at each
node at each time step as

Cc
i,(t+∆t) = Cc

i,(t) +
∆t

Mi,i

(Fi,(t) −Ki,jCc
i,(t)) . (A.7)
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Figure A.3.: A comparison of explicit numerical solution with analytical solution after 5 years
of exposure. Here ne refers to the number of elements in the 1D domain.

Figure A.3 presents a comparison of solution computed with explicit scheme with the
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analytical solution of Fick’s second law. Here, restrictions are laid on the time step. When
the time step is below the critical time step, the solution converges well with the analytical
solution. However, for time steps approaching the critical time step, the solution can oscillate
with a progressive growth of error. The code for explicit simulation is also presented later.

Analytical solution

The analytical solution of Fick’s second law assuming a semi-infinite domain by Crank [86]
is presented below. A constant surface concentration and apparent diffusion coefficient is
assumed. Here, the same initial conditions are applied as defined previously. Here, a surface
concentration Cs = 550 [mol/m3] is assumed together with a chloride concentration at the
infinite end of the domain equal to zero [87]. The solution is expressed as

Cc(x, t) = Cs

(
1− erf

(
x

2
√

Dαt

))
, (A.8)

with erf( ) as the error function, defined as

erf(κ) =
2
π

κ∫

0

e−t2
dt . (A.9)

Test code

The below presented code uses exact integration wherever necessary by employing suitable
number of Gauss points. Standard linear Lagrange shape function are used. The domain
length "l" is set to 50 mm and "n_e" refers to the number of elements in the domain. The time
step can be changed by modifying the "Del _t" parameter. To run the code, Julia programming
language (open-source) installed on Atom interface (open-source) is recommended.

1 #.....Importing packages.....
2 clearconsole()
3 using Pkg
4 using Plots
5 using LinearAlgebra
6 using SymEngine
7 using QuadGK
8 using SpecialFunctions

138



A. Appendix

9 #.....Parameters and variables.....
10 l = 0.050 #------------------------Length of bar in m
11 n_e = 5 #---------------------------No. of elements
12 f0 = 0 #-----------------------------Flux value
13 T_t = 24*3600*365*5 #----------Total time 5 years
14 Del_t= 24*3600*5 #---------------Time step - CHANGE HERE
15 N_t = Int(round(T_t/Del_t)) #-No. of time steps
16 CO = 550 #----------------------------External concentration in mol/m^3
17 D_Cl = 1*10^-12 #-----------------Apparent diffusion coefficient

18 #.....ID Matrix for n_e elements.....
19 ID_mat = zeros(Int,n_e,2) #includes nodes

20 #.....Assembly of ID matrix for 2 noded elements.....
21 for a = 1:n_e
22 for b = 1:2
23 ID_mat[a,b] = b+(a-1)
24 end
25 end

26 #.....Elemental consistent capacity matrix.....
27 eta=symbols(:eta)
28 N1= (1/2*(1-eta)) #--------Shape functions
29 N2= (1/2*(1+eta)) #--------Shape functions
30 N = [N1 N2]
31 M = (transpose(N)*N)*1
32 M_e = zeros(2,2)

33 #.....Jacobian.....
34 coors = zeros(n_e+1) #Assigning coordinates
35 for i = 1:n_e
36 l_e = l/n_e
37 coors[i+1] = coors[i]+l_e
38 end
39 x = coors[1]*N1+coors[2]*N2
40 J = diff(x,eta) #Calculating Jacobian for the first element

41 #.....Element diffusion operator matrix.....
42 N1_x = diff(N1,eta)*(1/J)
43 N2_x = diff(N2,eta)*(1/J)
44 H_x = [N1_x N2_x]
45 K = transpose(H_x)*H_x*D_Cl
46 K_e = zeros(2,2)

47 #.....Fetching Gauss points.....
48 Val_e,wt = gauss(2)

49 #.....Exact element capacity matrix.....
50 for c = 1:2
51 for d = 1:2
52 M_e[c,d] = subs(M[c,d]*(wt[1]*J),eta=>Val_e[1])+
53 subs(M[c,d]*(wt[2]*J),eta=>Val_e[2])
54 end
55 end

56 #.....Global capacity matrix.....
57 M_S = zeros(1+n_e,1+n_e)
58 for e = 1:n_e
59 for i = 1:2
60 for j = 1:2
61 M_S[ID_mat[e,i],ID_mat[e,j]] = M_S[ID_mat[e,i],ID_mat[e,j]] + M_e[i,j]
62 end
63 end
64 end
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65 M_red = M_S[2:n_e+1,2:n_e+1] #Reduced capacity matrix

66 #.....Exact diffusion operator matrix.....
67 for e= 1:2
68 for f = 1:2
69 K_e[e,f] = subs(K[e,f]*(wt[1]*J),eta=>Val_e[1])+
70 subs(K[e,f]*(wt[2]*J),eta=>Val_e[2])
71 end
72 end

73 #.....Global diffusion operator matrix.....
74 K_S = zeros(1+n_e,1+n_e)
75 for e = 1:n_e
76 for i = 1:2
77 for j = 1:2
78 K_S[ID_mat[e,i],ID_mat[e,j]] = K_S[ID_mat[e,i],ID_mat[e,j]] + K_e[i,j]
79 end
80 end
81 end
82 K_red = K_S[2:n_e+1,2:n_e+1] #Reduced K_S matrix

83 #.....Calculation of force vector.....
84 F = zeros(n_e+1)
85 F[n_e+1] = f0
86 F[2] = -K_S[2,1]*CO
87 F_red = F[2:n_e+1]

88 #.....Calculating solution using Implicit method.....
89 #Comment out this section if Explicit method is used (see below).
90 U = zeros(n_e+1,N_t) #each column of this matrix stores solution at each time step
91 U[1,:] = map(x -> CO, U[1,:]) # Boundary condition at LHS (DBC)
92 sol_time = @elapsed for t = 2:N_t
93 U[2:n_e+1,t] = inv(M_red/Del_t+K_red)*(F_red+1/Del_t*M_red*U[2:n_e+1,t-1])
94 end

95 #.....Calculating solution using Explicit method.....
96 #Comment out this section if Implicit method is used.

97 #.....Diagonalization.....
98 M_Con = zeros(1+n_e,1+n_e)
99 for i = 1:length(M_S[:,1])

100 M_Con[i,i]=sum(M_S[i,:])
101 end

102 M_red = M_Con[2:n_e+1,2:n_e+1] #With Diagonalization

103 #.....Calculating solution using FD.....
104 U = zeros(n_e+1,N_t) #each column of this matrix stores solution at each time step
105 U[1,:] = map(x -> CO, U[1,:]) # Boundary condition at LHS (DBC)
106 sol_time = @elapsed for t = 2:N_t
107 for u = 2:n_e+1
108 pivot_1 = 0
109 for v = 2:n_e+1
110 pivot_1 = pivot_1+ K_red[u-1,v-1]*U[v,t-1]
111 end

112 U[u,t] = U[u,t-1] +Del_t*(F_red[u-1]-pivot_1)/M_red[u-1,u-1]
113 end
114 end

115 #.....Outputting arrays(optional).....
116 outfile = "Data.txt"
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117 counter = 1
118 open(outfile, "w") do f
119 println(f,"X\tY")
120 for i in U[:,N_t]
121 println(f,coors[counter],"\t",i,)
122 global counter +=1
123 end
124 end

125 #.....Plot results at last time step.....
126 T = zeros(N_t)
127 T[1] = 0
128 for i = 2:N_t
129 T[i] = T[i-1]+Del_t
130 end
131 plot(coors[:], U[:,N_t])
132 print("\nsolution time is ",sol_time )
133 print("\nNt is ", N_t)

134 #.....Analytical solution.....
135 t = T_t
136 limit = 1/(2*sqrt(D_Cl*t))
137 #Err(x) = quadgk((2/sqrt(pi))*exp(x^2),0,x/2)
138 int(x) = 2/sqrt(pi)*(1)*exp(-x^2)
139 Eff(x) = quadgk(int,0,(x*limit)) #Exact integration
140 C(j) = CO- Eff(j)[1]
141 Ct(j) = CO*(1-Eff(j)[1]) #2nd argument of quadgk is the error in exact integration
142 plot!(Ct,0:l/100:l)
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