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Abstract

The serviceability limit state of a concrete structure exposed to a corrosive environment
has often been calculated by service life models solely based on Fick’s second law for chloride
diffusion. The main limitation of this type of model is that it does not account for various modes
of transport and reactions that occur when the concrete is exposed to unsaturated conditions;
moisture transport, chloride ingress and carbonation reactions can occur at the same time and
influence the durability of the structure. The primary objective of this research is on the
construction and implementation of a modelling framework which includes the durability
characteristics that define the resistance of concrete to chloride ingress and carbonation reaction
in an environment with a variable relative humidity condition. The model is implemented for
alkali-activated materials, which are an alternative type of energy-saving construction material,
to calculate the service life until the point of corrosion initiation across the reinforcement

embedded in the concrete.

The durability response of alkali-activated materials (AAMSs) has been investigated via
an extensive literature review, in the case when the construction material has been tested in a
single type of deterioration condition that is either submerged in aqueous chloride solutions or
exposed to natural and/or accelerated carbonation conditions, as well as in real service
condition where the concrete is simultaneously exposed to these deterioration conditions. The
main conclusion that can be drawn is that alkali-activated materials have similar performance
properties to Portland cement (PC) in corrosive conditions, but the service life has not been
previously estimated quantitatively by including the impact of carbonation on the permeability

of corrosive species towards the steel reinforcement.

A well-established service life model known in the literature as fib Bulletin 34 service
life design code, is adapted to predict the time taken for reinforcement corrosion to initiate in
alkali-activated concretes. The model approach is based on the calculation of the time needed
for a certain critical concentration of chloride ions, migrating from the external environment,
to reach the steel reinforcement and initiate the corrosion reaction. The service life of alkali-
activated concretes is predicted probabilistically by taking into account the distribution of the
available durability data. The findings indicate that alkali activated concretes with high calcium
content can exhibit promising characteristics as a construction material applied for structural

application in chloride-rich corrosive environments. However, the sensitivity analysis



conducted in this research reveals a wide range of values in service life predictions for a single

type of alkali-activate concrete.

The moisture transport in alkali-activated materials is investigated in this research
because the moisture state in these porous materials is an essential durability factor that should
be accurately predicted in order to model the simultaneous ingress of chlorides and CO:> in
marine conditions. Three moisture transport models, namely the single, dual, and mechanistic
permeability models, are implemented to assess the moisture transport in AAMs during wetting
and drying cycles. This enables to study the significance in each model, accounting for the
complex porous microstructure of the material, on predicting the degree of saturation as a
function of the external relative humidity. In comparison with data for PC, it can be concluded
that the dual permeability model is a suitable model to simulate and predict the degree of
saturation in the pores of Alkali-activated cements. This is due to its better description of the
transport of moisture in large and small pore regions of a cement along with the
interconnectivity between the two pore regions.

Finally, a numerical model has been developed and validated for service life prediction
of alkali-activated concrete in marine conditions by including transport and reactions that occur
when the concrete is exposed in unsaturated conditions; moisture transport, chloride ingress
and carbonation reactions. The model is set to probabilistically predict the service life of alkali-
activated concrete by taking into account the distribution of critical chloride concentrations.
Sensitivity analysis is conducted to systematically vary the durability properties in the model
to provide a range of possible values for service life. It can be concluded that moisture transport
can have an equal impact as carbonation on the distribution of service life when alkali-activated
concrete is exposed to a wetting cycle. Furthermore, the developed service life model can be
used as an efficient decision-making tool in material design of concrete for suitable structural

applications with low environmental impact.
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Figure 5.46. Simulated saturation profile, dashed line, for AAMs 100SG,
75SG25FA,50SG50FA and data, circle symbol, of measured profiles for PC-0.45 at the
end of wetting after 315 days, from 53.5% to 97% RH (A) and at the end of drying after
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Figure 5.47 The moisture storage curves obtained from the adsorption isotherm of 50SG50FA*
that is replotted in terms of the degree of saturation as a function of pC which is
log(Pc/Pref) with Pref = 1 Pa [88]. The parameters shown in this graph are the pore maxima
pCiwhich are the inflection points within the moisture storage curves indicated by vertical
dashed lines. The other parameters are the slopes, si, of the moisture storage curve at the
inflection points and are equal to the slope of straight lines drawn tangent to the curve at
those points. The parameter ASi represents the difference between the plateau levels,
which are indicated by horizontal dashed line, in the moisture storage curves. Note that the
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log(Pc/Pref) with Pref = 1 Pa [88]. The parameters shown in this graph are the pore maxima
pCiwhich are the inflection points within the moisture storage curves indicated by vertical
dashed lines. The other parameters are the slopes, si, of the moisture storage curve at the
inflection points and are equal to the slope of straight lines drawn tangent to the curve at
those points. The parameter ASi represents the difference between the plateau levels,
which are indicated by horizontal dashed line, in the moisture storage curves. Note that the
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25



Figure 5.52 Simulated saturation profile, dashed line, for 50SG50FA and data, circle symbol,
of measured profiles for PC-0.45 at the end of wetting after 315 days, from 53.5% to 97%
RH (A) and at the end of drying after 370 days from 89% to 53.5% RH (B). Data obtained
TTOM 79 et 214
Figure 5.53 The cement and mortar skin of the concrete cover affected by the contact with
formwork during the process of concrete casting. Figure obtained from [221]. ............ 215
Figure 5.54 Water vapour desorption isotherms for Portland cement at cement, mortar and
concrete scale. Data obtained from [69, 205, 222]. ........ccccooiiiieiiiiieiee e, 215
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from cement to mortar and concrete resulting from the upscaling procedure................ 217
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from cement to mortar and concrete resulting from the upscaling procedure................. 218
Figure 5.57 Circular symbols represent experimental Da data obtained during the desorption of
100SG (A), 75SG25FA(B) and 50SG50FA (C) mortars. The measured curves of Da, lines,
are fitted by means of implementing equations 2.34 and 2.35 in equation 2.33. ........... 220
Figure 5.58 Saturation profile at the end of drying from 100% to 50% RH for 100SG(A),
75SG25FA (B). and 50SG50FA (C) binders simulated by implementing Equations 2.34
and 2.35 in Equation 2.33 and using the moisture transport parameters present in Tables
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Figure 5.59 Circular symbols represent experimental Da data obtained during the adsorption of
100SG (A), 75SG25FA(B) and 50SG50FA (C) mortars. The measured curves of Da, lines,
are fitted by means of implementing Equations 2.34 and 2.35 in Equation 2.33........... 221
Figure 5.60 Saturation profile at the end of wetting from 50% to 100% RH for 100SG(A),
75SG25FA (B). and 50SG50FA (C) binders simulated by implementing equations 2.34
and 2.35 in the single permeability model and using the moisture transport parameters
present in Tables 5.26 and 5.27. ......c.ooviiiiieieece et 222
Figure 5.61 Circular symbols represent experimental D, data obtained during the desorption of
100SG (A), 75SG25FA (B) and 50SG50FA (C). The measured curves of Da (lines) are
obtained by means of fitting the overall moisture transport equation (Eq. 2.42) which
includes moisture transport in the large pore region (Eq. 2.44) and small pore region

(Eq.2.46) along with the transport contribution factor from the large pore region (wsp).

Figure 5.62 Saturation profile at the end of drying from 100% to 50% RH for alkali-activated

concretes in the large pore region (A), in the small pore region (B) and total saturation (C).
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Profiles are simulated for 100SG, 75SG25FA and 50SG50FA by implementing Equations
2.43 and 2.45 in the dual permeability model and using the moisture transport parameters
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Chapter 1:  Introduction

1.1 Background

Concrete, a man-made rock composed of cement, water, sand and aggregate, is the most
used building material on earth. Its use ranges from the construction of energy systems to the
construction of gravity defying skyscrapers. The high consumption of concrete is attributed to
the fact that no material has been found to be capable of replacing reinforced concrete at a low
economic cost and with long lasting service performance [1]. Portland cement (PC), the
mineral binder that joins all the components together in concrete, is produced by the
decomposition of carbonates to obtain its main component known as the clinker. Around 90%
of the cement sector's CO emissions can be attributed to the production of clinker by heating
a mixture of raw materials up to a high temperature range of 1400-1500°C in the rotary kiln
and then by cooling the mixture to form the clinker from a semi-molten state to a solid state.
The reason for the high calcination temperature is to decompose the major raw material,
limestone (CaCQg), as a source of calcium to chemically combine with the other ground raw
materials which are usually shales or clays [2]. Equation 1.1 depicts the decomposition

reaction of limestone in the rotary kiln;

A
CaCO; — Ca0 + CO, 11

It is reported that a value of 0.53 t CO> was emitted per ton of clinker produced and an average
of 0.34 t CO; emitted per ton of cement due to the combustion of non-renewable resources
required to heat the raw materials in the kiln [2]. These amounts make the process of CO-
emissions from the cement sector contribute to approximately 8% of global CO2 anthropogenic
emissions [2]. This contribution factor will rise because of the surge in demand for concrete to
meet the needs of the global population expected to increase by 2.5 billion by 2050 [3].

Efforts for the reduction of carbon footprint of the cement industry have been implemented
which include: energy efficiency manufacturing processes with the replacement of alternative
fuels, carbon capture and storage, increased degree of clinker substitution and production of
alternative cements [3]. Habert et al. [3] have estimated the strategies for optimization of clinker
content of cement, with supplementary cementitious materials, and implementation of

alternative cements in construction could drop the CO2 budget of concrete production by 45
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and 41% respectively [3]. They have also emphasized the use of alkali-activation technology
as a suitable alternative for valorization of large streams of industrial wastes and by-products,

to produce low carbon cementitious materials [3].

Alkali-activated materials (AAMSs) are made by chemical reactions between an alkaline
activator, that is source of alkali cations, and reactive aluminosilicate materials mixed with
water either at room temperature or at a slightly elevated temperature (up to 80°C). The main
raw materials typically used as aluminosilicate precursors for alkali-activation are those which
are also used as supplementary cementitious materials (SCMs) in Portland cement blends, such
as blast furnace slag and fly ashes which are industrial by-products obtained from the
production of steel and electricity respectively [2]. Another source for aluminosilicate
precursors used for alkali-activation is metakaolin, also known as calcined kaolin clays, that

exist as a natural resource in abundance around the world [2, 4].

Regardless of the type of binder used in reinforced concrete, whether it is PC or AAMs
with its potential environmental benefits, corrosion reaction occurs at the level of the rebar and
the required time to corrosion initiation is termed as the serviceability limit state of the
structure. Corrosion reaction occurs when concrete in an unsaturated state (i.e. not in
submerged conditions) is exposed to an environment consisting of a combined action of
carbonation and chloride ingress. This combined action exists in a typical situation where
aerosol chlorides, which are chloride-contained liquid droplets originated either from sea water
or during the application of chloride contained de-icing salts, deposit on concrete surface while
carbonation occurs at the same time [5]. Carbonation occurs by the diffusion of atmospheric
CO- through the pore network of the concrete cover, also partly in a dissolved state in the pore
solution which induces a drop in pH of the pore solution, from its normal passive values (i.e.
pH= 13.5) to near neutrality, and induces an overall increase in porosity and pore size of the
concrete matrix [6]. This leads to bound chlorides from the hydrated phases to become
liberated, diffuse to the rebar, and accumulate across the surface of the rebar [7]. Once a certain
concentration of chloride ions has been reached then corrosion occurs through localized de-
passivation (i.e. pitting) over areas of the protective thin oxide layer initially formed around the
rebar because of the highly alkaline environment of the surrounding concrete, as an inherent
property. This concentration of chloride ions needed to initiate corrosion in reinforced concrete
is termed as critical chloride threshold (Cerit) [8]. The effect of corrosion can lead to reductions

in cross-sectional area of the rebar which reduces its capacity to absorb tensile and shear stress

37



to withstand the compressive load that the structure was initially designed for in a construction

project [9].

The resistance of concrete cover, also known by the term durability, against corrosive
agents for the steel reinforcement has been adequately researched in the literature to obtain data
of the performance of AAMs in corrosive conditions for structural applications, where in some
cases AAMs have been proven to have similar and/or better performance than PC[10]. For
example, NTBUILD 492 test [11] has been used to calculate the non-steady state chloride
migration towards the rebar with the influence of ionic interaction from different ions
simultaneously present in the pore solution (i.e. aqueous phase of the concrete). Another
transport test method used is the NTBUILD 443 test to calculate the effective chloride diffusion
and possible chloride binding capacity of the concrete matrix by the use of ASTM C 1218 [12]
and ASTM C 1152 [13] techniques. Electrical impedance spectroscopy has been applied to
investigate the permeability, in other words microstructural evolution, of alkali-activated
binders as a function of time [14]. Furthermore, thermodynamic modelling has been
implemented to predict the phase evolution of the binders exposed to chloride and carbonate
ions from the environment [15, 16]. This technique is a useful tool to predict the changes in the
porosity of the cement and alkalinity of the pore solution as a function of changes in pore

solution composition [17, 18].

However, some gaps are still existent in the literature which can decrease the chances
for AAMs to be placed as a commercial product in the market. For example, most of the
research that has been conducted to test the durability of AAMs were in lab scale and only in
single deterioration condition. As well as the transport tests used are the ones originally made
to test the PC and are mostly conducted without considering the difference in the chemistry of
each binder which can have an impact on the results. Another gap in the literature is the lack
of long-term service performance data for AAMs in service conditions. Therefore, the main
challenge is to prove the reliability of AAMs by predicting the time for corrosion initiation (i.e.
known as the serviceability limit state [9]), through the use of a numerical model describing
combined modes of degradation occurring in reinforced alkali-activated concrete exposed to a

corrosive environment.
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1.2 Objective and Scope of Research

The general aim of this thesis is the construction of a multi-transport numerical model
that interplays the reaction and ingress of chloride ions and CO; in the liquid phase and gaseous
phase of the concrete, respectively, based on the saturation state of alkali-activated concrete
which is also predicted by moisture permeability transport models. The numerical model will
couple moisture, chloride and carbonation transport-reaction equations, that have been
separately pre-established to describe the durability performance of PC concrete exposed to a
single type of environmental condition, with durability data of AAMs as inputs. Hence, the
service life for alkali-activated concrete exposed to combined modes of degradation will be
predicted until the point of corrosion initiation. Additionally, the service life will be calculated
in a probabilistic mode by accounting the variability of durability data, as inputs for the
numerical model, obtained for a single type of alkali-activated concrete from literature and
experimental work carried out in this research. Thus, the scope of this study is solely on
degradation via mass transport of moisture, chloride ion and CO: from the external
environment into alkali-activated concrete (AAC) without including other modes of chemical
attack such as the impact of freeze-thraw cycle on the permeability of concrete located in cold

climate regions.

1.3 Thesis Outline

The work described in this thesis to achieve the main objective falls generally into six chapters

described as follow:

e Chapter 2 is on the literature that provides a thorough discussion on durability aspects
of AAMs exposed to carbonation reaction and chloride ingress in comparison to
Portland cement. It also includes moisture permeability models used to predict
evaporable water content across the porous cementitious matrix and a commonly used
service life model implemented to predict the service life of reinforced concrete.

e Chapter 3 presents the materials and experimental methods used in this research. The
materials used in this research are AAMs with different mix designs and are presented
in detail. Some of the experimental methods are implemented to obtain data for
parameters used in the numerical models described in Chapters 5 and 6. Additionally,
the computational technique implemented to run the numerical models is discussed in

the chapter.
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Chapter 4 is on applying a well-established service life model, fib Bulletin 34, based
on the distribution of the durability data of AAMs obtained from the literature. The
distribution of Ccrit for AAMs is also estimated by implementing a model that includes
the ratio of chloride concentration to pore solution alkalinity which serves as corrosion
indicating factor in AAMSs also obtained from the literature. It is revealed that AAMs
with high calcium content in the mineralogical composition can be a suitable low
carbon construction material for structural applications in a submerged aqueous marine
chloride environment. Gaps in the model are also identified for further development
done in this research to improve its predictions.

Chapters 5 primarily describes anomalous moisture transport in cement, which is the
deviation of transport of evaporable water from Fick’s second law of diffusion, and
that it is mainly caused by the complex microstructure of the binder. Three moisture
permeability models have been implemented for AAMs exposed to wetting and drying
cycles, and predicted profiles of degree of saturation are compared with data for
Portland cement attained from the literature. The dual permeability model is found to
be a suitable model because it includes the anomaly effect of moisture transport by
accounting the fast and slow transport of moisture through two different pore size
regions, classified as large and small pores, of a material with a complex
microstructure such as the case of blended cements.

Chapters 6 is on the construction of a numerical model that implements carbonation-
chloride induced reactive transport models combined with moisture permeability
models to predict the service life of alkali-activated concrete in unsaturated conditions
(i.e. not in submerged conditions). The calculation of the degree of saturation is the
key parameter in the model that can interplay the ingress of CO> in the gas phase and
chloride ions in the aqueous phase of the concrete. The developed model also
implements reactive transports in the skin layer of the concrete cover, which is more
of a mortar phase, and is usually ignored in existing service life models present in the
literature. The model is also validated against chloride profile data for a structure
exposed in unsaturated conditions. Finally, the distribution of Ccit for AAMs,
determined in Chapter 4, is built in the numerical model to probabilistically predict
the service life of alkali-activated concrete exposed to combined environmental

conditions. Sensitivity analysis is also included in this study to determine the variation
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of the distribution of service life when some of the durability parameters are
systematically varied in the model.

e Finally, Chapter 7 contains overall conclusions for Chapters 4-6. It also includes
discussions on the limitations of the developed numerical model which can be subjects

of future research in the field of durability of alkali-activated materials.

Figure 1.1 represents a flow chart indicating the main outcome obtained from each chapter

outlined in the thesis along with their interrelations to achieve the main objective of this
research.
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Figure 1.1 Thesis outline summarizing the key work related to Chapters 4,5 and 6 and their interrelations
to achieve the research objective stated in Chapter 1. The durability data and models obtained from literature
review and experimental measurements, discussed in Chapters 2 and 3, form the basis of Chapters 4, 5 and
6 followed by future work suggested in Chapter 7.
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Chapter 2:  Literature review

2.1 Alkali-Activated Materials- Historical Background

The reaction of an alkali source with an alumina- and silica-containing solid precursor as means
of forming a solid material comparable to Portland cement (PC) was first patented by Whiting,
a cement scientist, in 1895 [19]. Later on, in 1908 Kihl, a German cement chemist and
engineer, marked a mixture of a vitreous slag and an alkali sulfate or carbonate, with or without
added alkaline earth oxides or hydroxides, as a ‘developing material” because of its comparable

usage as Portland cement [2].

Purdon, in an important journal article published in 1940, established the scientific basis of
alkali-activated cementitious binders in more detail, where he noted the enhanced tensile and
flexural strength of slag-alkali cements compared to Portland cements of similar compressive
strength. Other key notes from that study were the low solubility of these slag binders, and low
heat evolution during the reaction into hardened state [2].

However, the first real contribution to the research in cement science of alkali-activated
materials was given by Glukhovsky in 1959 [20] [2]. He claimed that these binders inherently
show good durability properties because of the presence of aluminosilicate hydrates in their
chemical composition, compared to PC composed of calcium silicate hydrates. For this reason,
he developed a similar binder called “soil-cement”, in order to reflect its likeness to natural
minerals, which is obtained from the reaction of low-calcium or calcium-free aluminosilicates
(e.g. clays) with alkali metal solutions [2, 21]. Nevertheless, much of the degradation observed
in modern concretes is due to the corrosion of embedded steel reinforcement, while intact

unreinforced ancient structures have not been subject to this mode of decay.

From the early 1980s developments of low-calcium (including calcium-free) binders were led
by the work of Davidovits who, in 1978, first applied the name “Geopolymer” to these
materials. Geopolymers were manufactured through the alkali-activation of calcined clays,
particularly metakaolin. These geopolymers have been used as a fire-resistant replacement for

organic polymeric materials and as cementitious binders [21].

Following all the above initial investigations, research in alkali-activated materials (AAMS)

has since diffused worldwide with different names such as F-cement in Finland, Pyrament in
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the USA, E-Crete™ in Australia, Geocements in Ukraine, and ASCEM in the Netherlands.
With this excess of names applied to the description of AAMs, three different categories were
defined and adopted to identify the variety in alkali-activated materials based on their chemical

compositions, as shown in Figure 2.1 [22].

A
Increasing
Ca content
Increasing Al
content
Increasing M*
content Geopolymers

Figure 2.1 Classification of AAMs and its subset Geopolymers, with comparison to PC and calcium
sulfoaluminate binder chemistry. The shading specifies approximate alkali content; darker shading links

to higher concentration of sodium and/or potassium [2].

e Alkali activated materials is the broadest term, including any cementitious material
made by the reaction of an alkaline salt, in solid or dissolved state, with a solid
aluminosilicate powder. The alkaline salt has to be soluble and can raise the alkalinity
of the reaction mixture to accelerate the dissolution of the solid precursor. This solid
can also contain calcium silicate hydrates, through the alkali-activation of conventional
clinkers, or precursor with an aluminosilicate-rich content such as a metallurgical slag,

natural pozzolan, fly ash or bottom ash[22].

e Geopolymers are a subgroup of AAMs, that are mainly composed of aluminosilicate as
the binding phase to form the solid material. Its formation is from low calcium (Ca)

content raw materials such as low-Ca fly ash and calcined clays (i.e. metakaolin)[22].
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Furthermore, the terms AAMs and geopolymers should not be used interchangeably as AAMs
made from high-Ca raw materials have a chain structure of calcium silicate hydrate (C-S-H)
type phases and geopolymers have a pseudo-zeolitic network structure. This difference in
chemical structure is enough to distinguish their durability performances within the same

environmental service conditions [2].

2.2 Chemistry of Alkaline Activating Solutions

Similarly, to the use of water to binder ratio (w/b) as key parameter used for manufacturing of
binders in the PC system, it is also used for production of AAMs. However, in AAMs an alkali
activator is introduced to create an alkaline environment to dissolve the aluminosilicate
precursors for the formation of the gel-like reaction products [21]. Therefore, in AAMs w/b is

presented in three different ways:

1. Water to binder ratio (w/b): the ratio of total mass of water (water in alkaline

solutions with additional water) to total mass of precursors.

2. Liquid to binder ratio (I/b): the ratio of total mass of alkaline liquids (alkaline
solutions with additional water) to total mass of precursors.

3. Water to solid ratio (w/s): the ratio of total mass of water (water in alkaline solutions
with additional water) to total mass of solid (precursors and the dissolved solids in
the alkaline solutions). Also this ratio is sometimes termed as w/b with the binder
(b) defined as the total solids.

In this research the notation w/b is used to describe the ratio of the total mass of water (water
in alkaline solutions with additional water) to total mass of solid (precursors and the dissolved

solids in the alkaline solutions) in the mix design for the studied alkali-activated materials.

In addition, it is necessary to understand the chemistry of the alkaline activating solutions that

are combined with aluminosilicate precursors to produce cementitious materials;

Alkali silicates are the most widely used activators and can be written as Na>O-SiO2-H-O.
These can be produced via two processes: melting carbonate salts with silicon dioxide to form
a glass and then dissolving in water, or dissolving silicon dioxide in highly alkaline solutions.
Most of the silicate sites present in the activating solutions used in manufacture of AAMs will
be deprotonated either once or twice, making the activating solution buffer at approximately
pH 11-13.5 [2, 23].
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Alkali hydroxide is produced industrially as the product of the chlor-alkali process, which is
the electrolysis of an aqueous solution containing alkali chlorides. The high use of sodium and
potassium hydroxides is due to their solubility in water that can reach up to concentrations of
30 mol/kg at 20 °C [24]. In addition, alkali-hydroxide can produce a highly alkaline solution at
a relatively low cost. However, one of the main disadvantages is the potential for the excess
alkali present in the pore solution to react with atmospheric CO2 and form efflorescence. This
can serve as a durability problem as the presence of formed carbonates can limit the chloride
binding capacity of cement hydrates in order to prevent steel corrosion [2, 14]. Another related
durability issue by hydroxide activation is the poor microstructural development of the binder,
making it more porous, which can negatively impact the compressive strength of the concrete
[25]. Furthermore, there is a difficulty in handling the activators because they are hazardous to
human health [26].

Alkali carbonate can be obtained either by the Solvay process or by the mining of carbonate
salt deposits. Its alkalinity is lower than that of other alkali-activating solutions, which means
that the selection of aluminosilicate raw materials that can be used with carbonate containing
activators may be quite limited. Moreover, the potential of formation of hydrous sodium
carbonate salts (e.g. the decahydrate Na,COz3-10H20) due to presence of carbonate ions already
in the pore solution, can bind to large amounts of water and cause difficulties related to water
demand in mix designs [2]. However, Bernal reported that the consumption of carbonates,
during advanced curing times of alkali-activated slags, can lead to an increase in alkalinity of
the pore solution and can make the reaction process form similar reaction products as the ones
observed in case of slags activated by alkali hydroxide [27]. In addition, it was reported that
slags with high magnesium oxide content can overcome the known issues with delayed setting

time in carbonate activated binders [27].

Alkali sulfates can either be extracted from mining processes or be a by-product from the
manufacturing of other chemical materials such as boric acid, silica pigments or ascorbic acid.
This kind of activator has not very often been used in the preparation of alkali-activated binders,
but it has been reported that the addition of clinker is usually required for enough strength
development of the material [2]. In addition, Bernal [27] reported that slags activated by sodium
sulfate can have setting times faster than in the case of sodium carbonate activation, but their

process to harden takes a longer time than the slags activated by sodium silicate.
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Finally, alkali sulfates and carbonates, compared to alkali hydroxides and silicates, provide
significant scope for greenhouse gas savings in cement production, but the manufacturing
conditions must first be identified to form binders with properties that can meet performance
standards [2, 27].

2.3 Aluminosilicate Raw Materials

The aluminosilicate-rich raw materials used in AAMs can be natural resources, such as clay
that is calcined to obtain metakaolin, and industrial by-products such as ground granulated blast
furnace slag (SG) or fly ash (FA). Depending on the reactive calcium oxide content in these
materials and the type of alkali-activator used, the binder made up of the final reaction products

can be divided into two main groups:

- A calcium- and silicon- rich material, in the case of blast furnace slag, having a
composition of silicon dioxide (SiO2) and calcium oxide (CaO) greater than 70% with
CaO of at least 40% , activated under relatively moderate alkaline conditions leads to
the formation to calcium aluminosilicate hydrate (C-A-S-H) gel as the main reaction
product [28]. This product is similar to the one obtained from the hydration of PC, but
the difference is the incorporation of aluminum (Al) in the structure of C-A-S-H [21].

- An aluminum- and silicon rich material, such as class F fly ash (according to ASTM
C618 [29]) with low calcium oxide content, and metakaolin, also with low CaO
content, will require more severe conditions for the alkali-activation reaction to take
place. Conditions such as high alkalinity and the right curing temperatures for certain
mix designs would be needed to obtain acceptable strength properties. The hydration
reaction leads to the formation of the main hydrate product that is an alkaline
aluminosilicate hydrate (N-A-S-H) gel, which is sometimes termed as a geopolymer
gel [21].

2.3.1 High-Calcium Alkali-Activated Binders

Ground-granulated blast-furnace slag is commonly used as a calcium-rich aluminosilicate
precursor for the production of alkali-activated materials. Blast furnace slag, which is a by-
product of manufacture of iron in blast furnaces, consists of silicate and aluminate impurities
from the iron ore and coke. The type of reaction products formed in alkali-activated blast
furnace slag (AAS) is mainly dependent on type of activator, composition of the precursors,

curing conditions, and extent of slag reaction [2, 30].
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The main reaction product of alkali activated blast furnace slag (AAS) is the C-(N)-A-S-H type
gel, and the secondary reaction products, which may be zeolites and/or hydrotalcites, are
dependent on the magnesium oxide (MgO) content in the mineralogical composition of the
slag. Slags containing low MgO content can lead to the formation of the C-(N-)A-S-H gel with
a higher incorporation of Al and alkali (N) content in its network structure, and to the formation
of strétlingite as the dominant secondary product. However, for more MgO-rich slags, much of
the Al is consumed in the formation reaction of secondary Mg-Al rich hydration products
termed as hydrotalcite-like phases [30].

Overall, the molecular interactions govern the nanostructure of C-(N)-A-S-H gel and are
controlled by precursor composition and mix formulation. The structure of C-(N)-A-S-H gel is
generally a mix of cross-linked/noncross-linked tobermorite units, as seen in Figure 2.2. This
form of structure has been found to be similar to the calcium silicate hydrate phase (C-S-H)

seen in Portland cement [31].

Crosslinked
C-(N)-A-S-H unit q? crosslinking AIY

_____ /L A 2(B) bridging AIV
@2,(2Al)

Q%,(2Al)

Non-crosslinked

Q'(1Al) Q*(2Al) CN)-A.S.H unit q2(P) pairing Al

Figure 2.2 Schematic representation of Al sites within C-A-S-H type gels cross-linking q° Al tetrahedral
(green triangle), bridging g(B) Al tetrahedra (blue triangle), pairing g?(P) Al tetrahedra (brown triangle),
and charge-balancing AIV (orange square). Si tetrahedra are shown by the grey triangles, and charge-

balancing alkali cations and protons have been omitted by the authors for clarity in [31].

Walkley et al. have studied the structural framework of C-(N)-A-S-H gel through the variation
of the chemical composition of slag by the application of 1O, 2Na, and ?’Al 3Q MAS NMR
spectroscopy to multiphase 1’O-enriched gels [31]. They have noted that with an increase of
bulk calcium (Ca) content within the reaction mixture, the formation of low-Al, high-Ca
containing C-(N)-A-S-H occurs. This type of hydrate has exhibited a highly ordered structure
and with less cross-linking sites. Also more coordination between calcium and oxygen atoms

occurred which led to an increase of protons connecting with CaO layers to form Ca-OH sites
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[31]. Inaddition, they have noted that the increase of bulk Ca content can promote the formation
of hydroxy-AFm and monocarbonate-AFm phases. Whereas in the case of the reaction mixture
containing a high bulk of Al content, this ionic species will substitute more in the C-(N)-A-S-
H gel, leading its structure to have a higher degree of cross linking sites and a disordered form.
Furthermore, the increase in the bulk Al content has resulted in an increased in the formation
of additional disordered N-A-S-H gel with high Al and sodium (Na) contents [31].

2.3.2 Low Calcium Alkali-Activated Systems

Fly ash, as the by-product of coal combustion for the production of electricity, has been used
to make low-calcium alkali-activated binders whereas calcined clays, known as metakaolin, are
the precursors used to make free-calcium alkali-activated binders [2]. Most of the fly ashes
used in alkali-activation are grouped within class F (low calcium content) category as defined
by ASTM C618, a commonly used standard for the classification of supplementary
cementitious materials (SCMs). However, the activation process for these precursors differ
from AAS production as sometimes thermal or steam curing (60-80°C) and strong alkaline
activators are required for the activation reaction [32]. Class C (high calcium content) fly ash
is less frequently used because it is less abundant compared to other SCMs and the alkali-
activated binder produced will have rapid setting properties that affect the workability of the

material during concrete casting [33].

Looking further into the formation of hydrates of geopolymer type binders, the main reaction
product is a polymeric network with amorphous zeolite-like phases, named N-A-S-H gel. The
secondary reaction products are mainly zeolite-like crystalline structures such as analcite,
sodalite, Na-chabazite, hydroxysodalite and faujasite [34]. Additionally, the composition and
structure of these formed zeolites vary according to the type of activator and precursor used,
along with the conditions used for curing stage [2]. Walkley et al. have proposed a structural
model for alkali aluminosilicate gel (N-A-S-H) frameworks based on data obtained from solid-
state nuclear magnetic resonance spectroscopy ('O, 2Na, and 2’ Al). In Figure 2.3 the proposed
conceptual model for the structure of N-A-S-H gel is shown with charge-balancing of the
partial negative charges on bridging oxygen associated with tetrahedral Al provided by sodium

and by extra-framework Al [35].
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Figure 2.3 3D representation of a polymerized section of the N-A-S-H gel indicating various constituent

environments [35].

Overall, insights into the nanostructure of the main hydrates formed in AAMs (i.e. C-(N)-A-S-
H and N-A-S-H hydrates in high and low Ca-AAMs, respectively) is crucial for understanding
the solubility and reactivity of the cement hydrates that control the macroscale engineering
properties of the concrete such as the compressive and tensile strength [31]. In addition, the
chemical composition of cementitious material, also known as the phase assemblage of formed
cement hydrates, control the durability properties of the concrete cover which serves as a
protective barrier for steel reinforcement against corrosion [30]. Consequently, the cement
hydrates play a major role in the prediction of long-term service performance of the reinforced

concrete structure.

2.4 Role of Concrete Against Corrosion of Steel Reinforcement

In general, the concrete matrix, made up of cement, sand and aggregates, acts as a physical
barrier against penetration of aggressive agents mainly through its pores. This means that the
less permeable and thicker the concrete cover is, the more durable the material is to prevent
steel corrosion, and the longer the service life of the reinforced concrete structure (RCS) will
be. In addition, the chemistry of the pore solution and cement hydrates play a role in interacting

and binding to the corrosive agents leading to less flow of the ions towards the steel rebar [36].

The durability of Portland cement based concrete in corrosive environment has been studied for
many years with standard performance tests developed along with recommended types of raw

materials and mix designs for concrete material used for the infrastructure [37].
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However, the durability performance of alkali-activated concrete (AAC) in combined
chemical attack of carbonation and chloride ingress is still not clearly understood up to this
date [38]. One of the main reasons is due to the lack of standardized tests needed to evaluate
the durability of AAMs exposed to the weathering conditions [39]. Consequently, the use of
AAC in construction and especially in marine exposure conditions (i.e. corrosive environment)
has not been widely implemented. The following section provides a general description of

corrosion across the rebar in reinforced concrete.

2.5 Mechanisms of Steel Corrosion in Reinforced Concrete

Reinforced concrete is a concrete matrix with a steel rebar embedded in such a way that the
two materials act together to resist loads in a structure. Reinforced concrete combines the good
compressive strength properties of concrete and the excellent mechanical strength properties
of steel because of its ability to absorb the tensile and shear stress that prevents the concrete
from crumbling under high loads. Thus, reinforced concrete materials can provide high
mechanical strength, fire resistance, shape adaptability and durability [21].

However, with time, severe steel corrosion can occur in the concrete structures that can lead
to the concrete spalling and then structural failure. Corrosion of the reinforcement occurs when
corroding agents from the environment permeate through the concrete matrix, towards the
rebar and dissolve the protective (passivating) thin oxide layer that was formed around the
surface of the steel as soon as it was embedded in the highly alkaline environment of the
concrete.

The entry of chloride ions from the external environment, either by capillary absorption,
hydrostatic pressure and/or diffusion process, into the concrete can act as a catalyst to
accelerate the corrosion process. The infiltration of chloride ions into concrete, as free ions
in the pore solution, provides the electrolyte needed to sustain the electrochemical reactions
that cause localized pitting around the passive film of the reinforcement.

The presence of absorbed chlorides around the steel causes the formation of acids such as
hydrochloric acid (HCI) and hydrogen sulfide (H2S) that create pits inside the rebar and
become the deposit areas for formed rust products [40]. The overall effect of the corrosion
induced by chlorides together with oxygen and water is a substantial reduction in the cross
section area of the rebar.

In addition, carbonation is also a coupling corrosive agent with the chloride ions around the
steel reinforcement. The carbonate ions, resulting from the flow of carbon dioxide and its
partial dissolution into the concrete pore solution, can cause the drop of alkalinity of the pore
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solution surrounding the rebar which causes the dissolution of the passive film layer. Thus,
in the combined case (i.e. presence of chloride and carbonate ions) the corrosion reaction can
take place over wide areas of the reinforcement making it a more uniform process [21].
Steel corrosion, an electrochemical process, must have four main conditions simultaneously
present in order for the reaction to remain sustained. The first condition is the provision of two
half-cell reactions considered to be the anodic, Equation 2.1, and the cathodic, Equation 2.2,
reactions that can be shown as follows:

Fe - Fe?* + 2e” (2.1)

1
502+ Hy0 +2e” — 20H" 2.2)

The second condition is the maintenance of an electrical circuit where the ferrous ions migrate
through the pore water of the concrete to the cathodic sites where they react to form rust

(represented here as Fe(OH)2) through equation ():
Fe?* + 20H™ - Fe(OH), (2.3)

The third and fourth conditions are the presence of moisture and oxygen that act as catalysts
for corrosion reactions by providing more hydroxides (OH") for the production of the main rust

component Fe(OH)..

The use of the Pourbaix diagram, as shown in Figures 2.4 and 2.5, can indicate when steel is
likely to corrode based on insights of pore solution alkalinity of the concrete matrix and the
value of electrode potential of the rebar which can indicate the occurrence of a reduction
process that forms part of the corrosion process [41]. These Figures are originally adapted

from [42] and simplified to indicate the corrosion state of steel reinforcement in concrete.

As shown in Figure 2.5, iron (Fe, the main element of steel) can be theoretically categorized
into two major regions — where corrosion is likely to occur (areas of corrosion) and regions

where corrosion is unlikely to occur (regions of passivation and regions of immunity) [41].
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Figure 2.4 Theoretical conditions of corrosion, immunity and passivation of iron depicted through the
Pourbaix diagram, at 25°C. The red area and the blue box denote normal pH values and electrode potentials
in reinforced-concretes (in the absence of aggressive species) respectively [41].
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Figure 2.5 Pourbaix diagram for the iron-water system. Adapted from [43].

52



The following sections will focus on the concept of chloride threshold (CT) and the
standardized tests used to detect the corrosion initiation of the rebar. These tests have been
designed to calculate the value of chloride threshold which can be used to predict the service
limit state of the infrastructure before the end of life [40].

2.6 Critical Chloride Threshold

One of the main concepts that has set the direction of corrosion research in reinforced
concretes is the correlation between a certain concentration of chlorides in concrete and the
onset of steel corrosion. That concept is now known as the chloride threshold value or the
critical chloride content, termed as Ccrit [44]. In Figure 2.6, Angst (2019) has schematically
represented two parts for corrosion initiation where the first part is on the model that depicts
the evolution of the chloride content at the surface of the rebar and the second part is on the
comparison of the estimated value, obtained by the model, to the Ccit. The value of Ceit is
relative to the type of binder used because the chemistry of the pore solution, responsible for
forming the passive film around the steel rebar, will be altered. In addition, the steel potential,
for the corrosion reaction, can be different for every type of embedded steel rebar [8].
Furthermore, Angst (2019) in his research has pointed out in Figure 2.6 that the main
parameters used for the model and Cqit are seen as deterministic, or single value, parameters

but in reality both values could be in widely spread distributions [44].
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Figure 2.6 Schematic representation of the concept used for the prediction of corrosion initiation including
two parts: 1) chloride content prediction at the level of the steel surface, and 2) critical chloride content for

corrosion initiation, Cerit. [44].
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The variations could be the result of different experimental methodology, in terms of
specimen design and the experimental setup conditions that are used to determine the chloride
transport properties and the chloride threshold [44]. Also, the definition used for corrosion
initiation could vary in various testing techniques for steel bar corrosion [40, 44].
Additionally, corrosion initiation may not solely depend on the concentration of chloride ions
but also on the concentration of other ionic species present in the pore solution [45]. Yet, Cerit
remains a valuable parameter to use during the modelling of chloride ingress and the
prediction of corrosion onset [46, 47]. It will also be used in this research for predicting

service life of alkali-activated concretes until the point of corrosion initiation.

The following section describes some of the standard test methods used to assess steel

corrosion in reinforced concrete.

2.7 Test Methods Used for the Detection of Steel Corrosion in Reinforced
Concrete

The permeation of chloride ions and drop of alkalinity, as a result of carbonation, has led the

ratio of free chloride ions to alkalinity of pore solution (i.e. CI7OH") to be used as a corrosion

risk indicator. In other words, it is used to calculate the concentration of critical chloride content

(i.e. Ceit) needed to predict the likelihood of the onset of steel corrosion [40]. Several

electrochemical techniques, including visual inspection, have been employed for the

assessment of steel corrosion and estimation of the value of Cgit.

The first electrochemical technique is the half-cell potential (Ecorr, MVsce) measurement with
its procedure described in ASTM C876 [48]. This test can qualitatively identify the levels of
steel corrosion by the following conditions: if Ecor IS more positive than -126 mVsce (vs.
saturated calomel electrode (SCE)), the steel remains passive and if Ecorr is more negative than
-276 mVsce than the steel is in an active corrosion developing stage. However, this test method
is not suitable for slag-based AAMs (i.e. when slag is used as the main precursor of the binder)
because there is still uncertainty and limited information about the state of the rebar when the
measured value of Ecor IS between -200 and -350 mVsce. The main cause of the
misinterpretation is that slag precursors contain sulfide ions that can reduce the redox potential
of the pore solution and maintain the steel in a passive state with the Ecorr reaching much more
negative values than those usually obtained as an indication of corrosion in PC based concrete
[40]. Recently, Runci et al. [49] have proposed a value for Ecorr Of lower than -400 mVsce to

be the limiting value for distinguishing between active and passive states of steel in AAMs.
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The second technique is linear polarization resistance (LPR) used to measure the corrosion rate

(Rp) and estimate the value of the corrosion current density by Equation 2.4;

. ___ BB _B
cort 23R,(Ba+Bc) Ry

(2.4)

Where, B is the Stearn-Geary constant with value ranging from 13 to 52 mV, 3, and (. are
anodic and cathodic constants. Andrade et al. [50] specified that lcorr can be utilized to assess
the active and passive zones of the rebar when values for B are assumed to be 26 mV and 52
mV for corroding and passive steel states respectively. However, Babaee et al. [51] have
reported that these reference values for PC are different for the case of alkali-activated binders.
They suggested values for B to be between 13 and 20 mV for the passive steel state and B to
be between 45 and 58 mV for the corroding steel state in the case of AAMs [51]. These values
are within the ranges suggested by Runci et al. [49] where B between 15-25 mV corresponds
to steel in a passive condition and B between 55-63 mV indicates that steel is in an active

corroding condition.

The third electrical technique is electrochemical impedance spectroscopy (EIS), a frequency
based test where an alternating current is emitted and propagates through the concrete towards
the rebar. The obtained result is an electrochemical impedance spectrum that can provide
information around the polarization resistance, which is used to calculate the rate of steel

corrosion [40].

The corrosion reactions can differ between low and high calcium based AAMs, and from the
process seen in Portland cement based concrete, in a way that the chloride concentration may
not solely play the dominant role because the interactions of steel with other pore solution ions
can also have an impact [44, 52]. This is due to the high alkalinity of the pore solution in
geopolymers, and the reduced sulfur species in pore solution of alkali-activated slag cements
that can cause the formation of a sulfide film on the surface of the rebar, leading to a more
complex corrosion reaction [44, 45]. The following sections describe the corrosion reaction

mechanisms in high and low calcium based AAMs.
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2.8 Mechanism of Steel Corrosion in AAMs

2.8.1 Corrosion of Steel in SG-Based AAMs

Mundra and Provis [45] have verified the complex passivation layer that forms on the steel
surface in pore fluid conditions simulating SG-based AAMs to be Fe-S complexes instead of
the usual iron oxide seen for the case of PC. In addition, they have described the formation of
the passive layer and rust products as routes for the anodic peaks in their obtained cyclic
voltammograms described in Equations 2.5-2.10. The chemical compounds placed between
square brackets represent intermediate species and the chemical compounds in the curly braces

represent species that may undergo changes upon aging.

Fe+ OH— <> Fe(OH)ads + e— (2.5)
[Fe(OH)].as « [Fe(OH)]fys + €~ (2.6)
Fe + HS™ & [Fe(HS)]aqs + € (2.7)
[Fe(HS)]ags « [Fe(HS)]i4s + €~ (2.8)
[Fe(OH)]}4s + 20H™ & HFeO; + H,0 (2.9)
HFeO; + H,0 < {Fe(OH),}+ OH~ (2.10)

In Equation 2.7 the presence of HS™ in the alkaline pore solution of alkali-activated slag
competes with OH", in Equation 2.5, for adsorption on the surface layer of the steel, and forms
adsorbed layers of [Fe(HS)]};s and [Fe(OH)]Z, according to Equations 2.8 and 2.6,
respectively. Next, in the presence or absence of HS™, [Fe(OH)]Z,, species, in Equation 2.9,
converts to Fe(OH), as a final corrosion product [45].

In addition, Mundra and Provis [45] have proposed another novel relationship for the onset of
corrosion and that it is not dependent on chloride ion concentration. They conducted
experiments where they have exposed the steel specimens to simulated pore solutions of alkali-
activated slag with varying [HS]/[OH] and alkalinity (from 0.8 to 1.36 M) with the steel
specimen kept in saturated conditions with respect to sodium chloride solution (NaCl). They
have deduced that corrosion initiation would occur when the steel is exposed to a pore solution
containing a concentration ratio of HS to OH" ranging between 0.007 and 0.1125. However,

Mundra and Provis have noted that the actual pore solution of alkali-activated slag was for [HS
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J/[OH]= 0.33 and that corrosion did not take place at any chloride concentration in the

simulated pore fluid experiments under these conditions [45].

Mangat et al. [53] have investigated their exposed alkali-activated concretes to accelerated
corrosive conditions for 1750 days and obtained the Ccit in terms of CI/OH™ concentration ratio
in a range of 2.1 to 2.8. The implemented experimental conditions contained multiple wetting
and drying cycles to attain levels of oxygen, chloride and temperature enough for initiating
steel corrosion within their research time frame of 1750 days [53]. Hence, the difference
between this exposure condition and the simulated pore solution used by Mundra and Provis
[45] is the lack of extra amount of dissolved oxygen, in the latter case, that diffuses from the
environment into the capillary pores of the concrete. The quantity of available dissolved oxygen
at the steel and pore solution interface plays an essential role in the formation of passive layer
around the reinforcement and can also impact the extent of corrosion reaction [45].

2.8.2 Corrosion of Steel in Low Calcium Based AAMs

Mundra et al. [54] obtained a novel relationship for predicting the onset of corrosion as a
function of the high alkalinity pore solution found in low-Ca AAMs (not containing sulfide).
In terms of Cerit, [CI')/[OH13=1.25 is the power law relationship that can predict corrosion
pitting as a function of the alkalinity of the pore solution. In addition, they have also described
the formation of the passive layer and rust products in low Ca-based AAMs according to
Equations 2.11-2.14. Where the passivation layer is the formation of [Fe(OH)],qs that can
change into [Fe(OH)]Z,, and the amount is dependent on the concentration of OH™ in the pore
solution. Also in concentrated alkaline solution (pH>14) the [Fe(OH)]Z,, changes to HFeO3
ions which undergoes a hydrolysis reaction to form Fe(OH),, according to Equation 2.14.
Furthermore, {Fe(OH),} in concentrated alkaline solution can change into a film layer of
[FeOOH],4s and upon aging can be transformed into two types of rust product that are Fe, 05 -
H,0 and FeOOH - H,0 , according to Equations 2.15-2.17 [54].

Fe+ OH™ - [Fe(OH)].qs + €~ (2.11)
[Fe(OH)]ads - [Fe(OH)];ds + e (2-12)
[Fe(OH)]}4s + 20H™ - HFeO; + H,0 (2.13)
HFeO; + H,0 — {Fe(OH),}+ OH™ (2.14)
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{Fe(OH),} + OH™ — [FeOOH], 4 + H,0 + e~ (2.15)

2[FeO0H],qs — {Fe,0; - H,0} (2.16)

[FeOOH] 45 + H,0 — {FeOOH - H,0} (2.17)

2.8.3 Critical Chloride Thresholds in AAMs

In literature, Ccrit IS most commonly expressed in terms of % total chloride content relative to
the weight of the unhydrated cement, %TotalCl/cem. Babaee and Castel [55] identified steel
depassivation during a corrosion test on reinforced alkali-activated mortars, having been
submerged in a 3.5 wt.% NaCl solution for a period of nine months, and measured the chloride
content at the interface between the steel and cementitious matrix. The protocol used to measure
the chloride content is found in the ASTM C1152 technique [13] used to measure acid-soluble
chloride in mortar and concrete. Thus, Babaee and Castel [55] measured Ceit in terms of
%TotalCl/cem because acid soluble chloride represents the total chloride content present in the
cementitious matrix. However, this chloride content was initially present as free ions in the
pore solution due to the absence of chloride binding to the cement hydrates of the alkali-
activated mortars reported by Babaee and Castel [55]. Additionally, the Ccrit is reported in
terms of wt.% of binder by taking into account the amount of fly ash and slag precursors with
the anhydrous part of the activator present in the alkali-activated mortars. Furthermore, Babaee
and Castel [55] obtained the Cqrit values for a mix of alkali-activated mortars activated by
sodium hydroxide with sodium silicate solution and by sodium hydroxide+potassium
hydroxide with sodium silicate solution. In the case of sodium hydroxide with sodium silicate
solution activator, the Ccrit obtained for Fly ash dominated samples (75% fly ash and 25%) was
between 0.341 and 0.692 of Cl in wt.% by binder mass. The values obtained for mixture of slag
and fly ash (50% fly ash and 50% slag) was between 0.335 and 0.436 of Cl in wt.% by binder
mass. The values obtained for slag dominated samples (75% slag and 25% fly ash) was between
0.19 and 0.30 of Cl in wt.% by binder mass. The reason for the variation of Ccrit was due to the
alkali dosage and silica modulus used in the mix design of the activating solution. The samples
activated with a solution containing higher alkali dosage and silica modulus had higher Cecrit
than the samples activated with a solution containing lower alkali dosage and silica modulus.

As for the one case of Fly ash dominated sample activated by sodium hydroxide+potassium
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hydroxide with sodium silicate solution, the measured Ceit values varied between 0.511 and
0.548 of Cl in wt.% by binder mass. These values are higher than the ones obtained for the fly
ash dominated sample activated by sodium hydroxide with sodium silicate solution. However,
the values obtained for the fly ash dominated samples are beyond the values suggested for

geopolymers found in [40] that range between 0.2 and 0.4 wt.% of the binder.

Moreover, Ccrit has been expressed in the literature in terms of the percentage of free chloride
in the cement (%FreeCl/cem) which depicts the amount free chloride ions present in the pore
solution that is primarily responsible for the corrosion initiation. In addition, Ci is expressed
in terms of the chloride concentration to the hydroxide concentration ([CI'J/[OH]) of the
concrete pore solution. This definition is often used to identify the condition of the pore solution

for corrosion to occur in reinforced concrete.

The following Table 2.1 summarizes the values of Cerit, expressed in different forms and

determined by different test methods, for low and high calcium based AAMs.

Table 2.1 List of Cerit values obtained for low and high Ca-AAMs.

Type of .
Cement Corrosion Test Method Cerit Ref.
Linear Polarization Resistance measurements of steel
LZV;:\:A&_ exposed in simulated pore solution with different [CI/OH] [CI)/[OH]?=1.25 [54]
concentration ratios.

) Corrosion potential and corrosion current density

High Ca- measurements of concrete exposed to corrosion inducing 2.1<[CI]/[OH]<2.8 [53]
AAM conditions for 1750 days
. Linear Polarization Resistance measurements of steel

HE:“C/Ia_ exposed in simulated pore solutions with different 0.007<[HS]/[OH"]<0.1125 [45]

[CI/OHT] ratios

In this thesis, the prediction of service life for alkali-activated concretes is based on Cgit in
terms of [CI']/[OH]. This is to account only for the concentration of free chlorides responsible
for corrosion initiation. Thus, values in the first two rows of Table 2.1 will be used to estimate
the serviceability limit state of low and high calcium based alkali-activated concretes in

Chapter: 6.

The ingress of chloride ions and CO> in the concrete matrix is dependent on the degree of pore

solution saturation and flow of moisture through the interconnected capillary pores, towards
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the rebar, during drying and wetting conditions. The following section discusses moisture
transport and degree of pore solution saturation across the porous cementitious material where

both mechanisms are dependent upon the external relative humidity (RH).

2.9 Moisture Transport in Cement Based Materials

Conventionally, moisture transport in cementitious materials was modelled based on Darcy’s
or Fick’s law to predict the moisture state or the degree of saturation of pores inside the concrete
matrix [56-58] . However, anomalous moisture transport properties of Portland and blended
cement-based materials have been reported in the literature [59-63] ; this means that the water
sorption measurements of cement-based materials, on a long timescale, have shown that the
mass change versus square root of time (t°) does not follow a linear relation that depicts the
behaviour of a Fickian process [60]. In addition, Hall [59] noted that the absorption behavior
of water by Portland cement mortars has deviated progressively below the t*? line, but when
tested with an organic liquid (n-decane) the adsorption has followed the t*? line as shown in
Figure 2.7 [60].
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Figure 2.7 Long-term cumulative capillary absorption i versus t*2 for water and n-decane into a mortar 1:2
Portland cement:sand by weight, 0.4 water:cement ratio by weight, cured under water for 28 days, dried at
40 °C for 24 h and then at 105 °C to constant weight [60]. White box symbol; water and black cross symbol;

n-decane.

In addition, Ren et al. [64] have noted in their study that the mass change versus t°° curve for

the water absorption process of cement-based materials has two linear stages. The first one
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follows the conventional single-porosity model, while the second deviates from the first, which
is why such a mass change curve is called anomalous. One of the main reasons for the deviation
from the square root of time law is because of the effect of the continuous swelling of the C—
S—H gel because of its hygroscopic nature. Consequently, this expansion effect during capillary
absorption will make cement-based materials elongate at a macroscopic scale, change the pore

structure, and gradually slow down the rate of water absorption [64] [60] [62].

Furthermore, the hysteresis, or the anomality effect, can delay the diffusion of moisture and
make it difficult for the moisture equilibrium state to be reached during drying or wetting
stages. Several authors have suggested the reason for the hysteresis can be due to rehydration
and/or dehydration of the cement hydrates (which changes the microstructure of the cement)
and the heterogeneous microstructure of the cement due to the existence of a wide range of
pore sizes [65-68]. The scanning electron microscope (SEM) images in Figure 2.8 show the

complex microstructure of AAMs made of varying compositions of fly ash (FA) and slag (SG).
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Figure 2.8 SEM micrographs of alkali-activated and cement paste samples (magnification level is the same
for  all micrographs) [69]. Where:  AAPL:90%FA+10%SG,  AAP3:50%FA+50%SG,
AAP4:75%FA+25%SG, AAP5:25%FA+75%SG, and HCP:100%PC.

Therefore, advanced mathematical models are needed to be implemented to predict the
saturation profile in a concrete matrix — AAC or conventional PC — by taking into account the
complex microstructure of the cementitious binder. The following section describes the
empirical equations and predictive models used to predict the degree of saturation and
saturation profile in cements as a function of external RH.
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2.10 Fundamental Relations

2.10.1 Degree of Saturation

Concrete is considered to be a porous material that can be fully or partially filled with liquid
water. This level of liquid water is dependent on the relative humidity (RH) of the environment
and effective porosity (i.e. connected pores) of the material. The concrete is considered to be
fully saturated only when the effective pores are filled with water and partially saturated when
part of these pores is occupied by the gas phase. The relation between the degree of water

saturation, S, and pore volume of the material is introduced by Equation 2.18.

S = Vi (2.18)
Vo
Vj; Water volume fraction

Vp; Void volume

Another equation used to assess the degree of saturation is with the use of effective porosity

according to Equation 2.19.

S== (2.19)

Where the effective porosity, ¢, may contain both liquid phase, ¢, and gaseous phase ¢, based

on Equation 2.20:

b=+ dg (2.20)

Relation between relative humidity and deqgree of saturation

Water vapor sorption isotherms (WVSIs), measured by experiments and/or Dynamic Vapor
Sorption (DVS) instruments, are determined to correlate the external relative humidity to
amount of evaporable water, also known as free and unbounded water in the cement sample at
constant temperature [70]. For the prediction of degree of saturation, moisture transport models
utilize the relation between capillary pressure, Pc, and degree of saturation. The following

Equation 2.21 is employed for the conversion of evaporable water, 0, to S.
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5= O (2.21)
@max _ er '

0; evaporable water content at certain relative humidity
0,; water content at dry reference state
e™aX; water content at saturated state

The Kelvin equation [71], Equation 2.22, is used to convert the value of relative humidity to

capillary pressure:

pIRT (2.22)

py; liquid water density 997 kg.m™.

R; gas constant, 8.314 Pa.m3.K1.mol ™,

T; absolute temperature, 293.15 K

M,; molar mass of the water molecule, 0.018 kg.mol™*
RH; relative humidity, as a fraction

2.10.2 Models for Isotherms

Several models were studied by Zhang et. al [70] to predict the degree of saturation at a certain
relative humidity. Most of the studied models were obtained from the field of geology and used
to predict moisture transport in soil systems, but have also been validated for studies of
cementitious materials. A brief description of each model is presented in the following section.

2.10.2.1 Feng and Fredlund’s model
This model (FF) is an empirical relationship which was used to fit WVSIs for a ceramic material
by the following Equation 2.23 [72]:

ar

S=—7T
N (2.23)

Where the two parameters, ag, in Pa, and bg, dimensionless, are determined by means of curve

fitting the adsorption and desorption isotherms. However, this model cannot be applicable for
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the cementitious materials because of the effect of C-S-H swelling in high humidity conditions
[73].

2.10.2.2 Van Genuchten’s model
The Van Genuchten model (VG) is used to predict the degree of water saturation in soil using

the following S-shaped curve Equation 2.24 [74]:
PAM\ ™
5 = [(1 (%) )] 224)

Where a, in Pa, m and n, dimensionless, are three empirical parameters obtained by curve
fitting the WVSIs. In addition, the above equation has been simplified into a two parameter

equation by the use the of following relation, Equation 2.25, for shape parameters [74]:

m=1-1/n (2.25)

2.10.2.3 Fredlund and Xing’s Model
Fredlund and Xing’s Model (FX) is based on the Van Genuchten model to account for the pores
in the high capillary pressure region, according to Equation 2.26 [75];

S = Iln Ie + (:—;)nxn_mx (2.26)

e; Euler number (2.71828, a mathematical constant)

2.10.2.4 The Kosugi Model
The Kosugi model (KM) includes a lognormal pore size distribution function in the following
Equation 2.27 [76];

P

s=0Q (o-lln p_> 2.27)

P..,; capillary pressure, Pa, related to the median pore radius

o; standard deviation of log-transformed pore radii; related to the width of the pore size

distribution

Q; complementary normal distribution function as defined by Equation 2.28;
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Q) = (2m)? f

X

(o] _X2
exp <T> dx (2.28)

2.10.2.5 Multimodal model
The multimodal model (Multi) is written as Equation 2.29 [70]:

N
S = Z w; Si(P) (2.29)
i=1
N; the number of pore systems

wj; ranging between 0-1 is the weighing factor characterizing the pore system i and w;S;
represents the water content contribution of pore system i to the total water content in the
material. For instance, when n=2 then Equation 2.29 becomes a bimodal model. An example
of the use of the bimodal model is when Zhang and Angst [62] applied the VG equation for the
small and large pore regions of the cement paste as will be explained in section 2.10.3.3.2..

2.10.3 Moisture Transport Models
2.10.3.1 Darcy’s Model

The most commonly used moisture transport model is Darcy’s law for flow in a saturated

matrix, according to Equation 2.30 [77].

K
h = _plﬁvpl (2.30)

J;; liquid flux (kg.m2. s1)

py; density of the liquid water (kg.m™)

k; liquid permeability (m?)

n; dynamic viscosity of liquid water, 0.001 Pa.s
P;; liquid pressure, Pa

2.10.3.2 Buckingham model
The Buckingham law [78] is a modified version of the above Darcy moisture transport equation

and accounts for unsaturated conditions by the following Equation 2.31:

K;
= _plkrlqvpl (2.31)
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k,q; relative permeability that is a function of liquid water saturation

The van Genuchten-Mualem equation [74] is used to model the relative permeability as a

function of the degree of saturation according to the following Equation 2.32:

ka(S) = S°5[1 — (1 — S/m)m]? (2:32)

2.10.3.3 The single-porosity model
2.10.3.3.1 The S-Based form of Richards’ Equation

Zhang et al. [79] have modeled the moisture transport in cement pastes based on a diffusion

approach with an apparent diffusion coefficient that combines water vapor and liquid water in
the moisture transport. The state variable in the model is the moisture content in which the
degree of saturation, S, has been chosen. The model is the S-based form of Richards’ equation

according to Equation 2.33 that is also based on Fick’s second law of diffusion:

g _ Dag (2.33)
The apparent moisture diffusion coefficient, D, in m2.s71, is the sum of the liquid water and
water vapour diffusivities, D; and D, which are modelled based on Equations 2.34 and 2.35.
This is because moisture transport in an unsaturated porous medium is governed by the
transport of three phases: liquid water, water vapour and dry air. However, dry air is neglected
because it contributes the least to the mass transport [80]. Thus, Equations 2.34 and 2.35 are
combined, with the assumption of equilibrium between liquid water and water vapour [79], to
include the contributions of both phases in the moisture transport represented by the parameter
D, in Equation 2.33 [79].

K, OP,
D](S) = —krlﬁg (234)
M, \? P, 0P,
DV(S)=—(p1RT) Duof(S, &) 5" 5 (2.35)
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P,; saturated vapor pressure at 20°C, 2338.54 Pa

M,; Molar weight of water, 0.0018 (kg/mol)

R; universal gas constant, 8.3144 (Pa.m3.K1.mol ™)

T; absolute temperature (K), 20°C= 293.15 K

@; Relative humidity

P.; Capillary pressure (Pa)

n; dynamic viscosity of liquid water, 0.001 Pa.s at 20°C

Where the capillary pressure is a function of the degree of saturation according to the following
Equation 2.36;

P.(S) = a(S"m — 1)n (2.36)

a; air entry flow pressure (Pa)

m and n; shape factors for the sorption isotherm and n = ﬁ

Where % factor in the liquid and vapour diffusivities is the derivative of the capillary pressure
(Pc) with respect to degree of saturation (S) according to Equation 2.36.i adapted from [81].

P _ 2 &)@ = i) (2.36.i)

The transport of water vapor is governed by the effective water vapor diffusion coefficient, Dy,

in the porous medium by the following Equation 2.37;

Dye(S) = Dyo. £(S, ¢) (2.37)

Dy,; free vapor diffusion coefficient in the air, 2.47 x 10~° (m?.s~1) between 20°C and 25°C

[82].

f; resistance factor of the pore network for gaseous diffusion
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The Millington equation is used to calculate the diffusion in porous materials as a function of
saturation state and tortuosity that is a microstructural property of the material [83]. This
equation is further refined in [84] where the equation for the resistance factor, which takes into
account the effect of liquid water saturation and tortuosity of the cementitious material, is

obtained according to Equation 2.38:

(S, d) = d(1 —S).p*>~1(1 — S)*rt1 (2.38)

Xp; Material parameter, constant value of 2.74
¢ (1 — S); space available for vapor diffusion
¢*P~1(1 — S)*p+1.description of tortuosity and connectivity effects

Zhang et al. [79] have set xp to a value of 2.74 based on the experimental data, found in the

literature, on the diffusion properties of CO and O into concrete and mortar test samples.

In general, K; and xp are two fitting parameters in the apparent diffusion coefficient. The
effects of the permeability K; and xp can be easily separated in most ranges of RH. This point
IS very important to take into consideration when discussing the dominant contributing factor
for each D, and D, at a certain relative humidity, RH. For example, in the high RH range the
liquid transport coefficient is prominent, whereas vapor diffusion plays a key role in the low
RH range. In addition, there is a very narrow range in which both D; and D,, have comparable

influences on moisture transport.

In this research, all available measured curves of D, as a function of degree of saturation are
fitted by means of the equations for D, and D, to obtain the intrinsic permeability factor, K|,

and the material parameter, xp.

2.10.3.3.2 The dual-porosity moisture transport model

Zhang and Angst [62] have considered that hydrated cement paste can be viewed as a dual-
porosity material with two pore size regions, the large pore region and the small pore region.
They assumed that pores in each region are well connected, meaning that fluids can move in
each region, as well as communicate between the two regions [62]. The volumetric fraction of
the large pore region, wy, was obtained when the Van Genuchten (VG) equation has been
applied for each porosity region to obtain a bimodal equation (i.e. VG-Dual) according to
Equation 2.39.a [62]:
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S = we[l+ (%)%m]—ml +(1—wp[l+ (%)%m]-ms (2.39.2)

1 S

Where | and s stand for large and small pores respectively.

In addition, the shape parameters m; and ms have been considered as a single constant value
such that mj= ms= m and is set as 0.45 for Portland cement binders [70]. However, in this
research the shape parameters m;and msare also set as a single value “m” but it is determined
by fitting the WVSIs of AAMs with Equation 2.39.a. Additionally, Equation 2.39.a also
represents the sum of degree of saturation in large and small pore regions of the cement as

interpreted by Equation 2.39.b.

S = Wfsl + (1 - Wf)SS (239b)

The porosities attributed to the large and small pore regions are calculated by Equations 2.40
and 2.41;

@) = wed (2.40)
Ps = (1 —wpd (2.41)

¢; total porosity of the material
@;;porosity in the large pore region
@g;porosity in the small pore region

The moisture diffusivities in the large and small pore regions of the cement are combined with
the contribution factor of the large pore region to the moisture transport (i.e. wp) as shown in
Equation 2.42 to calculate the overall apparent moisture diffusivity parameter D, used in
Equation 2.33. Note that wtp is not the same parameter as we (i.e. the volumetric fraction of

the large pore region in cement) implemented in Equation 2.39 a+b.

D, = Wf,DDa,l + (1 - Wf,D)Da,s (2-42)

Zhang and Angst [62] have also modified the Richards equation into a coupled partial

differential equation according to Equations 2.43-2.46. Where, Equations 2.44 and 2.46 are
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implemented in Equations 2.43 and 2.45 to simulate the moisture transport in large and small

pore regions of the cement respectively.

05 _ i( @) lo (2.43)
ot~ ax\ *oax) " p,dws '
Ky 0P, M, \? Pysp, 0P,
Par = kg ’1 asc’l _( RT) voll VS(pla_C'1 (2.44)
n 0S;  \py @, 05
0Sg 0 0Ss Ty
S _ i | 2.45
ot ax( as ax) PwP (1 — wy) (2.45)
D — _ Kw,s aPC,S _ ( MV )2 1:)VS(ps al:’c,s (2 46)
as r,s Q)sn 6SS pWRT vO1ls (Ds 6SS )

I,; Mass exchange between two porosity regions
subscripts | and s; relate to the large and small pores of cementitious material respectively

In addition, the equation of the resistance factor of the pore network for gaseous diffusion in
large and small pore regions (i.e. fiand fs) is the same as Equation 2.38 (i.e. f(S, ¢) ) but based

on the degree of saturation (i.e. Syand Ss ) and porosity (@, and @) in each pore region [62].

The linear and nonlinear mass transfers between the large and small pores have been studied in
the literature for fractured media. It has been shown that the linear mass exchange was able to
accurately represent the mass exchange between two porosity regions according to [85]. The
following Equation 2.47 describes the linear mass exchange between the two porosity regions
and is also included in the moisture transport in large and small pore regions.

[y = Bw(®s — ¢@1) (2.47)

B.; first order rate coefficient (kg.s™1.m™3)

By is generally assumed to be dependent on the geometry of the small pore region, the length
scale of the large pores region and permeability at the interface of two regions [85, 86]. For

concrete, Smyl et al. [87] have considered B,, to be a function of the liquid conductivity in two
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porosity regions. Zhang and Angst [62] then simplified the relation as the following Equation
2.48. In addition, Zhang and Angst (2020) [62] determined the moisture transfer factor, &, by

fitting the mass change curve measured during drying/wetting tests, to be 1073,

Bw = Ekr,lkr,s (2.48)

& moisture transfer factor (kg.s™1.m™3)

k. ;; relative liquid permeability, i;1,s where 1 is for the large pore region and s for the small

region.

2.10.3.3.3 The mechanistic model
Scheffler et al. [88] have utilized the following moisture transport model, Equation 2.49, and

have considered the pore size distribution of cement, obtained from the derivative of the
moisture storage function, in the relative liquid permeability factor, K;(S). They have also
considered vapor resistant factor, fy,(0), in the vapor diffusion, D, (S), by a different form of

equation as shown in Equation 2.50.

(2.49)

:_KI(S)%_< M, )2 ( )PVS(P%
a én 9S \p,RT/ 7 ¢ 0S

Where, D, (S) is a function of the moisture content according to Equation 2.50 and K;(S) is

also a function of the saturation degree according to Equations 2.54 and 2.55 [88]:
Dv,air(T)

_(8
Dv(®.T) == "= h(®) = DV:;ET) {(e)nsp +(1 1 e)(j))(l (e)nsp >}
o TUTe U

Volume ofliquid,m3)
Volume of solid,m3

(2.50)

0;moisture content (

Volume of pore,m3)

¢; porosity (

Volume of solid,m3

fy(8,); scaling function for vapour diffusion
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The relative moisture content also known as the degree of saturation is the ratio of the moisture

content, 6, and porosity, ¢, as shown in Equation 2.51.

S = 0 (2.51)
o .
Therefore, Equation 2.50 can be rewritten in the form of Equation 2.52:
Dy air(T) [ 1-S
D,(S) = —
v(S) Rary L(S)™sP + (1 —5)2.(1 —S™r) (252)

Hary; Vapour diffusion resistance factor, 13.5 (dimensionless), and is used to define the
reduction of vapour diffusivity in air, Dy ,;-(T), for the cementitious material. This value is
determined from dry-cup test where water vapour transport is the only type of mass transport
occurring while the cement sample is exposed to a very low relative humidity environment

[88]. More information on the experimental set up can be found in [82] .

ng, ; a shape parameter that accounts for the serial-parallel connectivity of the pores in the

cement. It is material dependent and is determined from the measured data obtained by the dry-
cup test [88].

Dy 4ir(T); vapour diffusivity in air is expressed as a function of temperature and pressure

according to Equation 2.53 obtained from [89].

1.81

) (2.53)

Po
Dy air = 0.083 —(

P \273.15

Py;Reference gas pressure of 101,325 Pa
T; ambient temperature (K)

The liquid moisture flow can be expressed by two ways as shown in Equations 2.54 and 2.55,
where Equation 2.54 is used when the sample is submerged in water and Equation 2.55 is

used when the sample is exposed to wetting and drying cycles.

K(S) = Kjsat(S) sample under submerged conditions (2.54)
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Kl(s) = Kl,hyg(s) + Necap Kefffl(S)Kl,rel(S) ifS<1 (2-55)

N¢,p; @ scaling parameter used to adjust the liquid permeability factor when the sample is
exposed to a high relative humidity environment. This value is determined from a wet-cup test
where moisture diffusion (including vapour and liquid) is considered to be the mass transport
occurring while the cement sample is exposed to a high relative humidity environment [88].

More information on the experimental setup can be found in [82] .

K nyg(61) ; is the liquid permeability in hygroscopic conditions at extremely low RH condition,

according to Figure 2.10 . The value is relatively less important in a practical sense because
concrete structures are not exposed at such low RH conditions in real service conditions [90].

K.fr; effective liquid permeability used to describe the liquid flow in the sample with pores

mainly filled with liquid water.

f,(S); scaling function for liquid flow as shown in Equation 2.56.

SnSp

i(S) = (S)"sp + (1 —S)2. (1 — (S)sp )]

(2.56)

K| rer; is @ parameter that contains information on the pore structure of the porous media [18].

The relative conductivity function K, (S) is numerically determined by implementing
Equation 2.57 and using information on the pore structure obtained from the moisture storage
function, S(pC), presented as Equation 2.58 [18, 88].

S _ 2
Jo Pe(®)™ ds] (2.57)

K re1(S) =
brel () [foch(s)‘l ds

Initially, pC , in the moisture storage function, is taken as log of the capillary pressure P,
according to [88]. However, a quantity should be dimensionless to implement the natural log
[91]. Hence, pC is implemented, in this research, as log(Pc/Pref) Where Prs = 1 Pa. Next,

Equation 2.58 is implemented to determine the moisture storage function [88].
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S(pC) = Z [ 5 (1 te \/_Slpc)>] (2.58)

An illustration of the parameters contained in Equation 2.58 is shown in Figure 2.9 where the
moisture content, 6, is plotted as a function of pC. Additionally, the parameters are briefly

explained in the following:

N; which is used in the summation factor (i up to N) has a value of 3 based on the number of

plateau surfaces the moisture storage curve contains (i.e. Figure 2.9)

pC;; the inflexion points within the moisture storage curve (i.e. the point where the curve

changes from plateau to linear shape)
pC; log(Pc/Pref) Where Pres = 1 Pa
s;; slope at the inflexion points

AB;; represents the difference between the plateau levels (i.e. Figure 2.9) and can also be

estimated by Equation 2.59:

AB; =0, —0,,;, fori<N ABy =0y (2.59)

Note in Equation 2.59, when moisture content is used to plot the moisture storage curve, the
summation of A®; should be equal to the maximum moisture content of the sample when
saturated. In addition, when the degree of saturation, S, is used to plot the moisture storage
curve the sum of AS; must equal to 1 [88]. The latter method is used for this research to plot

the moisture storage function of alkali-activated cement.
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Figure 2.9 The moisture storage function, obtained from sorption data, and illustrates the parameters

contained in Equation 2.58 [88].

Next, Equation 2.60, which is obtained from combining Equations 2.57 and 2.58, describes

the implementation of the relative permeability factor as a function of degree of saturation S;

1 1 i
1+ erf(pci —log(a(s m—1)n )

S ©N ASI
N |22 d
fo 21—1 /2 lzsi )
Kjrel(S) = T —
1 N |AS; pC; —log(a(s m — 1)n)
fo N, _\/51 1+ erf( V2s, ds

-2

(2.60)

Finally, Figure 2.10 shows the permeability function vs. the moisture content ranging from

hygroscopic to saturated conditions.
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Figure 2.10 The liquid water permeability function from hygroscopic to saturated moisture content. Data in
the saturated moisture range are from permeameter or infiltrometer test. The slope in between is derived by
the relative liquid conductivity function and can be calibrated by adjusting nc,, and ng, obtained from wet

and dry cup tests [88].

In this research, the moisture transport in AAMs simulated by using the mechanistic model
utilizes the intrinsic permeability coefficient (K.¢) obtained from the single moisture model.
The scaling factors ng, and ng,, are determined by fitting the mechanistic relative
permeability curve (Kryechanistic)» Which function is obtained by multiplying the
parameters: ng,p, f;(S) and Kj ¢ (S), with the curve generated by the Mualem model for
relative permeability (i.e. k) [92]. This is because wet and dry cup tests were not done for this
research. In addition, for this research the value of Dy ,;(T) in Equation 2.50 is set to 2.47 x
1075 m2.s’t,which is also used in the single and dual moisture permeability models, because
this is the right value of water vapour diffusivity in air [93]. Furthermore, all the above
analytical and predictive models have been implemented in this research to study anomalous
moisture transport in alkali-activated cements. The choice of permeability model for each type
of binder has been discussed in Chapter 5 “Moisture Permeability in Alkali-activated

Materials”.

Quantitative prediction of the long term durability performance of cement requires first to
quantify the effect of single mode of degradation (e.g. carbonation and or chloride ingress) on
the durability of the binder. The physical mechanisms of degradation effect should be described

at the level of the microstructure of the cement which is characterized by three main aspects:
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the assemblage of hydrate phases, the pore structure and the composition of the pore solution.
The impacts of any mode of degradation on each of these three aspects need to be quantified in
a service life model to predict the time taken for the structure to reach its serviceability limit
state in a corrosive environment [36]. The following sections discuss the durability of alkali-
activated cement and Portland cement separately exposed to each corrosion mechanism (i.e.

carbonation and chloride ingress), and then in combined degradation conditions.

2.11 Chloride Ingress

The presence of chloride ions in concrete is from two sources: internal from the mineralogical
composition of the components of the concrete, and external from: marine conditions and de-
icing salt applications on iced roads. The penetrability of chlorides into concrete is a combined
process of diffusion coupled with migration into the pore liquid phase and convection in the
pore liquid by liquid transport (i.e. flow of pore solution). Furthermore, the flow of these ions
can be retarded because of interaction between the ions in the pore solution and the formed
hydrates through chloride binding [37]. This kind of interaction (i.e. chloride binding) can be
chemical and/or physical reactions dependent on the nature of the cementitious hydrates [53].
The multiple species present in the pore solution could also have a retarding effect on the
chloride migration [5]. Another main factor affecting chloride ion penetration is the
heterogeneous nature of the microstructure of concrete in which continuous dissolution,
precipitation and hydration reactions could occur, in long term service conditions, affecting the

porosity of the cement and the overall permeability of the concrete [23].

Therefore, durability studies of cementitious binders around the microstructure, pore solution
chemistry and chloride binding potential are crucial to predict the transport of chlorides in
concrete [23]. The following sections discuss the durability response of PC and AAM systems

against chloride ingress.

2.11.1 The Resistance of PC Against Chloride Ingress

The phase assemblage of Portland cement contains a well-known hydrate called aluminate
ferrite mono-sulfate, termed as AFm. The AFm hydrate with a chemical composition of
C3A-C$:-nH (where C=Ca0, A=Al>03, $=S03 and H=H:0) is a layered double hydroxide that
has positively charged layers, with a capacity to bind to anions such as CI" [94]. It usually starts
to form during the hydration reaction of the clinker phases at the point where gypsum is
depleted and formation of ettringite halts [95]. The main reaction product between AFm

hydrate and CI" is Friedel’s salt, with a chemical composition of C3A-CaCl-nH, and which is
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usually stable at 25°C and 1 bar [94]. Additionally, it has been noted that with an increase in
the alite phase, CsS, of the clinker, an increase in the resistance of free chloride migration

occurred [96].

2.11.2 The Resistance of AAMs Against Chloride Ingress

The nature of the dense microstructure and the formation of hydrotalcite-like phases in AAS
binders have proven to give better resistance and binding capacity to chlorides than PC binders
[97]. Nevertheless, the form of water present in the pore solution after the hydration reactions
plays an important role in chloride resistance because it is the carrying media for the corrosive
ions. The free pore solution water in alkali-activated slag, AAS, is lower than in the case for
alkali-activated fly ash, AAF, due to the presence of chemical binding of water by the hydrates
formed in AAS. This could also explain the reasons for the low chloride diffusivity in AAS
[97].

2.11.3 Chloride Ingress in High Calcium Based AAMs

Calcium-rich AAMs are considered to have better resistance to chloride penetration than PC
since it has been noted that with an increase in age, the chloride resistance of AAS exceeds
PC [10]. Although some concretes containing blended Portland cement with 50-80% of slag
replacement (i.e. CEM Il cement) have shown to have similar resistance to chloride ingress
compared to concretes made of AAS [98] [37]. The following sections discuss multiple factors
that contribute to the durability of high and low calcium based AAMs in a chloride

environment.
2.11.3.1 Importance of calcium content

Blast furnace slag is primarily composed of glassy phases of CaO, SiO,, Al.Os, MgO, and
minor Fe;O3 and sulfide. When this raw material is used to produce alkali-activated slag
cements, the weight percentage of CaO will range between 30 and 50 wt.%. This range is still
lower than the CaO content found in PC, which is above 50 wt.% [99]. The glassy nature of
blast furnace slags, usually above 90% glass, imparts a very high extent of reactivity which
can facilitate its dissolution in the alkaline media, that can rapidly release calcium ions and
form C-A-S-H gels responsible for a more uniform and dense microstructure, similar to the
case of C-S-H gel in PC [99]. This is due to the structure of C-A-S-H and C-S-H gels that have
significant amounts of bound water, leading to the reduction of porosity and water
permeability in the binder [10, 100].
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2.11.3.2 Chloride binding phases

The ingress of chloride ions into concrete is a complex process because at one point the chloride
ion can be present in three forms: acid soluble (chemically bonded), water soluble (physically
bonded) and free chlorides ions [101]. Ke et al. [102] have estimated the chloride binding
capacities of the main cement hydrates found in AAS, when produced separately as synthetic

phases, as shown in Table 2.2.

Table 2.2 Chloride binding capacities of AAS hydrates.

Components Chloride binding capacity | Ref.

C-(N-)A-S-H 137 mglg [102]

) Stratlingite 200 mg/g [103]
Synthetic phase

Mg-Al-OH LDH 250 mg/g [103]

The magnesium-aluminum hydrotalcite (i.e. Mg-Al-OH LDH) and stritlingite, which are
known as secondary reaction products containing a layered double hydroxide structure, have
the capacity to bind to chloride ions through different mechanisms. The hydrotalcite structures
bind to the chloride ions through surface adsorption, and stratlingite through an ion exchange
mode to form into a hydrocalumite-like phase [10, 23]. In addition, the chloride binding
mechanism by the C-A-S-H gel is through surface adsorption and with the possibility of a

chemisorption reaction via the replacement of the interlayer hydroxyl groups by chloride ions.

Furthermore, the binding capacities were fitted through the Freundlich adsorption isotherm and
included in the free chloride ion diffusion model developed by Mundra et al. [30]. The

following Equation 2.61 describes the Freundlich adsorption isotherm:

Cep = ax CP (2.61)

. . fcl
Cup; total bound chloride concentration, —e———
g of binder

Cg; Free chloride concentration, mol.L™*
a and [3; binding constants

Mangat et al. [104] have also deduced that the Langmuir binding isotherm is also a suitable
adsorption isotherm to relate the bound and free chloride ions in alkali-activated slag based

concretes. In their study, uncoated faces of the slabs were immersed in a 5 wt.% sodium
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chloride solution for 540 days. They carried out concrete coring at 180, 270 and 540 days of
chloride exposure in order to perform pore fluid extractions from concrete cores representing
0-20, 20-40 and 40-60 mm depths. Then, the free chloride concentration of the pore solution
was determined by dipping a chloride ion selective electrode into the pore solution. The
concrete mix design used in their study and fitted Langmuir parameters are summarized in
Table 2.3.

Table 2.3 Concrete mix design and the corresponding Langmuir parameters a and  from the study of
Mangat et al. [104].

Precursor | Sand/Aggregate | Na:O Ms | wib | Langmuir | Ref
(wt.%binder) a B
Slag 0.4 6 2 047 18 | 7

Concrete Slag 0.4 5 2 1047 13 | 7 |[104]
Slag 0.4 4 2 047 12 | 7

According to Mangat et al., chloride binding isotherms were modelled by the Langmuir
isotherm but most of the bound chlorides were later reported, by the same authors, to be
77.78% physically adsorbed and 16.67% chemically bonded [104, 105]. This can show that
there is a weak interaction between the cement hydrates and chlorides in the pore solution for
AAS. In addition, usually, the electron-sharing or covalent bond is the strongest of all bond
types. This means that minerals bonded in this manner display general insolubility and greater
stability than minerals bonded in the physical manner. Furthermore, there is still a controversy
on how much of the hydrated products are available for chloride binding and there is also

limited information on binding kinetics of the hydrated phases [106].

Hence, the chloride binding capacity of this material has not been assured yet, as some
researchers reported and quantified the significant chloride binding capacity, while others
stated that there was not any chloride binding and postulated that prevention of steel corrosion
of alkali-activated slag concrete is dependent only on the pore size distribution around the
reinforcement [55, 103].

2.11.4 Chloride Ingress in Low Calcium AAMs

The main hydration product in low-Ca AAMs is N-A-S-H gel with a structure containing large
macro-pores and small gel pores [107]. This gel could continue to densify due to a process

called “continued gelation” which can reduce the pore size over time and reduce the diffusivity
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of chloride ions. However, leaching of alkalis from the pore solution occurs when the binder
is exposed to an aqueous environment, leading to the reduction of gelation reactions in the N-
A-S-H systems with time that could lower the long-term durability of low-Ca AAMs [10, 23].
In addition, low-Ca AAMs contain less bound water compared to high Ca-AAMs [108]. This
issue can speed the passage of corroding agents, in the aqueous phase, towards the rebar and

accelerate the corrosion reaction.

2.11.4.1 Chloride binding phases

Fu et al. [109] have conducted chloride binding tests on alkali-activated fly and metakaolin
binders and have deduced that chloride ions do not chemically react with the formed hydrates
which are N-A-S-H and zeolitic phases. They also explained that the chloride ions only get
physically adsorbed onto the surface of the N-A-S-H gel without undergoing any chemical
reaction [109]. In addition, Runci et al. [110] have shown that there is chloride binding in
geopolymer systems by comparing the total and free chloride profiles obtained from alkali-fly
ash mortars after being exposed to a 16.5% NaCl solution for 35 days (i.e. NT BUILD 443 test
method [111]).

2.11.5 Variability of Chloride Binding in AAMs with Mixed Low and High Calcium

Precursors

Zhang et al. (2019) have implemented the equilibrium procedure proposed by Tang and Nilsson
[112] to determine the chloride binding isotherms of AAMs [113]. They reported that the
Langmuir isotherm fits better than the Freundlich isotherm for chloride adsorption by most of

the alkali-activated slag/fly ash binders according to Equation 2.62;

Cep = (a0 * Cp)/(1 + BCy) (2.62)

Zhang et al. [113] have concluded in their study that the chloride binding capacity of AAMs
increases with the increase of water/binder and decrease with the increase of alkali dosage.
These effects may be because the amount of bound chloride is greatly influenced by the
concentration of CI" in the pore solution, and with a decrease in OH™ the Cl- becomes the
dominant ion. Also the influence of silica modulus can have an effect on reaction products of
AAS because C-A-S-H plays the dominant role in chloride binding, compared to N-A-S-H in
alkali-activated fly ash (AAF). Table 2.4 contains the values of the fitted parameters of the
Langmuir isotherm for AAMs [113].
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Table 2.4 Fitted parameters for Langmuir isotherms for AAMs, from [113].

Slag@e) | a0 s | wib Langmulr | et
Ash(%) | (wt.%binder) a B
100 - 6 15| 05| 222 | 017
80 20 6 15| 05| 215 | 012
60 40 6 15| 05 | 237 | 008
40 60 6 15| 05| 183 | 0.14
20 80 6 15| 05| 151 | 011
100 - 4 15| 05| 175 | 007
100 - 8 15| 05 | 158 | 003
60 40 8 15| 05 | 169 | 005
20 80 8 15| 05 | 100 | -0.02
Paste 100 - 6 05| 236 | 015 |[113]
100 0 6 05|05 | 232 | 014
100 0 6 1 |05 | 254 | 024
60 40 6 0 | 05| 214 | 024
60 40 6 05| 05| 206 | 015
60 40 6 1 |05 213 | 014
20 80 6 0 | 05| 183 | 013
100 - 6 15|03 | 182 | 015
100 - 6 15|07 | 382 | 031
60 40 6 15|03 | 117 | 006
20 80 6 15|03 | 104 | 010

However, for the case of alkali-activated cement based mortars exposed to concentrated
aqueous chloride solutions, there was no evidence of chloride binding according to Figure
2.11.
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Figure 2.11 Comparison of total and free chloride profiles of alkali-activated cement based mortar with
75%FA-25%SG (a) and alkali-activated cement based mortar with 25%FA-75%SG (b) after immersion in
16.5% NaCl aqueous solution for 45 days [55] .

2.11.6 Test Methods for Chloride Transport Properties

Some of the test methods used to estimate the chloride transport properties for concrete are:
NordTest NTBUILD 492 [11] used to calculate the non-steady state chloride migration (under
an electrical field gradient) with the influence of ionic interaction from different ions
simultaneously present in the pore solution and the NordTest NTBUILD 443 test [111] used
to calculate the effective chloride diffusion along with estimation of chloride binding capacity
by the use of ASTM C 1218 [12] and ASTM C 1152 [13] techniques as implemented in [114-
117]. In addition, the NordTest NTBUILD 492 [11] has also been recalibrated by the use of
the chemistry of the pore solution of AAMs in order to precisely determine the depth of
chloride ingress into AAC [98].

2.12 Carbonation

Except for the situation of water-immersed or buried concretes, essentially all structural
concretes are exposed to atmospheric CO2 and undergo a degradation called carbonation
reaction. This is also known to occur simultaneously with other durability-related processes
such as chloride ingress in air-borne chloride environments [5, 21].

In normal atmospheric conditions CO> in the gaseous state diffuses through the pore network
of the concrete cover where it partially undergoes a gas-liquid mass transfer to the pore
aqueous phase while the rest of it permeates through the pore fraction filled with air.
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The process of CO- gas dissolution into the pore solution induces the carbonation reaction
where the CO: in an aqueous state reacts with the pore solution ions and some of the hydrate
products, particularly portlandite in PC, which leads to the drop in alkalinity of pore solution
from a high value, that usually passivates the steel reinforcement, to near neutrality. This
causes changes in the microstructure of the cement. This CO2 gas diffusion-reaction process
in porous media is controlled by both the concentration gradient of CO2 and the rate of
chemical reaction in the pore solution [118]. The carbonation rate and degree is dependent on
the exposure environmental conditions (i.e. relative humidity (RH), CO2 concentration,
temperature and duration of exposure) but more importantly on the durability properties of
PC-based binders and AAMs [119].

However, PC-based binders and AAMs exhibit different reaction mechanisms during
carbonation, due to formation and interactions of different phases in these two systems. \Where
the main difference is the absence of portlandite as a hydrate in AAMs and the presence of
higher alkali content in the pore solution of AAMs compared to the pore solution composition
of PC [120].

2.12.1 Portland Cement Carbonation

2.12.1.1 Carbonation Mechanism

The carbonation mechanism of PC occurs by the diffusion of carbon dioxide through the
capillary pores of the cementitious matrix then reacts with the pore water to form bicarbonate
(HCO3) and carbonate ions (CO3?). Papadakis et al. [121] simulated the carbonation process
of PC based materials, where C-S-H gel and portlandite are the main cement hydration
products prone to this reaction. In their model, the first step was that CO; diffuses into the
pores of cement-based materials while the hydration product portlandite (CH) dissolves in the
pore solution. Then, CO> dissolves in the pore solution, to form the above-mentioned ions (i.e.
HCOs and COs% ) and reacts with portlandite to form calcium carbonate, CaCOs. This is
accompanied by a decrease of the pH value of concrete pore solution from an initial value
above 13 to as low as 8 [10]. The main products of natural carbonation of portlandite are

calcite and aragonite.

2.12.1.2 Effects of Carbonation
The decrease in the pH accelerates the decomposition of ettringite and Friedel’s salt (calcium
monochloroaluminate hydrate, or CI-AFm) in hardened cement paste that can increase both

the porosity and the diffusion of chlorides into concrete [10, 122]. Another effect is the
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decalcification of C-S-H gel which polymerizes into an amorphous gel and changes the pore
size distribution of the binder. However, CaCOs precipitation can block the pores and reduce
damage in the structure of the C-S-H that would otherwise increase the porosity. Which type
of carbonation mechanism dominates in the cement is dependent on the amount of portlandite

present in the cement.

Xie et al. [5] have modelled the carbonation reaction of C-S-H as a variable dissolution process
where it is a function of the calcium to silica ratio, C/S, in its gel structure [5]. The reaction
below, Equation 2.63, depicts the dissolution and is considered in their kinetic model as an

intermediate or slow step reaction:

CxSH, = xCa?* 2xOH™ + Si09 + (z — x)H,0 (2.63)

x; C/S ratio set as a continuous variable
z; H/S ratio set to be constant during the carbonation of Portland cement

Additionally, their model framework sets for every time step the solubility of C-S-H as a
function of the C/S ratio, which means the x in Equation 2.63 is set as a continuous variable.
This approach has also led to a correlation between the C/S present in C-S-H, and the saturation
index of portlandite (CH), B¢y, according to Figure 2.12, although it is unrealistic for C-S-H

to contain a calcium to silica ratio below 0.5 [123] .
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Figure 2.12 C/S ratio present in C-S-H as a function of B¢y (left) and solubility product of C-S-H as a
function of its C/S content (right), adapted from [5].

86



Furthermore, in their model, the impact of the formed carbonation product, calcium carbonate
(Ct), has been included in the dissolution rate of CH, upon carbonation reaction [5], where the
authors have considered the decrease in rate of CH dissolution because of the growing thickness
of Cc coating around the CH spheres. The following Equations 2.64-2.65 describe the
dissolution reaction and rate in which the effect of Cc has been implemented by the use of a

correction factor termed as f oating.

CaOHz(aq) + COZ(aq) - CaCO3 + HZO (264)
dnCH nO
dt = T(:L:fcoatinglnBCH (2'65)

ncy and ndy; the current and initial CH content in concrete (mol.m®)

Tcy, Characteristic time, of 720s, associated with dissolution of CH spherical crystals with

initial radius of Ro =40um
Bcy; saturation index of CH
feoating; COrrection factor taking into account the impact of calcium carbonate, Cc , coating

around CH crystals to decrease its dissociation reaction rate, as shown in Equation 2.66.

2

I'p

fcoating =

T (2.66)
1+ Cr_l: (rC — rp)

c; Dimensionless factor of 0.32 x 10° obtained by accelerated carbonation experiment (at 50%

CO- exposure condition) on Portland cement.
rp,; relative radius from the internal point of CH to its outermost point
r¢; relative radius from the internal point of CH to the outermost point of Cc coating CH.

The two geometry factors, rp, and r are dependent on the molar quantities of CH and volume

of calcium carbonate, V¢ ,according to the following Equation 2.67;

1

_ (nen)? _ (men 4 Vee (4 _new) Y’ 2.67
o = (ngﬂ) ' fe = <H8H + Ve (1 ngH)) ( )
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2.12.2 Alkali-Activated Cement Carbonation

The carbonation reaction mechanisms between high-Ca and low-Ca AAMs are different. In
the carbonation reaction of high-Ca AAMs, CO: dissolves into the pore solution, forms
carbonic acid and reacts with C-A-S-H gel to produce CaCOs [124]. Whereas in low-Ca
AAMs, the N-A-S-H gel does not decalcify and sodium carbonate is formed from the reaction

between the alkalis, found in the pore solution, and the carbonate ions [125] [10].

2.12.2.1 High calcium content AAMs carbonation
2.12.2.1.1 Carbonation Mechanism

Products of AAS hydration are mainly C-A-S-H gels of low crystallinity or amorphous
structure, with uniform and dense structural features. During the carbonation reaction, and since
portlandite does not exist in the composition of AAMs, decalcification of C-A-S-H gel occurs
where calcium ions are released from the gel and into the pore solution [119]. The
decalcification of the gel starts by the removal of calcium ions from the interlayer and then the
gel starts to decompose to form an amorphous alumina-silica gel [126]. The aluminum present
in the gel precipitates and is integrated in the amorphous silica phase to form tetrahedral Al(-
OSi), sites. Due to this process, C-A-S-H gel undergoes volume shrinkage and an increase in

its degree of polymerization, which leads to loss of mechanical strength of the material [126].

2.12.2.1.2 Effects of Carbonation

The reaction between free calcium and carbonate ions, present in the pore solution, forms

calcium carbonate. Usually, the first polymorphs of calcium carbonate to form are aragonite
and vaterite, with an orthorhombic and hexagonal structural features respectively, because they
are the least stable phases and closer in formation energy to the original state, according to the
Ostwald Step Rule [127]. Then, calcite, with a rhombohedral structural feature, is formed [128].
However, in many cases CaCOs in the amorphous state cannot be immediately identified [129].
The calcite is the main calcium carbonate polymorph formed under natural carbonation,
whereas aragonite and vaterite are the main polymorphs formed under accelerated carbonation
conditions [130]. In some cases, the formation of calcium carbonate phases may have a positive
impact on the durability by refining the pore structure which makes the construction material

more resistant to CO; diffusion [131].

Ke et al. [132] have observed a similar effect with alkali-activated slag mortars, activated by
sodium carbonate, exposed to natural carbonation conditions (i.e. 0.04 wt.% CQO,). After their

samples were cured for a 28-day period, in sealed conditions, they placed each set of samples
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in different carbonation conditions which were at 0, 0.04 and 1 wt.% CO. atmospheric
conditions. Next they measured the evolution of compressive strength and carbonation rate as
a function of time as shown in Figure 2.13. The data plotted in Figure 2.13 shows that samples
in natural carbonation conditions exhibited the same evolution in compressive strength as non-
carbonated samples but slightly higher. However, the samples exposed in accelerated
conditions retained their 28-day compressive strength but showed a higher depth of
carbonation than the naturally carbonated samples. Hence for samples in natural carbonation
condition, the formation of calcium carbonate blocked the connected pores, reduced further

carbonation reaction and increased the compressive strength of the materials [132, 133].

Time (days)
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80 S e B I E—
Exposed to carbonation 0.04% €O,
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60 [sealed
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Figure 2.13 Changes in compressive strength of sodium carbonate activated slag mortar exposed in different
carbonation conditions and corresponding carbonation depths. Samples were cured for 28 days in sealed

conditions before carbonation exposure. Graph obtained from [132].

2.12.2.1.3 Role of pore solution
The pore solution ions that contribute to high alkalinity (i.e. pH around 13) are mainly the

hydroxide and alkalis that are from the activating solution. These ions also react with the
dissolved carbon dioxide, in the form of carbonate ions, to form sodium rich carbonates. The
main carbonation product under natural conditions, is natron, Na.C0O3.10H-0, and the product
under accelerated conditions is nahcolite, NaHCO3 [129]. Therefore, polymorphs of sodium
carbonate in the cement paste are formed dependent on the concentration of CO: in the

atmosphere as shown in Figure 2.14.
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Figure 2.14 Phase diagram as a function of temperature and gas phase CO. concentration for the
Na,CO3—NaHCO3—CO,—H>0 system in an air atmosphere at ambient pressure. The dashed line
represents a temperature of 23 °C. Graph from [129].

Furthermore, under natural carbonation condition the diffusion of CO> will be lower than under
accelerated carbonation due to the pore blockage by natron because of its higher molar volume
compared to nahcolite (i.e. that is formed under accelerated carbonation condition) [129].
However, these formed sodium carbonates tend to react with the C-A-S-H gel and form CaCOs

as the final carbonation product, according to the following set of Equations 2.68-2.70.

C0,(aq) + H,0 - H,C0; —» HCO3 + Ht - CO3™ +2H* (2.68)
H,CO; + 2NaOH — Na,CO; + 2H,0 (2.69)
aNa,CO3 + (Ca0),(Na,0)y,(Al;03)(Si02)4(H,0), — (2.70)
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Where a,b,c,d,e and f are the stoichiometric coefficients for the respective oxide components
that are: calcium oxide (Ca0), sodium oxide (Na2O), aluminum oxide (Al203), silicon dioxide,
(SiO2) and water (H2O) which vary due to the variability of the mineralogical composition of
slag [130] .

2.12.2.1.4 Importance of magnesium oxide (MgQ) content

Slags with high magnesium oxide content can reduce the negative impact of carbonation on
AAMs. Carbonated alkali-activated slag with a high magnesium oxide content has been shown
to contain high amount of Mg-Al-hydrotalcite phase (Mg-Al-OH-LDH) that can chemically
bind with CO; and prevent the loss of mechanical strength by the reduction of decalcification
of C-A-S-H gel [27, 134]. Figure 2.15 shows that the carbonation depth of alkali-activated
slag (AAS) with high MgO content was smaller than AAS containing a lower weight
percentage of MgO. This can be because the microstructure of carbonated high-Mg AAS has
less capillary pores and more tortuosity that enhances its resistance to not only to CO- diffusion
but also to subsequent types of chemical degradation such as sulfate and chloride ingress [134,
135].

-~
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Natural carbonation depth (mm)
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14
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Figure 2.15 Natural carbonation depth of silicate-activated slag cements as a function of MgO content (by
wt.%) in slag. Adapted from [134].

Moreover, thermodynamic modelling of the phase assemblage of carbonated AAS has shown
that the effect of high MgO content in the slag can increase the secondary phases (i.e. Mg-Al-
hydrotalcite), that bind CO> and partially buffer the pore solution pH which can help to lower
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the extent in reduction of C-(N)-A-S-H gel (i.e. C-A-S-H gel containing a high composition
of alkali content). All these factors assist to maintain the high alkalinity of the pore solution

around the steel reinforcement [16].

2.12.2.1.5 Use of accelerated carbonation tests

The effect of carbonation on the durability of the construction material is the change of the
pore solution composition. In natural carbonation conditions CO> gas partially dissolves into
the pore solution and forms carbonate ions. These carbonate ions play a role in reduction of
the pore solution alkalinity [118]. Whereas under continuous exposure to a CO2 gas rich
environment, that is the accelerated carbonation test, bicarbonate ions begin to form and
dominate among other dissolved carbonate species according to the following reaction,
Equation 2.71;

CO,(aq) + H,0 —» H,C0; —» HCO3 + H* —» CO3™ + 2H* (2.71)

The presence of bicarbonate ions, that are not detected at such high concentrations in natural
carbonation conditions, can induce a difference in the carbonate/bicarbonate ionic equilibrium.
The bicarbonate ions are more acidic than carbonate ions and cause a great reduction of the

pore solution alkalinity [118, 129].

In addition, a developed thermodynamic model estimated that the pH of the pore solution
exposed to natural carbonation is above 11 while the pH of the same solution exposed to 4%
CO2 is around 9 as shown in Figure 2.16. Consequently, the results obtained from accelerated

carbonation tests underestimate the service life of alkali-activated materials [129].
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Figure 2.16 Plot of pH (solid lines) and carbonate/bicarbonate ratio (dashed lines) as a function of NaOH
addition and CO; concentration, for simulated AAS pore solutions. Black lines are at 0.04% CO., and grey

lines at 4% CO, . Graph from [129].

2.12.2.2 Low-calcium AAMSs carbonation

2.12.2.2.1 Carbonation mechanism

Pouhet et al. [136] have described the natural carbonation reaction in the pore solution of
calcium-free AAMs into two steps; first, the formation of Na.COs and reduction of pore
solution pH to around 12, and second, the evolution of the ratio of carbonate/bicarbonate phase
equilibrium where bicarbonate ions start to dominate and reduce the pH further to 10.5.
However, the final pH reached is still higher than the limit, which is 9, for steel depassivation

to occur [136].

2.12.2.2.2 Effect of carbonation

It has been proposed that the main hydrate of low-calcium AAMs, N-A-S-H gel, remains stable
during carbonation reactions despite changes in the pore solution composition [137]. However,
the only condition that would lead the N-A-S-H gel to dissociate is when hydroxide ions react
with carbonic acid (H2COs) in the pore solution [136, 137].

A case study of alkali-activated metakaolin (MK) paste exposed to natural carbonation
conditions showed that the evolution of its compressive strength was not affected by the drop
of alkalinity of its pore solution, as shown in Figure 2.17. The reason could be the possible
reaction between carbonates and alkali ions in the pore solution to form efflorescence, which
are Na>,COs precipitates, and that potentially fill up the pores inside the material [136].
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Figure 2.17 Evolution of pH of the pore solution and compressive strength of alkali-activated metakaolin

paste cured under natural CO; conditions. Adapted from [136].

2.12.3 Comparison of Carbonation Effect on Pore Solution Alkalinity Between Low and
High Ca-AAMs

The reduction of the pore solution alkalinity by carbonation reactions is greater in the case of
low-calcium AAMs than high-calcium AAMSs, because of low concentration of alkali ions
present in the pore solution of low-calcium AAMs. The dissolution of fly ash in the alkaline
media consumes large concentrations of sodium and hydroxide ions in order to form
cementitious hydrates, especially the main N-A-S-H gel. Therefore, the binding of sodium
ions by the gel phases reduces the effective alkali concentration in the pore solution and
consequently the alkalinity of the pore solution. Whereas, the hydrates in AAS have a lower
alkali binding capacity and hence a higher concentration of free alkali ions in the pore solution.
This ensures a buffering effect for the pore solution alkalinity to remain high during natural
carbonation reaction. Overall, the availability of free alkalis in the pore solution is a
preventative measure for obtaining carbonation resistance in AAMs. However, the presence
of free calcium ions in the pore solution found in blended AAMs, especially in the case of
AAMs composed of a 50:50 ratio of SG and FA precursors, can lower the resistance to
carbonation reaction [138]. However in terms of alternative mix designs for blended AAMs,
Bernal et al. [139] reported that the addition of metakaolin to AAS at only up to 10 wt.%
improved the carbonation resistance of the alkali-activated cement.

94



2.12.4 Ingress of CO; in Alkali-Activated Concretes

The extent of carbonation reaction in the concrete cover is indicated by a carbonation depth
which serves as a piece of data in calculating the service life of reinforced concrete. The
carbonation depth is determined by spraying phenolphthalein solution on the surfaces of the
concrete samples, exposed in natural conditions, and observing the change in color where pink
indicates the pH of the pore solution is above 9.5, and colorless if it is below [140]. The line
between these two colors indicates the depth of the carbonation reaction in the concrete cover
and is also termed as the carbonation front. However, for some carbonated AAMs it has been
reported in the literature that the pH of the pore solution has remained above 9.5, which can
make the carbonation depth results from the phenolphthalein test quite misleading [6, 129,
136]. The graph in Figure 2.18 describes the carbonation depths, obtained from the
phenolphthalein test, in alkali-activated concretes exposed to natural outdoor carbonation
conditions. These results are from the RILEM TC 247-DTA round robin testing of carbonation
on five different alkali-activated concretes based on fly ash (FA), slag (S) and metakaolin (MK)

that took place in different laboratories [114].

Lab A - FA2 Lab A - FA8
Lab G - FA2 Lab G - FA8
--=2--Lab G - S1b —e—Lab G- S3a
Lab G - MK1
20
18 | }

16
14 4
12 4

10

Depth of carbonation (mm)

0 50 100 150 200 250 300 350 400
Duration of carbonation (days)

Figure 2.18 Carbonation of alkali-activated concretes under natural outdoor conditions protected from
rainfall. Error bars represent one standard deviation in each direction from the average value. The number
and small letters next to each concrete label indicate the use of the same precursor but in a different mix

design. Figure from [114].
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In addition, the prediction of the carbonation depth has been estimated by many analytical,
reactive transport and thermodynamic models [16, 121, 141, 142]. In which the analytical
models, such as Papadakis’ model [143] and Yang's model [142], and reactive transport models
account for the carbonation rate with chemical reactions between CO> and cementitious

hydrates found in Portland cements.

A meta-model has been developed to calculate the carbonation front based on the analytical
solution of Fick’s first law and incorporating the effect of the mix design of Portland cement
concrete as well as the environmental conditions such as temperature and relative humidity

[144]. This model is based on the following Equation 2.72;

Xco, (D) = —ZDCO;. “co, Vt (2.72)
Xco,; depth of carbonation
Dco,; diffusion coefficient for carbon dioxide
Cco,; concentration of carbon dioxide at the surface of the concrete
a; amount of carbon dioxide required to carbonate a unit volume of concrete
t; time

The predictions of this model are close to the data of PC reported in the literature, as seen in
Figure 2.19.
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Figure 2.19 Comparison between the experimental carbonation depths in Portland cement concrete, type
CEMI binder with different w/c, and the predicted depths by Meta, Papadakis’, and Yang’s model. Graph
from [144].

Finally, Table 2.5 contains carbonation rates of old in-service structures made of alkali-

activated materials.

Table 2.5 In-service carbonation rates of AAC. Data obtained from [55].

Location Application Date St?grq;gr:efﬂ\lgea) Avg:tgee(%?rr];)yc;r;?;ion
Odessa, Ukraine Drainage collector 1966 62 (34 years) <0.1
Krakow, Poland P;?\fja\s,\t/;:fgg SPOS 1974 | 4327 years) 0.4

Zaporgirg(ien?blast, Silage trenches 1982 39 (18 years) 0.2-0.4
Magglijtsosgiggrsk, Heavy duty road 1984 86 (15 years) 1
Lipetsk,Russia High—tr)iusiei(;iensgilgential 1986 35 (14 years) 0.4

Tchudovo, Russia Prestrselsesssezilway 1988 82 (12years) 0.7-1

2.12.5 Effects of Carbonation on Microstructure of Portland Cements and Alkali-Activated
Cements

The dominant hydrate in PC system is the calcium silicate hydrate gel, C-S-H, with a calcium

to silica ratio, Ca/Si >1.5. However, alkali-activated slag cements are mainly composed of

calcium aluminosilicate hydrate gel (i.e. C-A-S-H) or of C-(N)-A-S-H gel containing high

alkali content in its composition to reflect the high concentration of alkali ions present in the

activating solution which is used in the mix design of AAMs. The Ca/Si ratio (C/S) present in
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the composition of these hydrates (i.e. C-A-S-H and C-(N)-A-S-H gel ) has been reported to
be close to 1 [145], although this ratio can change with the variability of the mineralogical
composition of the precursors [16, 123]. Furthermore, the Ca/Si ratio is a crucial parameter in
carbonation kinetics as it depicts the extent of change in porosity and effect of possible clogging
due to the formation of formed carbonate products which are mainly calcium carbonate and its
polymorphs vaterite and aragonite [146]. Morandeau et al. [146] have conducted accelerated
carbonation tests (10% CO», 25°C, and 65% RH) on type-1 PC cements to investigate the
carbonation of portlandite and C-S-H gel found in this cement. They have been able to link the
change in chemical composition of the cement, due to the extent of carbonation, to the evolution

of the porosity based on the following Equation 2.73;

CSH

Adesi = n @ Ve + nesu(to) Vesn(t) — Vesn (to)) (2.73)

nesu(to) (Vesu (D) — Vesu (to)); C-S-H decalcification related to increase in porosity

VEEH; Formation of calcium carbonate related either to portlandite or C-S-H

However, the molar volume of the carbonate phase formed by the dissolution of C-S-H is based
on the type of polymorph of calcium carbonate formed, since it can affect the overall porosity
of the cement according to Figure 2.20(b). Furthermore, carbonation in PC systems can lead
to a reduction in the porosity, due to the formation of calcium carbonate from the dissolution
of portlandite that can compensate the loss in volume of C-S-H. The following Equation 2.74
describes the changes in the volume of C-S-H based on its Ca/Si ratio, ranging from 0.4 to 1.7,

with Figure 2.20(a) showing the results.

(Vesu(to) — Vesu (D) = B <1 g(ﬂ) (2.74)

St

where;

0.02 < B < 0.04 (L. mol™ %)

C
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Figure 2.20 (a) C-S-H molar volume change, due to carbonation, as a function of C/S for both CN (CEM |
with w/c=0.45) and CP (CEM | with w/c=0.6) materials, (b) influence of the choice of molar volume of
calcium carbonate in molar volume change of CSH, based on the data obtained for various polymorphic
forms of calcium carbonate formed from C-S-H in carbonated CN system. Figure adapted from [146].

Unfortunately, similar studies for the case of C-A-S-H gel found in AAMs system have not
been conducted until this point. However, Nedeljkovic et al. [147] have measured the changes
in the porosity of alkali-activated cements exposed to natural laboratory carbonation conditions
(55% RH and 20°C) for a period of 1 year by the use of mercury intrusion porosimetry. The
results are reported in Table 2.6 that contains the percentage of porosity for reference samples
(i.e. not carbonated) and in carbonated samples. They concluded that AAMs made with more
than 50 wt.% slag were more resistant to carbonation reactions and that the alkalinity of the

pore solutions of all the tested alkali-activated cements remained above 10.5 [147].

Table 2.6 Change in porosity of naturally carbonated alkali-activated FA and SG based cements. Data
obtained from [147].

] Total porosity (vol.%) — Total porosity (vol.%) —
Mixtures
reference carbonated

100%FA 43.72 30.41

30%SG&70%FA 26.04 26.22

50%SG%&50%FA 9.404 17.09

70%SG&30%FA 6.538 9.66

100%SG 3.57 3.38
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2.13 Chloride and Carbonation Resistance of AAMs

The combined action of carbonation and ingress of chloride ions exists in splash zones from

sea water or salt lakes, where chlorides deposit on the surface of concrete with carbonation

occurring at the same time. The combined action also exits in cold regions where de-icing salt

is applied on roads and then rain splashes the chloride ions on concrete structures [5]. In

addition, the effect of corrosion rate (i.e. from chloride ingress) is at its highest impact on the

reinforcement of concrete when it is in water submerged conditions [37].

The uptake of chloride ions by the cement is sensitive to changes in: alkalinity and ionic

strength of its pore solution, chloride ion concentration, and microstructure that is a common

effect induced by the carbonation reaction. Therefore, a coupling effect of carbonation on

chloride ingress should be characterized and/or quantified [10, 37, 116].

One of the main impacts carbonation has on the durability of concrete is the change in the
microstructure of the cement that impacts the permeability of corrosive species towards the
steel reinforcement as shown in Figure 2.21. In addition, Figure 2.21 describes that the type
of raw materials and method of manufacture of concrete can shape its overall permeability to

corroding agents [148].
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Figure 2.21 Schematic showing permeability of the concrete as the main controlling factor for steel corrosion.
Figure adapted from [148].

2.13.1 The Impact of Carbonation on Chloride Ingress in PC and AAM Based Materials
Xie et al. [5] in their reactive transport model have included the impact of carbonation on
chloride ingress in Portland cement based concrete. The adsorption of chlorides was modelled
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by Equation 2.75 that takes into account the loss of chloride sorption sites, calcium ions, during

the carbonation of C-S-H as described in section 2.12.1;

o
0(c1|Na(§)Cc1

1+Bc1|Na(g)Cc1

scina(Ca) = (2.75)

sciNa(Cc); C-S-H binding capacity in sodium chloride solution.
OCljNa (g) and BcijNa (g) Fitted parameters for Langmuir isotherm.

c.1; chloride concentration, mol.L*

Where acjna and Beyyna are set to vary as a function of calcium to silica ratio (C/s) in the C-S-

H as shown in Equation 2.76.

( 0.222,2.10 C/S<0.5
C C
0.022 + 0.16 (— — 0.5) 2.1+ 1157 (— - 0.5) 05<C/S<15
%ciNa Bana = { S S / (2.76)
C
| 0.182,3.26 <> 15

However, the authors have highlighted that incorporating supplementary cementitious
materials (SCMs) with PC would change the reactants for carbonation and chloride binding
isotherms because of the formation of different hydrates in the system. Thus, the modified
chloride binding isotherm cannot be directly implemented for the case of AAMs.

Table 2.7 describes the impact of carbonation on microstructure, pore solution chemistry and

chloride ingress in each type of binder (i.e. PC, low and high-Ca AAMs).
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Table 2.7 Carbonation effect on chloride ingress in PC and AAMs.

with a rise in the
degree of saturation of

the pores.

Na,COs3) and
calcium carbonate

phases.

N32C03).

Portland cement High Ca-AAMs Low Ca-AAMs Reference
Microstructure Reduction of the total Decalcification of Reduction of the total [10, 120,
change caused by | porosity because of the CASH that can porosity due to the 149, 150]
carbonation the precipitation of form precipitation of sodium [147]
calcium carbonate micro cracks in the carbonate in the pore
around Portlandite concrete. space.
(CH)
crystals. This can slow
down the dissolution
reaction of CH and
increase its solid
volume.
Chloride Decrease in chloride | Decrease in chloride | The initial presence of [10, 120,
transport sorption capacity due sorption capacity un-reacted fly ash 151, 152]
to the decalcification due to the particles in the
of the main chloride decalcification of Geopolymer binder
adsorbent hydrate (i.e. the main chloride causes high porosity in
C-S-H) and adsorbent hydrate the concrete which leads
degradation of formed (i.e. C-A-S-H) to a high transfer of
Friedel's salt. chloride ions into the
surface of the concrete.
Pore solution Increase of free Formation of Formation of [116, 130,
chemistry chloride ions along efflorescence (i.e. efflorescence (i.e. 138]

It is known in the literature that the rate of chloride ingress into concretes made with

“geopolymer” (low-Ca AAM) binders is high in saline environments, and it also has lower

resistance to carbonation when compared to Portland cement concrete. This may make the steel

reinforcement in geopolymer concrete to be more susceptible to corrosion reactions [151]. This

is in contrast to AAS based concretes which proved to have better resistance to corrosion than
PC based concrete [120, 153].
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2.14 Service Life

The service life of a reinforced concrete structure is divided into two stages [154]. The first
stage is the initiation phase in which free chloride ions accumulate up to a certain concentration
level adequate to onset the corrosion of steel reinforcement. This concentration, as discussed
in section 2.6, is termed as the critical chloride threshold (Cerit). The second stage is called the
propagation phase, where the steel is in an active state and continuous corrosion reactions are
occurring which yield corrosion products. These products tend to expand the volume between
the surface of the concrete and the reinforcement, leading to cracks that will eventually cause

spalling of the concrete structure [155].

In this research, the service life for alkali-activated concrete is predicted only until the point of
corrosion initiation. Although the propagation phase is a significant component in reinforced
concrete structures [156] [157], the prediction of corrosion initiation should be first assessed
carefully by including other modes of degradations (carbonation reaction and moisture
transport) while modelling chloride ingress towards the rebar in reinforced concrete. Moreover,

Figure 2.22 describes the overall service life of reinforced concrete exposed to steel corrosion.
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Corrosion threshold
reached at reinforcement

H,O — Fe(OH),
Diffusion 2 2 2

COxCI" — >

Time

Initiation _F‘ropogntion:

Service life

-t oo

Figure 2.22 Service life of reinforced concrete subject to steel corrosion. Figure obtained from [148].

The following section briefly describes some of the analytical service life models existing in

the literature.

2.14.1 Analytical Models
Collepardi et al. [158] were the first authors to quantify the kinetics of chloride penetration
using a mathematical expression proposed by Fick in 1855 [159] .The expression is used to

describe the diffusion of matter in permeable media, according to Equation 2.77;
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dc(x, t 0%c (x,t
xH _.07cxy o

o o7 (2.77)

D*; apparent diffusion coefficient

c; chloride concentration in the pore solution
X; concrete cover depth

t; time

There are various analytical models, mainly based on modified versions of the classical error
function solution to Fick’s second law, that are used to solely model the diffusion transport of
chloride ions. The HETEK model implements a variable surface chloride boundary condition
in modelling the chloride diffusion in concrete. The ClinConc model simulates the chloride
diffusion by taking into account the non-linear chloride binding along the concrete cover [159,
160]. The fib Bulletin 34 code is a probabilistic model that predicts the service life based on

the distribution values of its durability parameters in the error function solution model [47].

2.14.2 fib Bulletin 34 code

Based on Equation 2.77, the fib Bulletin 34 code for Service Life Design of Reinforced
Concrete (RC) defined the time to corrosion initiation according to Equation 2.78 [161],
assuming de-passivation of the reinforcement to be the serviceability limit state, and
characterizing this by the critical chloride threshold [47].

d — Ax
Cerit = Co + (CS,AX - CO) 1-erf—/——— (2.78)
2,/Dapp,ct
Cerit ; critical chloride threshold (% by mass of binder)
Co ; initial chloride content (% by mass of binder)
Cs,ax ; surface chloride content (% by mass of binder)

d ; concrete cover (mm)

Ax ; depth of the concrete convection zone (mm).
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The apparent coefficient of chloride diffusion (i.e. Dapp,c) through concrete is obtained from
non-steady state chloride migration tests (Dnssm) (i.e. NTBUILD 492 [11]), according to
Equation 2.79 which is an approximation (and simplification) of the full time-dependent
solution to Fickian diffusion. Dnssm has been measured for concrete, at an age of to = 28 days,
with the NTBUILD 492 test, and it is modified by the variation in temperature as an

environmental factor.

D o= exp| by (—— — — k() 2.79
app,C = €XP T T Drmc T (2.79)

b, ; regression variable (K)

Tref ; Standard test temperature (K)

Treal ; temperature of the structural element or the ambient air (K)
D,ssm ; Chloride migration coefficient (mm?/year)

k ; transfer parameter, assumed to be 1 ([46]; [47])

t, ; reference point of time, 0.0767 years (28 days)

t ; time (years)

n ; aging factor

Lepech et al. [47] used the fib Bulletin 34 code in a case study where chloride-induced corrosion
of reinforcement was the mode of failure and the service limit state. They computed the
probability for RC with two different cover replacements, 40 and 80 mm, and obtained the
histograms, with a lognormal distribution shown in Figure 2.23, which have been developed

by using Monte Carlo analysis (i.e. computed with 100,000 runs) from this model:
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Figure 2.23 Histogram for time to depassivation of RC with (left) 40 mm cover replacement and (right) 80
mm cover replacement predicted by the fib Bulletin 34 design code. Figure adapted from [47].

The environmental and material performance parameters that are needed to be given into the

model to obtain the above histograms, shown in Figure 2.23, are shown in Table 2.8.

Table 2.8 Model distribution parameters corresponding to the simulations in Figure 2.23.

Variable Unit Distribution
0,
Cerit \é\émer?tf Beta
Co Wi of Deterministic
cement
0,
Cs, ax \c/:\émer?tf Normal
d mm Normal
AX pum Deterministic
be - Normal
Tret K Deterministic
Treal K Normal
Drmco m2/year Normal
k - Deterministic
to year Deterministic
n - Beta

Data from some extracted concrete samples, that had been exposed to real service conditions,
did not have the same chloride ingress curvature as predicted by Fick’s second law of diffusion
[162, 163]. The real service condition is a cyclic drying-wetting environment, and the chloride
profile shown in Figure 2.24 can indicate that diffusion is not the sole transport mechanism

of chloride ingress.
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Figure 2.24 Data (shown by symbols) of chloride profile for samples obtained from real service conditions

and chloride transport curve (shown by solid line) estimated by Fick's diffusion model [162].

The chloride content in the vicinity of the surface layer tends to increase to a maximum and
then decrease along the depth of the concrete cover [7]. Ozbolt et al. [164] have explained that
this increase is the combined effect of capillary suction and moisture evaporation that can
cause the chloride to accumulate at a certain depth, and not only in the surface layer, due to
hysteric moisture behaviour [164]. Chang et al. [7] have further researched the cause of this
chloride peak and have found that it is a coupled effect of carbonation and capillary
suction/moisture evaporation. They have explained that the chloride peak was also because of
the decomposition of Friedel’s salt as an effect of carbonation which occurs during the drying
stage [7]. Therefore, service life models that do not account for the combined moisture and

carbonation effect on the durability of concrete can lead to misleading service life calculations.

2.15 Conclusion

According to the conducted literature review, the serviceability limit state of AAC exposed to
the combined modes of corrosion conditions still needs to be quantitatively predicted to assess
the reliability of AAMs as low carbon construction material for structural applications with a
target service life of at least 100 years. Consequently, the main scope of this research is the
construction and implementation of a modelling framework in which the durability
characteristics that define the resistance of AAC to chloride ingress and carbonation reaction
is implemented. The following chapters provide the main insights towards constructing a
service life model for AAMs by first testing an already existing service life model that has
already been developed for PC concrete (i.e. fib Bulletin 34 code). The results from the fib

Bulletin 34 code provide insights about the impact of environmental condition (e.g.
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temperature) on the durability of AAC. This impact of environmental condition has then led to
the study of the relation between the relative humidity of the environment and the degree of
saturation of the concrete through the implementation of moisture permeability models.
Finally, quantitative prediction of the degree of saturation of the pores across the concrete,
cover has been set as a key parameter to model the interplay of ingress of CO2 and chloride
ions into the concrete with the durability response of AAMs to predict the service life of AAC
in carbonation-chloride induced corrosion. In addition, similar to the fib Bulletin 34 code, the
developed coupled mass transport model is set to probabilistically predict the service life of
AAC to account for the variation of composition and reactivity of the precursors (i.e. SG and
FA) by including a range of performance values for each durability parameter in the proposed

service life model.
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Chapter 3:  Materials and Methods

3.1 Raw Materials and Mix Proportions

In this research the durability and service life of high calcium based alkali-activated binders
are mainly measured and predicted since it has been considered that calcium-rich AAMs have
better resistance to chloride penetration than PC [10]. Thus, alkali-activated binders composed
of ground granulated blast furnace slag mixed with fly ash precursors that has a maximum
amount of 50 wt.% replacement of the total mix design is produced and studied in this thesis.

3.1.1 Precursors

Ground granulated blast furnace slag (SG), and fly ash (FA) were used in this research for the
preparation of cement samples. The mineralogical compositions, measured by X-ray
fluorescence, of these precursors, are shown in Table 3.1 and can also be found in [165]. The

SG was supplied from ECOCEM (France), and the FA from Baumineral (Germany).

Table 3.1 Averaged (Avg.) chemical composition and average particle size (i.e. dayg) of SG, and FA for

cement samples, as determined by X-ray fluorescence (XRF) and laser diffraction [165].

Precursor CaO | SiO; | AlO3 | MgO | SO3 | Fe;03 | TiO; | K:O | Na;O | LOI
SG (davg;11.8 pm) | 42.6 | 36.1 | 11.1 6.4 | 0.8 0.4 05 | 04 0.2 0.6
FA (davg;12.8 pm) | 6.2 | 51.8 | 22.2 25 | 0.6 7.9 1 2.2 1 3.1

In addition, SG, FA and Portland cement of type CEM I11/B 42.5 were used in this research for
the preparation of mortar samples. The study on alkali-activated and PC mortars was done in
Belgium at the company SANACON in collaboration with Magnel-Vandepitte Laboratory,
Department of Structural Engineering and Building Materials, Ghent University. The CEM
I11/B 42.5 was supplied from S.A. Cimenteries CBR Cementbedrijven N.V. (Belgium), SG
from ECOCEM (The Netherlands) and FA from VLIEGASUNIE (The Netherlands). The CEM
I11/B 42.5 has a composition of 20-34 wt.% of clinker and 66-80 wt.% of SG as reported in
[166]. Whereas the mineralogical composition of FA and SG is shown in Table 3.2.

Table 3.2 Chemical composition and average particle size (i.e. dayg)of SG and FA for mortar samples,
as determined by X-ray fluorescence (XRF) and laser diffraction [167].

Precursor CaO | SiO2 | AlO3 | MgO | SO3 | Fe;0O3 | TiO; | KO | Na;O | LOI

SG (davg;8.28 um) | 409 | 31.1 | 13.7 | 9.16 | 231 | 0.40 | 1.26 | 0.69 - 0.1

FA (davg;848 pm) | 3.74 | 56.7 | 24 | 175 [1.04| 634 | 1.16 | 2.3 - | 286
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3.2 Preparation of Alkali-activated Cements and Mortars

3.2.1 Alkaline Activating Solution

The alkaline activating solution was prepared by dissolution of sodium hydroxide, NaOH,
pellets (Sigma Aldrich) into sodium silicate solution (PQ Silicates), with silica modulus Ms
(moles SiO2/ moles Na2O) of value 2 and 55.9 wt.% water), to obtain an alkaline activating
solution of desired Ms, and an alkali (Na2O) dosage defined as a certain weight percentage of
the binder. The binder here includes the precursors and the dissolved-solids part of the
activating solution. Then water was added to the activating solution to reach the desired
water/binder ratio for each cement sample. The activating solution was left overnight to cool

down to room temperature prior to preparation of the samples.

3.2.2 Alkali Activated Cements

The cement samples were produced by first manually mixing the precursors, to ensure a
homogeneous mixture, and then adding the activating solution. Next the samples were mixed
for two minutes under a slow rate (200-400 revolutions per minute, rpm) and then mixed for
eight minutes under a higher rate (2000 rpm). All the samples were cast in sample tubes, made
of plastic, then sealed and stored at room temperature (20 + 3°C) until testing. The mix designs
of the produced cements are shown in Table 3.3. These cement samples are studied in Chapter
5.

Table 3.3 Mix designs of alkali-activated pastes.

Mix of Low and High Calcium based Alkali-Activated Cements
Precursor Type of wib Na,O Ms (moles SiOz/moles
activator (wt.%0Binder) Na,O)
50% Slag and 50% NaOH-
Fly ash Na:Si.0s | % 4 15
75% Slag and 25% NaOH-
Fly ash Na,Si>Os 0.45 4 15
High-Calcium based Alkali-Activated Cements
Precursor Type of wib Naz_O Ms (moles SiOz/moles
activator (wt.%Binder) Na20)
100% Slag NaOH-NaSi>0s 0.5 4 15
100% Slag NaOH-NazSi,0s | 0.47 8 15

3.2.3 Alkali Activated Mortars
The mortars were prepared in 10 L batches with a planetary mixer. The Quartz sand, with 0-4
mm particle size, and solid precursors were first dry blended for ninety seconds. Then the

alkaline activating solution was gradually added, in thirty seconds, and further mixed for two
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minutes to derive homogeneous mixtures. Next, the mortars were cast into moulds in two
layers, and each layer was compacted on a vibrating table for thirty seconds. The moulds, made
of wood, have dimensions of 100 mm x 100 mm x 50 mm and contain two embedded stainless
steel bars, of diameter 6 mm, that are positioned 50 mm apart. The amount of each material
used is shown in Table 3.4 in order to obtain the final mix designs of alkali-activated mortars
as shown Table 3.5. In addition, Portland cement of type CEM 111/B 42.5N (according to EN
197-1) was used to produce Portland cement based mortars. These samples are studied in
Chapter 6.

Table 3.4 Materials used in alkali-activated mortars.

Amount of Amount of Precursor (g)
Amount of ) Amount of Amount of
Sample Na,Si>Os CEM
NaOH (g) Water (g) | SG FA Sand (g)
(9) /B
100SG 60 1050 1935 4500 - - 15069
75SG25FA 60 1050 1665 3386.25 | 1128.75 - 15114.15
50SG50FA 60 1050 1425 2250 2250 - 15069.15
CEMIII/B - - 2153 - - 4305 12915
Table 3.5 Mix design of alkali-activated mortars.
Na,O Ms water/binder | Sand/binder
Sample ) ) ) )
(Wt.% of Binder) | (nSiO2/nNa;O) | (mass ratio) | (mass ratio)
100SG 4 15 0.5 3
75SG25FA 4 15 0.45 3
50SG50FA 4 15 0.4 3
CEM 111 - - 0.5 3

3.3 Test Methods
3.3.1 Dynamic Vapor Sorption

Dynamic vapour sorption, DVS, is used for Chapter 5 to study the moisture permeability in
cement and the water vapour sorption isotherms (WVSIs) including adsorption and desorption
isotherms of the binder. So that to model moisture transport and estimate free water content, or

degree of water saturation, in cement as a function of RH of the external environment [79].
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DVS is a gravimetric technique that measures the mass gain during wetting, or loss during
drying, in each RH step carried out in order to obtain WVSIs by means of a directly-generated
controlled RH condition. During the experiment, small RH steps, by 5%, were carried out so it
can be assumed that the apparent moisture diffusivity, Da(S), is constant within each RH
interval. Therefore, the apparent moisture diffusivity can be calculated by Fick’s second law

of diffusion according to Equation 3.1;

S 0%S
- Z° 3.1
= =Da(8) 5= (3.1)

Where S is the degree of saturation of the cement paste.

In this study, WVSIs of the cement samples were obtained by monitoring the mass changes
from 50% to 95% relative humidity. In this case, the calculation of the degree of saturation is

according to Equation 3.2;

m — mg
s§=—9 (3.2)
my, — My

mg; mass change at lowest relative humidity, 50%
mm; mass change at highest relative humidity, 95%
m; mass change at certain relative humidity

The apparent moisture diffusion coefficients, fitted through water sorption mass change curves,
are based on a simplification that water diffuses into a thin slab of cement powder from its top
surface in the sample pan. Hence, a one dimensional slab model is implemented with the
assumption that the cement powder particles are uniformly distributed on the sample pan. The
solution that has been used, in the literature, to numerically solve Equation 3.1 is known as
the slope method by using Equation 3.3, for the wetting process, and Equation 3.4, for the
drying process [168].

N =

M Dt M
M_: =2 (W) (for sorption process, when M—: < 0.6) (3.3)
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M; — M
(for desorption process, when 0.4 < P 1) (3.4)
lVIO - Me

t; time increment from last equilibrium stage, s

M,; mass value at end of previous equilibrium stage, g
M.; mass value at equilibrium at the current stage, g
M;; mass value at time t, g

I; thickness of the powder sample, m

D; diffusion coefficient in the current stage, m?/s

3.3.2 Thermogravimetry Analysis

Thermogravimetric analysis (TGA) for all cements was carried out in a Perkin ElImer TGA
4000 instrument coupled with a Hiden mass spectrometer. The amount of sample used was 40
mg and it was tested from 20°C to 1000°C at a heating rate of 10°C/min, in an alumina crucible.
Commercial-grade nitrogen was used as inert gas at a flow rate of 20 mL/min. The purpose of
this characterization, studied in Chapter 5, is to identify the presence of carbonated cement
hydrate phase that may possibly form in alkali-activated binders exposed to natural carbonation

in the surrounding ambient environment.

3.3.3 Mercury Intrusion Porosimetry

Mercury intrusion Porosimetry, MIP, has been used for Chapter 5 research to determine the
percentage of porosity (i.e. total pore volume) of the cementitious material, along with
information about its pore size distribution. The main source of error in MIP is its inability for
the mercury to pass through all the closed pores, and also the ink-bottle effect which means
that the pore entry diameter, rather than the actual pore diameter, is measured. As well as the
way the material is being tested, through varying contact angles of mercury per test can affect
the results [169]. The estimation of the pore radius and pore pressure is calculated by the
Washburn equation [170], Equation 3.5, which is the base calculation surrounding the
equipment.

2ycos(0)
r

pP= (3.5)

113



P; pore pressure, Pa

r; meniscus curvature radius (pore entry radius), m
y; surface tension of mercury, N/m

0; contact angle of mercury/cement interface, °

Samples of the alkali-activated binders are cut into small bulk pieces of total mass around 2 g
and are analysed using the Autopore V instrument where the contact angle and surface tension
are set to 130° and 0.485 Nm™, according to the recommendations discussed in [170-172].
Multiple samples, 3-4 per mix, are collected in order to create a statistical average and a

standard deviation of MIP data in order to estimate the porosity of the binders.

Finally, this instrument has been used to estimate; effective porosity of the cements, the
volumetric fraction of the large pore region, as well as the length factor of the large pore to the

small pore regions, as will be discussed in Chapter 5.

3.3.4 Embedded Electrode Methods - Bulk Resistivity

The embedded electrode method (EEM) is a validated method used to measure the resistivity
of repair mortars in order to assess their compatibility with the parent concrete prior to cathodic
protection, as explained in [173]. Cathodic protection is a technique that can reduce or even
stop the corrosion process of steel in reinforced concrete structure. In this research, the EEM
method is used to evaluate the transport properties of alkali-activated mortars that will be

determined in Chapter 6.

Resistivity measurements have been conducted by measuring the resistance between two
stainless steel bars that are embedded into mortar prisms, with dimensions of 100 mm x 100
mm x 50 mm, by means of an LCR (Inductance (L), Capacitance (C) and resistance (R)) meter,

set at a measurement frequency of 120 Hz, as shown in Figure 3.1;
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Figure 3.1 Embedded Electrodes Method (EEM) [173].

Then the resistivity measurement is calculated by multiplying the measured resistance by a cell
constant, C, that is dependent on the geometry of the mortar mould and embedded electrodes.
The value of the cell constant, C = 7.62 cm, has already been determined in [173] for the exact
cell setup used in this research. In summary, the mortar prism, with the embedded electrodes,
was filled with a potassium chloride solution, of concentration 0.01 mol/L, and resistance was
measured, using the LCR meter, between the electrodes. The conductivity of the electrolyte
solution was already determined and used to calculate its resistivity which is then divided by
the measured resistance in order to obtain the cell constant.

3.3.5 Particle Size Analysis

A Mastersizer 3000 particle size analyser (Malvern Company) was used for the quantification
of particle size distribution of the studied cements, in powder form, for analytical sizes ranging
from 0.01 um — 2mm. Non-aqueous solution, isopropanol, was used as dispersing agent in the
medium of the test. The average particle sizes of the crushed cement powders have been used
to calculate the apparent moisture diffusivities based on the water sorption kinetic data obtained
from the DVS, as mentioned in section 3.3.1.

3.4 Software

3.4.1 Cement Pore Solution lons

A thermodynamic modelling programme was used to predict the concentration of pore solution
ions and pore solution alkalinity in alkali-activated cements and used for Chapters 4 and 6.
The open source software GEM-Selektor v.3 (https://gems.web.psi.ch/GEMS3/) was utilised

to perform the prediction where the mineralogical composition, extent of degree of reaction for
the precursors and mix design of the alkali-activated binders were set as inputs in order to

obtain the concentration of ions present in the aqueous phase of the cements. This output is
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used in Chapter 6 in order to calculate the resistivity of the pore solution because all ions
contribute to the electrolytic conductivity of the solution. In addition, the extent of degree of
reaction for slag and fly ash, used in the thermodynamic calculations, is discussed in Chapter
4 and 6.

Thermodynamic data for solid, aqueous and gas phases in alkali-activated cements were
acquired from the Slop98.dat and Cemdatal8 database, with the ideal solid solution end
member models for alkali-substituted calcium aluminate silicate hydrate gel (CNASH_ss) and
for hydroxylated hydrotalcite (MgAI-OH-LDH_ss) as detailed in [123, 145, 174].

The following Equation 3.6 is the extended Debye-Hiickel equation used to calculate the
activity coefficients of the aqueous species in order to estimate the real concentration of the

ions participating in the hydration reactions;

_AZiZ \/T Xiw

lo .= ———+ bl + log;g— (3.6)
810Yi 1+ Bavi 810 X,

vi; activity coefficient of the i aqueous species
z;, charge of the i aqueous species

A (kg®°mol %) and B (kg®°mol®5cm™?); temperature and pressure dependent electrostatic

parameters
Xiw, Molar quantity of water
X.v; molar amount of the total aqueous phase

The values for the average ionic radius, a, and the parameter for short-range interactions of
charged species, b, are set to be 3.31 A and 0.098 kg.mol™ respectively in order to represent a

NaOH-dominated aqueous phase, as specified according to [175].

| is the total ionic strength of the aqueous solution and it is calculated according to the Equation
3.7.

1
[ = 52 c;. 2% (3.7)
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c;; concentration of the i ionic species
z;; charge of the i ionic species

Finally, the formation of quartz, dolomite, thaumasite, and magnesite are excluded in the
calculations because their kinetics of formation under ambient conditions is considered to be
slow [176].

3.4.2 Coupled System of Partial Differential Equations

In saturated conditions, or in complete submerged water conditions, chloride ingress into the
concrete cover occurs mainly through a diffusion process because of the presence of
concentration gradient [159]. Fick’s second law of diffusion has been used in the literature for
modelling chloride ingress in concrete according to the following partial differential equation

(pde), EQq.3.8, with the initial and boundary conditions set accordingly:

oc D o°C >0, t>t
5 - V3=, X ’ ex

C(0,t) =Csp, t>tey, Boundary Condition
C(X, tex) =0, x>0, Initial Condition

C; Chloride concentration, mol/L, at a certain time of exposure, t in year, and distance, X in m,

in the concrete cover.

Cs o; Surface chloride concentration at the surface of the concrete cover, m.
D; Constant diffusion coefficient, m?/s

tex; INitial time of exposure, year

The analytical solution to the above pde is often calculated using the simplified form of the
error function solution of Fick’s second law according to Equation 3.9 with the definition of

complementary error function shown in Equation 3.10.

X

2\/ D(t - tex)

Clx,t) = Csloerfc< > , x>0, t>ty (3.9)

2 (% .,
erfc(z) =1— —J e tdt (3.10)
Vi Jo
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Where Cs, and D are experimentally determined from curve fitting the chloride profile

obtained from the NTBUILD 443 Test.

There are several numerical methods for solving Equation 3.8 under more complex physical
circumstances, including where the diffusion constant is not constant, but one common method
is the finite explicit method using the forward Euler method, where the derivation to obtain this

method can be found in [177]. First consider a space, x (distance) vs. t (time) as shown in

At ‘ (x,t) i, j+1

Ax

Figure 3.2.

o o
1. . | i+1, ]

Figure 3.2 Graphical representation of explicit finite difference method use to characterise mutli-species

transport through alkali-activated concrete.

Where the x and t coordinates are divided by intervals Ax and At that allows the space to be
regarded as a grid of rectangles of size (Ax x At). Then the coordinate of a point in the grid is
marked as (iAx, jAt) where i and j are positive integers. Hence, the concentration of a species
is denoted as ¢;; at coordinates (iAx, jAt) and the neighbouring values are pinpointed in
Figure 3.2. The derivation of the finite explicit method is done by applying Taylor’s series in

t-direction while keeping x constant,

+2 ()2 o +
, 2( ) FYe) . (3.11)

dc
Ci,j+1 = Ci,]' + At (a)
ij

Then rearranging to obtain;

118



dc Cij+1 — Cij
—_ =L "1 0O(At
(at)i,j ac oY

(3.12)

Where 0 (At) is the order of error which are the neglected terms having an order of At or higher

when the left and right hand side of Equation 3.11 is divided by At.

Next applying Taylor’s series in the x-direction, while keeping the time constant, the following

equations, Equation 3.13 and Equation 3.14, are obtained.

oc 1 , (9%
Ci+1,j = Ci,j + Ax (&)1] + E (AX) ﬁ
) 1,]

dc

1
Cimay = Gy T A (&)ii +E(AX)2<W> e
.

Then adding Equation 3.13 and Equation 3.14,

d%c Cit1j — 2Cij + Ci1
( > — 1+1,j 1) 1-1,j + O(AX)Z
Lj

ox? , (Ax)?

+

(3.13)

(3.14)

(3.15)

As well as neglecting the error terms found in 0 (Ax)? , next step is substituting Equation 3.15

and Equation 3.12 into Equation 3.8 to get Equation 3.16.

1 1 i+1

d*—-cd d, -20+0
=D
At Ax?

Then rearranging to obtain the final form of the equation:

. . DAt . . .
jt1 _ A j j j
Ci - Ci + Ax2 [Ci—l - Zci + Ci+1]
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In addition, the discretisation should done in such a way to nearly and accurately predict the

value of the concentration of the ionic species at a given Ax and this can be done by increasing

2
the number of time steps of small step size such that At < AZLD . This can ensure stability for

optimal predictions done by the model as discussed in [178].

However, in unsaturated conditions, diffusion is not necessarily the main transport
phenomenon. In cases where the concrete is subjected to cyclic wetting and drying cycles the
diffusion of chloride ions is mainly dependent on the degree of water saturation in the capillary
pores of the concrete because the mode of chloride ion transfer is through the aqueous phase of
the pores. Hence, diffusional transport is accompanied by capillary suction, from capillary
action inside capillary pores of the concrete cover, permeation due to a pressure gradient, and
migration due to an electrical potential gradient [37]. In addition, chloride binding and aging,
due to the impact of pozzolanic activity, must also be considered while modelling the chloride

ingress [30].

Therefore, appropriate moisture transport models are essential for the prediction of the degree
of evaporable water content (i.e. free water) in capillary pores as a function of the external
environmental relative humidity. Conventionally, moisture transport has been modelled using
Darcy’s or Fick’s law without accounting for the anomality effect present in such materials
[62]. In addition, CO. simultaneously diffuses through the gaseous part of the pores and
partially dissolves into the pore solution and initiate carbonation reactions that can leads to
changes in the microstructure of the cement [5]. Therefore, a multi-species and multi-
mechanism reactive transport modelling framework is needed to predict the durability
performance of concrete. Consequently, an advanced solver is needed to model this highly non-
linear mass transport problem [179]. The following section describes the pdepe function that

contains the built-in solver available in MATLAB.

3.4.2.1 pdepe Function
The equations, that are discussed in Chapters 5 and 6, along with their initial and boundary
conditions are being solved by using the pdepe function available in MatLab according to the

following format;

sol= pdepe(m,pdefun,icfun,bcfun,xmesh,tspan)
Where;
pdefun; elliptical and or parabolic partial differential equation
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icfun; initial value conditions
bcfun; boundary value conditions
xmesh; spatial mesh

tspan; temporal mesh

Considering the partial differential equation, pdefun, the pdepe solver expects it in the form of
Equation 3.18.

( . 6u>au_ m 0 mf( . E)u) N ( . 6u) o
C x,,u,aX at—x % X X,,u,aX S x,,u,aX (3.18)

The terms in the equation above are:

m; scalar parameter that represents the symmetry of the system (i.e. O for slab, 1 for cylindrical

and 2 for spherical coordinates).

c (x, t,u, g—z); diagonal matrix that governs the type of pde which can be elliptical, when the
elements of this matrix are zero, and parabolic when the elements are non-zero and positive.

f(x, tu, a_u); flux term.
0x

du
S (X, tu, &), source term.

The algorithm used in the pdepe function is the odel5s solver that is based on implicit finite
difference method and is well known for solving stiff ordinary differential equations [180].
Stiffness is an efficiency issue where very small step size is required in a region to obtain a
very smooth solution curve that represents reliable results for the differential equation. The
odel5s solver speeds up the computation process through implementing a moderate number of
steps, of very small size, and function evaluations that satisfy the accuracy requirement set as
a default in the solver [181].

The pdepe function outputs the values of the solution, for the coded pde in the MATLAB script,
on the spatial mesh provided in xmesh after they are computed by integration to obtain

approximate solutions at the times specified in tspan.
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The values of the initial conditions, I.C., for the pdes used in this research, are set constant with
positive values for the intial time to. Additionally, this I.C. can be set either as a constant number
or as a function of distance, x, into the concrete cover. The former type can create an initial
uniform profile whereas the latter an un-uniform profile at time to across the thickness of the

concrete cover. The I.C. is coded in the icfun of the pdepe function.

The boundary conditions, B.C., can be modified based on the type of condition the transport
occurs. In this case the boundary condition can be set as constant (Dirichlet), a flux (Von
Neumann), or a mix between the two called the Robin [182]. The B.C. is coded in the bcfun of

pdepe function and in the form of Equation 3.19.

0
p(x,t,u) + q(x, t)f(x, t, ua—z) (3.19)

f(x, t,u Z—z); flux term

p(x,t,u) and q(x, t); coefficients

Finally, a MATLAB script has been developed to simulate anomalous moisture transport in
alkali-activated cements and reactive transport that accounts for carbonation and chloride
ingress in unsaturated alkali-activated concrete. A detailed description of the numerical models
coded in the MatLab scripts can be found in Chapters 4-6.

3.5 Conclusion

The Matlab software, section 3.4.2, is implemented throughout Chapters 4-6. In Chapter: 4
the software is used to fit distribution of durability data with mathematical functions and to
perform service life calculations using an analytical model. It is also applied in Chapters 5 and
6 to numerically solve single and coupled nonlinear differential equations. The thermodynamic
modelling programme, described in section 3.4.1, is used for Chapters 4 and 6. The methods
described in sections 3.3.1-3.3.3 and 3.3.5 correspond to the methodology used in Chapter: 5
to obtain the moisture permeability data for alkali-activated cements. Whereas the method
described in section 3.3.4 corresponds to the methodology used in Chapter: 6 to obtain the

ionic transport data for alkali-activated mortars.
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Chapter 4:  Probabilistic Service Life
Prediction of Alkali Activated Concretes Exposed
to Chloride Induced Corrosion

Note: This chapter is based on the manuscript “Probabilistic Service Life Prediction of Alkali Activated
Concretes Exposed to Chloride Induced Corrosion” T.J. Chidiac, N. Ukrainczyk, D. P. Prentice, and
J. L. Provis published in Journal of Advanced Concrete Technology.

Abstract

In this study, the well-established service life design code defined in fib Bulletin 34 is adapted
to predict the time to initiation of reinforcement corrosion in alkali-activated concretes
submerged in marine conditions. The model approach is based on the probabilistic calculation
of the time needed for a critical concentration of chloride ions, migrating from the external
environment towards the rebar, to accumulate at the surface of the steel reinforcement and
initiate the corrosion reaction. The information required to define the parameters of the model
is derived from literature data, relating the concrete mix designs with accelerated laboratory
test results. The findings indicate that alkali activated concretes with high calcium content can
exhibit promising characteristics as a construction material applied for structural application in
chloride-rich corrosive environments. The probabilistic approach adopted in this model
provides the opportunity to assess the influence of variability in mineralogical composition and
reactivity of the precursors with the alkaline activating solution, that influence the chemical
evolution and microstructure of the binder matrix. The predicted service life is quite sensitive
to these factors, with very high service lives predicted for some alkali-activated concretes but
rather short service lives predicted for others, and this must be incorporated into any

engineering assessment of future material performance.

Keywords: Alkali-activated concrete; chloride; durability; service life; probabilistic modelling
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4.1 Introduction

The service life of a reinforced concrete structure is often controlled by chloride ions diffusing
throughout the interconnected capillary pores of the concrete and accumulating at the surface
of the rebar until reaching a certain concentration, known as the critical chloride threshold
(Cerit). This causes corrosion through localized (i.e. pitting) de-passivation over areas of the
protective film around the rebar [7]. Consequently, reductions in cross-sectional area of the
rebar occur, reducing the capacity of the reinforced element to withstand mechanical load [9].
This process takes place in conventional Portland cement concretes, and also in alkali-activated
concretes (AACs) which are the main topic of investigation here. The protection given by
concrete cover as a protective barrier against corrosive agents for the steel reinforcement has
been extensively researched for AACs, with the aim of obtaining data regarding their
performance in corrosive conditions [183].

Service life modelling of Portland cement (PC) based concretes has adopted the term critical
chloride threshold (Ccrit), in terms of wt.% of the binder, as a limit state function to estimate the
time needed for a certain concentration of chloride ions to accumulate across the steel and
initiate corrosion. Various analytical models, based on modified versions of the classical error
function solution of Fick’s second law, have been used to calculate the service life of structures
by modelling the diffusional transport of chloride ions into the concrete cover. The HETEK
model [184] implements a variable surface chloride boundary condition in modelling the
chloride diffusion in concrete. The ClinConc model [160] simulates the chloride diffusion by
taking into account non-linear chloride binding within the concrete cover [159, 160]. However,
these models are deterministic; they provide single output values for service life, without
explicitly considering distributions of input parameters. A probabilistic approach is preferred
here, because the performance properties of multiple elements made from any given concrete

are intrinsically scattered, leading to variation in the performance of the overall structure [114].

The fib Bulletin 34 code [161, 185] describes a probabilistic model that predicts the service life
based on the distribution values of its durability parameters in the error function solution to
Fickian diffusion [47]. This code is chosen here as the basis to probabilistically predict the
service life of AAC, and to identify how variations in the material parameter impact the
predicted service life. In summary, the purpose of this research is to demonstrate the importance
of incorporating reactivity and mineralogical composition of precursors as experimental

parameters in durability test designs for AAC. Thus, setting the direction for future design in
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service life models to account the variability in durability performance of any given AAC
because of the inconsistency in production conditions which impact mineralogical composition
of raw materials (i.e. industrial wastes) needed for the manufacture of AACs across the concrete
industries. Examples of production conditions are the composition of raw materials and
methods of steel manufacture where slag as a by-product is obtained and used as precursors for
AAM:s.

The first section of this paper reviews the mechanisms underlying chloride-induced corrosion
in high-calcium (>30% CaO) AAMs and low-calcium (<15% CaO) AAMs, drawing upon
existing durability data available in the literature. The second section describes the fib Bulletin
34 code for service life design, which is applied together with thermodynamic prediction of the
pore solution alkalinity of AACs, as a key input parameter for the calculation of Ceit.
Subsequently, the collected data are used in service life calculations for three specific types of
alkali-activated concretes: alkali-activated slag concrete (denoted 100%SG), alkali-activated
slag-fly ash concrete (50%SG/50%FA), and alkali-activated fly ash concrete (100%FA).

4.2 Durability and Service Life

Most of the AAC durability data available in the literature focus on the transport properties of
corrosive agents into alkali-activated concretes, with a smaller but still significant number of
studies presenting aging factors (i.e. time-dependent refinement of the pore structure of the
concrete), or critical chloride thresholds Cerit [44]. So, the established fib Bulletin 34 design
code [161], which uses distributions of chloride transport parameters, critical chloride
thresholds, and aging factor is adapted here to probabilistically predict the service life of
AAMs. The key controlling factors are now discussed in turn.

4.2.1 Chloride Threshold

Corrosion reactions in AAMs, with both low and high calcium contents, differ from those
observed in Portland cement-based concrete due to the high alkalinity of the pore solution in
AAMs and the possible presence of reduced sulfur species (sulfides) in the pore solution of
alkali-activated slag, which can lead to the formation of a sulfide film on the metal surface,
resulting in a more complex corrosion reaction sequence [44] [45] [183] [49]. Despite the
complexity of corrosion chemistry in AAMs, several studies have successfully determined
critical chloride thresholds, Ccit, in terms of chloride content by wt.% of binder, as well as the

ratio of chloride to hydroxide concentration (as shown in Figure 4.1 and Table 2.1) [55]. The
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values of Ccrit are given for alkali-activated mortars containing different amounts of slag (SG)

and fly ash (FA) precursors in their mix designs, Figure 4.1.
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Figure 4.1 Critical chloride thresholds (Ceit ) for alkali-activated mortars derived from mixed high- and low-
Ca precursors (wt.% slag and fly ash as indicated for each group of data), as a function of alkali activator
dosage; data from [55].

Table 2.1 in section 2.8.3 of Chapter 2: “Literature Review” provides a summary of published
corrosion risk indicators in terms of the chloride and hydroxide concentrations
([C17] and [OH™]) as well as the various test methods employed, for both low and high calcium
AAMs, where it is assumed that ground granulated blast furnace slag is the main source of
calcium. Sulfide content is also important in slag-based AAMs, due to the high content of
reduced sulfur. This is due to a significant role played by HS ions in the pore solution, leading

to the formation of a complex Fe-S passivating film on the steel surface [45].

4.2.2 Chloride Ingress

Chloride penetration into concrete is a complex phenomenon because diffusion is also coupled
with migration (defined via the non-steady state migration coefficient, Dnssm) and/or convection
(i.e. flow of solvent) phenomena, in laboratory tests and in field exposure. For the prediction
of service life, the fib Bulletin 34 code for service life design utilises chloride migration data
as input for the transport of chloride ingress, neglecting the potential influence of other forms
of transport.
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Figures 4.2 and 4.3 show the variations of chloride migration coefficient values obtained by
the rapid chloride migration test NTBUILD 492 [11], for high-Ca, 50/50 slag/fly ash-based,
and low-Ca AAMs as reported in the literature [98, 114, 152, 186, 187].

6

100%SG : 50%SG+50%FA

DI]SSIII X lo_lz(mz S_l)

3 4 4
Na; 0 (wt.% of binder)

Figure 4.2 Chloride migration coefficients of high calcium alkali-activated concretes as a function of alkali
dosage, compiled from the available literature [98, 114, 152, 186, 187].
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Figure 4.3 Chloride migration coefficients of low calcium alkali-activated concretes as a function of
water/binder (w/b), compiled from the available literature [98, 114, 152, 186, 187].
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The chloride migration coefficient values for 100% SG alkali-activated concrete, with alkali
dosages of 3 and 4 wt.% of binder, are within the range 0.1 to 3.75x107? m?/s. The lower
boundary of this distribution indicates very low or almost negligible chloride mobility
according to the classification of [188], whereas the values obtained for 50%SG/50%FA alkali-
activated concretes are somewhat higher, from 1.15 to 4.78 x10°*2 m?/s. However, these are
still lower than the maximum recommended values for concretes based on CEM 111 (blended

PC containing 36-95% slag) under chloride exposure [37].

The chloride migration coefficients of 100%FA alkali-activated concretes (Figure 4.3), with
similar mix design composition except for the ratio of water to binder, range from 26.98 to
83.2x1072 m?%/s, which are very high compared to the standard values [37]. The reason for such
a difference in chloride migration values is because the pore structure of 100%FA alkali-
activated concretes is very open and connected compared to most other cementitious materials,
making the material permeable [108]. In addition, there is less chemical binding of free water
in low calcium AAMs compared to high calcium AAMs [109]. There are also potential
differences in chloride binding between different types of AAM, but this topic requires further
analysis and insight, and is not invoked here as a detailed explanation for differences in concrete

performance.

4.2.3 Aging of Concretes

Over time, the microstructure of a concrete tends to densify because of the chemical evolution
of the binder. More hydration products are formed, leading to further refinement of the pores
in the microstructure. Several methods have been used to measure the aging factor of alkali-
activated concretes; Table 4.1 summarises the reported aging factors of alkali-activated
concretes, represented as the power-law exponents describing the reduction in diffusion or

migration coefficients as a function of time.
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Table 4.1 Aging factors of alkali-activated concretes as reported in the literature

Mix Design Na20 MrP | wibe® Curing Test method Aging factor Ref
(%SG+%FA) (wt.% condition (exponent)
binder ?)

100% FA 15 1.375 | 0.37 80 °C for AASHTO T259 0.234 [189]
24h salt ponding

15 1.375 | 0.37 80 °C for AASHTO T259 0.309 [189]
24h salt ponding

50% SG / 50% 4 1 0.425 | 100% RH ASTM C1202 0.604 [190]
FA charge passed

100% SG 7 1.2 0.47 Under NordTest 443 0.574 [105]
water bulk diffusion

5 1.2 0.47 Under NordTest 443 0.55 [105]
water bulk diffusion

4 1.2 0.47 Under NordTest 443 0.512 [105]
water bulk diffusion

4 0.6 0.26 100% RH Chloride 0.74 [117]

penetration depth

@ hinder; total amount of solids (precursors + anhydrous activator)
b Mr; silica modulus in the activating solution (molar ratio of SiO; to Na,0)

¢ water/binder mass ratio; includes water within the activating solution and any extra water added in the mix

According to Table 4.1 the values of the aging factors for the 50% SG / 50%FA mix, and the
100%SG mix of [117], are higher than the other reported values. The aging factor obtained for
50% SG / 50% FA was obtained by the rapid chloride permeability test where the measurement
is done on the total charge passed through the concrete [190]. This test is designed based on
the chemistry of the pore solution of PC which may not be suitable for AAMs containing a
higher concentrated pore solution with ionic species (Zuo et al. 2019). The high aging factor
for one 100%SG concrete was obtained from a single specimen exposed to a marine splash
zone environment for two years. The aging factor was calculated by using the chloride diffusion
obtained for this concrete after two years and with an assumed value for chloride diffusion after
4 years [117]. The authors of that study have suggested further research to validate this high
value, 0.74, for the aging factor.

4.3 Materials and Methods
4.3.1 Mix designs selected for detailed analysis

Table 4.2 contains the mix designs of SG100, FA100 and 50SG50FA Alkali-activated
concretes that are discussed in this paper. The durability data for each concrete are taken from
literature reporting durability studies of alkali-activated concretes with similar mix designs (i.e.
Figures 4.1-4.3 and Tables 2.1 and 4.1) to create distributions in the model input data.
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Table 4.2 Mix designs of alkali-activated concretes described in the simulations here. All samples were

cured at room temperature and in saturated conditions.

Precursor

Sand/coarse 28 day

amount (kg/m? )
) aggregate mass compressive. Ref.

Mix name . concrete) w/h? | Na;O | MrP
ratio strength(MPa)
FA SG

FA100 0.667 425 - 42.4 0.253 | 10 1.1 [114]
SG100 0.667 - 357 33.9 0.42 3 0.33 [114]
50SG50FA 0.818 205 205 46 0.40 4 15 [98]

@ water/binder mass ratio; includes water within the activating solution and any extra water added in the mix

® Mr; silica modulus in the activating solution (molar ratio of SiO; to Na,O)

The depths of concrete cover to be assessed for service life calculations of SG100, 50SG50FA
and FA100 in seaborne chloride environment, are 45, 60, and 200 mm, respectively. The high
cover depth for FA100 is due to the high value of the chloride migration coefficient, Figure
4.3, that exceeds the limits specified by [37] and necessitates a very high cover depth to reach
a meaningful service life under the model assumptions. The concrete cover depths for SG100
and 50SG50FA concretes are chosen based on their chloride migration values, Figure 4.2,
which fall within the range of Dnssmos values (i.e. chloride migration test conducted on
concretes cured for 28 days) that are conventionally used to recommend cover depths as shown
in Table 4.3. The effect of the depth of the concrete cover on service life is also assessed in

section 4.1 by sensitivity analysis.

Table 4.3 Maximum recommended Dnssm28* for various cover depths for binder type CEM 111

and specified chloride exposure classes, for a design service life of 100 years [37].

Mean Cover (mm) to reinforcing steel Maximum value Drmc 2s (10712 m?/s)
CEM 111 (50-80% slag)
XD1/2/3, XS1 * XS2, XS3

35 2.0 1.0

40 4.0 15

45 6.0 2.5

50 8.5 3.5

55 12 5.0

60 15 6.5

* XD represents corrosion induced by de-icing salts, and XS represents corrosion induced by a
seaborne chloride environment. The number indicates the severity of the environmental condition
from a scale of 1 to 3 [191].

* Dnssm,28; Chloride migration value for concrete measured after 28 days of curing
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4.3.2 Calculation of Chloride Threshold

The defined ratios of chloride to hydroxide concentration for low-Ca AAMs and high Ca
AAMs, from Table 2.1, are used to obtain the ranges of critical chloride thresholds, denoted as
CTconcrete and CTcement, in terms of chloride ion concentrations by wt.% of concrete and binder,
respectively. These thresholds were calculated using Equations 4.1 and 4.2, derived from
[192].

CTconcrete — MCIS(I)S 10—(pKw —pH)
[CI7] 10p, (4.1)

[OH~]

Where p, is the density of the concrete (g/cm?®); S is pore saturation, set at 0.8 for concrete

[192]; &, is concrete volume fraction porosity; pK,, is the ionic product of water, set to 14 at
25°C; pH describes the alkalinity of the pore solution; and M¢; is the molar mass of chloride,
35.453 g/mol.

CTcement _ Wtot (4-2)

CTconcrete chment

Where Wit is total weight of the concrete; and Weement is total weight of the binder used in the

concrete.

It should be noted that the influence of sulfide concentration on corrosion indicators [183] is
not implemented in the fib Bulletin 34 design code, as the model solely predicts service life
based on chloride concentration. Furthermore, for low Ca-AAMs, the corrosion indicator is
included in the model without the cubic power law on hydroxide concentration, shown in Table
2.1. The cubic formulation was initially developed for steel bars exposed to a hyperalkaline
simulated pore solution of low-Ca AAM binders (i.e., pH approximately 14-14.5) [54], while
leaching effects are likely to reduce the pH below this level in the exposure conditions of
interest here. For example, when low-calcium fly ash based concrete was exposed to a 16.5
wt.% NacCl solution for 35 days, the measured pH across the 25 mm mortar cover ranged from
11to0 11.8 [110]. The impact of the critical chloride threshold on service life is assessed through

sensitivity analysis in section 4.3.
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4.3.3 Calculation of Pore Solution Alkalinity

The open source software GEM-Selektor v.3 (https://gems.web.psi.ch/ ; [193]) was utilised to

predict the alkalinity of pore solution in AAMs by thermodynamic simulation, where the
mineralogical composition and degree of reaction of precursors along with the mix design of
alkali-activated binders (e.g. free water content and composition of activating solution) were
set as inputs. The assumed degrees of reaction of slag and fly ash were 70% and 35%,
respectively, based on values reported for the reactivity of supplementary cementitious
materials in blended cements [194]. A code typed in the GEM-Selektor v.3 software to account
for the extent of reactivity for slag precursors at 70% and for fly ash precursors, at 35% used
in AAMs is included in Appendix 4. The code also accounts for the composition of activating
solution and amount of free water used in the mix design to produce 100 g of alkali-activated

binder.

4.3.4 Aging factor

Values for the aging factor of around 0.6 or higher are considered to be unrealistic in real
service conditions, because this represents a very extensive decrease in chloride mobility over
an extended period of aging. This could lead to overestimation of the service life because the
aging exponent is the dominant factor in modelling the chloride ingress with a time dependent
diffusivity parameter [159]. Therefore, all the values of aging factor are taken to be around 0.5
for service life calculations of SG100 and SG50FAS50, and the values for FA100 are taken to
be between 0.234 and 0.309, according to Table 4.1.

4.3.5 Service Life Prediction Model

The fib Bulletin 34 code is applied in this research to probabilistically calculate the service life
for alkali-activated reinforced concretes by implementing Equation 4.3, which is a rearranged
form of Equation 2.78, and by including defined distributions of the environmental and
material performance parameters. The available data for durability or material performance,
sections 4.2.1-4.2.3, are described by normal and lognormal distribution functions (Equations
4.4 and 4.5 respectively) using a distribution filter application in Matlab.

1

-2 1-n
2 Cerit — C 1
t= —.erf‘l[ crit S] . (4.3)
“x C; — Cg k. Dapp,c- (to)™
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Where f(x) is the probability density function; o is the standard deviation, and p is the mean.

Figure 4.4 describes the algorithm implemented in the numerical model fib Bulletin 34 code
for service life design of reinforced concrete assuming depassivation of the reinforcement to
be the serviceability limit state, and characterizing this by the critical chloride threshold (Cerit).
Where the durability data for chloride transport (Dapp,.c), aging factor (n) and corrosion risk
indicators for high and low Ca-AAMs are collected from literature and set as inputs, along with
their specified distributions, in the numerical model. The numerical model also includes the
impact of ambient temperature (T) and extent of densification of concrete on chloride transport
to probabilistically predict the service life of reinforced AAC exposed to a certain chloride
concentration (Cs) and containing an initial chloride content (Ci) in its mineralogical
composition. Finally, the transfer parameter (k) in the numerical model is assumed to be 1
according to [46, 47].
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Figure 4.4 Algorithm of the probabilistic service life model “fib Bulletin 34 code” for service life design of
reinforced concrete assuming depassivation of the reinforcement to be the serviceability limit state. The input
data can be found in sections 4.2.1-4.2.3 that describe the durability performances of high and low Ca-AAMs

with specified mix proportions (i.e. w/b, alkali dosage and ratio of slag to fly ash precursors).

Sensitivity analysis is also performed to understand the impact of each parameter on the output

result, service life, by using Equation 4.3.

4.4 Results and Discussion
4.4.1 Chloride threshold

In PC concrete, alkalinity is buffered by portlandite (Ca(OH)2) and increased further by the
concentration of additional alkalis (e.g. Na" and K*). However, for AAC, the alkalinity of the
pore solution depends on the alkali dosage and silicate modulus used in the activating solution,
and there can be variations between high and low calcium AAMs [101]. Table 4.4 presents the
range of mineralogical compositions of the precursors, along with the variability in mix design
components used for slag-based and fly ash-based AACs, in durability case studies as reported

in the literature. The mix design and extent of reactivity of the precursors (i.e. slag and fly ash)
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have served as inputs for the thermodynamic software (i.e. GEM-Selektor v.3) to estimate the

variation of pore solution alkalinity for alkali-activated cements also shown in Table 4.4.

Table 4.4 Mineralogical composition (M.C.) of AAMs used in thermodynamic calculations to estimate the
pore solution alkalinity of AAMs; along with other parameters including porosity and mix design of alkali-
activated concretes needed to calculate the critical chloride thresholds, in wt.% of binder, by implementation
of Equation 4.1-4.2.

Alkali-Activated Slag | Alkali-Activated Alkali-
Slag and Fly Ash Activated Fly
Ash
Fly Ref
Slag (kg/m?) (kZ'f‘rg3) Ash Zg /fni?
(kg/m?®)
300 400 500 200 200 400
: 0.084- [152, 195,
Porosity 0.13 0156 0.111 0.135 0.12 196]
M.C. Avg. std. Avg. std. Avg. std.
SiO2 34.64 2.21 42.5 2.31 51.33 6.57
Al,03 12.03 1.95 20.63 0.94 22.49 1.61
CaO 42.0 2.0 24.0 0.9 6.99 5.4
M.C.0of SG & FA Fe203 0.93 1.61 4.49 1.77 8.54 3.17
precursors Naz0 027 | 021 | 068 0.26 171 | 114
MgO 6.78 1.02 3.48 0.30 2.17 1.05
SOs" 0.31 0.30 0.67 0.15 0.67 0.61
K20 0.43 0.13 0.73 0.14 1.94 0.46
Pore solution [100, 104, 105,
alkalinity pH 13.96 0.20 13.02 0.45 14.01 1.00 152, 187, 188,
Precursor avg. std. avg. std. avg. std. | 190, 197-201]
(g/cmd) 0.41 0.07 0.40 0.003 0.43 0.04
Concrete avg. std. avg. std. avg. std.
3
- A I IR BN BN AL
a'kit')'r']iigt‘gted w/b 047 | 006 | 043 0.04 0.26 | 0.05
avg. std. avg. std. avg. std.
Na.O 5 1.7 4 1.1 9 15
Mr avg. std. avg. std. avg. std.
1 0.5 1.3 0.3 1.2 0.2

* The sulfur present in the slag is simulated to be present in reduced form (sulfide), but is represented in oxide
form in this table for consistency with the broader literature.

The literature data collected as Table 4.4 reveal a wide range of simulated pore solution
alkalinity values for alkali-activated concretes [100, 104, 105, 152, 187, 188, 190, 197-201],
and corresponding representative porosity (volume of permeable voids) values [152, 195, 196].
Notably, 50SG50FA and FA100 exhibit relatively low pore solution alkalinity, reaching pH
values of 12.3 and 11, respectively; this may represent a limitation of the thermodynamic
simulation approach used here which assumes congruent dissolution of the fly ash, where the
acidic silicates are simulated to dissolve more than would be the case if they were considered
to be present in unreactive phases. However, for a simulation based on literature data it is not
possible to give more precise determination and representation of the differences in reactivity

between different fly ash constituent phases.
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Next, the critical chloride thresholds are estimated for each type of alkali-activated concrete
and grouped based on the alkali dosage (in terms of Na>O by wt.% of binder) used in the mix
design of the activating solution. The resulting distributions of critical chloride thresholds are
depicted in part A of Figures 4.4-4.6, showing the variations in Cgit as a function of alkali

dosage in the AAM activating solution.

Conversely, the critical chloride thresholds calculated based on the pore solution alkalinity are
rather high compared to the data presented in Figure 4.1, while still falling within the range of
corrosion initiation values reported by [192]. However, it is important to consider that in
AAMs, pH may also be significantly affected by leaching or washout of the pore solution. The
high pH in AAMs creates a hydroxide concentration gradient between the inner material and
the external environment, resulting in leaching of hydroxide (and alkali) ions. Research
conducted by [101] demonstrated that in a high calcium AAM concrete, the hydroxyl ion
concentration reduced from 0.155 to 0.017 mol/L between 180 and 1750 days at a cover depth
of 10 mm. In comparison, the OH" concentration in PC concrete ranged from 0.014 to 0.009
mol/L under an accelerated corrosive environment with multiple wetting and drying cycles
within the same time frame of 1750 days. Considering the greater extent of pore solution
alkalinity reduction in alkali-activated materials compared to Portland cement-based concrete,
the pH values for the pore solution of SG100, 50SG50FA and FA100 were set to vary between
13.5-13.2 when calculating the critical chloride thresholds. The updated values for the
distribution of critical chloride thresholds are displayed in Figures 4.4-4.6, comparing part A
to part B of each respective Figure. Significantly, the median values of the updated thresholds
fall within the range of critical chloride thresholds obtained for alkali-activated mortars, as
shown in Figure 4.1. So, the distribution values for Ccit shown in Figures 4B-6B are
implemented in the fib Bulletin 34 code to probabilistically calculate the service life of AAC.
A calculation example of critical chloride threshold, in wt.% of binder, for SG100 concrete by
implementation of Equations 4.1-4.2 based on variability of pore solution alkalinity along with
other parameters including porosity, mix design and saturation state of the concrete is shown
in Tables 4.A.1-4.A.3 presented in Appendix 4.
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binder), calculated using the pore solution alkalinity in Table S1 (A); and Ceit (Wt.% of binder) calculated

by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the steel

reinforcement (B).
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Figure 4.6 Ceit (Wt.% of binder) of high calcium AAMs (50%SG+50%FA), as a function of alkali dosage
(wt.% of binder), calculated using the pore solution alkalinity in Table S1 (A); and Cerit (Wt.% of binder)

calculated by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the

steel reinforcement (B).
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by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the steel

reinforcement (B).

4.4.2 Service Life Predictions

Figures 4.7-4.11 represent durability data in probability and cumulative plots, where the data
are the set of critical chloride thresholds and chloride migration coefficients of 100%SG,
50%SG 50%FA and 100%FA alkali-activated concretes as already discussed in sections 4.2.1
and 4.2.2, respectively. A lognormal function is chosen to model the distribution of chloride
thresholds because its generated curve fits the data better than the normal function, and has
previously been chosen to model the distribution of chloride thresholds for PC [192]. The
normal distribution function is selected to model the distribution of chloride migration
coefficients [46]. The average and standard deviation for the aging factor are estimated using
the data presented in Table 4.1. A normal distribution is selected to model the distribution of
aging factors, instead of the beta distribution implemented in the fib Bulletin 34 code, because
of limited data values reported for AAMs. The distributions for all the durability data are
truncated between upper and lower boundaries, based on the maximum and minimum values
achieved in the literature. The data for variation in temperature, and chloride concentration on

the surface of the concrete, are set using normal distribution functions [46, 47].
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In summary, Table 4.5 presents data distributions for environmental and material performance

parameters, for use in the fib Bulletin 34 design code.
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Table 4.5 fib Bulletin 34 code parameters used for service life prediction of alkali-activated concretes.

Parameter Unit Distribution SG100 50SG50FA FA100
Cerit Wt.% of binder | Lognormal Log mean; -0.58 | Log mean; -1.08 | Log mean; -0.51
Std; 0.65 Std; 0.80 Std; 1.24
Max; 2.38 Max; 1.17 Max; 4.28
Min; 0.22 Min; 0.0384 Min; 0.1854
Co W1t.% of binder | Deterministic 0.15 0.15 0.15
Cs.ax W1t.% of binder Normal Mean; 6 Mean; 6 Mean; 6
Std; 0.5 Std; 0.5 Std; 0.5
Ax pum Deterministic 0 0 0
d mm Deterministic 45 60 200
b, K Normal Mean; 4800 Mean; 4800 Mean; 4800
Std; 700 Std; 700 Std; 700
Tref Deterministic 293 293 293
Treal Normal Mean; 283 Mean; 283 Mean; 283
Std; 5 Std; 5 Std; 5
Drmc mm?/year Normal Mean; 68.34 Mean; 93.64 Mean; 2024.62
Std; 45.38 Std; 81.08 Std; 629.05
Max; 118.25 Max; 150.97 Max; 2623.8
Min; 3.31 Min; 36.31 Min; 1043.01
k - Deterministic 1 1 1
n - Normal Mean; 0.5 Mean; 0.5 Mean; 0.272
Std; 0.0313 Std; 0.0313 Std; 0.053
Max; 0.5 Max; 0.5 Max; 0.309
Min; 0 Min; 0 Min; 0

The fib Bulletin 34 code described in the above equations was coded in Matlab, and run 10°
times per concrete formulation with parameters sampled from the distributions defined in Table
4.5, to simulate the service life via a Monte-Carlo approach. The histograms and cumulative
distribution plots shown in Figures 4.12-4.14 are the results obtained from this simulation. The
required depassivation limit state in a XS2 environment [202] is set to a probability of failure
(Ps) of 0.1, in compliance with the fib Bulletin 34 [161]. Thus, the service life is determined for
each mix at the intersection between the probability failure level of 0.1 and the curve generated
in the cumulative probability plots. In addition, the numerical code for the fib Bulletin 34

service life design can be found in Appendix 4.
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Lepech et al. [47] used the fib Bulletin 34 code, with Monte Carlo analysis (100,000 runs), to
probabilistically predict the time to depassivation of steel reinforcement in two concrete cover
replacements of 40 and 80 mm. They obtained histograms that follow a lognormal distribution
similar to those obtained in Figures 4.12-4.14. However, the distributions of service life that
they have obtained for the cover replacements of 40 mm and 80 mm were within 20 years and
50 years, respectively; less than half of the service life obtained in this research for SG100.
Lepech et al. [47] implemented similar distribution values of critical chloride thresholds, via a
beta function, as the values used here for SG100 in the lognormal function, and used higher
values for the aging factor (beta distribution varying between 0 and 1 with a mean of 0.6 and
std. of 0.15). Two important factors may have reduced the number of years in their computed
service life calculations, which are: their high values of chloride migration coefficient
(compared to the values used for SG100), being a normal distribution function with mean and
std. of 6.9x101? m?/s and 1.4x10°*? m?/s respectively; and that their reference point of time, ¢,
was set at 0.767 years (280 days) instead of 0.0767 years (28 days) as usually used in the
literature [46]. Testing our model here with the value of t, set to 0.767 showed a great
reduction in service life; Figure 4.18 presents the computed service life of SG100 with t, =
0.767 years, where the service life obtained for SG100 of cover depth 45 mm is approximately
20 years, similar to the value obtained by [47]. It is likely that this provides an explanation for

the difference in predicted service life between this study and that past study.
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Figure 4.16 Service life of SG100 computed using 0.767 years as a reference point in time (t,) to match the

value of Lepech et al. [47].

Van den Heede et al. [46] have also computed service life data by using the fib Bulletin 34 code
and by implementing similar distributions of critical chloride thresholds and aging factors, for
concretes containing 50% CEM | and 50% slag (SG50) and others containing 30% CEM I and
70% slag (SG70). However, the range of values for chloride migration coefficients obtained
for those two types of concretes, containing similar w/b of 0.45, were on the order of 380-400
mm?/year, or approximately 12x10°*2 m?/s, which is significantly higher than the values
obtained here for SG100 and SG50FA50. Also, Van den Heede et al. [46] used a surface
chloride concentration approximately half of that which is used in this research. Their outcomes
for SG50 and SG70, with cover thicknesses of 60 mm, are 100 years and >100 years
respectively, which are comparable to the values obtained for SG100 and 50SG50FA in this
study despite the differences in model parameterisation.

Finally, despite the very high concrete cover used here for FA100, the calculated service life is
only 10 years, indicating that it is not likely to be a suitable construction material for structural
application in marine splash zones. Although FA100 had a higher compressive strength than
SG100, the average value of chloride migration obtained for FA100 is 30 times higher than the
value obtained for SG100 because of the presence of a higher quantity of macro-pores in the
microstructure of low calcium AAMs, which increases the permeability [189]. This further
reinforces observations that the compressive strength is not the most important durability
indicator for the prediction of service life of AAM structures in chloride-containing

conditions[9].
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4.4.3 Sensitivity Analysis

As described above, the performance properties of multiple elements made from any given
AAC are likely to be statistically distributed, and the exact distributions are not yet well
understood. So, in this section, sensitivity analysis is used to demonstrate the impact of
variations in the input values for a given durability parameter. The parameters used in the Fib

Bulletin 34 code (i.e. Equation 4.3) for sensitivity analysis are provided in Table 4.6.

Table 4.6 Sensitivity parameters for service life prediction of AAC.

Parameter Description SG100s 50SG50FA FA100

X Concrete cover, mm 35-55 mm 50-70 mm 100-300
Treal real temperature, K 278-298 278-298 278-298
Cerit Wt.% of cement 0.22-2.38 0.038-1.17 0.185-2.713

Co Wt.% of cement 0.15 0.15 0.15
Cs.ax Wt.% of cement 6 6 6
Drmc Chloride migration (mm?/year) 3.31-118.25 36-151 1733-2552

Age of the concrete when the test is
ty performed (years) 0.0767 0.0767 0.0767
n Aging coefficient 0-0.5 0-0.5 0-0.309

Figures 4.16-4.18 show the results of sensitivity simulations where distributions of values are
applied to each parameter to predict the service life as a function of cover depth. This approach
is used to understand the overall uncertainty in the model, by considering the uncertainty

associated with each parameter.
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Figure 4.17 Sensitivity analysis in service life predictions for SG100 concretes of different cover depths (i.e.

35, 45 and 55 mm) as shown in the legend of each panel, showing the predicted service life as a function of

Cerit, temperature, Dnssm, and aging factor. Note the differences in vertical scale between panels.
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Figure 4.18 Sensitivity analysis in service life predictions for 50SG50FA concretes of different cover depths
(i.e. 50, 60 and 70 mm) as shown in the legend of each panel, showing the predicted service life as a function

of Cerit, temperature, Dnssm, and aging factor. Note the differences in vertical scale between panels.
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Figure 4.19 Sensitivity analysis in service life predictions for FA100 concretes of different cover depths (i.e.
100, 200 and 300 mm) as shown in the legend of each panel, showing the predicted service life as a function
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According to the sensitivity analysis, it is evident that the parameterisation of chloride transport
(i.e. Dnssm and — in particular — the aging factor exponent) has the most impact on service life
predictions for SG100 and SG50FA50. The range of variation in the rate of chloride transport
is likely to be strongly influenced by the variation in the mineralogical composition and degree
of reaction of the precursors, which define the cementitious binding phases responsible for the
resistance of chloride migration (i.e. through pore refinement) into the AAC concrete cover
[30]. As for the aging factor, its impact is most noticeable beyond a value of 0.25 for each of
the three mixes. It is questionable whether the high aging factors sometimes applied in the
literature (and codes) for PC concretes are considered valid over such extended periods of time;

an argument may be made to set aging to zero after a particular age (years to decades) rather
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than assuming that the material will continue to age and refine its pore structure indefinitely
[203], but more information is needed on this topic. Additionally, the variability of temperature
between 5-25°C is shown to accelerate the rate of transport of chloride ions in AAC due to the

temperature dependence in Equation 2.79.

The pore solution alkalinity and potential leaching effects are two main factors that contribute
to the extent of variation of Cerit, which defines the serviceability limit state. As can be seen in
Figures 4.16-4.18, alkali-activated concretes with average performance properties (i.e. average
values in Table 4.6) can have a short calculated service life span when the alkalinity of the
pore solution drops below a certain level that makes Cerit appr